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3.1 Introduction 63

3.2 Limitations of PLD for the Growth of Organic Thin Films 64

3.3 Fundamentals of the MAPLE Process 64

3.3.1 Growth of Polymer Thin Films 68

3.3.2 Growth of Biomaterial Thin Films 72

3.4 Current Status of MAPLE: Challenges and Opportunities 75

3.5 Future of MAPLE 79

3.6 Summary 82

References 82

4. In Situ Diagnostics by High-Pressure RHEED During PLD 85

Guus Rijnders and Dave H. A. Blank

4.1 Introduction 85

4.2 Basic Principles 85

4.3 High-Pressure RHEED 87

4.3.1 Geometry and Basic Principles of RHEED 87

4.3.2 Utility of RHEED: Surface Properties 90

4.3.3 Utility of RHEED: Monitoring Thin-Film Growth 92

4.4 High-Pressure RHEED Setup 93

4.5 Conclusions 96

References 97

5. Ultrafast Laser Ablation and Film Deposition 99

Eugene G. Gamaly, Andrei V. Rode, and Barry Luther-Davies

5.1 Introduction 99

5.2 Ablation by Short Independent Laser Pulses and Deposition of Films 101

5.2.1 Short-Pulse Laser–Matter Interaction 101

5.2.2 Ablation Mechanisms 105

5.2.3 Ablation Thresholds 107

5.2.4 Ablation Rate, Mass, and Depth 110

5.2.5 Atomization of Laser Plume: Spatial Pulse Shaping 111

viii CONTENTS



5.3 Cumulative Ablation of Solids by High-Repetition-Rate Short-Pulse Lasers 117

5.3.1 Dwell Time and Number of Pulses per Focal Spot 118

5.3.2 Smoothing of the Evaporation Conditions on the Surface 119

5.3.3 Ablation in Air and in Vacuum 119

5.4 Experimental Results: Deposition of Thin Films by Short-Pulse

MHz Repetition Rate Laser 121

5.4.1 Deposition of Amorphous Carbon Films 121

5.4.2 Deposition of Chalcogenide Glass Films 122

5.5 Short-Pulse High-Repetition-Rate Laser Systems 123

5.5.1 Table-top 50-W Solid-State Ultrafast Laser System 124

5.5.2 Free-Electron Laser 125

5.6 Concluding Remarks 126

References 127

6. Cross-Beam PLD: Metastable Film Structures

from Intersecting Plumes 131
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PREFACE

In the last 15–20 years, pulsed laser deposition (PLD) has emerged as one of the most popular and

intrinsically simple techniques for depositing a wide range of the most exciting materials being

explored for next-generation applications. Such sustained popularity is due to the inherent

versatility, flexibility, and speed of a process that can be applied to essentially any material, from

simple metals, through binary compounds, to multicomponent high-quality single crystals. Starting

in late 1986 with the discovery of high-temperature superconductors (HTS), the technique of pulsed

laser deposition was ‘‘reinvented’’ from its early demonstration following the invention of high-

power pulsed laser sources in the 1960s. HTS materials are perovskites and as such presented unique

challenges for thin-film deposition; they were multicomponent, they were oxides, and their final

properties were highly dependent on oriented and/or epitaxial film growth.

In retrospect, it is clear that it was the excitement and perhaps unrealistic potential of the HTS

materials in numerous applications that fueled this rediscovery of PLD. Today the technique is being

applied to the widest possible range of material growth from single atomic layers to quasi-bulk

crystalline materials with thicknesses exceeding 100mm. In this context, therefore, PLD must be

viewed as a unique process technology for material growth of both thin and thick films, capable of

the rapid production of device–quality functional materials.

In 1994, Pulsed Laser Deposition of Thin Films was successfully published by Wiley and has

become the handbook of PLD for the past decade. It was clear, however, that a second volume

was necessary as PLD has moved on considerably during this period. A new text that reflected

this dramatic change of emphasis and direction was also needed. PLD as a technique is now used

by numerous researchers from very different experimental backgrounds and has found ready

application in industrial, academic, and government laboratories. This new volume summarizes the

state-of-the-art progress in the PLD technique, the new materials that have been grown, and the

application areas to which they are being applied.

The intention is that this volume serves as a benchmark upon which all subsequent work would

be measured. For new researchers entering the field, it will serve as a springboard to promote their

awareness into topical new activities. Perhaps more importantly, however, this text will be the final

one to deal exclusively with research and development applications; any subsequent texts must

inevitably address the fully commercial uses of PLD. This text, therefore, will be used as the bridge

for the transition of PLD from the laboratory to full commercial fabrication, which hopefully will be

the subject of the third text in this PLD trilogy to be published in a further 10 years time.

This volume has been arranged in the following manner:

Section 1 provides a single-chapter introduction to the technique of PLD of complex materials

and is directed specifically toward applications. It has been a deliberate editorial policy in this text

neither to include nor duplicate the same level of theoretical description of the physics behind laser-

produced plasmas that appeared in the first volume, and that is otherwise covered in many other

specialist texts. Apart from the physics associated with ultrafast PLD using picosecond and

femtosecond laser sources that appears in Section 2, Chapter 5, the text has been devoted to

applications, materials, and devices.

Section 2 discusses the use of PLD in nonstandard or unconventional format and covers resonant

infrared laser induced PLD (Chapter 2) and matrix-assisted growth techniques (MAPLE) for

deposition of polymers or other fragile species (Chapter 3). The technique of reflection high-energy
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electon diffraction (RHEED) is the subject of Chapter 4 and discusses the use of in-situ diagnosis of

the growth of epitaxial thin films. This technique is then subsequently applied to examine growth

kinetics in Chapter 8. The use of ultrashort (picosecond and femtosecond) laser pulses for PLD is

discussed in Chapter 5, and this chapter alone contains a detailed analysis of laser–plasma

interaction in this ultrashort pulse time frame. Multiple targets to eliminate or reduce the problem of

particulates is covered in Chapter 6, and the results of this technique for supersmooth film growth is

shown. The combinatorial approach to PLD growth is discussed in Chapter 7, illustrating the

potential advantages for rapid high-throughput material optimization. The final chapter in this

section, Chapter 9, covers industrial scale-up of an area that must be addressed if PLD is ever to

escape from the laboratory into the fully commercial arena.

Section 3 addresses the detailed growth and characterization of a range of materials that have

been selected to be both topical and representative of those functional device-quality materials that

are the goal of current PLD growth and research. The ordering of chapters in this section does not

follow any particular sequence: topics covered span elemental materials such as carbon, and its

diamond-like thin-film phase (Chapter 15), pure metals and alloys (Chapter 16), binary compounds

such as ZnO and GaN (Chapters 12 and 13), to the more complicated and experimentally demanding

multicomponent materials such as powders for drug encapsulation (Chapter 10), thin conducting

oxide films (Chapter 11), and high-temperature superconductors (Chapter 14).

The intention in this section was to provide example systems where PLD has a definite edge over

other deposition techniques, and the reader is encouraged to view the content in this section within

this intentionally broad remit. The aim was to show the unique capability of PLD for a diverse range

of materials and discipline-specific application areas.

Section 4 presents a differently slanted selection of application areas, but this time focuses on

broader ‘‘themed’’ material classes and devices. The section opens with waveguide materials

(Chapter 17) and addresses single-crystalline optical waveguide growth of films with thicknesses

that can exceed 100 mm. Chapter 18 concerns biomaterials for application in biocompatible,

bioactive thin layers for bone and dental surgery and implantology. Chapters 19, 20, and 21 discuss

recent developments and applications in the very broad categories of thermoelectrics, piezoelectrics,

and ferroelectrics and emphasis is placed in all these chapters on the precision required, and

achieved, through PLD growth where device-quality material is paramount. The section concludes

with chapters on solid-state materials for electrochemical applications (Chapter 22) and tribological

coatings (Chapter 23) for wear-resistant and friction-reducing coatings.

Section 5 presents two chapters that fall in the area of new concepts. Chapter 24 discusses the

highly topical area of laser ablative synthesis of single-wall carbon nanotubes, and the final chapter

concerns quasicrystals, materials that exhibit quasi-periodic order exhibiting 5- or 10-fold rotational

symmetry.

It is hoped that this second volume, PLD2, produces as much excitement within the materials

community as PLD1 did a decade ago. The number of researchers in the field must have expanded

10-fold during the past 10 years, and at this rate of growth, PLD3, to be expected sometime around

2015, must surely be set to beat all sales records. I hope the readers enjoy the book and find it a useful

manual, tutorial handbook, and reference bible.

ROB EASON

July 2006
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CHAPTER 1

Pulsed Laser Deposition of
Complex Materials: Progress
Towards Applications

DAVID P. NORTON

University of Florida, Department of Materials Science and Engineering, Gainesville, Florida

1.1 INTRODUCTION

In experimental science, it is a rare thing for a newly discovered (or rediscovered) synthesis

technique to immediately deliver both enhanced performance and simplicity in use in a field of

accelerating interest. Nevertheless, such was the case with the rediscovery of pulsed laser deposition

(PLD) in the late 1980s. The use of a pulsed laser as a directed energy source for evaporative film

growth has been explored since the discovery of lasers [Hass and Ramsey, 1969; Smith and Turner,

1965]. Initial activities were limited in scope and involved both continuous-wave (cw) and pulsed

lasers. The first experiments in pulsed laser deposition were carried out in the 1960s; limited efforts

continued into the 1970s and 1980s. Then, in the late 1980s, pulsed laser deposition was popularized

as a fast and reproducible oxide film growth technique through its success in growing in situ epitaxial

high-temperature superconducting films [Inam et al., 1988]. The challenges for in situ growth of

high-temperature superconducting oxide thin films were obvious. The compounds required multiple

cations with diverse evaporative properties that had to be delivered in the correct stoichiometry in

order to realize a superconducting film. Simultaneously, the material was an oxide, requiring an

oxidizing ambient during growth. Pulsed laser deposition had several characteristics that made it

remarkably competitive in the complex oxide thin-film research arena as compared to other film

growth techniques. These principle attractive features were stoichiometric transfer, excited

oxidizing species, and simplicity in initial setup and in the investigation of arbitratry oxide

compounds. One could rapidly investigate thin-film deposition of nearly any oxide compound

regardless of the complexity of the crystal chemistry. Significant development of pulsed laser

deposition has continued and over the past 15 years, PLD has evolved from an academic curiousity

into a broadly applicable technique for thin-film deposition research [Saenger, 1993; Kaczmarek,

1997; Willmott and Huber, 2000; Dubowski, 1988; Dieleman et al., 1992]. Today, PLD is used in the

deposition of insulators, semiconductors, metals, polymers, and even biological materials. Few

material synthesis techniques have enjoyed such rapid and widespread penetration into research and

application venues.
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1.2 WHAT IS PLD?

The applicability and acceptance of pulsed laser deposition in thin-film research rests largely in its

simplicity in implementation. Pulsed laser deposition is a physical vapor deposition process, carried

out in a vacuum system, that shares some process characteristics common with molecular beam

epitaxy and some with sputter deposition. In PLD, shown schematically in Figure 1.1, a pulsed laser

is focused onto a target of the material to be deposited. For sufficiently high laser energy density,

each laser pulse vaporizes or ablates a small amount of the material creating a plasma plume. The

ablated material is ejected from the target in a highly forward-directed plume. The ablation plume

provides the material flux for film growth. For multicomponent inorganics, PLD has proven

remarkably effective at yielding epitaxial films. In this case, ablation conditions are chosen such that

the ablation plume consists primarily of atomic, diatomic, and other low-mass species. This is

typically achieved by selecting an ultraviolet (UV) laser wavelength and nanosecond pulse width

that is strongly absorbed by a small volume of the target material. Laser absorption by the ejected

material creates a plasma. For the deposition of macromolecular organic materials, conditions can be

chosen whereby absorption is over a larger volume with little laser absorption in the plume. This

permits a large fraction of the molecular material to be ablated intact. For polymeric materials,

transfer of intact polymer chains has been demonstrated. For even ‘‘softer’’ materials in which the

direct absorption by the laser would be destructive to molecular functionality, the formation of

composite ablation targets consisting of the soft component embedded in an optically absorbing

matrix has been investigated (see, e.g., Chapter 3).

Several features make PLD particularly attractive for complex material film growth. These

include stoichiometric transfer of material from the target, generation of energetic species,

hyperthermal reaction between the ablated cations and the background gas in the ablation plasma,

and compatibility with background pressures ranging from ultrahigh vacuum (UHV) to 1 Torr.

Multication films can be deposited with PLD using single, stoichiometric targets of the material of

interest, or with multiple targets for each element. With PLD, the thickness distribution from a

Figure 1.1 Schematic of the PLD process.
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stationary plume is quite nonuniform due to the highly forward-directed nature of the ablation

plume. To first order, the distribution of material deposited from the ablation plume is symmetric

with respect to the target surface normal and can be described in terms of a cosnðyÞ distribution,
where n can vary from �4–30. However, raster scanning of the ablation beam over the target and/or

rotating the substrate can produce uniform film coverage over large areas, and this topic is covered in

Chapter 9.

One of the most important and enabling characteristics in PLD is the ability to realize

stoichiometric transfer of ablated material from multication targets for many materials. This arises

from the nonequilibrium nature of the ablation process itself due to absorption of high laser energy

density by a small volume of material. For low laser fluence and/or low absorption at the laser

wavelength, the laser pulse would simply heat the target, with ejected flux due to thermal evaporation

of target species. In this case, the evaporative flux from a multicomponent target would be determined

by the vapor pressures of the constituents. As the laser fluence is increased, an ablation threshold is

reached where laser energy absorption is higher than that needed for evaporation. The ablation

threshold is dependent on the absorption coefficient of the material and is thus wavelength dependent.

At still higher fluences, absorption by the ablated species occurs, resulting in the formation of a

plasma at the target surface. With appropriate choice of ablation wavelength and absorbing target

material, high-energy densities are absorbed by a small volume of material, resulting in vaporization

that is not dependent on the vapor pressures of the constituent cations.

In pulsed-laser deposition, a background gas is often introduced that serves two purposes. First,

the formation of multication thin-film materials often requires a reactive species (e.g., molecular

oxygen for oxides) as a component of the flux. The amount of reactant gas required for phase

formation will depend on the thermodynamic stability of the desired phase. Interaction of ablated

species with the background gas often produces molecular species in the ablation plume. These

species facilitate multication phase formation. In addition to actively participating in the chemistry

of film growth, the background gas can also be used to reduce the kinetic energies of the ablated

species. Time-resolved spectroscopy studies of ablation plume expansion have shown that kinetic

energies on the order of several hundred electron volts can be observed [Chen et al., 1996]. A

background gas can moderate the plume energies to much less than 1 eV. The vapor formed by laser

ablation compresses the surrounding background gas resulting in the formation of a shock wave.

Interaction with the ambient gas slows the ablation plume expansion.

For the deposition of multication materials, target selection can have significant impact on film

growth properties, including particulate density, epitaxy, phase formation, and deposition rate. As a

minimum requirement, ablation requires a target material possessing a high optical absorption

coefficient at the selected laser wavelength. In general, the phase of the target does not need to be the

same as that of the desired film. Only the cation stoichiometry need be identical to that of the films,

assuming stoichiometric transfer and negligible evaporation from the film surface. For ceramic

targets, one prefers target materials that are highly dense, as this will reduce particulate formation

during the ablation process. As an alternative to polycrystalline ceramics, the use of single crystals as

ablation targets has been investigated and shown to be effective in further reduction of droplet

densities [Li et al., 1998]. The exception to this is wide bandgap insulators, such as Al2O3, where

insufficient optical absorption makes single crystals unattractive as ablation targets. For soft

materials, including biological materials, the target might be the material of interest or the material

embedded in a matrix of an optically absorbing substance that does not deposit but yields an efficient

ablation process.

An alternative to ceramic or single-crystal targets is reactive PLD where the targets consist of the

constituent cations, while the anion is supplied by the background gas. In general, the ablation

process is less efficient for metal cations due to higher reflectivity and thermal conductivity. In

addition, films deposited via ablation of metal targets can exhibit high particulate densities due to the

ejection of molten droplets: for some systems, this problem can be addressed by using liquid metal

targets. For some specific multication systems, metal targets have useful advantages. For the growth

of multication films in which cation purity is an important issue, metals are often available with the
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highest purity. In addition, for insulators that possess particularly wide optical bandgaps, such as

MgO, the ablation efficiency from ceramic or single-crystal targets is low for commercially available

pulsed laser wavelengths.

One also needs to consider the laser wavelength used for ablation. Efficient ablation of the target

material requires the nonequilibrium excitation of the ablated volume to temperatures well above

that required for evaporation. This generally requires the laser pulse to be short in duration, high in

energy density, and highly absorbed by the target material. For ceramic targets, this is most easily

achieved via the use of short wavelength lasers operating in the ultraviolet. High-energy ultraviolet

laser pulses can be readily provided via excimer lasers or frequency-tripled or quadrupled Nd : YAG

solid-state lasers. In some cases, a more efficient source is an infrared laser whose energy

corresponds to a vibrational mode of the ablation target material [Bubb et al., 2002].

In laser ablation, each ablation pulse will typically provide material sufficient for the deposition

of only a submonolayer of the desired phase. The amount of film growth per laser pulse will depend

on multiple factors, including target–substrate separation, background gas pressure and laser spot

size, and laser energy density. Under typical conditions, the deposition rate per laser pulse can range

from 0.001 to 1 Å per pulse. As such, PLD enables laser shot-to-shot control of the deposition

process that is ideal for multilayer and interface formation where submonolayer control is needed.

This degree of control can be seen from the in situ surface studies using reflection high-energy

electron diffraction (RHEED), as discussed in detail in Chapter 8 [Bozovic and Eckstein, 1995;

Foxon, 1991]. RHEED provides a means of determining the crystallinity and smoothness of a

surface, and oscillations in the intensity of diffraction spots during film growth correlate to the

atomic layer-by-layer growth of the material. Figure 1.2 shows the specular intensity of RHEED data

for an epitaxial oxide film being deposited by PLD [Rijnders et al., 2000]. Two types of time-
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Figure 1.2 The specular RHEED intensity during PLD at 1Hz (T ¼ 750�C, pO2 ¼ 3 Pa). The insets give

enlarged intensity after one laser pulse at 0.9 and 0.95 unit-cell layer coverage y. Also shown is (a) intensity

variations of the specular reflection during PLD at 1Hz and (b) interval deposition using the laser repetition rate

of 10Hz (T ¼ 800�C, pO2 ¼ 10 Pa) [Rijnders et al., 2000].
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dependent structure can be observed in the RHEED intensity plot. First, the oscillations observed in

the intensity in Figure 1.2a represent the deposition of single unit cells of the oxide film. Specular

RHEED intensity is dependent on the spatial coherence of the surface atoms. As layer-by-layer

growth cycles through submonolayer coverage of the surface, RHEED intensity decreases, while for

completed layers, the intensity is high. The oscillations seen in Figure 1.2a indicate that unit cell by

unit cell growth on an atomically flat surface is occurring. The superimposed time-dependent

substructure in the RHEED intensity seen in Figure 1.2b corresponds to surface redistribution of

ablation plume species that have condensed on the surface from an individual ablation pulse. The

time dependence of this structure yields insight into the nucleation and growth of the film at the

submonolayer level for the arrival of each ablation plume.

For multicomponent film growth, most of the limitations identified early in the development of

PLD have been allieviated. A key development for the utilization of pulsed laser deposition for

applications in industry has been the realization of schemes by which large area substrates can be

effectively coated. The dynamics of the laser ablation process result in a highly focused plume of

material ejected from the target. While this leads to a deposition efficiency on the order of 70%, it

also results in a significant variation in deposition rate over distances on the order of a few

centimeters. For uniform film thickness over large areas, manipulation of the plume–substrate

positioning is required. Several approaches have been implemented to overcome this limitation, the

most straightforward being to combine substrate rotation with rastering of the ablation beam over a

large ablation target. This will, to first order, provide a means for covering large area substrates.

However, one must take into account the decrease in plume energies and change in plume

stoichiometry as one moves to the edge of the plume region.

In pulsed laser deposition, the kinetic energies of ions and neutral species in the ablation plume

can range from a few tenths to as high as several hundred electron volts. These energies are sufficient

to modify the stress state of films through defect formation as has been documented for ion-beam-

assisted approaches. The most common consequence of allowing deposition from an unabated

energetic plume is the introduction of compressive stress. The origin of compressive stress due to

energetic bombardment is associated with subsurface damage from the impinging energetic species,

as schematically illustrated in Figure 1.3, leading to interstitial defects [Norton et al., 1999]. In this
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case, the energetic depositing atoms displace underlying atoms in the film, resulting in atoms

displaced to interstitial sites. Stress on the order of gigapascals has been observed. For thin

substrates, this compressive stress can be sufficient to induce bowing of the structure as indicated in

Figure 1.3 for CeO2 on a thin Si wafer. The kinetic energy necessary for the onset of recoil

implantation of surface atoms into the film interior through bombardment is material dependent but

is often observed for ion bombarding energies of a few electron volts or greater [Muller, 1989]. For

oxides, the energetic bombarding cations can also preferentially sputter oxygen atoms from the

surface, resulting in films that are oxygen deficient. The kinetic energy of ablated species is largely

dependent on laser energy and gas-phase collisions. Fortunately, the use of a background gas to

thermalize the plume is usually effective in eliminating this problem.

Another potential issue with PLD is the ejection of micron-size particles in the ablation process.

This is often observed when the penetration depth of the laser pulse into the target material is large.

If these particles are deposited onto the substrate, they present obvious problems in the formation of

multilayer device structures. The use of highly dense ablation targets and ablation wavelengths that

are strongly absorbed by the target tends to reduce or eliminate particle formation. Mechanical

techniques have been developed to reduce particle density in the event that target density and/or laser

wavelength optimization fails to eliminate particulates. These include velocity filters [Pechen et al.,

1995], off-axis laser deposition [Holzapfel et al., 1992], and line-of-sight shadow masks [Trajanovic

et al., 1997]. Cross-beam techniques have also been considered as described in Chapter 6.

In addition to particles ejected from the ablation targets, one can also observe nanoparticles that

form in the gas phase when the background pressure is sufficiently high for heterogeneous particle

nucleation. These particles can become embedded in a depositing film. Figure 1.4 shows a cross-

section transmission electron microscopy image of a CeO2 film with the initial growth occurring at

high pressure while the remaining film was grown at low pressure. CeO2 nanoparticles are clearly

evident in the epitaxial CeO2 thin-film matrix [Norton et al., 1998]. In particular, the nanoparticles,

with diameters ranging from 10 to 40 nm, are seen in the layer formed by ablating a CeO2 target in a

hydrogen–argon background gas at a pressure of 200mTorr. In contrast, the upper part of the CeO2

film is devoid of nanoparticles and was deposited in a background pressure of 10�5 Torr where gas-

phase collisions are minimal. While the formation of nanoparticles is generally undesirable for thin-

film growth, this heterogeneous gas-phase nucleation has been intentionally exploited in the

synthesis and study of nanomaterials, including oxides and semiconductors.

While stoichiometric transfer of target composition is readily achieved for nearly every material,

this does not ensure stoichiometric film growth at elevated temperature if any of the cation species

possess high vapor pressures. Specific cations for which the sticking coefficient is an issue include K,

Li, Na, Tl, Mg, Pb, Cd, and Zn. We consider as an example ZnGa2O4 [Lee et al., 1999], which is a

wide bandgap semiconducting spinel that is of interest as a phosphor material. Films deposited using

a stoichiometric single ZnGa2O4 target will show significant Zn deficiency for elevated deposition

temperatures due to the higher vapor pressure of Zn relative to that of Ga. Figure 1.5 shows the

Figure 1.4 Cross-section TEM image of a CeO2 film grown at high and low pressure, with CeO2 nanoparticles

forming at the high background pressure.
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Zn/Ga ratio for films deposited at several different background pressures. Note that stoichiometric

ZnGa2O4 corresponds to a Zn/Ga ratio of 0.5. Using a stoichiometric target, a Zn/Ga ratio as low as

0.12 is observed for films deposited at 500�C. The optimal growth temperature, on the order of 600–

700�C, yields even greater deficiency in Zn content. One means of compensating for the loss of the

volatile species in the films is to use a mosaic target consisting of the desired material and an

additional region rich in the volatile component. Figure 1.5 compares the results for ZnGa2O4 films

deposited with a single ZnGa2O4 target versus mosaic ZnGa2O4/ZnO targets. Stoichiometric

ZnGa2O4 films required a target mosaic of 50% ZnGa2O4, 50% ZnO. The additional ZnO flux

provides a means of overcoming the disparity in cation vapor pressure. Note that the stoichiometry

also depended on oxygen partial pressure, which likely reflects the difference in vapor pressure for

Zn as compared to ZnO.

1.3 WHERE IS PULSED LASER DEPOSITION BEING APPLIED?

Given the attractive characteristics of pulsed laser deposition in the synthesis of multicomponent

thin-film materials, a number of applications are being actively pursued using this technique. In

some cases, the application focuses on the synthesis of a thin-film material or structure. In other

cases, the research has targeted the development of specific devices. It is interesting to consider

specific structures, devices, and applications for which PLD has been successfully applied. Many of

these topics are discussed in more detail in later chapters in Parts 3 and 4.

1.3.1 Complex Oxide Film Growth

In the growth of crystalline oxides, PLD has proven to be most effective. The growth of complex

oxides requires the delivery of a growth flux with the correct stoichiometry in an oxidizing ambient

that is favorable for the desired phase formation. The utility of pulsed laser deposition in reproducing

target stoichiometry has been demonstrated for a number of multication oxides. Early success in

realizing stoichiometric YBa2Cu3O7 clearly delineated this advantage for pulsed laser deposition. In

recent years, even more complex crystal structures have been successfully grown using this

approach. Consider, for example, the growth of the Y-type magnetoplumbite Ba2Co2Fe12O22

compound. This material is a ferromagnetic oxide of potential interest in thin-film magnetic device

applications [Sudakar et al., 2003]. The epitaxial growth of Ba2Co2Fe12O22 is challenging as it

possesses a remarkably complex crystal structure as illustrated in Figure 1.6a. The unit cell possesses

a huge lattice parameter of 43.5 Å. Despite the complexity of the crystal structure, the epitaxial

growth of Ba2Co2Fe12O22 has been realized via pulsed laser deposition [Ohkubo et al., 2003].

Figure 1.6b and 1.6c show the X-ray diffraction data for an epitaxial film, along with the
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Figure 1.5 Plot of the Zn/Ga ratio for ZnGa2O4 films deposited using mosaic ablation targets.
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cross-sectional transmission electron microscopy (TEM) image. It should be noted that this result

was obtained using a combinatorial synthesis approach in which multiple process parameters

(composition, temperature) are explored in parallel through the use of combinatorial arrays or

compositional spread techniques. Pulsed laser deposition has proven to be easily adaptable to

combinatorial techniques for thin-film research. The ability to grow epitaxial, multication complex

inorganic thin films has been, and continues to be, one of the enabling strengths of PLD.

1.3.2 Epitaxial Interface and Superlattice Formation

Developments in oxide PLD film growth have provided remarkable opportunities in the synthesis of

epitaxial heterostructures and superlattices [Yilmaz et al., 1991; Fernandez et al., 1998; Chang

et al., 1999; Smolenskii et al., 1984; Xu et al., 2000]. Superlattices of oxides, such as the (001)

KNbO3/KTaO3 perovskite structure shown in Figure 1.7, have been realized for a number of material

systems, with individual layers as thin as a single unit cell [Christen et al., 1996, 1998; Specht et al.,

1998]. Excellent film flatness and crystallinity are evidenced in these films, and the interfaces can be

Figure 1.6 Crystal structure, X-ray diffraction data, and TEM image of a Ba2Co2Fe12O22 film grown by PLD

[Ohkubo et al., 2003].

Figure 1.7 Cross-section Z-contrast STEM image of a KTaO3/KNbO3 superlattice structure grown by pulsed

laser deposition.
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compositionally sharp on an atomic scale as seen in Figure 1.7. In the formation of atomically abrupt

interfaces and superlattice structures, PLD is competitive with other film growth techniques,

including molecular orbital chemical vapor deposition (MOCVD) and molecular beam epitaxy

(MBE). The formation of epitaxial oxide superlattices has been used to investigate the effects of

reduced dimensionality on a number of phenomena. Superconductivity in single unit cell

YBa2Cu3O7 layers was first demonstrated using PLD. Low dimensionality behavior has been

investigated for ferroelectric and magnetic oxides.

Pulsed laser deposition also yields the opportunity to create atomically abrupt interfaces between

materials that are chemically dissimilar, including epitaxial metal–oxide and semiconductor–oxide

structures. A key factor in the formation of atomically abrupt interfaces between oxide films and

nonoxide surfaces is to identify conditions where undesirable interfacial reactions are minimal yet

compatible with oxide epitaxy. Laser ablation film growth is particularly well suited for nucleation in

a reactive environment since it is compatible with a large range of background pressures. For

example, a hydrogen-assisted nucleation approach has been used to grow atomically abrupt,

epitaxial CeO2/Ge interfaces [Norton et al., 2000]. During the initial nucleation of CeO2 on Ge, the

hydrogen partial pressure and substrate temperature are chosen such that the native oxide, GeO2, is

thermodynamically unstable, and under these conditions, the epitaxial growth of an oxide can be

achieved on the Ge surface without interference from native oxides. The deposited oxide material

must itself be thermodynamically stable under the conditions used during nucleation, and epitaxy

will be determined by the chemistry and structure of the two materials. For CeO2 nucleated on (001)

Ge in hydrogen gas using pulsed laser deposition, the film can be epitaxial with an interface that is

atomically abrupt as is evident in the cross-section Z-contrast scanning transmission electron

microscopy image shown in Figure 1.8. A similar approach has been used to form epitaxial

interfaces between various oxides and metals (e.g., Ni and Ni alloys), as well as compound

semiconductors, including InP. The latter is of interest as it provides a means of integrating

electronic oxides with photonic and microwave electronics.

1.3.3 Superconducting Electronic Devices

Given the remarkable success of PLD in the epitaxial growth of high-temperature superconducting

(HTS) thin films, it is not surprising that numerous device applications have been explored. Potential

electronics applications involving PLD-grown HTS films include high-frequency electronics for

Figure 1.8 Cross-section Z-contract STEM image of a CeO2/Ge epitaxial interface fabricated using PLD.
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radio frequency (RF)/microwave communications and superconducting quantum interference

devices (SQUIDs) for the detection of minute magnetic fields. For wireless communication, RF

filters based on high-temperature superconducting thin films promise to deliver excellent

performance in reducing interference from out-of-band signals. The enabling characteristic is the

low loss in the microwave frequency range for epitaxial oxide superconducting films, which PLD is

extremely effective at producing. Multipole filters have been demonstrated for operation in the

gigahertz range [Jhon et al., 2003; Jung and Kang, 2003]. Figure 1.9 shows the design and

characteristics of a hairpin-type HTS microstrip bandpass filter designed to operate in the gigahertz

frequency range. In this case, the superconductor was YBa2Cu3O7 deposited by pulsed laser

deposition. The characteristics of the bandpass films are shown at various temperatures, and the

performance of HTS bandpass filters compares very favorably to that of a copper filter, which is the

conventional technology for this application.

For the detection of small magnetic fields in imaging, SQUID structures grown by PLD have

been explored. A number of device configurations have been demonstrated, including artificial

barrier and grain boundary superconducting/normal metal/superconducting (SNS) junctions. These

devices have been implemented into fully functional SQUID-based systems. Figure 1.10 shows a

schematic of a multichannel scanning SQUID microscope that utilizes PLD-grown YBa2Cu3O7

devices [Matthews et al., 2003]. Scanning SQUID microscopy utilizes the output of SQUIDs as a

sample is scanned under the SQUID array. The device maps out small gradients in magnetic fields.

The instrument shown utilizes a multichannel scanning SQUID head. The SQUID array is attached

to a 77K cold-finger that is physically isolated from the sample ambient. This permits interrogation

of samples that are operating at or above room temperature. With the ability to detect small magnetic

fields, scanning SQUID microscopy has proven useful for a number of applications. For example,

the nondestructive imaging of buried interconnects in integrated circuits is possible due to magnetic

fields induced by currents in the interconnects. HTS SQUIDS have also been explored for

geomagnetic imaging [Itozaki, 2001] and biomagnetism studies [Kobayashi and Uchikawa, 2003].

The former is useful in mapping subterrestial structure associated with fossil fuel deposits. The latter

can be used to map neural activity in the brain.

Figure 1.9 Design and characteristics of a hairpin-type HTS microstrip bandpass filter fabricated using PLD

[Jung and Kang, 2003].
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1.3.3.1 Fabrication of Superconducting Wires

Another area where pulsed laser deposition has played a significant role in HTS applications is in

high-temperature superconducting coated conductors. The formation of epitaxial YBa2Cu3O7 films

on biaxially textured tapes is the leading candidate for producing a viable high-temperature

superconducting technology. The formation of biaxially textured HTS material is a necessary

condition for high critical current density in HTS compounds. The formation of biaxially textured

HTS-coated conductors involve two distinct aspects, both of which can involve pulsed laser

deposition. First, one must achieve a substrate tape that possesses sufficient in-plane and out-of-

plane crystallographic texture in a top-most oxide layer that is compatible with epitaxial YBa2Cu3O7

film growth. Second, an epitaxial YBa2Cu3O7 film must be grown on the tape surface. In the rolling-

assisted biaxially textured substrates (RABiTS) process, illustrated in Figure 1.11, substrate tapes of

Figure 1.10 Multichannel scanning SQUID microscope using PLD-deposited HTS thin films [Matthews et al.,

2003].

Figure 1.11 Schematic of the RABiTS process for HTS-coated conductor fabrication.
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pure nickel or nickel alloys are formed by progressive rolling deformation followed by annealing

[Norton et al., 1996]. The resulting metal tapes have a relatively sharp biaxial, ‘‘cube’’ texture, with

h100i face-centered cubic (fcc) crystalline axes directed along both the rolling direction and

perpendicular to the tape plane. The epitaxial growth of appropriate oxide buffer layers is necessary

in order to provide a chemically compatible biaxially textured template for subsequent epitaxial

growth of the active HTS material. The formation of the epitaxial buffer and HTS layers has been

achieved using pulsed laser deposition. Figure 1.12 shows the cross-sectional TEM image of the

multilayer RABiTS structure. Note that this approach is among the most challenging applications

involving epitaxial film growth as the integrity of the epitaxial structure must be maintained

throughout the length of the conductor, which could be on the order of kilometers. In another

approach, known as ion-beam-assisted deposition (IBAD), an energetic ion beam, typically

consisting of Ar ions, is directed along a certain crystallographic direction simultaneously with the

deposition of the desired film [Iijima et al., 1992]. The impinging ions induce an in-plane texture in

the growing film due to creation of anisotropic damage that is dependent on the local

crystallographic orientation of the corresponding grain. The depositing flux for film growth during

ion bombardment can be provided via pulsed laser deposition. The net result is a buffer layer that is

crystallographically textured both in-plane and out-of-plane. Using this approach, coated conductor

tapes that are several meters in length have been realized in which the superconducting film is

deposited by means of pulsed laser deposition [Watanabe et al., 2003]. A third approach that has

been employed to achieve in-plane texture with suitable buffer layers involves deposition at an

inclined angle. This technique, known as inclined substrate deposition (ISD), is dependent on the

anisotropic shadowing of certain grain orientations during film deposition. It can be accomplished

using a pulsed laser ablation plume as the inclined deposition flux source [Ohmatsu et al., 2003].

Using pulsed laser deposition with reel-to-reel capability, biaxially textured ISD tapes up to 50m in

length have been realized.

1.4 EXPLORING NOVEL OXIDE DEVICES CONCEPTS

With the ability to deposit a wide array of complex oxides as films, PLD has proven particularly

useful in exploring novel concepts for device functionality using electronic oxides. In silicon

microelectronics, continued reduction in device dimensions for metal–oxide–semiconductor field-

Figure 1.12 Cross-section TEM image of an epitaxial RABiTS structure fabricated using PLD.
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effect transistor (MOSFET) devices requires an increase in gate capacitance beyond that accessible

through a continued reduction in the SiO2 gate dielectric thickness. This can be accomplished only

though the use of gate dielectrics that possess a dielectric constant that is higher than that for SiO2.

PLD has been used in examining various gate oxide materials, including epitaxial, polycrystalline,

and amorphous dielectrics as potential alternatives to SiO2 in Si MOSFET development [Lee et al.,

2003]. With the ability to deposit almost any oxide compound, PLD has been particularly useful in

assessing material-specific issues related to interface reactions and interface stability. PLD has also

been used in exploring various concepts related to memory devices based on ferroelectrics. For

ferroelectric memory devices, such as the Au/Pb(Zr0.52Ti0.48)O3/Bi4Ti3O12/p-Si diode shown in

Figure 1.13 [Yu et al., 2001], memory is accomplished via the polarization hysteresis associated with

domain switching in ferroelectric films as observed in the figure showing the C–V curve for the

fabricated diode. Research activities have included both polycrystalline and epitaxial ferroelectric

structures using PLD for ferroelectric film growth [Migita et al., 2002].

Pulsed laser deposition has also played a key role in exploring more radical oxide device

concepts, including various electric field-effect devices based on semiconducting oxide materials.

For example, trivalent cation-doped SrTiO3 undergoes a metal–insulator transition at low carrier

concentration and exhibits high mobility values at low temperature. The field-gated modulation of

cation-doped Mott insulators, such as doped SrTiO3, for field-effect transistor (FET) functionality is

being explored, including the formation of ferroelectric field-effect epitaxial heterostructures [Marre

et al., 2003]. Using pulsed laser deposition, patterned field-effect devices have been grown,

consisting of lanthanum-doped SrTiO3 as the channel and Pb(Zr,Ti)O3 as the ferroelectric gate.

Modulation of the semiconducting channel conductance with electric field has been demonstrated.

1.4.1 Tunable Microwave Electronics

For many paraelectric/ferroelectric oxides, the dielectric constant exhibits a shift to a lower value

when a large electric field is imposed on the material. If these materials are incorporated as high-

frequency circuit elements, the high-frequency response of the circuit becomes tunable with the

applications of a voltage across this paraelectric/ferroelectric element. Dielectric thin films that

exhibit an electric-field-tunable permittivity are attractive for advanced wireless communication

components, including matching networks, time delay devices, phase-shifting antenna arrays, and

voltage-controlled oscillators. High-performance microwave filters stand to benefit from the

capability to electrically tune their frequency of operation using dielectrics with a tunable permittivity

and low dielectric loss [Moeckly et al., 2003; Subramanyam et al., 2003]. This function has been

demonstrated with voltage-tunable dielectric materials, such as SrTiO3, deposited by PLD. Loss

tangents on the order of 0.001 at 65K have been realized for PLD-grown SrTiO3, while maintaining

acceptable tunability. Tunable filters with normal metal or high-temperature superconductor

electrodes have been extensively studied, using, for example, conductor–ferroelectric–dielectric

Figure 1.13 Capacitance versus bias voltage characteristics of Au/PZT/BIT/p-Si diode between �4.5 and

4.5V bias voltage at a bias frequency of 100 kHz. The thickness of PZT and BIT were 300 and 100 nm,

respectively [Yu et al., 2001].
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microstrip configurations. Tunability is achieved through the nonlinear direct current (dc) electric

field dependence of the relative dielectric constant of the ferroelectric/paraelectric thin film. For

example, Figure 1.14 shows the multilayer device design, structure, and performance for a two-pole

ferroelectric tunable filter using a YBa2Cu3O7/SrTiO3/YBa2Cu3O7 two-layered microstrip. This

particular structure, grown by PLD, yields an insertion loss of 1.5 dB, and large frequency tunability

(�2.3GHz) at 24K, with a peak electric field of 80 kVcm�1 for electrical tuning. Tunable dielectrics

and high-temperature superconductors have been integrated into lumped-element YBa2Cu3O7

microwave resonators and filters in order to tune their center frequencies. Figure 1.15 shows a

Figure 1.14 Figure showing (a) a SrTiO3 tunable microstrip structure and (b) optimized filter with the

following dimensions: W ¼ 80 mm, L ¼ 6:8mm, S1 ¼ 100mm, S2 ¼ 300mm, w ¼ 12:5 mm, H ¼ 1:33mm, and

r ¼ 200mm. Also shown in (c) is the swept frequency response of a tunable filter at 77K for bipolar bias

voltages between 0 and � 500V [Subramanyam et al., 2003].

Figure 1.15 Photograph of a monolithic tunable resonator fabricated with PLD that utilizes superconducting

YBCO and tunable SrTiO3 [Moeckly et al., 2003].
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photograph of a monolithic tunable resonator fabricated with PLD that utilizes superconducting

YBa2Cu3O7 and tunable SrTiO3 [Moeckly et al., 2003; Subramanyam et al., 2003]. Coplanar

waveguide-type phase shifters controlled by an external dc bias field have been fabricated on PLD-

grown (Ba,Sr)TiO3 films (Kim et al., 2002). These results demonstrate the possible application of

ferroelectric tunable devices in high-power tunable wireless telecommunication.

1.4.2 Wide Bandgap Electronics

In the development of wide bandgap oxide electronics, pulsed laser deposition has been a major

contributor. While pulsed laser deposition does not yield device-quality material in elemental or

most III–V semiconductors, the properties of PLD-grown oxide semiconductors are generally

equivalent to that realized with other thin-film growth techniques and suitable for devices. Among

the thin-film semiconductor materials, by far the most extensively investigated is ZnO, which is a

direct bandgap semiconductor with Eg ¼ 3:2 eV (see also Chapter 12). Substituting Mg on the Zn

site in epitaxial films can increase the bandgap to approximately 4.0 eV while still maintaining the

wurtzite structure. The latter represents a metastable compound that is stabilized via epitaxial film

growth. Epitaxial wurtzite Zn1�xMgxO thin films have been realized using PLD with x as large as

0.35 [Ohtomo et al., 1998]. As a wide-bandgap semiconductor, transparency to visible light provides

opportunities to develop transparent electronics, UVoptoelectronics, and integrated sensors, all from

the same material system.

(Zn,Mg)O thin films grown by PLD are being explored for a number of device applications. For

example, the fabrication of ultraviolet photodetectors has been achieved using MgxZn1�xO thin films

on Si(100) for MgxZn1�xO with the Zn/Mg ratio varying from the Zn-rich wurtzite to the Mg-rich

cubic. Figure 1.16 shows the optical transmittance for (Zn,Mg)O films grown by PLD over the entire

solid solution. Also shown is the optical response for a PLD-grown photodetector array designed for

ultraviolet detection [Yang et al., 2003; Takeuchi et al., 2003]. Photodetectors fabricated with

Mg0.68Zn0.32O/SrTiO3/Si structures show peak photoresponse at 225 nm, which is in the deep UV

region.

For the realization of transparent electronics, the formation of novel wide-bandgap oxide

junction devices has also been explored using PLD. Transparent trilayered oxide films of ZnO/NiO/

indium tin oxide have been fabricated for transparent pn junction formation. ZnO is the n-type

Figure 1.16 UV–VS photon transmission spectra (a) of the composition spread MgxZn1�xO thin film grown by

PLD for UV photodetectors. The shaded area is the phase-separated region. The two arrows mark the

approximate optical absorption edges due to the wurtzite and cubic phase of MgxZn1�xO. Also shown (b) is the

normalized spectral response of an array of UV photodetectors based on a composition spread of MgxZn1�xO.

The active area of each device was 250� 220mm2. Composition variation within each detector is less than

2.4mol %. The inset shows an enlarged picture of interdigited electrodes used as detectors. Each finger width

and the finger separation is 3mm. The electrodes were fabricated from a 200-nm-thick gold layer using the

standard photolithography [Takeuchi et al., 2003].
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material while NiO is a p-type wide-bandgap semiconducting oxide. The PLD-grown films,

patterned to yield p-NiO/n-ZnO diodes, exhibit rectifying pn junction I–V characteristics [Ohta et

al., 2003]. PLD has been used to develop transparent diodes based on other semiconductor oxides.

Transparent homojunctions have been fabricated by pulsed laser deposition of p- and n-type CuInO2

delafossite-type oxide films [Yanagi et al., 2001]. These p–n homojunctions exhibit rectifying

characteristics with a turn-on voltage of �1.8V.

In addition to two-terminal diodes, three-terminal oxide FET structures have also been realized

using pulsed laser deposition [Nishii et al., 2003]. Figure 1.17 shows a ZnO thin-film transistor

(TFT) that uses a HfOx and a ZnO channel. Such devices are potentially attractive for replacing

amorphous silicon (a-Si) TFTs in active matrix liquid-crystal displays as the wide bandgap yields a

transistor that is transparent and unaffected electrically by the display emission. Field-effect

mobility on the order of 2–7 cm2V�1 s�1 has been realized for devices grown by PLD at 400�C or

less, making the process compatible with glass or perhaps even plastic substrate material.

In ZnO-based heterostructures, one of the more interesting possibilities is to access the large

direct bandgap and develop a viable UV photonics technology. Using PLD, a UV light-emitting

diode has been demonstrated in a p–n heterojunction composed of transparent conductive oxides,

namely p-SrCu2O2 and n-ZnO [Ohta et al., 2002]. Multilayered Ni/SrCu2O2/ZnO/ITO epitaxial

structures were grown on YSZ (111). The p–n junction was fabricated by conventional

photolithography, followed by reactive ion etching. The resultant device exhibited rectifying I–V

characteristics with a turn-on voltage of 3V. Band edge electroluminescence centered at 382 nm was

observed for an applied forward bias voltage larger than 3V, as seen in Figure 1.18. The peak

position for the electroluminescence correlated closely to the photoluminescence peak seen in the

same structure.

Another electronic device that has been explored using PLD-grown (Zn,Mg)O thin-film

heterostructures is a resonant tunneling diode (RTD). Double-barrier resonant tunneling diodes are

attractive for ultrahigh frequency mixing, microwave-millimeter wave oscillation circuits, and

multivalued logic. For the (Zn,Mg)O system, the higher energy gap in ZnxMg1�xO combined with

the lower energy gap of the ZnO can provide a barrier/quantum well heterostructure suitable for an

RTD. To this end, semiconducting ZnO quantum well heterostructures, such as that shown

schematically in Figure 1.19, have been fabricated via PLD [Iliadis et al., 2002]. ZnO quantum wells

placed between Zn0.8Mg0.2O barriers exhibit resonant tunneling as evidenced by a negative

differential resistance.
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Figure 1.17 ZnO thin-film transistor fabricated using PLD.
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Within the wide-bandgap area, PLD has also proven somewhat useful in developing nitride-based

structures as well. The most common means of growing nitride semicondutors is MOCVD, which

requires relatively high temperatures for film growth. The energetics of PLD results in epitaxial

nitride film growth at substantially lower temperatures, although electronic properties equivalent to

that realized via MOCVD or MBE have yet to be demonstrated. However, for certain specific

properties, PLD-grown nitrides have proven interesting. One example is with AlN. One of the

challenges with AlN is in achieving high carrier densities due to the large bandgap of 6.2 eV. Using

PLD, low-resistivity aluminum nitride films have been realized via simultaneous carbon and oxygen

doping during pulsed laser deposition [Kai et al., 2003]. Carrier concentrations on the order of 1018

cm�3 have been achieved. AlN is also potentially useful in surface acoustic-wave (SAW) device

applications as it is piezoelectric, radiation-hard, has a wide direct bandgap, and exhibits a high

SAW phase velocity (6000m/s). For harsh environment applications of SAW devices, its excellent

dielectric properties, thermal conductivity, thermal stability, and chemical inertness make AlN

attractive. The thermal expansion coefficient of AlN is similar to that of silicon, which enables

integration of AlN in thin-film form with silicon-based integrated circuit (IC) technology. Therefore,

fabrication of good-quality AlN thin films on silicon and related devices is particularly attractive.

Figure 1.18 Schematic and characteristics of a SrCu2O2/ZnO light-emitting pn junction [Ohta et al., 2002].
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Figure 1.19 Schematic of a PLD-grown (Zn,Mg)O-based thin-film resonant tunneling diode [Iliadis et al.,

2002].
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Using PLD, surface acoustic-wave device resonance at 345MHz has been realized for 1.5-mm-thick

AlN films grown on (111) Si [Liu et al., 2003].

1.5 THIN-FILM OPTICS

Another area where PLD has proven useful is in the development of active and passive thin-

film optical components. Thin-film optics requires films that demonstrate a desirable linear

and/or nonlinear optical response and that have low losses, requiring minimal defects and low

surface roughness. The exploitation of PLD in thin-film optics research has included crystalline,

polycrystalline, and amorphous thin-film materials. For example, in the area of amorphous

waveguides, PLD has been used for the deposition of sulfide glasses (e.g., As2S3). Chalcogenide

glasses, such as As2S3, are low-phonon-energy materials transparent from the visible to the

midinfrared. For arsenic trisulfide, the nonlinear refractive index and nonlinear figure of merit make

it an attractive material for ultrafast all-optical switching. In As2S3, films with the proper

stoichiometry and local chemical bonding, configurations undergo an index change associated with

a photodarkening phenomenon. This effect can be used to fabricate diffractive as well as

waveguide structures. Using PLD, atomically smooth 5-mm-thick As2S3 chalcogenide glass thin

films have been deposited for low-loss waveguide applications [Zakery et al., 2003]. As2S3 films that

were deposited by PLD have been shown to be photosensitive at wavelengths close to the band edge

(�520 nm) [Rode et al., 2002]. Waveguide losses as low as 0.2 dB/cm at 1550 nm have been

achieved in PLD films with laser-written waveguides [Zakery, 2002]. PLD has also been used to

investigate rare-earth or transition-metal doped host materials for solid-state thin-film lasers and

optical amplifers.

Ultraviolet to visible solid-state lasers are of interest for high-density optical data storage,

displays, and infrared sensors, while amplifiers are needed for optical communication networks.

One approach to realizing short-wavelength solid-state lasers is through frequency up-conversion.

Within this approach, the intrinsic energy level matching of certain rare-earth ions yields light

emission with higher energy photons than that of an incident pump beam. This is a multiphoton

process that does not require coherence between the exciting photons. Most activities in frequency

up-conversion have focused on bulk materials, but there is significant incentive to realize this process

in a thin-film structure. Using PLD, wavelength up-conversion has been realized in Zn0.3Al0.25
Pb0.3Li0.098Yb0.1Tm0.022F2.354 amorphous fluoride films [Guanshi et al., 2003]. Ultraviolet and blue

up-conversion emission was observed under infrared excitation at 978 nm, and the ultraviolet

emissions were significantly enhanced in the film as compared to the target material.

The fabrication of electrooptical thin-film devices via PLD is also of significant interest. In this

area, ferroelectric oxides dominate. For example, with a large electrooptical coefficient and high

optical transparency, BaTiO3 is an attractive candidate for thin-film electrooptical devices, and

waveguide phase modulators have been realized from BaTiO3 grown by PLD. For electrooptics, the

crystallographic orientation of the film is important in achieving optimum device function. Using

PLD, epitaxial films of BaTiO3 with either the c axis or a axis oriented vertical to the substrate

surface can be realized for waveguide synthesis. For any thin-film waveguide structure, the

roughness of the interfaces will largely determine the optical losses for materials with good

crystallinity. Film roughness on the order of 1 nm root mean square (rms) can be achieved with PLD,

which is sufficient for waveguides with low scattering losses. Figure 1.20 shows a schematic of a

Mach–Zehnder waveguide modulator fabricated using PLD for film growth [Petraru et al., 2002].

The propagation loss of the PLD-grown planar waveguide was measured to be 2–3 dB/cm at 633 nm.

Using electrodes deposited besides the waveguides, electrooptic modulation has been demonstrated

at 633 and 1550 nm wavelengths. Theoretical modeling of the Mach–Zehnder modulators for both

crystalline orientations of the BaTiO3 films yields the Pockels coefficients r51 ¼ 80 pm=V for the

c-axis film and an effective Pockels coefficient reff ¼ 734 pm=V for the a-axis films at 633 nm

wavelength, which compare favorably with bulk values.

20 PULSED LASER DEPOSITION OF COMPLEX MATERIALS



1.6 OXIDE SENSOR DEVICES

Applications employing metal oxide materials include a variety of sensor devices, most notably

structures for chemical detectors, based on semiconducting oxides, and infrared detectors, based on

oxides with strongly temperature-dependent resistivity and pulsed laser deposition has been used to

fabricate a number of device structures for optical and gas sensor applications. For infrared (IR)

detection, some of the most dramatic changes in resistivity with temperature occur in oxides that

undergo metal–insulator transitions, such as vanadium oxide, and bolometers based on vanadium

oxide have been examined for uncooled infrared detection. Figure 1.21 shows a microbolometer

element, without air-gap thermal isolation, that was fabricated using pulsed laser-deposited

vanadium oxide as the IR sensing layer [Kumar et al., 2003]. The high-temperature coefficient of

resistance for vanadium oxide makes it an attractive material for uncooled microbolometers. The

performance of the uncooled microbolometer was measured in the spectral region 8–15 mm, yielding

a responsivity of 12V/W.

In the area of solid-state gas sensing, metal oxide semiconductors have been leading candidates

for several years. These sensor devices have the potential for use in multiarray configurations,

including the development of a so-called electronic nose. In conventional devices, the gas-sensitive

oxide is typically in the form of a thick microcrystalline film. When gases adsorb onto the surface of

these metal oxides, a change in conductance is observed that is proportional to the gas concentration

Figure 1.20 Mach–Zehnder waveguide modulator fabricated using BaTiO3 grown by PLD [Petraru et al.,

2002].

IR radiation
Au lead

Glass substrate

Ni-Cr
Vanadium 

oxide

Figure 1.21 Microbolometer element, without air-gap thermal isolation, was fabricated using pulsed laser

deposited vanadium oxide as the IR sensing layer [Kumar et al., 2003].
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of interest. Metal-oxide-based semiconductor sensors respond well to an array of gases but suffer

from limited sensitivity. In recent years, nanocrystalline metal oxide powders have been employed to

improve the gas-sensing properties of these sensors. The use of nanocrystalline films as opposed to

microcrystalline powders has significant advantage due to an increased surface area for a given mass

of detector material. Ideally, the radius of the particles will be on the order of the thickness of the

depletion layer in the semiconductor that is created when the gas molecules are adsorbed onto the

surface of the nanoparticles. Traditionally, wet chemistry methods, such as sol–gel techniques, have

been used to deposit the metal oxide nanocrystalline films. However, chemical methods can lead to

modification of the semiconducting oxide surface and subsequent changes in gas-sensing properties.

Pulsed laser ablation offers the advantage of producing nanocrystalline powders without chemical

treatment. For example, using PLD, tin-oxide-based sensors have been fabricated for detecting NO2

[Starke et al., 2002]. Among the oxides of nitrogen involved in air pollution, NO2 is the most

important in terms of health risk and potential environmental damage. It is produced together with

NO by the oxidation of nitrogenous compounds in fuel combustion. NO2 is toxic in concentrations

above 20 ppm and is thought to cause asthma at significantly lower levels. The monitoring of NO2 is

typically carried out using bulky analytical equipment. However, the implementation of small

mobile stations employing semiconductor gas sensors has several significant advantages over other

Figure 1.22 Schematic of a sensor device in which thin films of gas-sensitive materials based on the

SrFeO2.5þx nonstoichiometric perovskite family were deposited onto the diaphragms by room temperature

pulsed laser deposition [Grudin et al., 2002].
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technologies, including low price and small dimensions. Gas sensors produced using laser-ablated

nanocrystalline metal oxides have been tested for use as NO2 detectors with particular emphasis

on cross sensitivity to NO [Starke et al., 2002]. Very high sensitivities to low NO2 levels together

with fast response times have been observed for both SnO2 and In2O3 nanomaterials deposited

using PLD.

For many metal oxides, the sensitivity increases significantly if the material is heated. PLD-

grown metal oxide thin-film devices have been fabricated with integrated microheaters for gas

sensing at elevated temperatures. Suspended microstructures consisting of a thin oxide/nitride

diaphragm with embedded polysilicon heaters have been fabricated using a standard complementary

metal–oxide–semiconductor process and simple postprocessing. Figure 1.22 shows a schematic of

such a device in which thin films of gas-sensitive materials based on the SrFeO2.5þx nonstoichio-

metric perovskite family were deposited onto the diaphragms by room temperature PLD [Grudin et

al., 2002]. The utility of PLD in this application is in the ability to deposit the material on the

membrane at room temperature, and successful chemical sensor functionality was demonstrated.

When the heated membrane was exposed to volatile organic compounds such as acetone and

methanol, a reversible 10- to 100-fold increase in sensor film resistance was observed, with response

times as low as 1 s.

1.7 PROTECTIVE COATINGS AND BARRIERS

Extensive effort has been invested in the development of barrier layers and protective coatings using

PLD. This work includes the deposition of borides, nitrides, and carbides. Research in the

fabrication of superhard boride coatings using PLD has included binary (e.g., BN) and ternary (e.g.,

AlMgB14) compounds [Marotta et al., 2003; Tian et al., 2003]. Nanoindentation tests show that the

hardness of AlMgB14 films prepared by pulsed laser deposition can be on the order of 45–50GPa

[Tian et al., 2003]. Extremely low friction coefficients of 0.04–0.05, due to a self-lubricating effect,

are observed in nanoscratch tests. Tungsten nitride (WNx) is of interest as a barrier to diffusion of

metals, such as copper. WNx films have been grown on silicon and glass slide substrates by laser

ablating a tungsten target in a molecular nitrogen ambient [Soto et al., 2003]. The gas-phase reaction

of tungsten and nitrogen produces WNx films; the nitrogen is integrated in the tungsten matrix

changing gradually the electronic configuration, chemical states, and film properties. The films are

low resistivity and dense, making them attractive for diffusion barrier applications. In recent years,

carbon nitride (CNx) has also received considerable attention both for fundamental studies and

applications. The primary interest in this material is in realizing the superhard C3N4 phase that is

predicted but has proven difficult to produce. In an effort to realize C3N4 films, laser ablation of

carbon-containing targets, including graphite, in various nitrogen-containing atmospheres has been

pursued [Szorenyi et al., 2003].

Pulsed laser deposited diamond-like carbon (DLC) films have received significant attention for

protective coatings due to the high hardness, scratch resistance, smooth surface morphology,

chemical inertness, high thermal conductivity, and large bandgap of DLC materials, and this topic is

discussed in more detail in Chapter 15. These properties make DLC films attractive for wear

resistance in hip joints, disk drive coatings, and displays. A conventional means of achieving DLC is

through plasma-enhanced CVD, but a drawback of this technique is the residual hydrogen that is

included in the film composition, which limits the film properties. Pulsed laser deposition can be

used to achieve a large sp3=sp2 bonding fraction without the presence of hydrogen during deposition.
Using PLD, sp3=sp2 ratios higher than 0.8 have been reported [Haverkamp et al., 2003]. The plasma

properties of the plume largely determines the quality of the thin films deposited on the substrate.

One challenge is in obtaining diamond-like carbon films of thickness exceeding 1 mm, as the internal

compressive stress that leads to delamination needs to be minimized. Stable DLC films with

thickness greater than 1mm have been produced, however, by appropriate steps of thermal annealing

following pulsed laser deposition [Mosaner et al., 2003].
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1.7.1 Biocompatible Coatings

In addition to coatings for tribology applications (see Chapter 23), PLD fabrication of biocompatible

coatings has been actively pursued, and this is further discussed in Chapter 18. For example,

hydroxylapatite and calcium orthophosphate are used as biocompatible coatings on dental and

orthopedic implants. The chemical nature of these two compounds is similar to that of bone. As an

alternative to the commercial plasma spray coating technique, pulsed laser deposition has been

applied for the production of these biocompatible coatings [Arias et al., 2002, 2003]. One limitation

with hydroxylapatite and calcium orthophosphate thin films is their poor mechanical characteristics,

including hardness, tensile and cohesive strength, and adhesion to metallic surfaces is also an issue

[Nelea et al., 2002]. Recently, film growth using UV-assisted PLD was examined, and the resulting

films were found to be crystalline and exhibit good mechanical characteristics with values of

hardness and Young’s modulus of 6–7 and 150–170GPa, respectively. UV irradiation during

deposition enhanced gas reactivity and atom mobility during film growth, increasing the tensile

strength of the film.

In pharmacutical drug development, PLD has been explored for particle coatings suitable for

controlled drug delivery. Controlled pulmonary drug release systems require a biodegradable

polymer on the drug particle surfaces, and controlling this coating thickness is critical to practical

application. Nanofunctionalized drug particles, in particular budesonide, have been synthesized

using pulsed laser deposition on particles as illustrated in Figure 1.23 [Singh et al., 2002]. In vitro

studies indicate that the dry half-life release for the budesonide is enhanced from 1.2 to over 60min

by a nanoscale coating deposited by PLD on the drug particle.

Figure 1.23 (a) Schematic diagram of the pulsed laser deposition system for drug particle coating. Shown in

(b) is a schematic diagram of a nanofunctionalized particle (not to scale). Also shown (c) are the in vitro

dissolution profiles of coated and uncoated budesonide particles [Singh et al., 2002].
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1.8 NANOMATERIAL SYNTHESIS

In recent years, significant attention has been given to the synthesis of nanomaterials including

nanocrystals, nanowires, and nanocomposites, and PLD has proven useful across all of these areas.

There is considerable interest, for example, in nanoscale semiconductor materials for photonic

applications [Orii et al., 2003]. The reduction in particle size in semiconductors yields quantum

confinement effects that can facilitate optical transitions in otherwise indirect bandgap materials,

including Si. Using pulsed laser ablation of silicon in high-purity He background gas, silicon

nanoparticles can be synthesized, and these nanoparticles exhibit narrow-band visible light

emission. Tunable, narrow-band light-emitting Si nanoparticles produced by pulsed laser ablation

may be applicable for a range of optoelectronic devices.

Considerable interest has also developed recently in the synthesis and exploitation of

semiconductor nanowires. Specific applications include nanotransistors, nanosensors, and

fundamental studies of quantized electronic systems. Numerous techniques have proven useful

in the synthesis of homogeneous wires, but few have yielded nanowires with composition

modulation either radially or along the length of the wire. Heterostructured one-dimensional

semiconductor nanostructures are interesting systems, potentially useful in light-emitting devices

and thermoelectrics [Wu et al., 2002]. Recently, a film growth process that is a hybrid of pulsed

laser ablation and chemical vapor deposition was used to synthesize semiconductor nanowires

with periodic longitudinal heterostructures. Using this process, shown schematically in

Figure 1.24, single-crystal nanowires with Si/SiGe superlattice structure along the length of

the wire have been obtained. A cross-sectional transmission electron microscopy image of a

compositionally modulated nanowire is shown in Figure 1.25. The nanowire grows in a block-by-

block fashion with a compositional profile modulation along the wire axis. Heterojunction and

superlattice synthesis using this approach could prove enabling as applications of semiconductor

nanowires are explored.

Figure 1.24 Film growth process that is a hybrid of pulsed laser ablation and chemical vapor deposition was

used to synthesize semiconductor nanowires with periodic longitudinal heterostructures [Wu et al., 2002].
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1.9 POLYMER AND ORGANIC THIN FILMS

Much of the work involving PLD has focused on the synthesis of inorganics, particularly oxides.

However, in recent years, the use of PLD has been extended to the deposition of ‘‘soft’’ materials,

including polymers, organics, and even biological materials. For example, it has been shown that

adherent, compact, and pinhole-free films of poly(tetrafluoroethylene) (PTFE or Teflon) can be

deposited as a protective coating on metal surfaces using PLD [Blanchet et al., 1993].

Polytetrafluoroethylene coatings are useful for improved tribology and in providing a chemical

barrier against corrosion. Applications of Teflon coatings on arbitrary metal pieces include the

prevention of allergic reactions that are induced by certain metals when brought into contact with

human skin. Examples where Teflon coatings are being explored include metal implants and tooth

fillings, and even body jewelry. Unlike inorganics where the complete decomposition of the target

molecule by plume formation is desirable, ablation plumes formed during effective PTFE deposition

using PLD consists of intact polymer molecules. Studies indicate that the particles consist of four

types of morphology, ranging from small particles (50 nm in diameter) to particle size greater than

10mm. Other thin organic films that have been obtained by pulsed laser deposition include

poly(methyl methacrylate) (PMMA) polymer [Cristescu et al., 2003], metal acetylacetonates

InAcAc, NiAcAc, and metallophthalocyanines PcNi, PcCo and PcFe [Frycek et al., 2003].

One limitation with the deposition of polymeric or organic films using PLD is the light-induced

decomposition of the molecules that often occurs upon ablation. To enhance the efficiency and

minimize decomposition for pulsed laser deposition of polymer and organic films, ablation from

targets doped with small amounts of photosensitizer has been explored. With this technique, ablation

proceeds by excitation not of the target materials but of the doped sensitizer. By utilizing relatively

Figure 1.25 Cross-sectional transmission electron microscopy image of a single-crystal compositionally

modulated nanowire with a Si/SiGe superlattice structure along the length of the wire [Wu et al., 2002].
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efficient photosensitized thermal reactions, ablation can be induced at longer laser wavelength and

lower fluence, thus avoiding the photochemical decomposition that is typically observed in the UV

ablation of polymeric materials. For example, using this approach, the deposition of PTFE using a

graphite-doped PTFE target was achieved employing a near-infrared (1064 nm) Nd :YAG laser.

1.9.1 Biological Thin-Film Materials

The deposition of proteins, deoxyribonucleic acid (DNA), and other biopolymer thin films is of

significant interest for application and fundamental studies. The development of novel biomedical

devices often requires the ability to deposit selected biomaterials onto a given surface. Devices

where this capability is applicable include microfluidic biosensors and biochips, biocompatable

coatings for medical implants, and gene recognition microarrays. An effective deposition technique

for biological material must conserve the stoichiometry, molecular arrangement, and specific

orientation in order to maintain functionality. Recently, it has been demonstrated that the effective

deposition of biomaterials may be possible using pulsed laser deposition. For example, using PLD,

the deposition of simple proteins, such as silk fibroin, which is expected to have functional

applications in medicine and bioelectronics, has been reported [Tsuboi et al., 2001]. As seen in

Figure 1.26, the protein possesses a simple primary structure where the secondary structures are

b-sheet crystals and amorphous random coils. Normal laser deposition at 351 nm using neat fibroin

targets resulted in thin films of fibroin with a random coiled structure as deduced from infrared

spectroscopy. Ablation was triggered by two-photon excitation of the peptide chains that destroys

the b-sheet structure. By using anthracene as a photosensitive dopant in the ablation target,

destruction of the b-sheet structure was avoided, resulting in thin fibroin films having both random

coil and b-sheet structures. Thin films of bovine serum albumin (BSA) protein have also been
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Figure 1.26 (a) Main component in the primary structure of silk fibroin. The sequence of amino acids in this

protein can be roughly described as Gly–Ala–Gly–Ala–Gly–Ser, with some tyrosine, valine, tryptophan, etc.

content. (b) Schematic illustration of antiparallel b-sheet structure [Tsuboi et al., 2001].
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prepared by pulsed laser deposition [Hernandez-Perez et al., 2003]. Using a KrF excimer laser beam

focused on a target made of pressed powder, 1 mm films with low roughness could be obtained on

silica substrates at room temperature. The Fourier transform infrared spectra of the films, recorded in

attenuated total reflection configuration, was nearly identical to those of the starting powders.

Fluences higher than 0.6 J cm�2 are necessary for the conservation of the protein molecules as

indicated by IR spectroscopy. Atomic force microscopy images show the protein to be deposited as

particles of about 100 nm diameter without clear ordering.

The use of a photosensitizer in the deposition of thin films using target ablation can involve

transfer of material either in vacuum or in an atmospheric pressure ambient. The two related

techniques have been described as matrix-assisted pulsed laser evaporation (MAPLE) or MAPLE

direct write (MDW). MAPLE involves laser ablation in a vacuum and is applicable for

biocompatible coatings that are compatible with a low-pressure environment [Pique et al., 1999].

MDW is a localized deposition technique suitable for material deposition of proteins and/or tissue

[Wu et al., 2003]. The MAPLE direct write process has been shown to be applicable in forming

microarrays from active proteins and living cells. Both techniques are discussed in much more detail

in Chapter 3.

1.10 SUMMARY

From its humble beginnings as a curious means for ‘‘laser jocks’’ to deposit thin films to the current

utilization in the fabrication of inorganic and organic devices, PLD has emerged as a mainstream

film growth technique in the research laboratory. The continued development and exploitation of this

technique holds numerous opportunities and challenges. Its strengths in oxide thin-film research will

continue to be exploited as investigations into the multifunctional character of oxides proceed in the

coming years. The possibility of decoupling the laser ablation process from the deposited material of

interest via the use of matrix-assisted absorption is clearly advantageous for developing thin films of

soft macrostructures. One aspect that has been only marginally explored but holds significant

promise is the possibility of tuning the ablation laser wavelength to specific optical absorption

channels that yield tailored plume chemistry and alternative film properties. Perhaps most

challenging will be the penetration of pulsed laser deposition into large-scale device production in

the near future. Despite the challenges of capital cost, deposition throughput, and industrial

acceptance, the advantages of pulsed laser deposition will undoubtedly yield application in

production as development continues into the twenty-first century.
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Pulsed laser deposition (PLD) of thin films is now used in materials research laboratories round

the world for prototyping thin films of many inorganic materials and even in some device

fabrication protocols. This development has been made possible by the increasing versatility and

reliability of the ultraviolet (UV) excimer laser as it evolved particularly after the 1980s.

However, progress in UV-PLD of organic molecules and polymers has been inconsistent, largely

because UV-PLD has two characteristics that are intrinsically incompatible with organic and

polymeric materials: the high photon energy of KrF and ArF lasers (5.0 and 6.4 eV, respectively)

produces photochemical reactions in the ablated material that are almost always undesirable; and

the energetic species in the ablation plume can sputter or damage any material that has already

been deposited.

These two facts highlight an important difference between laser ablation for machining—

achieved very effectively by both nanosecond excimer lasers and femtosecond near-infrared

Ti:sapphire lasers—and laser ablation for thin-film deposition. In the case of deposition, it is

absolutely essential that the polymers transferred to the gas phase from the ablation target are

physically and chemically intact, so that the desired polymer properties appear in the deposited

film.

In this chapter, we review recent developments in resonant infrared (RIR) pulsed laser

ablation, a process that by virtue of the low photon energy overcomes the inherent disadvantages

of UV-PLD in the case of organic or polymeric materials. RIR-PLD has been shown during the

past 5 years to work with many different families of polymers and, thanks to recent developments

in lasers, has significant promise for integration into commercial thin-film processing

technologies. We begin with an overview of some variants of PLD and then introduce several

analytical techniques that can be used to assess the success of PLD of organics and polymers.

Following a review of results on several different families of polymers that have been deposited

by RIR-PLD, we conclude with discussions of the mechanism of RIR-PLD as it is presently
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understood. A brief synopsis of laser types that may be developed to make RIR-PLD as reliable as

current UV-PLD concludes the chapter.

2.1 TECHNOLOGICAL SIGNIFICANCE OF ORGANIC THIN-FILM DEPOSITION

Thin films of organic molecules and polymers play critical roles in myriad electronic, photonic,

mechanical, medical, sensor, and thermal control technologies, with an attendant importance

therefore attached to methods of deposition. To name just a few obvious examples: Antistiction

coatings are crucial to the reliable operation of micromechanical systems ranging from the

accelerometers at the heart of automobile air-bag technology to the magnetic disk drives found in

computers and portable music players. Multilayer organic and polymer films provide the requisite

light-emitting and carrier transport functions for organic and polymer light-emitting devices and

flexible displays. Organic thin-film transistors are being developed for everything from computer

and television displays to active-label technologies for supermarket checkout lanes. It is thus no

exaggeration to say that deposition of organic and polymeric thin films is a critical component of one

of the broadest and largest markets in the world.

In the current state of the art, a wide variety of deposition techniques can be found in industry,

many of them still not optimized either for performance, reliability, or environmentally benign

process technology. For example, in the organic light-emitting diode (OLED) manufacturing

process, it is not uncommon to employ a mixture of vacuum- and liquid-phase deposition techniques

since small organic light-emitting molecules (e.g., Alq3) can be deposited in vacuum, while some of

the polymer carrier-transport materials must be deposited in the liquid phase. The need to go outside

the normal vacuum processing loop found elsewhere in the semiconductor industry makes for

added time, complexity, and cost in the manufacturing process and also reduces product yield

and device reliability. Small organic molecules can be deposited by thermal evaporation in

ultrahigh vacuum (organic molecular beam epitaxy, or OMBE), but polymers are destroyed by

thermal evaporation, thus reducing the palette of materials available to the process and device design

communities. Moreover, OMBE is a slow process, not compatible with making inexpensive organic

thin films at the level needed for RFID (radio-frequency identification) applications in the retail

industry. Poly(tetrafluoroethylene) (PTFE) would be a very desirable antistiction coating, but it

cannot be deposited in liquid phase because PTFE is insoluble. Many other examples exist that

further illustrate this point.

Hence there is a strong technological motivation to find a reliable vapor deposition process that

would have the following characteristics: It would be solvent free, vacuum compatible, conformal,

and produce defect-free thin films with extremely precise thickness control at high deposition rates.

It should be compatible with standard fabrication line technologies as currently exist in semi-

conductor fabrication facilities. Finally, the process should have cost and reliability characteristics

similar to those of contemporary vacuum deposition techniques (e.g., sputter deposition) with which

the industry is already familiar.

In addition, however, the topic of infrared laser ablation and deposition of polymers is interesting

as a surface science problem, involving as it does two interesting questions:

1. How, if at all, is it possible to break the relatively weak intermolecular bonds that hold, for

example, a glassy polymer together without breaking the stronger intramolecular bonds that

give the polymer its unique chemical and physical properties?

2. What are the salient differences that arise when those intermolecular bonds are subjected to

intense vibrational, rather than electronic, excitation?

As will become apparent, both questions take us into largely uncharted waters at the edge of

previously well-explored territory.
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2.2 LASER-BASED METHODS FOR DEPOSITION OF POLYMER THIN FILMS:

AN OVERVIEW

In this section, we review briefly several different implementations of PLD as have been applied to

the problem of organic or polymer deposition. The last of these introduces the new concept of

resonant infrared laser ablation and deposition.

2.2.1 Pulsed Laser Deposition with UV Lasers

Soon after the development of PLD and the subsequent demonstration that it was capable of

synthesizing thin films of multicomponent materials [Cheung and Sankur, 1988, and also see

Chapter 1], researchers began to wonder if the same strategy could be employed to deposit thin

polymer and polymeric films [Chrisey and Hubler, 1994]. Early attempts to do so utilized ultraviolet,

usually excimer, lasers, which hereafter shall be referred to as UV-PLD. These efforts built upon

laser ablation studies performed by Srinivasan et al. in the 1980s [Srinivasan and Braren, 1989].

Nylon, polycarbonate, and poly(methylmethacrylate) were several of the polymers that were

deposited in thin-film form by so-called pulsed laser evaporation [Hansen and Robitaille, 1988].

Poly(tetrafluoroethylene) and other fluoropolymers were deposited using the fourth harmonic

(266 nm) of a Nd :YAG laser, and it was found that the morphology could be controlled through

changing the substrate temperature [Blanchet, 1993]. Further studies showed that the evaporation

process could be viewed as a kind of flash pyrolysis in which the polymer target was converted to a

vapor that consists of monomer and small oligomeric fragments. Both unzipping and nonunzipp-

ing polymers alike behaved similarly upon pulsed laser excitation; a large quantity of monomer was

present in the ablation plume despite the fact that for condensation polymers, monomer is not usually

present in the mass spectrum during thermal pyrolysis [Blanchet, 1996]. In this sense, the laser can

be viewed as the agent that opens a route to nonequilibrium reaction pathways, which can in turn be

exploited to deposit thin films or investigate novel reactions. When a substrate is placed in the path of

the ablation plume, the monomer–oligomeric fragments recombine and are deposited as a polymeric

thin film, with the repolymerization reaction possibly catalyzed by the presence of radicals. Smooth

films of fluoropolymers that faithfully reproduce the chemical structure and composition of the

starting material were deposited by this method.

In retrospect, it seems that the picture of laser ablation as a thermal route to fast unzipping

should be updated to include the possibility of direct scission of pendant groups by photo-

chemical reactions, and the intensity in a focused UV laser beam during an ablation experiment is

certainly sufficient to accomplish this. Experiments with a poly(ethylene-vinyl acetate)–carbon

nanocomposite and a 193-nm ArF laser showed that there was preferential loss of vinyl acetate

groups during laser ablation and thin-film deposition, and that both photothermal and

photochemical mechanisms could be present to account for this loss [Bubb et al., 2001c]. There-

fore, the use of UV lasers in polymer PLD experiments presents certain challenges that may not

be overcome if the goal is to deposit a polymer film with the same chemical structure as the

starting material.

2.2.2 Matrix-Assisted Pulsed Laser Evaporation

An alternative approach to PLD for the deposition of polymer and other organic films was

developed at the Naval Research Laboratory in the late 1990s and is known as matrix-assisted

pulsed laser evaporation (MAPLE) [Piqué et al., 1999; Chrisey et al., 2003]. In this approach, a

polymer or other organic to be deposited is dissolved in an appropriate solvent, and the solution is

decanted into a metal target die where it is frozen. The frozen target is then placed into a vacuum

chamber and the experiment proceeds as with PLD. MAPLE has been used to deposit a variety

of materials such as chemoselective polymers [Piqué et al., 1999], proteins [Ringeisen et al.,

2001], and other organic materials. In Figure 2.1, a schematic of the MAPLE process is shown.
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Three of the many possible outcomes are shown. In the first (1), a ‘‘chunk’’ of the target is ejected so

that frozen solvent lands on the substrate. Subsequently, it will melt and cause structuring in the film.

This has been observed during MAPLE of biodegradable polymers [Mercado et al., 2004] and results

in unfavorable film deposition conditions. The second outcome in Figure 2.1 is the preferred outcome.

Here, an isolated polymer chain is ejected into the gas phase and lands on the substrate while

remaining intact throughout the process. Currently, it is not known whether this outcome actually

occurs. In the final case (3), the polymer chain is cut either through direct photochemical inter-

actions with the laser or through interactions with reactive species produced by the laser. This outcome

has been observed during MAPLE of poly(ethylene glycol) (PEG) using a laser wavelength of 193 nm

and CHCl3 as a matrix [Bubb et al., 2002a]. Cl* radicals were produced by the laser and attacked the

polymer either in the plume or in the film and resulted in chemical modification of the polymer film.

Furthermore, these reactive species may result in the polymerization of the solvent molecules such that

they result in a film themselves [Bubb et al., 2004]. So, it is clear that the choice of matrix is of essential

concern in MAPLE experiments. The choice of laser wavelength is also important—UV lasers have

sufficient photon energy to cause photochemical reactions of many types. In contrast, performing

MAPLE at infrared wavelengths seems to minimize some of these unfavorable results [Toftmann et al.,

2004; Bubb et al., 2004].

2.2.3 Photosensitized Ablation and Deposition

Photosensitized ablation and deposition is a technique that is closely related to MAPLE. In this

technique a target material that is very weakly absorbing at the chosen wavelength is ‘‘doped’’

with a strong absorber such as anthracene. This permits the use of laser wavelengths such as 351

and 355 nm that induce less electronic excitation than UV lasers operating near 300 nm and

below. The strongly absorbing dye causes the laser energy to be absorbed in a small enough

volume to cause sufficient heating for material to be ejected, but since the target material is nearly

transparent to the laser destructive excitations are minimized. Polystyrene has been deposited in

this fashion using anthracene as a sensitizer and a 351-nm laser as the excitation source [Tsuboi

and Itaya, 1999]. It is impossible to deposit polystyrene (or any other phenyl-ring containing

polymer for that matter) using a laser wavelength below 248 nm because the phenyl rings strongly

absorb the radiation and electron delocalization results in bond breaking. The use of laser

wavelengths above 248 nm was unsuccessful in depositing a film because the laser energy was not

absorbed strongly enough to cause material ejection from the target. In addition to polystyrene,

silk fibroin has also been deposited by this technique [Tsuboi et al., 2002a] along with several

other polymers [Tsuboi et al., 2002b].

Figure 2.1 Schematic of MAPLE process. Events 1, 2, and 3 are discussed in the text.
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2.2.4 Resonant Infrared Pulsed Laser Deposition

Resonant infrared pulsed laser deposition (RIR-PLD) is based on the concept that excitation of a

weak vibrational resonance in an organic or polymeric substrate can induce localized vibrational

excitation that leads to the breaking of the relatively weak intermolecular bonds. This requires the

use of either a fixed-frequency laser that happens to be in resonance with a vibrational mode of

the polymer to be deposited or a laser that can be tuned to such a mode. Many of the relevant

vibrational modes lie in the ‘‘molecular fingerprint’’ region of the IR spectrum (2–10mm), as shown

in Figure 2.2, and we accordingly focus further attention on this wavelength range.

Because the light source for almost all of the IR PLD experiments carried out to date was the

W. M. Keck Foundation Free-Electron Laser (FEL) at Vanderbilt University [Edwards et al., 1996],

we present here a brief description of the FEL. An FEL comprises three essential elements: a

high-brightness electron source and accelerator that brings the electron beam to relativistic velo-

cities, an undulator or wiggler in which the electrons undergo a periodic acceleration induced by

spatially alternating magnetic fields, and an optical cavity that feeds back a portion of the photons

generated into the accelerated electron beam. The concept is illustrated schematically in Figure 2.3.

Optical gain is produced by a purely classical electromagnetic field effect produced through the

interaction of the cavity photons with the electron beam. The relationship between the output

wavelength, wiggler period, beam energy EBeam, and magnetic field B is given to lowest order by the

following expression:

lFEL ¼ lWiggler

2g2
½1þ k2ðBÞ� � EBeam

m0c2
ð2:1Þ

where k is a quantity of order unity that depends on the on-axis magnetic field, and g is the ratio

of electron beam kinetic energy to the electron rest mass m0c
2.

Unlike a conventional laser, in which the laser medium and mode of excitation largely determine

the output wavelength and temporal pulse structure, the FEL makes is possible to choose these

factors by the choice of beam energy, magnetic field, wiggler period, and temporal structure imposed

on the electron beam. The Vanderbilt FEL, based on an S-band klystron to drive a 3-m RF accele-

rator, has a temporal pulse structure consisting of a 3- to 6-ms macropulse at a repetition rate of

Figure 2.2 Ranges of vibrational frequencies for specific vibrational modes in organic and polymeric

materials. Only carbon, nitrogen, and oxygen bonds are shown; in the case of fluorinated organics or polymers,

the bands will lie slightly to the red side of nearby modes [e.g., C–F vs. C–N bonds in poly(tetrafluoroethylene)].
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30Hz (or submultiples thereof); the macropulse in turn consists of a train of �1-ps pulses separated
by 350 ps (the frequency of the klystron is 2.865GHz). The energy in each macropulse is of order

33–100mJ, depending on wavelength providing a typical average power of 1–3W at 30Hz. The

wiggler period and magnetic field are such as to provide a continuous laser tuning range from 2 to

10mm, thus effectively covering the molecular fingerprint region.

The FEL can be tuned throughout its range with a bandwidth less than 2%, macropulse energies

between 33 and 100mJ, and pulse durations of 5–6 ms. For RIR-PLD experiments, the laser beam is

scanned over the polymer or organic target in the standard fashion. Macropulse fluences producing

reasonable ablation and deposition conditions are found to range between 0.1 and 5 J/cm2, cor-

responding to an average intensity of up to 1MW/cm2 over the macropulse and transient intensities

approaching 1GW/cm2 for each micropulse. This produces an unusual temporal sequence similar to

that proposed by Gamaly et al. and illustrated in Figure 2.4; the interpulse spacing of micropulses is

sufficiently short, and the micropulse energies sufficiently small, that there is only a small rise in

target temperature followed by a relaxation period in which much of the incident energy dissipates

before the next micropulse arrives. This leads to a substantially smaller temperature rise than would

Figure 2.3 Schematic of the free-electron laser, showing the electron gun and accelerator; the wiggler or

undulator in which the electron beam is driven into periodic spatial oscillations by a magnetic field in which the

orientation of the field alternates; and an optical cavity that feeds back the requisite portion of the beam to create

the FEL gain.

Figure 2.4 Schematic illustration of the temperature rise in a target irradiated by the high repetition rate

sequence of micropulses in the free-electron laser. The small amount of energy deposited by each FEL

micropulse largely dissipates before the next micropulse arrives, leading to an overall much smaller temperature

rise than would be expected from the deposition of the entire FEL macropulse energy all at once.
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occur were the target to absorb the energy of the full macropulse all at once. The effects of this

curious excitation and relaxation sequence are discussed in more detail in Section 2.4.

2.2.5 Summary of Techniques

Several techniques for polymer thin-film deposition have been discussed such as UV-PLD, MAPLE,

and photosensitized ablation and deposition. Each of these presents some advantages but none is

wholly without disadvantages. For UV-PLD, the intense interaction between a focused UV laser and

an organic material can result in photomodification of the target material and also the deposited film.

In the best case scenario, the target is reduced to its constituent monomer by intense laser heating;

and for the deposition of a polymer film, reactive species must be present to catalyze the necessary

reaction. If polymerization is incomplete or pendant functional groups are lost to direct scission

photoreactions, the chemical structure of the thin film will be different from the starting material.

Practitioners of MAPLE seek to limit the direct interaction between the laser and the polymer to be

deposited by using a matrix. However, if the laser wavelength–matrix combination is not chosen

properly, photochemical interactions can produce results just as unfavorable to those with UV-PLD.

Finally, photosensitized ablation is useful for those situations where target material is transparent

to the laser wavelength, but an appropriate sensitizer causes sufficient volumetric energy density to

eject material from the target. However, it is not clear that an appropriate sensitizer will be found

or that the sensitizer will not itself become part of the film. Photochemical reactions are also

possible in this wavelength regime as well. Therefore, we have explored resonant infrared pulsed

laser ablation and deposition (RIR-PLD) of polymer films as an alternative to these techniques for

the deposition of thin polymer films.

2.3 DEPOSITION, ABLATION, AND CHARACTERIZATION

OF SELECTED POLYMERS

Over the course of the past 5 years, we have demonstrated successful infrared laser ablation of a

variety of polymer species. In these cases, ‘‘successful’’ has been defined by a number of different

characterizations of the deposited material that appear to show that the polymers are effectively

transferred from ablation target to gas-phase plume to thin deposited films with their local and long-

range structures essentially intact. In the following section, we describe the characterization tools we

have used for this purpose and discuss their application to specific polymers of interest.

2.3.1 Characterization of Deposited Material

Obviously, the critical step in evaluating material processing techniques is characterization of the

result, which in our case, is a thin film deposited upon a substrate. In the studies described in this text,

the goal has always been to identify those characterization techniques that give the greatest amount

of information for the least investment of effort. There are numerous possible characterization

techniques for organic materials. The list in Table 2.1 is not exhaustive; it will simply serve to

illustrate our approach to this difficult problem by highlighting several important characterization

techniques.

2.3.1.1 Fourier Transform Infrared Spectroscopy

Fourier transform infrared (FTIR) spectroscopy [Smith, 1999] is extremely useful for organic

materials with functional groups that absorb light in the mid-infrared (2.5–25mm or 4000–400 cm�1).

In the experiments described here, FTIR is used as a process evaluator; the starting material and

deposited film are compared in order to look for changes in the chemical structure of the film relative

to the starting material. However, the infrared absorbance spectrum is indicative of the properties of

DEPOSITION, ABLATION, AND CHARACTERIZATION OF SELECTED POLYMERS 41



TABLE 2.1 Characterization Methods Applicable to Pulsed Laser Deposited Polymer Thin Films

Technique Information Limitation Strength Comments

Fourier transform

infrared

(FTIR)

spectroscopy

Chemical

structure

(integrity) of

repeat unit

No information

on number of

repeat units

and hence,

molecular

weight

Is not material

intensive,

if damaged will

help to deduce

the mechanism;

can be used as a

quick diagnostic

Nuclear

resonance

magnetic

(NMR)

spectroscopy

Chemical

structure

(integrity) of

repeat unit

Endgroup analysis

may permit

qualitative

molecular weight

determination; but

information is

largely about repeat

unit; must

create proton

exchange

environment

Similar to FTIR;

gives information

about bonding and

proton environment

(or carbon atom,

fluorine atom, etc.)

Size exclusion

chromatography

(SEC, GPC)

Average

molecular

weight and

higher order

moments

Requires

dissolution in

appropriate

mobile phase

and calibration

of columns—not

an absolute value

(relative to

standards)

Litmus test for

segmentation; can

be coupled with

other techniques,

i.e. light scattering

viscometry

Matrix-assisted

laser desorption

and ionization

mass spectrometry

(MALDI-MS)

Weight- and

number-

average

molecular

weight, relative

concentrations

Need protocol

(possibly

separate) for

each polymer

Extremely versatile,

can be used to

analyze mixtures,

extremely sensitive

(sub-amol)

Electrospray

ionization

is similar and

similarly

applicable

Quasi-elastic light

scattering

Average

molecular

weight

Can require filtering

of small volume

samples, easy to

contaminate

with dust, etc;

insoluble

fractions not

analyzed

Can be coupled with

column chromato-

graph techniques to

separately analyze

fractions—very

powerful and

versatile

Electron and

optical

microscopy

Morphology Does not tell

much about

physicochemical

properties

Aside from usual

morphological

considerations

can be used to

determine if

residual material

remains after

washing of coated

wafer—can indicate

cross-linking
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the basic repeat unit (monomer) and contains very little information about the number of repeat

units. Small changes in the midinfrared absorbance due to either new or missing bands typically

reflect significant rearrangement of the polymer. This presents an entirely new challenge in char-

acterization. Since the basic chemical structure of the polymer thin film is altered, mass spectro-

scopic techniques such as size exclusion chromatography (SEC), electrospray ionization (ESI), or

matrix-assisted laser desorption and ionization (MALDI) mass spectrometry (MS) are unlikely

to provide quantitative information on the molecular weight distributions for reasons that will be

discussed in forthcoming sections. Comparisons of infrared absorbance spectra are most meaningful

when the midinfrared spectra are nearly identical, as the assignment of the mass peaks will depend

on the chemical structure of the molecule. A related useful technique is nuclear magnetic resonance

(NMR) spectroscopy.

2.3.1.2 Size Exclusion Chromatography

In column chromatographic mass spectroscopic techniques such as SEC, the retention time of

molecules dissolved in carrier solvent is inversely proportional to the logarithm of the molecular

weight. The quantities measured by SEC are the number-average molar mass Mn and the weight-

average molar mass Mw, which are defined, respectively, as

Mn ¼
X

j

NjMj

.X

k

Nk Mw ¼
X

j

NjM
2
j

.X

k

NkMk ð2:2Þ

where Nj is the number of polymers of molecular massMj. Thus, we identifyMn andMw as the first

and second moments of the polymer mass distribution.

The limitations of SEC are encountered when the polymer film is chemically altered in some

other way other than simple segmentation, that is, shortening of the chains. This is related to

the difficulty mentioned above with FTIR. If the deposited material has a different affinity for the

column, then spurious quantitative results will be obtained. Generally speaking, if the infrared

spectrum of the deposited film is visibly changed with respect to the native material, we consider

SEC only a provider of qualitative results. Other difficulties one can encounter in using SEC to

characterize films is that there is a very small sample volume under test, and it is extremely easy to

contaminate with dust or even wash-off from a filter. Finally, if there is any cross-linking or creation

of insoluble material during the film deposition process, the films mass spectrum cannot be analyzed

by this method.

2.3.1.3 Matrix-Assisted Laser Desorption and Ionization Mass Spectrometry

(MALDI-MS)

Soft ionization mass spectroscopy techniques such as MALDI and ESI are extremely useful for

organic materials [Herbert and Johnstone, 2003]. In both techniques, the mass spectrum is obtained

through the generation of ions that attach to the organic and ‘‘softly’’ ionize it. In MALDI a laser is

focused on a composite target of matrix (ion producer) and guest (analyte) in vacuum. The laser

vaporizes the material and fragments the matrix but not the polymer, and somehow the organic

material becomes ionized. The plume of emitted material is introduced into a mass spectrometer

where it can be identified. ESI is similar; in this technique an organic material is co-dissolved with

a solvent–salt mixture and placed in a capillary tube. An electric potential is applied between the

capillary tube and the entrance window of a mass spectrometer, which causes the introduction of a

charged organic in the mass spectrometer, which is then identified by conventional means. A

potential weakness of these techniques is that it is necessary for the material to become ionized for

detection to occur. If the material is chemically altered, it is possible that some fractions will ionize

differently than expected and that the observed mass spectrum may become skewed. In this case,

infrared absorbance measurements will guide us in determining whether we suspect there may

be such fractions. Otherwise, MALDI, for example, is an extraordinarily versatile technique,

possessing zeptomole sensitivity.
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2.3.1.4 Optical, Electron, and Atomic Force Microscopy

For the most part, the first concern in depositing polymer thin films is in preserving the chemical

structure of the polymer. For applications, the critical property is often morphology. Physical vapor

deposition techniques are very versatile; however, serious drawbacks include the production and

deposition of particulates that can mar the uniformity of deposited films. Various forms of micro-

scopy are useful to assess the deposited film morphology. The most useful is scanning electron

microscopy (SEM), because of its large horizontal and vertical dynamic range. Since many polymers

are insulators, it is necessary to go to low voltages to avoid sample charging; hence the most useful

SEM tools are those with cold-cathode field emission electron guns that can still achieve high

resolution at voltages as low as 1 keV. In addition, atomic force microscopy (AFM) is a very versatile

tool for the characterization of polymer films and is capapble, for example, of characterization of

multiplayer films [Lobo et al., 1999].

2.3.2 Choice of Polymers for Early Studies

Given that characterization of the deposited films is an essential part of the process evaluation,

polymers that can have their physicochemical properties specified precisely were chosen for early

RIR-PLD studies. Two such polymers that can be characterized with high confidence are

polyethylene glycol (PEG) and polystyrene (PS). Both are available in average molecular weights

from less than 1000Da to greater than 1,000,000Da. Polystyrene is used to calibrate infrared

spectrometers and both polymers are used to calibrate chromatographic columns. In practical terms,

this means that if SEC is used to characterize the deposited films, then an absolute number- and

weight-average molecular weight can be determined. Both of these polymers (PEG, PS) are also

used as calibrants for soft ionization mass spectroscopic techniques such as MALDI-MS and ESI.

Other polymers that might be of technological interest but that do not have appropriate mass

standards will have to have their molecular weight specified relative to one of these standards.

2.3.3 Polyethylene Glycol

2.3.3.1 Comparing UV-PLD and RIR-PLD

Initial studies focused on comparisons of RIR-PLD with UV-PLD in order to demonstrate

the importance of resonant vibrational excitation, and PEG was the polymer chosen for these

studies. Characterization was accomplished through FTIR, SEC, MALDI, and ESI. The chemical

structure of PEG is shown in Figure 2.5 along with the wavelengths of the major stretching modes

(��CO,��CH,��OH). Directly comparing UV-PLD and RIR-PLD of PEG we found that when the laser

was tuned to a vibrational resonance (i.e., 2.90mm for the OH stretch) it was possible to deposit thin

films that accurately match the IR spectra of the starting material [Bubb et al., 2001a]. In contrast, PEG

Figure 2.5 Chemical structure of PEG and wavelengths of selected vibrational modes.
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thin films that are deposited using an ArF UV laser (l = 193nm) do not have the same physical and

chemical properties as the starting material. The midinfrared absorbance spectra of a UV-PLD film, a

RIR-PLD film, and the starting material are displayed for comparison in Figure 2.6. Examining the

spectra of the UV-PLD films, it is found that the changes in positions of the bands are sufficient to

warrant description of the UV-deposited material as ‘‘PEG-like.’’ In stark contrast, the RIR-PLD film

appears to have a nearly identical infrared absorbance spectrum to that of the starting material.

Next, molecular weight distributions of the deposited films are compared with the native poly-

mer. Given that the UV-PLD deposited film has been severely chemically altered, its mass spectrum

is presented only for qualitative purposes. Figure 2.7 displays the ESI mass spectra of the starting

material and UV- and RIR-PLD films. It is important to note that the concentrations of the solutions

that are injected into the ESI time-of-flight mass spectrometer are the same in all cases. Although

apparently random and noisy, there are real peaks in the UV-PLD deposited film’s spectrum. Due to

the alteration of the UV-PLD film’s chemical structure, we once again refer to it as ‘‘PEG-like,’’ as

there is no correlation between the peaks in its spectrum and the native material. The agreement

between the RIR-PLD film’s mass spectrum and the starting material is evident. Most encouraging

in all of these results is that similar results are obtained using a fixed frequency Er:YAG (2.94 mm)

laser operating either at a free-running pulse width of about 300 ms or Q switched with a pulse of

150 ns [Haglund et al., 2003]. This suggests that the execution of RIR-PLD is not limited to an exotic

light source such as the FEL, and tabletop laser-based deposition chambers are capable of making

contributions in this area as well.

2.3.3.2 Mode-Specific Behavior in RIR-PLD of PEG

Further studies with PEG have demonstrated the importance of resonant excitation and shown that

there is more to RIR-PLD than simply performing PLD at a wavelength that does not cause

electronic excitation [Bubb et al., 2002a]. What may be most interesting about RIR-PLD, from a

scientific standpoint, is the apparent mode-specific behavior with respect to the deposition rate and

molecular weight distributions of the deposited films. In experiments with PEG, films were depo-

sited using off-resonant light, and the infrared absorbance spectrum showed that substantial

chemical and structural modification had occurred. In Figure 2.8, we display the mid-infrared
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Figure 2.6 Infrared absorbance spectrum of UV- and RIR-PLD films compared with starting material.
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absorbance of a film deposited using both nonresonant (4.17mm) and resonant (3.4mm) light. Both the

infrared absorbance and mass spectra show similar results: the films deposited with off-resonance

irradiation are chemically altered with respect to the native polymer and its resonant counterpart.

Finally, the molecular weight distributions of the films depend upon the particular bond being

excited. A comparison of excitation of ��OH (2.90 mm) and ��CH (3.45 mm) stretching modes

showed that the films deposited by excitation of the terminal��OH showed no alteration even up to

extremely high fluences while the��CH deposited films were segmented. The deposition rate was

also seen to strongly depend upon the particular mode being excited. In Figure 2.9 we show the

Figure 2.7 Electrospray ionization mass spectra of laser-deposited PEG films.

Figure 2.8 Infrared spectra for (a) starting material, (b) film deposited at 3.40 mm (on resonance), and (c) off

resonance at 4.17mm.
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deposition rate as a function of fluence for three modes [Bubb et al., 2002b]. The bond (��OH) with
the smallest oscillator strength gives the highest deposition rate while the one with the largest (��CO)
apparently has the smallest deposition rate. One interpretation of these results is that exciting the

bond most responsible for the interchain interactions leads to the most efficient desorption while

doing the least damage to the polymer. Further studies will attempt to sort out the respective roles of

the intermolecular interactions and entanglement; however, this is expected to be a formidable

challenge.

2.3.4 Polystyrene

2.3.4.1 Large Molecular Weight Polystyrene

Polystyrene is a ‘‘model’’ polymer much as PEG. It is also a mass spectroscopic standard, thus

facilitating identification of laser-processed material. In experiments with � 300 kDa polystyrene,

it was found that it was not possible to deposit material without fragmentation. Presumably,

above 100 kDa, entanglement of polymer chains is going to dominate intermolecular interactions.

It was observed that the molecular weight distribution of films was reduced by a factor of 10–15;

however, the infrared absorbance spectrum is unchanged [Bubb et al., 2002c].

In complete contrast to RIR-PLD experiments with polyethylene glycol, it was not possible to

deposit a polystyrene film using off-resonant radiation in the fluence range investigated in these

studies. Instead, it was observed that irradiation with 2.90 mm light produced defects in the mate-

rial that charred the target but did not result in any deposition at all. Presumably the much larger

penetration depth of the nonresonant light does not allow the energy per volume to exceed the

ablation threshold.

2.3.4.2 Small Molecular Weight Polystyrene: Mode-Specific Effects

Resonant infrared ablation and deposition experiments were performed, however, with lower

molecular weight polystyrene (�10,800 kDa) and a number of interesting results were observed

[Bubb et al., 2006]. The ablation yield, which was defined as mass deposited per unit substrate area

per laser shot, was found to depend on the wavelength of excitation. Figure 2.10 shows a portion of

the infrared spectrum of polystyrene along with the location of these vibrational bands on the

molecule. Note that the width of the 3.43-mm vibrational band (saturated CH stretch) is approxi-

mately 3 times that of the 3.31-mm band (unsaturated CH stretch), leading us to conclude the lifetime

Figure 2.9 Deposition rate for three different vibrational modes during RIR-PLD of PEG.
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of the unsaturated CH must be three times greater than its saturated counterpart. This likely has

implications for the mechanism of ablation as will be discussed in Section 2.4 of this chapter.

In Figure 2.11, we display the ablation yield as a function of the number of laser pulses for

these two wavelengths, and it is approximately 1.5 times greater for the 3.31-mm vibrational band

in comparison with the 3.43-mm vibrational band. This occurs despite the fact that the absorption

coefficients are nearly the same at these two wavelengths; for an ablation process governed purely

by thermodynamics, one would then expect the deposition rates to be nearly the same. As will be

discussed in Section 2.4, the differences in the yield are expected to be related to the lifetime.

The molecular weight distributions of the deposited films are similar in both cases

(� 7000 g/mol). However, the film deposited with 3.31 mm radiation has an average molecular

Figure 2.10 Infrared spectrum and chemical structure of polystyrene.

Figure 2.11 Ablation yield of polystyrene for two wavelengths.
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weight of about 400–500 g/mol greater than the film deposited using a wavelength of 3.43 mm—a

small but real difference.

2.3.5 Deposition of Application-Oriented Polymers by RIR-PLD

2.3.5.1 Biodegradable Polymers: PLGA

As a physical vapor deposition technique, PLD can be used to coat nonplanar substrates. One

potential high-impact application area is coating substrates of various types with biocompatible

surfaces. PLD has also been demonstrated as a particle-coating tool [Fitz-Gerald et al., 1999] that

can produce uniform coatings on collections of agitated particles in a fluidized-bed reactor in

vacuum (see also Chapter 10). In fact, UV-PLD can be used to coat drug particles with micron-

sized particles that are obtained from laser ablation of poly(DL-lactide-co-glycolide) (PLGA) targets.

For example, it has been reported that optimum drug delivery for the lungs is facilitated by a thin

porous time-release coating of PLGA on 1- to 5-mm drug particles [Hardy and Chadwick, 2000].

The chemical structure of PLGA is shown in Figure 2.12.

A copolymer of poly(lactic acid) (PLA) and poly(D-,L- glycolide) (PGA), PLGA is broken down

into PLA and PGA by hydrolysis. PLGA can be used to controllably release therapeutic levels of

drugs by creating a thin permeable barrier on drug particles that degrades over time. PLA is

hydrolyzed to lactic acid, which is metabolized through the Krebs cycle and then excreted as carbon

dioxide and water. PGA is converted to glycolic acid monomer by hydrolysis and esterases. The

glycolic acid monomers are either excreted directly in urine or may form glycine, which is converted

into serine and subsequently to pyruvic acid, which also enters the Krebs cycle [Athanasiou et al.,

1998]. Evidently then, for PLGA to form an effective time-release coating, it must not be chemically

altered since other products cannot be guaranteed to have a metabolic pathway in the Krebs cycle.

Researchers have used PLD to create time-release coatings on drug particles [Talton et al., 2000].

In this work, small (micron-size) drug particles are coated with PLGA. However, conventional

UV-PLD was used in this process. As discussed earlier in the chapter, intense UV radiation gene-

rates a number of strong photochemical reactions that can include s–s* transitions that can cause

direct dissociation and rupture of bonds, and in this fashion entire pendant groups may be lost.

Additionally, p–p* transitions are excited as well, and the consequent delocalization of electrons

can lead to reversals of bond order and other photochemical rearrangement. In general, poly-

mers contain strongly UV-absorbing moieties (in this case C����O) and will certainly undergo

photolysis. The question then becomes: Is the deposited material photochemically altered material

or are oligomeric fragments deposited with a substantial part of the polymer destroyed and

volatilized? Since the excitation process is both electronic and thermal, the relaxation channels can

be expected to be similarly complex. The form of the deposited film will depend intimately on the

reaction pathways that are made available through the energy randomization. Typically, it has been

difficult to diagnose mechanisms of polymer ablation through gas-phase mass spectrometry and

spectral emission measurements except in those rare cases where a product points definitively in the

direction of a particular mechanism. An additional complication arises from the fact that the

postdeposition analysis tools, that is, gel permeation chromatography (GPC) and FTIR, change from

a simple comparison to analysis of an unknown. For these reasons, biodegradable coatings require a
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Figure 2.12 Chemical structure of PLGA.
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method of processing that does not raise concerns about potential toxicity that may arise if the

chemical structure of PLGA is altered, since the by-products may not break down into biodegradable

components.

To test the applicability of RIR-PLD in the area of biocompatible coatings, PLGA (50 : 50)

was deposited by exciting the��CH, and��OH stretch, respectively [Bubb et al., 2002d]. The output

of the Vanderbilt free-electron laser was focused onto a solid target of the polymer and the films

were deposited using 2.90 mm (resonant with O��H stretch) and 3.40 mm (C��H) light at macropulse

fluences of 7.8 and 6.7 J/cm2, respectively. It was found that the deposition rate was 100–200 nm

per minute, which is extremely high. Given that the process conditions were not optimized, this

suggests that industrial-scale processing may be achievable by these means, as concern about the

use of a low-throughput serial process has always been a limiting factor in the application of PLD

to industrial settings.

While the infrared absorbance spectrum of the PLGA films is nearly identical to that of the

native polymer, the average molecular weight of the films is found to be approximately 40% of

the starting material. The results for GPC measurements on native material and RIR-PLD thin

films are summarized in Table 2.2 and displayed in Figure 2.13. Although there is some segmen

tation of the chains, these results show that coatings of PLGA could be reasonably expected to be

broken down and metabolized in the Krebs cycle and as such are suitable for time-release

applications.

TABLE 2.2 Summary of Results for RIR-PLD of PLGA

Sample Mw (g/mol) Mn (g/mol) Polydispersity

Native polymer 8495 6950 1.222

Excited with 3.40mm 3125 1027 3.05

Excited with 2.90mm 3470 1322 2.63
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Figure 2.13 GPC results for RIR-PLD of PLGA.
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2.3.5.2 Chemoselective Oligomers and Polymers: FPOL and SXFA

Functionalized polymers that are designed for chemical sensing applications can resemble viscous

liquids rather than solids. Several of these polymers have been deposited by RIR-PLD without loss

of functionality and with no apparent reduction in molecular weight. These results are significant

because the polymers that have been deposited in this manner have fragile secondary structure that

could be easily lost during physical vapor deposition, thus rendering them unsuitable for their

intended application.

A common chemical sensing architecture consists of a functionalized polymer film deposited on

an active substrate. Through sorption processes, the polymer film interacts with the target analyte

and swells, thus providing the basis for a sensing mechanism. Perhaps the most common type of

sensor architecture depends on surface acoustic wave oscillators coated with a functionalized

polymer [McGill et al., 1998]. Figure 2.14 displays a pictorial representation of one repeat unit of

fluoropolyol interacting with GB–Sarin, a deadly nerve agent.

Crucial to the success of this particular approach are the following items. First, the polymer must be

designed properly, that is, it should swell in response to the target analyte and not to contaminants such

as water and common organic vapors. Obviously a processing technique that compromises the functiona-

lity of the native polymer will produce less effective sensors. Second, to ensure proportional response

across the entire sensor, the film should be of uniform thickness over the active area of the sensor.

Resonant infrared PLD has been used to deposit both fluoropolyol (FPOL), a sorbent, chemo-

selective oligimer [Orear et al., 1971] and fluoroalcohol poly(siloxane) (SXFA), a functionalized

polymer. The chemical structure of these two polymers is shown in Figure 2.15.

The SXFA films were successfully grown by exciting the polymer at wavelengths 2.90 (��OH)
and 3.37 mm (��CH). The infrared absorbance spectra, displayed in Figure 2.16, show the IR

absorption of the bulk starting material compared to that of the films deposited at both wavelengths.

The ‘‘before-and-after’’ spectra were normalized in each case to the amplitude of the large peak

near 9.3mm, to facilitate comparison of relative band intensities. In both cases, the near

Figure 2.14 Schematic of GB-SARIN interacting with one repeat unit of FPOL via hydrogen bonding

interaction.
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Figure 2.15 Chemical structure of (a) SXFA and (b) FPOL.
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indistinguishability of the FTIR spectra of the films from that of the bulk starting materials confirms

that the local chemical structure and properties of the SXFA are preserved.

Resonant infrared PLD has also been used to deposit fluoropolyol via excitation of the ��OH
stretch [Bubb et al., 2001b]. Here we observe similar results to those with SXFA. SEC results, dis-

played in Figure 2.17, show that there is no apparent reduction in the molecular weight distribution
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Figure 2.16 Infrared transmission spectra of SXFA films.
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of the films with respect to the starting material. These results show that RIR-PLD is capable of

transferring fragile functionalized polymers without disturbing either the chemical structure or the

molecular weight distribution. The most exciting aspect of these results is that the fragile secondary

structure appears to be preserved.

2.3.5.3 Technologically Important Polymers: PTFE

From an application standpoint poly(tetraflouroethylene) is a material with an array of desirable

mechanical, optical, thermal, chemical, and tribological properties that have led to its widespread

use in a variety of thin-film technologies and has long been of interest to practitioners of PLD.

Some early studies in PLD of polymers focused on polymers such as PTFE due to their relatively

high unzipping rate. In these works, laser ablation of polymers is viewed as a type of flash

pyrolysis where the long polymer chains are reduced to monomers and short oligomeric

fragments. The presence of radicals catalyzes repolymerization on a substrate. The film properties

were found to be greatly improved if the substrate was heated above the glass temperature of the

polymer.

There are many ways in which to deposit PTFE films, among which are vacuum evaporation,

sputtering, ion-beam-assisted deposition [He et al., 1998], plasma polymerization, ultraviolet pulsed

laser deposition [Li et al., 1998; Blanchet, 1993], and even synchrotron radiation [Katoh and Zhang,

1999].

Films of PTFE deposited by RIR-PLD have shown impressive properties. Both a commercial

PTFE rod (Teflon) and pressed pellets from PTFE powder (Goodfellow) were used as targets. The

pressed pellet was sintered at 275�C for several days before use. The free-electron laser was tuned to

either the C��F bond at 8.26 mm or a weak mode at 4.2 mm that is identified as a combination band in

the literature [Papantonakis and Haglund, 2004]. The deposition rate (Fig. 2.18) is impressively high

for both modes at 20–25 Å/s for a fluence of 2 J/cm2 at 8.26 mm. This corresponds to a 0.5-mm-thick

film in less than 5 min, which is very similar to that obtained with PLGA.

The PTFE films deposited in this way were found to have good crystalline properties, even when

deposited at room temperature. In fact, the films seem to have superior X-ray diffraction (XRD)

spectra, shown in Figure 2.19, compared to films deposited by UV-PLD on metal surfaces and

annealed at 500�C [Huber et al., 2001]. Finally, the morphological properties are highlighted in

Figure 2.20. The film is relatively free of particulates and the feature size is about 100 nm. These

properties compare extremely favorably with other reports in the literature.

Figure 2.18 Deposition rate dependence for RIR-PLD of PTFE.
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2.3.5.4 Thermosetting Polymers: Polyimide

All of the polymers described in previous sections are thermoplastic polymers, meaning that they

undergo melting above a well-defined temperature. There is, however, another large family of poly-

mers, the so-called thermosets, in which the polymer is initially part of a precursor or prepolymer

solution that polymerizes and cross-links only upon the application of heating above the glass

transition of the polymer. Following the curing process, the cross-linked polymer usually has

enhanced properties compared to the prepolymer, such as increased toughness, strength, or insu-

lating capacity. Since polyimides (PIs) were introduced by DuPont in the early 1960s, polyimide

films have been used as wire insulation, substrates for printed circuit boards, solar cell panels, and

have replaced the polycarbonates as gas-filled laser target windows.

It has recently been demonstrated that it is possible to transfer the prepolymer for polyimide

without initiating cross-linking. Polyimides are synthesized by a two-step process. First, pyromellitic

dianhydride (PMDA) and 4,4 0oxidianiline (ODA) are dissolved in the polar solvent N-methyl

pyrrolidinone (NMP) to form the prepolymer solution poly(amic acid), PAA. Our precursor solution of

15wt% PAA in NMPwas obtained from Sigma Aldrich. The choice of solvent can affect the degree of

cross-linking and the chain length in the polymer. NMP promotes longer chains prior to the

cross-linking step by increasing melt flow. The second step requires a thermal cure, typically with

temperatures above 150�C, to induce cyclodehydration. Generally the PAA is cured well in excess of

Figure 2.19 Crystallinity of PTFE films deposited at (a) room temperature and (b) 250�C.
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150�C (around 250�C) to ensure complete conversion to polyimide. The water-removal step requires

that the film be thin and uniform to prevent water vapor from becoming trapped.

Liquid PAA was frozen with liquid nitrogen and ablated at a wavelength of 3.45 mm to

resonate with a strong absorption band in the NMP; the NMP thus acts as a matrix to assist in

the ejection of intact PAA molecules. The precursor PAA material was deposited at fluences

above 0.5 J/cm2 in both air and vacuum. When the deposited material was wiped with the solvent

NMP immediately after deposition, the material was easily removed, demonstrating that neither

curing nor cross-linking occurred in PAA during the laser transfer. After heating to 150�C on a

laboratory hotplate for 30min, on the other hand, the deposited film could not be removed with an

NMP wipe. At the cure temperature used our PAA was probably not fully imidized but still

sufficiently converted to resist dissolving in NMP. Additionally the as-transferred PAA did not

exhibit the characteristic color change that normally accompanies the imidization process.

Figure 2.21 shows a typical ablation plume obtained by laser flash shadowgraphy at 10 ms

following FEL excitation.

The results of this experiment are interesting in two ways: First, they indicate that this import-

ant class of polymers can also be produced by RIR-PLD, opening a number of interesting techno-

logical possibilities. Second, measurements made of the shock wave produced during the ablation

of the prepolymer solution show that the velocity of the shock wave is subsonic over a wide range

of PAA concentrations (Fig. 2.22), lending additional weight to the qualitative sense that RIR-PLD

is inherently ‘‘gentler’’ than the UV-PLD process, proceeding not only with much less electronic

excitation in most cases but also at lower velocities. This picture is consistent, incidentally, with

similar experiments on resonant IR laser ablation of inorganic materials.

Figure 2.20 (Top) Scanning electron micrograph of a 25 mm Ni wire mesh section, prior to coating. (Bottom)

Scanning electron micrograph of the Ni wire mesh coated with a 200 nm-thick film of poly(tetrafluoroethylene)

using the free-electron laser at a wavelength of 8.26 mm. The apparent recession of the PTFE film from the edge

of the Ni mesh is reproducible but thus far unexplained.
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2.4 MECHANISM OF RESONANT INFRARED LASER ABLATION

Relatively little is known about the mechanisms of materials modification, ablation, and thin-film

growth initiated by high spatio-temporal densities of vibrational excitation. Nevertheless, important

clues can be gleaned from some recent experiments. Since most of the successful RIR-PLD

experiments to date used the Vanderbilt free-electron laser, we focus on this laser irradiation

protocol. Some experimental checks have been carried out using a mechanically Q-switched

Er : YAG laser (2.94mm), but much evidence suggests that the mechanism in this case is purely

thermal. Related work has been performed on laser ablation of biological tissues [Vogel and

Venugopalan, 2003].

Figure 2.21 Shadowgraph of the ablation plume produced by resonant excitation of the poly(amic acid)

precursor for polyimide. The concentration of the poly(amic acid) in the solvent NMP is 15%; the wavelength

used for the FEL-induced ablation is 3.45mm.

Figure 2.22 Shock-front velocity for poly(amic acid) in NMP ablated in air as a function of concentration,

showing that the front velocity is driven primarily by the excitation of the NMP matrix. Note that the velocity

rises rapidly following excitation and saturates at a subsonic velocity.
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In resonant IR excitation of targeted vibrational modes, the IR photons transfer their energy to

specific molecular degrees of freedom. These anharmonic vibrations couple relatively slowly to the

harmonic vibrations that constitute the phonon bath. Typical relaxation times for such anharmonic

excitations are in the 1- to 10-ps range, so that nuclear motion and bond breaking can begin, if the

density of excitation is sufficiently high, before the energy leaks out of the excited mode on a time

scale of picoseconds [Dlott and Fayer, 1989]. At the intensities characteristic of the FEL micro-

pulses, it is appropriate to couch the discussion of mechanisms in terms of absorbed intensity I

rather than fluence. The ablation yield or deposition rate must scale with energy per unit volume

ðE=VÞ but can include an intensity-dependent absorption term as follows:

Yield / ðE=VÞ ffi FLaðo; IÞ ffi I0tL½a0ðoÞ þ bI� ð2:3Þ

where F is the laser fluence, a is the absorption coefficient, and o and I are the laser frequency and

intensity, respectively. Because the FEL micropulse duration is short compared to the relaxation

time of the initial anharmonic vibrational excitation, we are justified in considering the 1-ps FEL

micropulses as ‘‘ultrafast’’ in the same sense as this terminology is usually applied to femtosecond

laser processing by electronic excitation.

The apparently efficient surface vaporization process observed in RIR-PLD is not typical of

thermal evaporation. Consider the evidence from RIR-PLD experiments.

1. Velocity distributions and shock-wave measurements seem to suggest a relatively low-

velocity, subsonic plume expansion.

2. The experiments with poly(amic acid) show that the temperature of the material does not

reach as high as 150�C since otherwise the PAA would cross-link and imidize.

3. Temperature rise calculations show that at the fluences characteristics of RIR-PLD, the

temperature only rises by tens of degrees.

In some cases, such as PTFE, it is plausible that ablation is initiated by multiphoton absorption

by near-surface PTFE molecules, leading to the rupture of the weak intermolecular van der Waals

bonds in the target. Indeed, for conditions typical of the FEL in recent experiments, the two-, three-,

and four-photon excitation probabilities range from 1 to 20%. These probabilities are probably

enhanced by the bandwidth (ca. 16 cm�1) of the FEL micropulses, which is large enough to

overcome the inherent anharmonicity that might otherwise inhibit vibrational ladder climbing.

Evidence for nonlinear absorption is found in dramatically reduced optical penetration depths in

IR ablation of NaNO3, CaCO3, and amorphous SiO2 [Haglund et al., 2003].

Therefore, in conceptualizing the process mechanistically we have to account for how the

polymers might be ejected intact into the gas phase. There are at least two distinct processes at work.

In thermal equilibrium, due to the long macropulse, the temperature is raised by some tens of

degrees. Since the viscosity satisfies the Vogel–Fulcher law:

Z

Z0
¼ exp

B

T � T0

� �
ð2:4Þ

with B �700 �C and T0 � 50 �C, the temperature rise of about 100 �C during the macropulse means

that the viscosity decreases by a significant amount. At the same time, the polymers are swelling due

to the rise in temperature in the focal volume; polymers near the surface of the melt zone can be

ejected into the gas phase as weak intermolecular hydrogen bonds are broken by the laser-induced

vibrational excitation. Presumably vaporization could be accompanied by uncoiling associated with

the competition between entropic configuration energy and the energy gained by the polymer when

it assumed its free volume in the polymer melt [Jones, 2002]. If there is a stress wave, with

propagation times on the order of nanoseconds in the drop-cast target, this could abet the ejection of

surface molecules, as indeed shadowgraphs of the ablation plume seem to indicate.
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2.5 LASERS FOR INFRARED LASER ABLATION AND DEPOSITION

The recent studies by Luther-Davies and collaborators on laser processing of materials using

ultrashort pulses at high pulse repetition frequency (PRF) represent a watershed in thinking about

laser materials processing [Gamaly et al., 1999]. Their approach is based on the idea that laser

ablation thin-film deposition is best accomplished by a vaporization mechanism that employs

relatively modest pulse energies to ablate a small amount of material, relatively high intensity to

enhance cross section, and high PRF to optimize throughput. The first of these criteria ensures that

collateral damage, particulate emission, and undue thermal loading are minimized. The second of

these follows from the fact that reaction rates are fundamentally proportional to intensities and cross

sections, rather than to fluence; in addition, at high intensities, nonlinear effects may produce

additional yield of desirable products. High PRF serves both to maximize throughput and to produce

a nearly continuous vapor stream during deposition.

Up to now there have been few systematic tests of this novel materials-processing paradigm.

Mode-locked Nd :YAG lasers have �100-ps pulses during which the material reaches thermal

equilibrium and cannot deliver really high intensities, although good-quality films of amorphous

carbon have been made in this way [Rode et al., 1999]. Moreover, given their fixed frequencies, it is

not possible to optimize the spatio-temporal density of electronic excitation in the ablation target.

Tunable, picosecond free-electron lasers, on the other hand, provide an ideal testing ground for

these concepts. With micropulse durations in the 0.5- to 2-ps range, these lasers deliver energy in a

time scale comparable to or shorter than vibrational relaxation times. Because these lasers produce

as much as tens of microjoules in these picosecond pulses, they achieve intensities in the 1010- to

1011-W/cm2 range, sufficient to initiate multiphoton processes if desired and to sustain high reaction

rates. With micropulse repetition frequencies in the 50-MHz to 3-GHz range, and macropulse

repetition rates ranging from 30Hz to continuous, they can deliver extremely high average powers

(Neil et al., 2000). Finally, because FELs can be tuned to select the desired mode of material

absorption, the density of vibrational excitation can be controlled.

The first successful experiments on RIR-PLD were carried out using a free-electron laser; given

its broad tunability, high average power and high micropulse peak power, the results produced

were consistent in many respects with the models proposed by Gamaly et al. [1999] as well as with

the concept of ablation by spatially and temporally dense vibrational excitation. However, over the

long run, the FEL in its present incarnations is viable principally as a research tool. The capital cost

of the Vanderbilt FEL, for example, was on the order of $3million and has annual maintenance and

operating costs on the order of $1million. This is a level of complexity and expenditure that

is simply not consistent with the requirements of a commercial processing facility, despite the

enviable reliability record of most of the free-electron lasers currently operating. Fortunately, there

are alternatives, which we briefly discuss in this section.

It is quite possible that fixed frequency lasers can in some cases reproduce the results of the FEL

in resonant IR-PLD. This is illustrated in Figure 2.23, in which the FTIR spectra for poly(ethylene

glycol), PEG1450, and the fluorinated polysiloxane SXFA are compared for RIR-PLD carried out

under otherwise identical conditions with the Vanderbilt FEL and a Q-switched Er : YAG laser.

Despite the very different peak intensities at which these two experiments were carried out, the FTIR

spectra are nearly identical, showing that the local electronic structure of the polymers is largely

preserved. While no other tests have been applied, this experiment at least suggests that nano-

second fixed-frequency lasers may be a viable alternative to the tunable free-electron laser for some

processes.

One of the most interesting alternatives to the free-electron laser is an all-solid-state system built

recently at the Australian National University. The oscillator is a Nd :VO4 laser with a very long

cavity made from a multipass optical cell that gives an effective resonator length on the order of

100m; this reduces the frequency of mode locking to the low-megahertz range, while still making it

possible to have a pulse duration less than 50 ps. This places such a solid-state laser system in the

parameter space appropriate to the low-fluence, high-intensity, high-pulse-repetition frequency
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laser-processing regime. By using periodically poled LiNbO3 crystals to mix white light with the

fundamental 1.064-mm laser beam, this system can also produce midinfrared light with wavelengths

out to 4 mm while producing average powers as high as 3.5Wat 3.5 mm. The laser has in fact run for

18-h days for over a year with high reliability, making it a credible candidate for an ‘‘industrial-

strength’’ tunable IR laser. What is critical here is that the system, apart from the multipass long-

cavity oscillator, can be constructed entirely from commercial components. The cost—on the order

of $350,000–450,000—is not unreasonable for such a system.

2.6 CONCLUSIONS

As demonstrated in these examples, resonant infrared pulsed laser deposition offers a new route to

conformal, solvent-free thin-film processing of organic molecules and polymers. RIR-PLD is new in

two ways: (1) It has proven to be successful where UV-PLD has failed; and (2) it is based on an

entirely different physical process, that is, weakly resonant vibrational, rather than electronic,

excitation as the fundamental ablation mechanism. Deposition rates are high, and the polymers

successfully deposited thus far by RIR-PLD span a large range of different applications, including

sensors, antistiction coatings, coatings of biomedical interest, electronic and optical polymers, and

Figure 2.23 Comparison of the Fourier transform infrared spectra of films deposited by the free-electron laser

and a Q-switched Er : YAG laser at a wavlength of 2.94mm. Upper spectrum, poly(ethylene glycol) (PEG 1450);

lower spectrum, the fluorinated siloxane polymer SXFA.
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thermosetting polymers. This suggests that RIR-PLD can indeed be the basis for industrial-scale

processing tools, provided that an appropriate laser can be found to substitute for the tunable free-

electron laser used as a discovery tool in the recent history of RIR-PLD experiments. At present, the

effects of temporal pulse duration on the successful deposition of polymers and other organic

materials, including biomaterials, is largely unknown. It has been shown, for example, that large

proteins and nucleic acids can be deposited successfully by the picosecond pulse train of the FEL,

but not at the same laser wavelength using a nanosecond laser. This issue, therefore, remains as an

important scientific question to be further investigated. Meanwhile, however, there is a large and

interesting field to be explored, particularly the application of RIR-PLD to the fabrication of passive

multilayer thin-film structures and active devices based on organics and polymers, such as organic

light-emitting diodes and polymer light-emitting diodes.
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CHAPTER 3

Deposition of Polymers and Biomaterials
Using the Matrix-Assisted Pulsed Laser
Evaporation (MAPLE) Process

ALBERTO PIQUÉ

Naval Research Laboratory, Materials Science and Technology Division, Code 6364,

Washington, D.C.

3.1 INTRODUCTION

Polymeric and biomaterial thin films are poised to play a pivotal role in the development of next-

generation electronic devices, passivation coatings, and chemical and biological sensors. It is

anticipated that these applications will require tighter tolerances on the structural, morphological,

and chemical composition of the thin films used in their fabrication. Depending on the particular

application, it might, for example, be desirable to deposit films containing single or multilayer

structures of different organic or polymeric materials, homogeneous composite materials, or

materials with graded compositions. In many situations, it might also be necessary to discretely

deposit the layers, achieve conformal coverage, and provide high-quality films, especially with

regard to surface coverage uniformity and thickness control.

For electronic and optical device applications, the materials of choice cover a wide range from

organic and polymeric materials to organic dye molecules. Some examples where these materials might

be employed include the fabrication of organic thin-film transistors, organic light-emitting displays,

flexible optical waveguides, nonlinear and optical limiting devices, and other optoelectronic

components. Thin films of polymeric, inorganic, and organic materials also play an important role in

high-performance dielectrics, optical data storage, passivation and encapsulation coatings for electronic

devices, ionically conductive membranes for batteries and fuel cells, organic electroluminescent

materials for optical communications and displays, and novel inorganic/polymeric structures with light-

emitting or semiconducting properties for imaging, sensing, or organic thin-film transistor devices.

Polymer and organic coatings have a wide range of pharmaceutical, bioengineering, and sensing

applications. In fact, thin films of polymers and biomaterials are the basis of the chemoselective or

biospecific layers that make possible the operation of most types of chemical and biochemical sensor

systems, and gene and protein recognition microarrays. In the biomedical field, thin films of numerous

types of biomaterials are essential in diverse areas such as tissue engineering, spatial patterning of cells,

time-release drug delivery systems, antiinflammatory coatings for medical implants and implantable

devices, and novel biocompatible adhesives for wound closure, eye repair, and nerve reconstruction.
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3.2 LIMITATIONS OF PLD FOR THE GROWTH OF ORGANIC THIN FILMS

Attempts to deposit thin films of organic and polymeric materials by pulsed laser deposition (PLD)

date back to the first report by Smith and Turner [1965] who demonstrated the growth of thin films

of fuchsine (an organic dye) and Ni-dimethyl glyoxime (a pigment used in paints and cosmetics).

Despite this early report, little additional work was performed in PLD of organics and polymers

for the next 20 years until Hansen and Robitaille demonstrated the use of pulsed ultraviolet (UV)

lasers for depositing films of several polymers such as polyethylene, polycarbonate, polyimide,

and poly(methylmethacrylate), or PMMA [Hansen, 1988a, 1988b]. Their results showed an

improvement of the laser ablation behavior and film morphology with decreasing laser

wavelengths. Hansen and Robitaille further observed indications that the film quality is enhanced

by working at laser energies near the ablation threshold of the polymers. However, they also noted a

decrease in the molecular weight of all the films that they prepared. Since then, there has been a

large number of reports on the use of PLD for growing thin films of many types of polymeric and

organic materials. A recent literature survey of the results published in this area can be found in the

review by Chrisey et al. [2003].

Despite the extensive list reported in the literature of polymer and biomaterials deposited by

PLD, fundamentally the use of PLD for the deposition of organic and polymeric materials has

provided, at best, mixed results. Despite the large number of variables explored in deposition

parameter space by numerous research groups, the quality of the films produced by PLD has only

been adequate for a very small number of systems. By using a pulsed UV laser to ablate the various

organic and polymeric targets, it is not surprising that the resulting films will tend to show some

degree of irreversible decomposition or damage. In fact, the question from early studies of polymer

laser ablation has been whether the ablative decomposition takes place primarily through

photochemical or photothermal pathways. Upon absorption of the UV pulse, the organic molecules

are excited into high-energy electronic states that might result in direct bond dissociation, that is,

photochemical, or instead decay through lattice vibrations with considerable heating of the

surrounding molecules, that is, photothermal effects. Given the fact that in most organic materials

the chemical bonds have energies well below the UV photon energies, some degree of

photochemistry is expected to occur during the PLD process. However, the decomposition

pathways are mainly determined by the chemical structure of the organic molecule itself. As a result,

the products of the interaction between the UV photons and the organic or polymeric molecule tend

to be extremely difficult to predict and thus control.

Only for a small group of addition polymers such as poly(tetrafluoroethylene) (PTFE) and

PMMA, the absorbed UV radiation causes the simple photothermal depolymerization of the starting

material into its monomer building blocks, resulting in the reversible unzipping of the polymer

chains [Blanchet, 1993a]. Blanchet’s work showed that under the appropriate conditions it is

possible to deposit high-quality PTFE and poly(vinyfluoride) (PVF) thin films by PLD [Blanchet

et al., 1993; Blanchet and Fincher, 1994]. More often than not, however, the interaction of the UV

photons with the polymeric or organic molecules causes the loss or decomposition of functional

groups, or in the case of condensation polymers the resulting photochemistry is responsible for the

substantial modification of the starting material. Such modifications might be acceptable for some

applications, but in general, the use of UV lasers for depositing thin films of polymeric and

biomaterials require more subtle approaches than those offered by PLD alone.

3.3 FUNDAMENTALS OF THE MAPLE PROCESS

As described in the previous section, laser processing of polymer and biomaterial thin films using

traditional PLD is not a viable option for depositing organic coatings that faithfully replicate the

properties and functionality of the starting materials. One approach that has shown great promise is

known as matrix-assisted pulsed laser evaporation, or MAPLE. The MAPLE process was developed
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in the late 1990s at the U.S. Naval Research Laboratory to provide a gentler pulsed laser evaporation

process for functionalyzed polymers [McGill and Chrisey, 2000]. The MAPLE technique has been

used successfully for depositing thin and uniform layers of chemoselective polymers, as well as

organic compounds such as simple carbohydrates and their polymers [Piqué et al., 1998a, 1998b,

1999]. MAPLE is a variation of conventional PLD. It provides, however, a less damaging approach

for transferring many different organic and polymeric compounds that include small and large

molecular weight species, from the condensed phase into the vapor phase. In MAPLE, a frozen

matrix consisting of a solution of a polymeric compound dissolved in a relatively volatile solvent is

used as the laser target. The solvent and solution concentration are selected so that the material of

interest can dissolve to form a dilute, particulate-free solution and also so that the majority of the

laser energy is initially absorbed by the solvent molecules and not by the solute molecules. A simple

schematic illustrating the MAPLE process is shown in Figure 3.1. As in conventional PLD, both

solute and solvent molecules leave the target from the region illuminated by the laser pulse along a

direction normal to the MAPLE target surface.

In MAPLE, the target usually contains5 5wt% of solute material, that is, polymer or biomaterial

to be deposited. Thus, each polymer or biomaterial molecule is surrounded or shielded by a large

amount of solvent or matrix. This configuration reduces both thermal and photonic damage to the

polymer or biomaterial in solution during their laser-induced volatilization. Instead, the matrix

molecules absorb the laser radiation and rapidly leave the surface. Ideally, the solute molecules are

entrained in the plume of matrix molecules leaving the frozen target due to collisions between the

matrix and the embedded polymer or biomaterial molecules. Molecular dynamics simulations of

the laser ablation of large molecules embedded into a low-molecular-weight matrix show in fact

that as a result of the laser excitation, clusters containing polymer molecules surrounded by matrix

molecules are ejected together with the matrix material [Itina et al., 2001]. By careful optimization

of the MAPLE deposition conditions, this process can occur without any significant polymer or

biomaterial decomposition. The MAPLE process depletes the target of solvent and polymer in the

same concentration as the starting matrix.

A typical MAPLE deposition system consists of a conventional PLD chamber with a modified

substrate holder that might contain a thickness monitor such as a quartz microbalance or a surface

acoustic wave (SAW) resonator as shown in the schematic in Figure 3.2. The purpose of either of

these is to monitor the deposition rate in real time, which might vary independent of laser parameters

due to nonuniformities inherent in the frozen matrix target. The substrates are typically at room

temperature during the MAPLE deposition process, but they can be heated slightly to anneal the
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Figure 3.1 Schematic diagram showing the basic elements of the MAPLE process.
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growing film. Typically, an excimer laser is used (KrF at 248 nm or ArF at 193 nm) with 10- to 30-ns

pulse width, at repetition rates between 1 and 20Hz, focused to a 1- to 10-mm2 spot size on the

target, although other types of lasers with wavelengths ranging from the visible to the infrared (IR)

can be employed as well. The laser fluence at the target is typically set between 0.01 and 0.5 J=cm2,

depending on the solute material and solvent used. The depositions can be carried out at pressures

ranging from vacuum to a few hundred millitorr and in the presence of inert or reactive background

gases, in the same manner as conventional PLD. The matrix solution is prepared by dissolving the

organic or polymeric material to be deposited in a solvent such as water, various types of alcohols

such as acetone, toluene, and so forth. To make a target, a few milliliters of the solution are flash

frozen in a target die by submerging it in liquid nitrogen (LN2). Once frozen, the MAPLE target is

mounted on a cryogenically cooled rotating target holder with the open die end facing the laser as

shown in the photograph in Figure 3.3. Once the chamber is evacuated, the target can be cooled to

any temperature between 270 and 100K depending on the design of the refrigerated rotating target

holder. In short, the MAPLE processing parameters are: composition of the target matrix, target and

substrate temperature, target-to-substrate distance, type of background gas and pressure, laser

wavelength, laser fluence, and laser repetition rate.

When a substrate is positioned directly in the path of the plume, a coating starts to form from the

evaporated solute molecules, while the volatile solvent molecules, which have very low sticking

coefficients, are evacuated by the pump in the deposition chamber. The MAPLE technique is

analogous to the analytical technique of matrix-assisted laser desorption/ionization–mass spectro-

metry (MALDI-MS) [Vertes et al., 1993]. MALDI-MS is a soft ionization technique that allows the

desorption and ionization of large molecular species (
 10–1000 kDa), and this process has been

developed specifically for studying large organic molecules and polymeric materials to accurately

determine their molecular weight distributions. In MAPLE the target is generally refrigerated in

order to freeze the matrix solution, while in MALDI the matrix is usually solid at room temperature,

and this adds a further level of complexity to the setup required for performing MAPLE depositions.

However, the cooling of the targets for MAPLE can be accomplished relatively easily with the use

of LN2 cooling stages as described in the previous paragraph and shown in the photograph in

Figure 3.3.
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Figure 3.2 Schematic diagram illustrating the components of a MAPLE deposition system.
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The main difference between the MAPLE and MALDI techniques lies in the treatment of the

evaporated species and in the selection of the matrix. In the MAPLE process the polymer or

organic molecule is not deliberately ionized and is collected on a substrate to form a coating rather

than being directed into a mass spectrometer. This aspect can be observed during the MAPLE

process, for which, when conducted at low laser fluences, there is no visible emission from the

plume of desorbed material generated as the laser strikes the frozen matrix target. Figure 3.4a

shows a photograph of a MAPLE target at the moment when the laser hits its surface. There is no

visible emission noticeable and only for some solvents can a weak luminescence be observed

where the laser pulse hits the target. However, only those regions on the target where the laser

strikes are eroded during deposition, while the rest of the target surface remains intact, as can be

observed in the photograph in Figure 3.4b. Additional evidence that the release of the solvent

and solute molecules to the vapor phase is due to the laser interaction with the target and not

from evaporation from the vacuum-exposed surface of the frozen matrix can be obtained from

the response of the film thickness monitor inside the MAPLE chamber. Figure 3.5 shows the

response of a SAW resonator used as a thickness monitor during a typical MAPLE deposition run.

As the plot shows, the frequency of the SAW resonator changes only when the laser is on. Note

also the two different slopes of the SAW response corresponding to two laser fluences, indicating

that the deposition rate changes as a function of laser energy during the MAPLE process. It is

worth pointing out that once the laser beam begins hitting the MAPLE target, the vacuum pressure

inside the chamber increases noticeable, most likely due to the vaporization of the matrix, and that

at low laser repetition rates, that is, 1 Hz, oscillations in pressure in sync with the laser pulses can

be observed.

One advantage of the MAPLE process is that it can easily be combined with noncontact shadow

masks to limit the deposition to only those required areas on a substrate. This is important for

fragile substrates and is much less time-consuming than subsequent removal by patterning and

etching. Furthermore, many polymer and organic coatings will not survive the solvents used to

wash off the resists making them incompatible with standard lithographic processes. In such cases,

MAPLE deposition of the polymer or organic through a shadow mask might be the only way to

deposit discrete thin-film structures of these materials. The MAPLE process has been used

successfully to deposit polymer films through masks with features in the micron range as shown by

Figure 3.3 Photograph of the interior of a MAPLE chamber. The refrigerated target holder is on the left, the

brass block on the right holds the substrates to be coated.
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the optical micrograph in Figure 3.6. This capability is very important for the manufacture of sensor

arrays and electronic devices.

3.3.1 Growth of Polymer Thin Films

The initial MAPLE studies were performed on polymer solutions with a specific goal of depositing

thin, homogeneous films of chemoselective polymers onto sensing platforms such as SAW devices

[McGill et al., 1998a]. The constraints for thin-film deposition onto these devices were not being met

by traditional spray coating techniques, which left large areas of inhomogeneous films due to solvent

drying effects.

This problem, typical of spray coating and other polymer deposition techniques such as ink jet,

spin coating, and dip coating, is due to the use of a solution to dispense the polymer on the surface.

1 cm
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Laser

striking

target

Target

material

removed

by laser
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(b)

Figure 3.4 Photographs of MAPLE targets, (a) during deposition, showing the laser striking the target, and

(b) after deposition, showing the eroded area on the target corresponding to the region where the laser hit.
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The resulting uneven and unpredictable wetting, distribution, and evaporation of the solvent

molecules are responsible for the nonuniform polymer coatings. MAPLE can deposit the same

polymer chemoselective agents without solvent effects because the process is pseudo-dry,

eliminating the solvent during deposition by performing the experiments under vacuum.

The early experiments using the MAPLE technique focused on depositing a hydrogen bond acid-

functionalized polysiloxane molecule known as SXFA [fluoroalcohol poly(siloxane)] [McGill et al.,

1994]. The MAPLE-deposited films showed higher sensitivities and faster response times to

chemical threats than their spray-coated counterparts [Piqué et al., 1999; McGill et al., 1998a,

1998b). Figure 3.7 shows micrographs of two SAW devices, one coated by spraying and the other by

MAPLE. It is obvious from these images that a uniform film can be obtained with the MAPLE

process. Fourier transform infrared (FTIR) spectroscopy analysis of the MAPLE-deposited SXFA

films showed that their spectra was essentially identical to that of bulk SXFA samples, with very

similar absorbance ratios for the key absorption bands.

To achieve the desired sensor signal kinetics, it was required that the SXFA films were of the

order of 10–50 nm thick and highly uniform across the whole area. Measuring the thickness of these

extremely soft polymer films using profilometry techniques proves to be very difficult since the

stylus can easily scratch the films. Noncontact techniques such as ellipsometry can be used as long as

the index of refraction (n) of the polymer is well characterized. If n is not known, atomic force

microscopy (AFM) techniques can be used to measure the thickness of MAPLE-deposited films on

very flat substrates such as silicon. Figure 3.8 shows an AFM image taken across a step on an SXFA

film MAPLE deposited on (100) Si.

More recently, the growth of electrically conductive polymers and light-emitting polymer

thin films using MAPLE has been studied. Polypyrrole is an electrically conductive polymer that

exhibits good optical transmission across the visible range and is chemically stable under ambient

conditions. Given these properties, it is ideally suited for use as a transparent electrode for flexible

display applications. Using the MAPLE technique with a frozen deionized water matrix target,

polypyrrole thin films have been deposited on glass substrates with electrical conductivities and

optical transmissions similar to those of their bulk counterparts [Piqué, 2002]. Thin films of

Figure 3.5 Plot showing the frequency shift from a SAW resonator as a function of time during MAPLE

deposition. Note that the frequency shifts only when the laser is hitting the frozen target (beam on) and that the

frequency shift is proportional to the film deposition rate, which increases with laser fluence.
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electroluminescent and photoluminescent polymers have also been prepared using the MAPLE

technique. The electroluminescent polymer poly[2-methoxy-5-(2 0-ethylhex-yloxy)-1,4-phenylene
vinylene] (MEH-PPV) has been processed via MAPLE into thin-film form using toluene and

tetrahydrofuran solvent matrices [Toftmann, 2004]. The authors evaluated the effect of theses two

solvents and also two different UV wavelengths (193 and 248 nm) on the quality of their films and

found that for any of these two matrices, the 193-nm MAPLE films resulted in chemically modified

materials as indicated by FTIR analysis. This modification was attributed to photodecomposition of

the matrix molecules, resulting in excited species, which could react with the electroluminescent

polymer. This effect will be further discussed later in the chapter.

Thin films of another visible light-emitting polymer, [Ru(bpyPMMA2)3](PF6)2, have also been

prepared by MAPLE using a dimethoxyethane matrix. The resulting films display photolumines-

cence emission at 610 nm (orange) when exited with UV light as in their bulk counterparts

300 µm

20 µm

80 µm

(a)

(b)

Figure 3.6 Optical micrographs showing two distinct patterns, (a) and (b), generated after MAPLE depositing

an additive polymers through a shadow mask.
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[Fitz-Gerald et al., 2005]. However, the authors report that the gel permeation chromatography

analysis of the MAPLE-deposited [Ru(bpyPMMA2)3](PF6)2 films revealed several key differences

from the native material consistent with both polymer coupling reactions and some polymeric ligand

dissociation from the ruthenium chromophore.

The MAPLE process has also been used to deposit thin films of various electrooptic polymers

such as N-(4-nitrophenyl)-(L)-prolinol (NPP) and tris-(8-hydroxyquinoline) aluminum (Alq3)

[Piqué, 2002]. The NPP films showed optical absorption coefficients very similar to those of drop-

cast NPP films, indicating that there was no apparent decomposition of the NPP molecules after

being deposited by MAPLE. In the case of the Alq3 films, the MAPLE-deposited samples exhibited

optical absorption spectra different from those of bulk Alq3, indicative of some degree of

decomposition that might have occurred during the MAPLE process. Since chloroform was used as

the matrix/solvent for the MAPLE of the Alq3 films, it is most likely that the decomposition was

caused by the generation of Cl free radicals originating from photochemically decomposed

chloroform solvent molecules.

Figure 3.7 Optical micrographs showing the surface of SAW devices coated with a chemoselective polymer

(SXFA) by (a) spray coating and (b) MAPLE.
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The interaction between reactive species generated by the laser pulses and the solute molecules has

been studied in particular for the growth of polyethylene glycol (PEG) thin films [Bubb et al., 2002].

PEG was chosen for these experiments because of its use as a molecular weight standard for MALDI,

and thus its molecular weight distribution is well characterized. By comparing the FTIR spectra of

MAPLE-deposited PEG films from two different matrices, water and chloroform, Bubb et al. [2002],

discovered the presence of nonnative C–Cl absorption bands when chloroform was used as the matrix.

Furthermore, mass spectra analysis showed that the PEG filmsmadewith chloroformmatrices had lower

average molecular weights, confirming decomposition of the starting material. None of these effects

were observed for the MAPLE-deposited PEG films with water matrices. The results of this work are

very relevant since they demonstrated that the type of matrix or solvent used for MAPLE can greatly

affect the chemical structure and molecular weight distribution for a deposited polymer or organic film.

Finally, the MAPLE technique has also been used to deposit single-wall-nanotube (SWN)–

polymer composite films. Such composites are very relevant for electronic and also biomedical

applications since their mechanical, chemical, and electrical properties can be varied by controlling

the type of polymer and/or the SWN loading used to make the composite. Using MAPLE, thin films

of various SWN–polymer composites have been demonstrated [Wu et al., 2000]. For this work

various ratios of SWN were mixed with either polystyrene (PS) or PEG in an organic solvent

solution and cryogenically frozen in order to produce the MAPLE target. Scanning electron

microscopy (SEM) analysis of the MAPLE-deposited films of SWN–PS or SWN–PEG composites

showed that the SWN had been transferred without signs of breakage and were uniformly embedded

within each of the two polymers. Figure 3.9 shows an SEM image from one such film where the

presence of individual SWN fibers embedded in the polymer matrix can be seen clearly.

3.3.2 Growth of Biomaterial Thin Films

Biomaterials encompass a large class of materials that range from simple polymers such as

poly(lactic acid) (PLA) and poly(glycolic acid) (PGA) for tissue engineering to enzymes, proteins,

Figure 3.8 AFM image showing the edge of a 100-nm-thick chemoselective polymer (SXFA) film deposited

on a silicon substrate by MAPLE.

72 DEPOSITION OF POLYMERS AND BIOMATERIALS USING THE MAPLE PROCESS



antibodies, and nucleic acids. They have found key applications in the chemical and food industries,

agriculture, textiles, pharmaceuticals, and medical areas. These materials fundamentally differ from

passive materials such as metals and dielectrics due to their inherent activity, that is, they have

specific biochemical functions. Therefore, any processing of these materials must preserve these

functions if it is to be successful. For example, a hormonal protein binds to a receptor on a cell whose

function it will alter. If this protein is denatured and loses its structure, it will no longer be able to

bind to the cell at the specific site, that is, it has lost its functionality. Denaturing can be the result of

many factors, including processing conditions. Furthermore, the mass and size of the biomaterial

molecules are also important considerations in preserving their functionality. Simply put, the

processing of biomaterials in thin-film form requires preserving their molecular function and size,

which are more stringent requirements than the retention of composition for passive materials.

The MAPLE technique has been used with great success for the deposition of thin films of

organic molecules exhibiting a wide range of molecular weights (MW). Thin films of various

carbohydrate molecules such as glucose (MW: 180.2 amu), sucrose (MW: 342.3 amu), and dextran

(average MW: 148,000 amu) have been deposited from frozen targets made from aqueous solutions

of each sugar [Piqué et al., 1998b, 1999]. FTIR analysis of the MAPLE films indicated that their

chemical structure was identical to that of the bulk material, while electrospray mass spectrometry

showed that both the glucose and sucrose films made by MAPLE had the same average weights as

those of the native sugars. The FTIR and electrospray mass spectra corresponding to sucrose from

both bulk and a MAPLE-deposited film can be seen in Figure 3.10. In the case of the MAPLE films

of dextran, the electrospray mass spectrometry showed that their average molecular weight was

about half of the bulk material, which might be an indication of a limit on the size of molecules that

can be deposited intact by MAPLE. Critescu et al. [2004a] have also reported on the growth of a type

of polysaccharide known as pullulan using MAPLE.

The effect of the background gas on the growth of the carbohydrate films has also been studied.

FTIR spectra of the films deposited by MAPLE in a background pressure of Ar saturated with water

vapor, instead of dry Ar gas, showed an increase in the absorption bands characteristic of the O–H

stretch [Piqué et al., 1999]. The data suggests that the MAPLE technique might be useful for

depositing thin films of organic hydrated compounds such as hydrogels. Thin films of hydrogel

materials, that is, dextran, can be used in applications such as biosensors and biofilms. In such

cases, a highly hydrated surface or water retaining surface is required to support higher order

macromolecular structures or allow diffusion of molecules such as analytes or nutrients for detection

and metabolism, respectively.

Figure 3.9 SEM micrograph of a MAPLE-deposited composite made with a polymer matrix, poly(ethylene

glycol), and carbon nanotubes. The individual carbon nanotubes can be clearly seen along a fracture made in the

film prior to this image being taken.
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Thin films of several biocompatible polymers such as polyethylene glycol (PEG) [Bubb et al.,

2001; Wu et al., 2001], the copolymer of PGA and PLA, that is, poly(D,L-lactide-co-glycolide)

(PLGA) [Wu et al., 2003; Mercado et al., 2003, 2005], and collagen [Critescu et al., 2004b] have

been prepared by MAPLE. The numerous biomedical applications of these materials demand the

preservation of their chemical structure during the deposition process. For example, PEG films

made by PLD have been shown to undergo irreversible modification due to photochemical

decomposition of the starting molecule [Bubb et al., 2001]. On the other hand, films by MAPLE of

PEG in a water matrix show little or no difference from the bulk as indicated by various

characterization techniques such as FTIR, MALDI–time of flight (MALDI-TOF), and electrospray

ionization (ESI) [Bubb et al., 2001]. Recent studies using frozen solutions of PEG in water have

shown that it is possible to deposit PEG films via MAPLE at much higher laser fluences (2.5–7 J/cm2)

than previously reported [Rodrigo, 2004]. In a separate work from this group, pulses from a

third-harmonic (355 nm) Nd : YAG laser were used to deposit very rough PEG films covered with

aggregates having diameters of 5–10 mm [Toftmann et al., 2005]. At such high fluences, visible

emission from the plume of ionized and excited species was clearly observed [Rodrigo et al.,

2005], which makes it highly unlikely for the PEG molecules to survive the deposition process

without enduring any changes to their functionality and molecular weight.

The MAPLE process has also been successfully used in the growth of active protein thin films.

Such films might play an important role in the development of next-generation microfluidic
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Figure 3.10 (a) FTIR spectra showing the carbohydrate fingerprint region from bulk sucrose and a sucrose film

deposited by MAPLE. (b) Electrospray mass spectra of sucrose from bulk and a MAPLE film samples.
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biosensors and biochips, coating drug particles with functional films for controlled time-release

dosage, microneedle coatings for various therapeutic applications [DNA (deoxyribonucleic acid)

vaccines, gene therapy], coatings to prevent device failure due to biofouling, and biocompatible

coatings for medical implants. Using the MAPLE technique, thin and uniform films of horseradish

peroxidase (HRP) and insulin have been deposited on a variety of substrates such as Si, NaCl, and

gold- and platinum-coated Si [Ringeisen et al., 2001]. MALDI-TOF and liquid chromatography/

electrospray ionization mass spectrometry studies on MAPLE-deposited insulin films demon-

strated near-intact transfer of this protein with little or no photoinititaed decomposition. Infrared

spectra of the HRP films showed that the chemical and physical structure of the protein was

maintained post-MAPLE transfer. A solvent-phase activity test performed on HRP films also

indicated that the majority of the transferred protein retains its chemical and physical structure as

well as its biological activity. These results represent the first demonstration that pure films of intact

and active biomolecules can be deposited using a vapor deposition technique. Additional studies

have been performed on MAPLE-deposited thin films of other biomaterials such as biotinylated

bovine serum albumin (BSA) and phospholipid polymers, all of which demonstrated maintained

function and chemical structure [Wu et al., 2003]. Other reports of the growth of thin films of

proteins by MAPLE include the work by Stamatin et al. [2005], who reported the growth of

thin films of fibrinogen blood proteins using a physiological serum for the matrix, and the work by

Patz et al. [2005] who reported the use of MAPLE to deposit mussel-adhesive protein analog

copolymer thin films with a uniform distribution of ripplelike structures that affect the film’s

wetting behavior.

Simple glucose biosensor elements have been produced fromMAPLE-deposited films of glucose

oxidase (GOD) on gold electrodes. Traditionally, the GOD coatings are deposited onto the metal

electrodes using ink jet techniques and then encapsulated with a polyurethane layer. The ink jet

generated layers have a very nonuniform thickness and their full coverage of the electrode surface is

hard to control. The response of these sensors suffer from variations between sets of electrodes due

to the nonuniformity of the GOD films, as shown in the optical micrograph in Figure 3.11a. Using

MAPLE to deposit through a shadow mask, it is possible to only coat the metal electrodes for a

glucose sensor with very uniform 200-nm-thick GOD films as shown in Figure 3.11b. The capability

with MAPLE to deposit films through a shadow mask has also been used to demonstrate the ability

to generate a simple array of two distinct adjacent materials (HRP and a fluorescent-tagged dextran)

on the same substrate [Ringeisen et al., 2001]. The above examples demonstrate that the MAPLE

process can be used to deposit the active materials required for the fabrication of protein, antibody,

or DNA bioarrays required for the development of the next generation of biosensors and lab-on-a-

chip systems.

3.4 CURRENT STATUS OF MAPLE: CHALLENGES AND OPPORTUNITIES

Despite the great success achieved with the MAPLE technique for the deposition of polymers and

biomaterials, this process is not without certain important drawbacks. First, the typical deposition

rates that can be achieved with MAPLE are about an order of magnitude lower than those for

conventional PLD. Given that most of the organic compounds to be deposited have a very large

UV absorption cross section, it is necessary for the matrix solution to contain low concentrations

(52wt%) of the polymer or biomaterial solute molecules in order to minimize their interaction

with the UV photons. Finally, the solvent molecules might be subject to photochemical reactions

during their interaction with the laser pulse, which in some cases can result in the generation of

highly reactive radicals that can alter the chemical structure and functionality of the solute

polymer or biomaterial being deposited. As mentioned earlier in this chapter, this effect was first

reported by Bubb et al. in their study of MAPLE-deposited PEG films as a function of the type of

solvent used for the matrix. They discovered that matrices containing chloroform as the solvent

resulted in the formation of reactive radicals such as Cl*, which can adversely affect the PEG films
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deposited by MAPLE [Bubb et al., 2002]. This effect can probably explain most of the published

results reporting the change or modification of the native material after being deposited via

MAPLE. So far, the use of water as a matrix for MAPLE has been very successful; however, many

polymers and certain biomaterials are not at all soluble in water, and thus the search continues for

new organic solvents for making MAPLE matrices that do not generate reactive species upon their

interaction with a UV laser pulse.

It is worth mentioning a new variant of MAPLE, which uses an IR laser rather than a UV laser

to vaporize a solvent–solute matrix. This process named resonant IR-MAPLE, or RIR-MAPLE,

has been used with great success to deposit thin films of an electroluminescent polymer, MEH-

PPV [Toftmann et al., 2004], a sorbent chemoselective oligomer, fluoropolyol [Bubb et al., 2004],

and a conductive polymer, polyaniline [Bubb et al., 2005]. For the MEH-PPV depositions by

RIR-MAPLE, chloroform was used as the solvent for the matrix, while the emission from the

free-electron laser (FEL) at the W.M. Keck Foundation Free-Electron Laser Center at Vanderbilt

University, tuned to a wavelength of 8.2 mm, was used as the light source. This laser wavelength

was selected since it was expected to couple strongly to an absorbance band at 8.2 mm in CHCl3.

500 µm

(a)

(b)

Figure 3.11 Optical micrographs comparing single metal electrodes for a glucose sensor coated with a glucose

oxidase film deposited by (a) ink jet and (b) MAPLE.
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The resulting MEH-PPV films had very smooth surfaces and showed identical FTIR spectra to

that of the bulk material [Totmann et al., 2004]. For the fluoropolyol and polyaniline films, an

Er : YAG laser emitting at 2.94 mm was used and t-butanol or methanol served as solvents for the

matrix [Bubb et al., 2004, 2005]. Again, the RIR-MAPLE resulted in films virtually identical to

the starting materials. Furthermore, RIR-MAPLE can be carried out at much higher laser fluences

(3–5 J/cm2) and also larger matrix concentrations (15–20wt%), thus resulting in deposition rates

that are over an order of magnitude higher than with traditional UV-MAPLE. The main obstacle

that limits the implementation of the IR-MAPLE technique by other groups is the lack of

appropriate IR sources. Ideally, if free-electron laser sources were readily available, it would be

possible for other researchers to experiment with RIR-MAPLE by tuning the laser wavelength to

other matrix-resonant absorption bands, which would only interact with the matrix solvent and

leave the polymer material undisturbed. In reality, very few labs can boast these kind of facilities.

Instead, some types of pulsed IR lasers such as the Er : YAG might offer a more practical option as

laser sources for RIR-MAPLE, although further work is required to determine the viability of

using 2.93-mm laser pulses for evaporating matrices made from other solvents besides various

types of alcohols.

Another aspect that must be taken into consideration when using MAPLE is the resulting film

surface morphology. Under certain conditions, that is, low laser fluence, low laser repetition rate, low

solute concentration in the matrix, and/or lower temperature of the target matrix, it is possible to

produce very smooth and uniform coatings with MAPLE. More often than not, however, the surface

morphology of the films tends to be rough and in some cases large droplets are present as well. The

film roughness not only depends on processing conditions but also on the type of polymer or organic

being deposited and in the case of many biomaterials might not be modifiable due to the

characteristic intrinsic arrangements of the molecular chains. For some applications, such as in

biosensors, higher surface areas resulting from the rough film morphology might be desirable since

they increase the area for analyte binding. The rough protein films that can be generated by MAPLE

can potentially increase the detection capability of a biosensor by increasing the active protein area

exposed to a particular analyte.

In most cases, however, the surface of MAPLE-deposited films shows a high density of

micrometer-sized droplets as can be seen in the optical micrograph from Figure 3.12 showing a

300 µm

Figure 3.12 Optical micrograph image showing an AFM cantilever substrate coated by MAPLE showing a

high density of droplets generated during deposition.
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Si substrate with an AFM cantilever tip coated with a chemoselective polymer. Several authors

have reported these kinds of surfaces for MAPLE films grown at high deposition rates [Toftmann

et al., 2005; Sellinger et al., 2005]. Molecular-level dynamic simulations of the initial stages of

the ejection of species from the frozen matrix target during MAPLE reveal the ejection of solute

molecules in the form of a solvent–solute cluster. It is likely that these clusters are responsible

for the formation of the droplets observed in the MAPLE films. These simulations also indicate

that the ejection of single solute molecules does not occur during MAPLE (Leveugle et al.,

2005). The authors conclude that the deposition of smooth and uniform thin films using the

MAPLE technique may be difficult to achieve given the existence of these clusters traveling

from the target to the substrate. Although significant simplifications were made for the purpose

of these models, such as neglecting any heat diffusion effects and ignoring the absorption of

laser radiation by the solute molecules, the results of these simulations are worth considering

given the numerous reports of films deposited with MAPLE covered with a high density of

droplets.

One approach being explored to mitigate the formation of droplets in the films deposited using

the MAPLE technique is to place the substrate parallel to the deposition axis rather than normal to

it. This method developed at the U.S. Naval Research Laboratory is called off-axis MAPLE.

Figure 3.13 shows a simple schematic illustrating the setup for off-axis MAPLE. Preliminary

tests using this configuration to deposit chemoselective polymers on AFM cantilevers for a

highly sensitive chemical sensor system have shown great promise in almost eliminating the

presence of droplets in the films. Interestingly, the deposition rate in the off-axis configuration is

only reduced by a factor of 1
2
to 1

3
of the normal MAPLE deposition rate. Figure 3.14 shows an

AFM image taken near the edge of a chemoselective polymer film deposited on a Si substrate

using off-axis MAPLE. The enhanced surface smoothness and uniformity can be better

appreciated by comparing this AFM image to that of the traditional MAPLE-deposited film

shown in Figure 3.8.
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Figure 3.13 Schematic diagram showing the arrangement of the target and substrate for off-axis MAPLE.
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3.5 FUTURE OF MAPLE

Table 3.1 provides a list of the different polymer and organic materials that have been successfully

deposited to date using the MAPLE technique. In addition to demonstrating the capability for

depositing various organic materials using MAPLE, several of the studies cited in the previous

sections have investigated the MAPLE process under different conditions such as type of matrix

solvent, polymer or biomaterial solute concentration, laser energy, and laser wavelength. In general,

the results demonstrate that the material properties such as chemical structure and functionality

depend strongly upon the laser wavelength, matrix, and energy used in the experiment. These studies

highlight the potential limitations with UV-MAPLE experiments and have spurred studies of the

MAPLE process using less energetic wavelengths such as IR.

The effect of the laser pulsewidth on the film chemical structure and morphology is a parameter

that has not yet been explored. So far, all the work to date has been conducted with nanosecond

pulses, except for the tests performed at Vanderbilt University using its FEL at 8.2 mm with bursts of

picosecond pulses. Given the success obtained by performing PLD with femtosecond laser pulses,

performing MAPLE depositions with ultrashort laser pulses might be an obvious direction to

explore. However, the resulting nonthermal ablation characteristic of femtosecond PLDmight not be

conducive to the generation of smooth and droplet-free MAPLE films given the propensity of cluster

generation during the laser interaction with the frozen MAPLE target. In fact in the previous section,

the results of molecular-level dynamics simulations described the formation and release of large

clusters of solute/solvent during MAPLE assuming the use of picosecond laser pulsewidths

[Leveugle et al., 2005]. Perhaps the use of longer laser pulses (4 100 ns), with wavelengths strongly

absorbed by the solvent in the matrix, might be more appropriate for the growth of thin films. Longer

laser pulses would result in the light–matrix interaction to be closely photothermal in nature, thus

allowing the gentle vaporization of the solute due to the exchange of thermal energy with the

surrounding solvent matrix molecules. Another parameter that has not been properly explored in the

work performed with MAPLE to date is the effect of substrate temperature on film growth. Few

studies have been conducted to determine if the morphology of MAPLE-deposited films can be

Figure 3.14 AFM image showing the edge of a 100-nm-thick chemoselective polymer (SXFA) film deposited

on a silicon substrate by off-axis MAPLE.
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improved by varying the substrate temperature during or after deposition. It might be possible to

reduce or even eliminate the characteristic droplets or clusters present on films of many polymers and

certain biomaterials with low glass transition temperatures, by slightly heating the substrate. These two

parameters—laser pulsewidth and substrate temperature—are just two examples of several deposition

parameters whose effect on the quality of the films grown byMAPLE should to be studied in the future.

The use of the MAPLE technique has so far been limited to depositing films on small area

substrates without a true multilayer capability. This is mainly due to the fact that most MAPLE

TABLE 3.1 List of Polymeric, Organic, and Biological Materials Deposited by MAPLE

Material Solvent Matrix Laser Wavelength (nm) References

Fluoroalcoholpolysiloxane Ter-butyl alcohol 248 Piqué [1999]

(SXFA)

Glucose H2O 193 Piqué [1998]

Sucrose H2O 193 Piqué [1998]

Dextran H2O 193 Piqué [1998]

Pullulan Dimethyl sulfoxide 248 Critescu [2003]

Poly(ethylene glycol) (PEG) H2O 193 Bubb [2002]

Poly(ethylene glycol) (PEG) H2O 355(Nd :YAG) Rodrigo [2004],

Toftmann [2005]

Poly(ethylene glycol) (PEG) Isopropanol, 355 (Nd :YAG) Rodrigo [2005]

acetone, toluene

Polypyrrole CHCl3 193 Piqué [2002]

N-(4-nitrophenyl)-(L)-prolinol CHCl3 193 Piqué [2002]

(NPP)

Tris-(8-hydroxyquinoline) CHCl3 193 Piqué [2002]

aluminum (Alq3)

Poly[2-methoxy-5- Toluene or 193, 248 Toftmann [2004]

(2’-ethylhex-yloxy)-1,4- tetrahydrofuran

phenylene vinylene]

(MEH-PPV)

Poly[2-methoxy-5- CHCl3 8.2mm (RIR-MAPLE) Toftmann [2004]

(2’-ethylhex-yloxy)-1,4-

phenylene vinylene]

(MEH-PPV)

Fluoropolyol Ter-butyl alcohol 193, 248 Bubb [2004]

[Ru(bpyPMMA2)3](PF6)2 Dimethoxyethane 248 Fitz-Gerald [2005]

Poly(DL-lactide-co-glycolide) CHCl3 248 Mercado [2003]

(PLGA)

Poly(DL-lactide-co-glycolide) Ethyl acetate 193 Wu [2003]

(PLGA)

Carbon nanotubes/polysteryne Toluene 248 Wu [200]

Carbon nanotubes/PEG

Collagen HsO 248 Critescu [2004]

Insulin Phosphate buffer 193 Ringeisen [2001]

solution

Horseradish peroxidase (HRP) Phosphate buffer 193 Ringeisen [2001]

solution

Biotinylated bovine Glycerol/phosphate 193 Wu [2003]

serum albumin (BSA) buffer solution

Fibrinogen blood proteins Physiological serum 193 Stamatin [2005]

Mussel-adhesive proteins HsO 193 Patz [2005]

Fluoropolyol Ter-butyl alcohol, 2.94mm (RIR-MAPLE) Bubb [2004]

or methanol

Polyanaline Methanol 2.94mm (RIR-MAPLE) Bubb [2005]
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systems currently available have been built by retrofitting existing PLD systems with a refrigerated

stage capable of accommodating only one target. If instead a MAPLE system were to be designed

from the start to accommodate refrigerated targets and large area substrates, many of these issues

would disappear. Toward this end, various designs have been proposed for MAPLE scale-up

purposes. Figure 3.15 for example shows a schematic for a MAPLE system that allows the

solvent–polymer mix to be injected into a dry vacuum chamber and frozen in situ [Greer, 2003].

This reduces the amount of water vapor that can be trapped in the volume or surface of the target

material. The chamber has a large door with a pair of differentially pumped O-rings. Pumping

between the O-rings with the chamber at atmosphere isolates the interior of the chamber from the

outside. Dry nitrogen is bled into the system through the nitrogen vent for about 1 h. The chamber

pressure is relieved by an overpressure relief valve. This process displaces water vapor, oxygen,

and the other constituents of air. The solvent storage chamber is also purged in the same manner.

The solvent–polymer mix is then injected into the solvent chamber from where it is then injected

into the main chamber and into the cup of the MAPLE target holder using a tube. LN2 is then

injected into the stage to cool down the solvent–polymer mix. A thermocouple (not shown in the

figure) can be used to monitor the temperature. The MAPLE target holder must be designed to

have excellent thermal contact with the LN2 cooling stage and yet be able to rotate freely. An

external rotary feedthrough is then used to rotate the MAPLE target. During deposition the laser

beam can be rastered across the MAPLE target surface to utilize as much of the target material

as possible.

Clearly the need for such systems most likely will be driven by specific applications where the

attributes of the MAPLE process offer unique advantages. For instance, using MAPLE, multilayers

of distinct organic or polymeric materials can be deposited in situ, enabling protective overcoats or

membranes of organic materials to be easily formed. Furthermore, layers of organic materials with

graded composition could be formed by alternating the ratio of material removed from different

targets. Finally, co-depositions could also be performed by using multicomponent targets with

proteins or DNA combined with polymers or other functional materials to aid in stability, adhesion

onto nontraditional surfaces, or molecular activity.

MAPLE

Chamber

N2 Purge
Solvent 

InjectionSolvent 

Storage

Chamber

Solvent 

Injection

Valve

Pressure

Relief

Valve

Substrate With

Heater AssemblyN2 Stage

MAPLE Target

Holder

Chamber

Vent

Rotary 

Feedthrough

Figure 3.15 Schematic of a large-area, high-throughput, multitarget MAPLE system. (Drawing courtesy of

PVD Products, Inc.)
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Current studies at the U.S. Naval Research Laboratory are focused on applying MAPLE to

biomolecules that are used in biosensors with the goal of fabricating a functioning chip-scale device.

There are plans to explore the extent to which MAPLE can be used to transfer different biomolecules

such as DNA or antibodies perhaps investigating how different wavelengths such as IR change the

film qualities. The current studies also highlight the need for further investigations to determine the

best methods to adhere MAPLE-deposited biomolecules to different surfaces without perturbing

their activity. Recent efforts directed toward the creation of polymer–protein composites to increase

adhesion have been successful, but patterning such composite materials has produced agglomerate-

rich films. To mitigate this effect, methods are being explored to modify the substrate surface to

increase material adhesion as well as to chemically immobilize deposited molecules in situ. MAPLE

also holds potential to deposit not only biomolecules but also a matrix that serves to maintain the

activity of the sensitive material or help adhere it to the substrate. Overall, MAPLE shows promise as

a novel and versatile technique to deposit and pattern thin, active biomolecular films of varying

thickness and surface morphologies.

3.6 SUMMARY

This chapter has provided highlights of several attributes of the MAPLE technique for depositing

organic, polymeric, and biomaterial thin films. MAPLE is capable of forming thin films over a wide

range of thicknesses from 10 nm to over 1mm and with accurate thickness control (50.1 nm/laser

shot). Many current technologies using surface-assembled monolayers are only capable of depositing

monolayers, while other thick-film deposition techniques, such as ink jet printing, are unable to

control thickness and film uniformity. MAPLE’s thickness control and accurate material placement,

therefore, may be particularly useful for the development of next-generation coatings for sensor

applications as in the case of thick-film amperometric biosensors where accurate thickness control and

uniform film coverage are crucial to signal output. The surface morphology of the films can also be

controlled by MAPLE, enabling this technique to tune the roughness of films to meet specific device

requirements. Furthermore, by combining MAPLE with other laser-based techniques such as PLD, it

might be possible to grow structures consisting of metal electrodes, active biological molecules, and a

polymer or biomaterial coating to immobilize and protect the underlying materials. Multiple materials

can also be patterned adjacently on the same substrate, enabling microarrays to be fabricated with

feature size and spacing as small as 20mm. MAPLE is unique because it is able to combine these

attributes into one processing tool to fabricate structures unattainable by other technologies.

It is worth concluding this chapter with the observation that the use of the MAPLE technique

has expanded steadily since it was first reported back in 1998. As the number of publications on the

study and applications of the MAPLE process grows, new variants of the technique and further

understanding of its mechanism are sure to develop. As discussed throughout this chapter, MAPLE

is not a foolproof process and many issues remain. However, its ability to extend the inherent

advantages of PLD by which a thin film of a material of interest can be generated, namely simplicity

and speed, to the world of polymeric and biomaterials should not be ignored.
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CHAPTER 4

In Situ Diagnostics by High-Pressure
RHEED During PLD

GUUS RIJNDERS AND DAVE H. A. BLANK

MESAþ Institute for Nanotechnology, University of Twente, The Netherlands

4.1 INTRODUCTION

Many surface processes during deposition and growth determine thin-film properties such as

crystallinity and surface morphology and are therefore the subject of much attention. Reflection

high-energy electron diffraction (RHEED) is most often used to study the mechanisms and film

surface processes during growth.

The pulsed laser deposition (PLD) technique is probably the most versatile method for the

fabrication of oxide thin films because of its unique features: a high pulse deposition rate and the

controllable kinetic energy of the deposited particles. With the introduction of high-pressure

RHEED [Rijnders et al., 1997], growth rate control on an atomic level as well as in situ growth

studies at the typical oxygen deposition pressures used during PLD of complex oxides has become

possible. In this chapter, a PLD system equipped with high-pressure RHEED will be described,

including its unique features.

4.2 BASIC PRINCIPLES

In PLD a pulsed highly energetic laser1 is focused on a target resulting in ablation of material. At the

early stage of the laser pulse a dense layer of vapor is formed in front of the target. Energy absorption

during the remainder of the laser pulse causes both the pressure and temperature of this vapor to

increase, resulting in partial ionization. This layer expands from the target surface due to the high

pressure and forms the so-called plasma plume. During this expansion, internal thermal and

ionization energies are converted into the kinetic energy (several hundred electron volts) of the

ablated particles. Attenuation of the kinetic energy due to multiple collisions occurs during

expansion into the low-pressure background gas. Typically, a background pressure of 1–50 Pa is used

for deposition of complex oxides, and at these pressures, thermalization occurs at a penetration

length comparable to the target-to-substrate distance. Several models, such as the ‘‘drag force’’ and

Pulsed Laser Deposition of Thin Films: Applications-Led Growth of Functional Materials

Edited by Robert Eason Copyright # 2007 John Wiley & Sons, Inc.

1Usually an excimer laser or frequency up-converted Nd : YAG laser is used. Both produce intense laser pulses in the UV range at

repetition rates that may approach several hundred hertz.
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the ‘‘shock wave’’ model [Geohegan, 1992a, 1992b], have been proposed that describe this

attenuation in low and high background pressure, respectively. Using an adiabatic thermalization

model [Strikovski and Miller, 1998], a characteristic length scale is determined that defines the

‘‘plasma range’’, and plasma particles thermalize at distances larger than this characteristic length.

Ambient gas parameters, that is, mass and pressure, determine the interaction with the ablated

particles and, subsequently, the kinetic energy of the particles arriving at the substrate. As a

consequence, this kinetic energy can be varied from high initial energy in vacuum to low energies

resulting from thermalization at sufficiently large ambient pressure. This wide range is a unique

feature of PLD and can be used to modify thin-film growth. Here, the diffusivity [Dam and Stäuble-

Pümpin, 1998; Blank et al., 1999] and both the absorption and desorption probability [Tyunina et al.,

1998] of the energetic particles at the film surface are the controllable parameters.2

Another unique feature of PLD is the high deposition rate. In PLD of oxides, for instance, the

high-temperature superconductor YBa2Cu3O7 (RE123), typical deposition rates range from 10�2 to

10�1 nm/pulse with deposition pulse duration3 on the order of several microseconds to � 500ms

[Okada et al., 1997; Cheing and Horwitz, 1992]. As a result, the deposition rate can be as high as

102–105 nm/s [Geohegan and Puretzky, 1995; Chern at al., 1992]. This value is orders of magnitude

higher than achievable with other physical vapor deposition (PVD) techniques such as sputter

deposition and molecular beam epitaxy (MBE), which have typical deposition rates of

10�2–10�1 nm/s. The short duration of the intense deposition pulse has implications for the

nucleation and growth processes. This is illustrated by comparing the pulse duration with the mean

diffusion time tD of deposited atoms, which is given by

tD ¼ n�1 exp
EA

kBT

� �
ð4:1Þ

where n is the attempt frequency for atomistic processes, EA is the activation energy for diffusion,

and kB is the Boltzmann constant. Here, the mean diffusion time tD is of interest because it sets the

time scale for the atomistic processes, including collision and nucleation. For complex oxides EA

ranges from a few tenths of an electron volt to more than 2 eV, and typical growth temperatures

range from 800 to more then 1100K. Using Eq. (4.1) the mean diffusion time can be estimated. For

a wide range of deposition conditions tD exceeds the deposition pulse duration. As a consequence,

the deposition can be regarded as instantaneous for every pulse. In PLD, this instantaneous

deposition is followed by a relative long time interval, where no deposition takes place. During this

time interval, which is determined by the pulse repetition rate, the adatoms rearrange on the surface

by migration and subsequent incorporation through nucleation and growth. This rearrangement can

be considered as an anneal process. Because of the instantaneous deposition, the two basic

processes, that is, random deposition and growth through rearrangement are separated in time,

which is again unique for PLD.4

Parameters that control the instantaneous deposition rate are the laser energy density at the target,

pulse energy, distance between target and substrate, and the ambient gas properties, that is, pressure

and mass. The average growth rate is determined by the pulse repetition rate and can be varied

independently from the instantaneous deposition rate.

The extremely high deposition rate leads to a very high degree of supersaturation �m [Markov,

1995]:

�m ¼ kBT ln
R

R0

ð4:2Þ

2Bombardment with highly energetic particles on the film surface during growth may lead to a defective crystal structure for the

film and should be avoided.
3Note the deposition pulse duration differs from the laser pulse duration.
4In most deposition techniques the deposition flux is continuous. As a result, deposition and surface relaxation occurs

simultaneously.
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where kB is the Boltzmann constant, R is the actual deposition rate, and R0 is its equilibrium value at

temperature T. The high degree of supersaturation �m causes two-dimensional (2D) nucleation of a

high density of extremely small5 clusters. Because of the instantaneous deposition under typical

PLD conditions, the nucleation takes place after the deposition pulse and can be considered as

postnucleation [Fuenzalida, 1998, 2000]. Subcritical clusters are unstable in the time interval

between the deposition pulses and dissociate into mobile atoms. These nucleate into new clusters or

cause stable clusters to grow. The latter process is similar to Oswald ripening where larger islands

grow at the expense of small islands or clusters. The separated random deposition and subsequent

growth is, furthermore, advantageous for the study of growth kinetics.

4.3 HIGH-PRESSURE RHEED

Reflection high-energy electron diffraction (RHEED) has become an important tool in surface

science because of its high surface sensitivity. It utilizes diffraction of electrons by surface atoms and

provides information of the periodic arrangement of the surface atoms. Because of the compatibility

with (ultra) high-vacuum deposition techniques, it is often used for the investigation of the surface

morphology during thin-film growth. It requires minimal hardware and is thus a relatively low-cost

analysis technique.

4.3.1 Geometry and Basic Principles of RHEED

A schematic drawing of a typical RHEED geometry is sketched in Figure 4.1. The incident electron

beam (e-beam) strikes the sample surface at a grazing angle yi. The electrons are monoenergetic

with a typical energy of E � 10–50 keV. The corresponding amplitude of the wavevector k0 for these

high-energy electrons can be estimated using

E ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�h2jk0j2
m�

s

ð4:3Þ

5For PLD, the clusters can be as small as one atom to a few molecular blocks of the complex oxides.

Figure 4.1 Schematic view of the RHEED geometry. �Ið�FÞ and �Ið�FÞ are the incident and azimuthal

angles of the incident (diffracted) beam. RS is the distance between substrate and phosphor screen and S the

distance between the diffraction spots or streaks.
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wherem� is the effective mass of the electron. Without relativistic correction (which should be only a

few percent for the energies of interest), the electron wavelength l can be estimated by

lðÅÞ ¼
ffiffiffiffiffiffiffiffi
150

E

r
ð4:4Þ

with E given in electron volts. At the typical energies used in RHEED, the electron wavelength l is

� 0.05–0.1 Å, which is an order of magnitude smaller than the thickness of an atomic layer.

The angle of incidence is typically set to a few degrees (0.1�–5�). At these grazing angles the

penetration depth is as small as a few atomic layers, which makes RHEED an extremely surface

sensitive diffraction technique so the electrons are easily scattered by surface steps and terraces. The

coherence length [Lagally et al., 1989], which is the maximum distance between reflected electrons

that are able to interfere, is determined by the beam convergence and the energy spread of the

electrons, and is typically of the order of several hundreds nanometers.

The electron gun (e-gun) and phosphor screen (which acts as the detector) are located far from

the sample to avoid any interference with the deposition process. In this geometry, electrons are

scattered from the crystal surface, resulting in a characteristic diffraction pattern on the phosphor

screen. This pattern is instantaneously displayed and can be used to define the crystallographic

surface structure of, for instance, a growing thin film.

Kinematic6 scattering theory is used to describe weakly interacting diffraction techniques, such

as X-ray or neutron diffraction. RHEED, however, involves strong interaction [Kawamura, 1989] of

the electrons with the periodic potential of the crystal surface and can, therefore, not be described

quantitatively by the kinematic approach. Nevertheless, the kinematic approach is used for both

physical understanding and qualitative description of RHEED.

Reflection high-energy electron diffraction spots are produced when the momentum of the

incident beam and that of the diffracted beam differ by a reciprocal lattice vector G:

kS � k0 ¼ G ð4:5Þ

where kS and k0 are the wavevectors of the diffracted and incident beams. A useful geometrical

representation of the conditions for diffraction in elastic scattering, that is, jkSj ¼ jk0j, is provided by
the Ewald sphere construction, depicted in Figure 4.2. Here, the reciprocal lattice of a 2D surface is a

6Only single elastic scattering is assumed.

Figure 4.2 Ewald sphere construction in (a) three dimensions and (b) a section of the horizontal z ¼ 0 plane.
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lattice of infinitely thin rods, perpendicular to the surface. The tip of the incident wavevector is

attached to a reciprocal lattice rod. The Ewald sphere is defined by the sphere around the origin of k0
with radius jk0j (equals 2p=l for elastic scattering). The condition for diffraction is satisfied for all ks
connecting the origin of k0 and a reciprocal lattice rod. For perfect7 surfaces, this results in

diffraction spots lying on concentric circles, called Laue circles. Figure 4.3 shows a diffraction

pattern of a perfect SrTiO3 surface [Koster et al., 1998]. It exhibits sharp diffraction spots lying on

the zeroth-order Laue circle, that is, intersections of the (0 k) rods with the Ewald sphere. Due to the

substrate size and RHEED geometry, that is, e-beam diameter and grazing angle, part of the e-beam

is not blocked by the substrate and is visible in the diffraction pattern. The specular reflected beam is

the diffraction spot ‘‘lying’’ on the same rod as the incident beam. It is, therefore, never forbidden,

unlike other spots.

Due to the high electron energy used in RHEED, the Ewald sphere is very large compared to the

reciprocal lattice spacing of oxide crystals. As a result, only a few reciprocal lattice rods are

intersected at the small grazing incidence angle. Essentially, a one-dimensional map of the

reciprocal space is obtained; see Figure 4.2b. Other areas of the reciprocal space are mapped by

rotation of the sample about the incident angle or, alternatively, the azimuthal angle fi.

4.3.1.1 Kikuchi Lines

As mentioned previously, RHEED is a strong interaction diffraction technique and dynamical

scattering has to be taken into account. As a result nonlinear effects such as multiple scattering occur

leading to anomalies in the RHEED intensity. One of these anomalies is a phenomenon often

observed in RHEED, the Kikuchi lines. They originate from diffraction of diffuse scattered electrons

and appear as curved lines on the phosphor screen, indicated by arrows in Figure 4.3. The intensity of

a diffraction spot or streak is affected at intersections with Kikuchi lines, since diffusive scattered

electrons contribute to the diffracted intensity. Intensity measurements during growth near such

intersections should be avoided.

Kikuchi lines move rigidly fixed to the crystal and are, therefore, often used to determine the

crystal orientation and for alignment of the e-beam. The occurrence of clear and sharp Kikuchi lines

is an indication of a flat and crystalline surface.

7Here, perfect refers to a clean and atomically flat, single-domain crystalline surface.

Figure 4.3 Typical RHEED pattern as recorded from a perfect SrTiO3 surface.
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4.3.2 Utility of RHEED: Surface Properties

4.3.2.1 Determination of Lattice Parameter

From the spot positions in a RHEED pattern of a perfect low index plane, one can determine the

in-plane lattice constants. Using polar coordinates, the rectilinear projections of the scattering

wavevector kS can be written as

ksx ¼ jk0jðcos yf cos ff � cos yi cos fiÞ ð4:6aÞ

ksy ¼ jk0jðcos yf sin ff � cos yi sin fiÞ ð4:6bÞ

ksz ¼ jk0jðsin yf þ sin yiÞ 
 jk0jðyf � yiÞ ðfor small anglesÞ ð4:6cÞ

with ksx and ksy in the low index plane, ksz perpendicular to the low index plane, yi and fi the incident

and azimuthal angles of the incoming beam, and yf and ff the incident and azimuthal angles of the

final (diffracted) beam; see Figure 4.1. For the incident beam directed along a low index direction

(fi ¼ 0), the lattice parameters dx (parallel to the incident beam) and dy (perpendicular to the

incident beam) can be derived from the angles of Bragg reflections using Eq. (4.6) by

n

dx
¼ 1

l
ðcos yf � cos yiÞ ð4:7aÞ

where ff ¼ 0, that is, for intersections of the Ewald sphere with (h0) rods, and

n

dy
¼ 1

l
ðcos yf sin ff Þ ð4:7bÞ

where n is the order of the reflection. The angles can be determined directly by dividing the relative

on-screen distances by the sample-to-screen distance RS, assuming only small angles.

4.3.2.2 Determination of Vicinal Angle

RHEED can be used to measure the average terrace width on vicinal surfaces. A vicinal surface is

created by a slight miscut of the substrate surface along an orientation close to a high symmetry one.

It is made up of low index terraces, for example, (001) or (101), separated by unit cell steps in the

case of perovskite substrates. The terrace width is determined by the miscut angle (in the remainder

of the text referred to as the vicinal angle b), defined as the angle between the actual surface plane

and the high symmetry plane. Here, the diffracted intensity is the product of the diffraction due to the

in-plane lattice constant on the terraces times the diffraction due to the additional periodicity of the

step-terrace structure; see Figure 4.4 for the Ewald construction. At the out-of-phase condition,

the diffracted intensity is most sensitive for the step-terrace structure on the surface and splitting of

the RHEED spot is observed. From the splitting angle�yf the vicinal angle b can be estimated using

[Pukite et al., 1989]:

�yf ¼
2p

kd

� �
b cos fp;i

b cos fp;i þ hyf i
ð4:8Þ

where b cos fp;i is the projected vicinal angle along the incident beam direction and hyf i � yi is

the average diffraction angle. Figures 4.4c and 4.4d show diffraction patterns8 of a vicinal9 SrTiO3

8Here, the incident beam is directed perpendicular to the step ledges. In the parallel direction no splitting is observed due to the

one-dimensional mapping of the reciprocal space in RHEED.
9The step-terrace surface can still be considered as perfect, consisting of atomically flat and crystalline terraces and unit cell

height step ledges.
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surface at both in-phase and out-of-phase conditions, respectively. Here, a value of � 0.25� is

determined for the vicinal angle b.

4.3.2.3 Nonperfect Surfaces

As shown, intersection of the Ewald sphere with the reciprocal lattice rods of a perfect

crystalline surface produces sharp diffraction spots lying on Laue circles. Deviations from such

perfect surfaces, like additional roughness and crystal defects, cause broadening of spots or a

change in the position of the spots. Figure 4.5 shows RHEED patterns taken from such

nonperfect surfaces. In Figure 4.5a, besides spots lying on the zeroth Laue circle, two additional

spots are observed marked by the arrows. Here, the RHEED pattern is the sum of diffraction

from two different domains of an SrTiO3 substrate surface. Rotation around the azimuthal axis

revealed that the two domains have different in-plane orientation; see Figure 4.5b. The RHEED

pattern can be described by adding the reciprocal lattices from both domains in the Ewald sphere

construction.

A roughened surface, for instance, a surface consisting of a random distribution of terraces and

steps, is accompanied by broadening of the lattice rods. As a result, streaks occur due to intersections

with the Ewald sphere. As an example a RHEED pattern is shown in Figure 4.5c taken after

deposition of a 4-unit-cell thick Y123 layer.

Penetration of the e-beam through protrusions, for instance, small three-dimensional (3D) islands

or small asperities, results in transmission spots. The reciprocal lattice rods are replaced by the bulk

reciprocal lattice and, consequently, streaks are replaced with spots. A RHEED pattern of such rough

surface is given in Figure 4.5d, after nonoptimized deposition of several unit cell layers of Y123 on

SrTiO3.

Figure 4.4 (a) Real space and (b) reciprocal space of a vicinal surface with a the in-plane lattice parameter, d

the step height, and L the terrace width. RHEED patterns as recorded from a vicinal SrTiO3 surface with incident

beam perpendicular to the step ledges: (c) in-phase condition and (d) out-of-phase condition.
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4.3.3 Utility of RHEED: Monitoring Thin-Film Growth

In the early days of RHEED, the surface sensitivity was exploited mainly for the study of cleaved

crystals and surface reconstruction. Nowadays, the main applications are thin-film growth

monitoring and the study of growth kinetics. The existence of intensity oscillations [Neave et al.,

1983] corresponding to the 2D growth of atomic or molecular layers is probably the most important

reason to use RHEED. Here, the surface is periodically roughened and smoothened during the 2D

nucleation and growth, resulting in a periodically varying density of surface steps. Electrons are

easily scattered out of the specular beam by the step edges since the layer thickness is much larger

than the wavelength of the electrons. As a result, periodic intensity variations are expected during 2D

growth, which can be used to determine the growth rate.

4.3.3.1 Electron Scattering

The pressure in a RHEED setup has to be sufficiently low to avoid electron scattering by the ambient

gas. Attenuation of the e-beam intensity is to be expected at high ambient pressure due to elastic and

inelastic electron scattering [Garcı́a et al., 2001]. Furthermore, a low pressure is required near the

filament of the e-gun. With the introduction of the differentially pumped e-gun10, the maximum

operating pressure was raised to �1 Pa [Karl and Stritzker, 1992]. To increase the operating

pressure in RHEED to the high deposition pressures used in PLD of oxides, both of these

requirements have to be fulfilled: A low pressure in the e-gun should be maintained

and the attenuation of the e-beam intensity has to be minimized. The latter can be expressed as

Figure 4.5 RHEED patterns recorded from nonperfect crystalline surfaces: SrTiO3 surface with two domain

structure, (a) azimuthal angle �i ¼ 0 and (b) off-azimuthal angle, (c) 4 unit cell thick Y123 layer, and (d) several

unit cell layers of Y123 deposited using nonoptimized conditions.

10Usually a heated tungsten filament is used as the electron source. To avoid breakage or a short lifetime, the pressure needs to be

well below 10�4 Pa. Here, the pressure in the e-gun is still well below 10�4 Pa.
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[Garcı́a et al., 1997]

I

I0
¼ exp � l

LE

� �
ð4:9aÞ

where LE is the mean free path of the electrons, l is the distance of the traveling path of the electrons,

and I0 is the intensity of the beam for l � LE, that is, at sufficiently low pressure. The mean free path

LE is defined as

LE ¼ 1

sTn
ð4:9bÞ

where sT is the total cross section (both elastic and inelastic) for scattering and n is the molecular

density given by

n ¼ P

kBT
ð4:9cÞ

with P is the pressure, kB is the Boltzmann constant, and T is the temperature.

At the high electron energies used in RHEED the total cross-section sT decreases with increasing

electron energy. Unfortunately, no experimental data for electron scattering by O2 at the high

electron energies (410 keV) used in RHEED have been reported. By extrapolating experimental

data, however [Garcı́a et al., 2001], a value for sT � 3� 10�21 m2 at 10 keV is determined. Using

this value, the attenuation I=I0 can be estimated. Figure 4.6 shows the distance l for a 10-keVe-beam,

calculated using Eq. (4.9) as a function of the oxygen pressure for several values of I=I0. From this

figure it becomes clear that the traveling distance has to be reduced to minimize electron scattering

losses at the high oxygen pressures used in PLD.

4.4 HIGH-PRESSURE RHEED SETUP

To satisfy the two requirements, that is, low pressure in the e-gun and short traveling distance at high

pressure, a two-stage, differentially pumped RHEED system has been developed. A schematic view

of this high-pressure RHEED system is depicted in Figure 4.7. The e-gun (EK-2035-R, STAIB

Figure 4.6 Attenuation I=I0 of a 10-keV electron beam as a function of the oxygen pressure PO2
and

penetration length 1. The dashed line represents the traveling distance in the high-pressure RHEED setup.
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Instrumente) has a minimum beam size of �250 mm [full width at half maximum (FWHM)], even at

the working distance of 500mm. It is mounted on a flange connected to a stainless steel extension

tube with an inner diameter of 8mm. A differential pumping unit is used to maintain a vacuum of

better than 10�4 Pa in the e-gun. An aperture (diameter 0.5mm) separates the tube from the

deposition chamber. The pressure in the tube, which depends on the pump speed and the size of the

aperture, is kept below 10�1 Pa. Using this two-stage pumping system, the pressure in the deposition

chamber can be increased up to 100 Pa maintaining the low pressure in the electron source. The

e-beam, which passes through the apertures inside the differential pumping unit and the tube, enters

the deposition chamber near the substrate at a distance of 50mm. The XY deflection capability of the

electron source is used to direct the e-beam through the aperture at the end of the tube.

The fluorescent phosphor screen (diameter 50mm) is mounted on a flange located near the

substrate. The distance between the screen and substrate is 50mm, and the screen is shielded from

the laser plasma to minimize deposition. The electron source, including the extension tube, is

mounted on a XYZ stage allowing adjustment of the distance between substrate and end of the tube.

Using the extension tube, the traveling distance in the high-pressure regime is reduced to 100

mm. Intensity losses due to electron scattering inside the extension tube are negligible since the

pressure is kept well below 10�1 Pa. In the high-pressure regime, however, a significant decrease in

the intensity (I=I0 � 0:01) is expected at oxygen pressure PO2
� 100 Pa. However, compensation of

the scattering losses is possible by adjusting the filament current, and hence total e-beam current.

At large working distance, the e-beam is deflected over several millimeters by small magnetic

fields, comparable to the earth’s magnetic field. Therefore, special care has been taken to shield the

e-beam from magnetic fields using m-metal. Furthermore, the substrate can be rotated in order to

adjust the angle of incidence and azimuthal angle of the e-beam on the substrate. The diffraction

pattern is monitored using a Peltier-cooled charge-coupled device (CCD) camera and acquisition

software (K-Space Associates). The software allows for time-resolved spot intensity measurement.

The minimum acquisition time for each data point is 33ms.

Figure 4.7 Schematic view of the deposition chamber, including the electron source assembly. The system is

fully computer controlled including selection of the targets allowing for automated multilayer deposition.
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At an oxygen pressure of 50 Pa, the specularly reflected spot is still clearly visible. Consequently,

growth monitoring is feasible by measurement of the intensity variations of the specularly reflected

beam.

The attenuation11 of the e-beam intensity was measured in high PO2
for different values of the

electron energies; see Figure 4.8. From the slopes, a value of 1:6� 10�21, 1:3� 10�21, and

1:1� 10�21 m2 was determined for the total cross section for scattering using Eq. (4.9) for electron

energies of 10, 20, and 30 keV, respectively. As expected, a smaller st is observed at higher electron

energy of 30 keV. Increase of the electron energy is, therefore, beneficial for the application of

RHEED at high deposition pressure. The insets in Figure 4.8 show the typical e-beam shapes for a

nonattenuated e-beam at PO2
¼ 10�1 Pa (b) and an attenuated e-beam at PO2

¼ 50 Pa (c). At low

pressure the shape could be fitted by a single Gaussian curve with FWHM � 215mm. At higher

pressure, not only broadening of the e-beam is observed, FWHM � 240mm, but also the occurrence

of a diffuse background. Electrons are scattered in the forward direction [Garcı́a et al., 2001] leading

to a divergent e-beam12. The increase of the diffuse intensity of the primary e-beam at the high

pressure in Figure 4.9 is a clear signature of this effect.

In the experiments described in this chapter and Chapter 8, a KrF excimer laser (Lambda Physic

Compex 105, wavelength l ¼ 248 nm) with maximum pulse repetition rate of 50Hz was used.

The maximum pulse energy was 650mJ with pulse duration � 25 ns. A mask was used to select

the most homogeneous part of the laser beam, resulting in a spatial energy variation of�5%.

The mask is projected at an inclination of 45� on the target by means of a focusing lens (focal length

� 450mm). The energy density on the target is controlled by adjustment of both mask size and

demagnification.

11Here, we measured the peak intensity from the spot of the primary e-beam on the phosphor screen using the K-space acquisition

equipment. Although nonlinearities are expected, relative measurements only are adequate for this purpose. Here, I0 is the peak

intensity of the e-beam at PO2
510� 2 Pa. No attenuation is observed at this pressure.

12The coherence length in RHEED is determined by the spread in both electron energy and beam convergence/divergence. As a

result, a smaller coherence length is expected at higher ambient pressure.

Figure 4.8 (a) Attenuation I=I0 versus oxygen pressure of the e-beam peak intensity at electron energy of 10

(&), 20 (�), and 30 (O) keV, respectively. The insets show the e-beam shapes (20 keV) at (b) 10�1 Pa and an

attenuated e-beam at (c) 50 Pa; � and & are measurement points, the solid lines Gaussian fits.
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The multitarget holder and substrate holder including heater are mounted on a computer-

controlled XYZ rotation stage and can be inserted via a load-lock system without breaking the

vacuum (base pressure � 10�5 Pa). The controlled temperature of the heater (resistively heated

using thermo-coax wires) is measured using a K-type thermocouple.

Oxygen gas (purity 44.5) as well as inert gasses (He, Ne, Ar, purity 44.0) can be used as

deposition gas. The deposition pressure (10�1�102 Pa) is controlled by the effective pump speed and

the total gas mass flow (Brooks Instruments, 0–40mL/min at 105 Pa). The effective pump speed is

adjusted through a variable restriction between the deposition chamber and turbo-molecular drag

pump.

4.5 CONCLUSIONS

Pulsed laser deposition differs from other PVD techniques because of two unique features, that is,

the wide range in the kinetic energy of the ablated particles arriving at the substrate and the high

deposition rate during the pulse. Both features can be exploited to manipulate the growth

characteristics. A change in the kinetic energy of the impinging particles results in a change of the

effective diffusion coefficient, whereas the high supersaturation during the deposition pulse is used

to impose layer-by-layer like growth. The short deposition pulses, typically for PLD, cause a

separation of the deposition and growth in time: Almost no nucleation and growth takes place during

the deposition pulse. Determination of the kinetic growth parameters from RHEED intensity

variations in between the deposition pulses is, therefore, less complicated.

Considered an ultra-high-vacuum analysis tool in many textbooks, RHEED has been utilized in

low-pressure thin-film growth techniques such as MBE. The development of high-pressure RHEED

enabled growth monitoring and growth characterization at the high pressures used in PLD. Growth

Figure 4.9 RHEED patterns from a perfect SrTiO3 surface recorded at different oxygen pressure: (a) 10�5 Pa,

(b) 10�1 Pa, (c) 7 Pa, (d) 15 Pa, and (e) 50 (Pa). The arrows indicate the Kikuchi lines; the additional intensity

due to the diffuse forward scattered incident electrons is indicated by the dotted lines.
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control in PLD on an atomic level is, therefore, feasible; making PLD an advanced research

technique.

First growth studies with high-pressure RHEED showed the influence of the substrate

morphology on the (initial) growth of complex oxides by PLD. Since the evolution of the film

surface morphology is one of the key processes in thin-film growth, atomically flat and crystalline

substrate surfaces are essential for the controlled growth of atomically flat thin films.
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CHAPTER 5

Ultrafast Laser Ablation and
Film Deposition

EUGENE G. GAMALY, ANDREI V. RODE, and BARRY LUTHER-DAVIES

Research School of Physical Science and Engineering, Australian National University, Canberra, Australia

5.1 INTRODUCTION

This chapter provides an overview of the fundamental theoretical and experimental aspects of

ablation of solids using short <10�11-s pulses from high-repetition-rate (1–100MHz) lasers. The

goal of this study is the production of a fully atomized continuous flow of ablated material. We

demonstrate that use of atomized flow in the deposition process results in films with superb quality.

The optimal laser conditions have been established for both the single-pulse ablation mode, and for

high-repetition-rate ablation. We observe that the short dwell time in the high-repetition-rate laser–

target interaction leads to coupling between successive laser pulses and thereby incubation of the

heating and evaporation processes. This results in a reduction of the laser ablation threshold.

Practical recipes are provided that lead to efficient ablation and control the phase state of the vapor as

a self-consistent function of laser parameters, namely, the pulse duration, the energy per pulse, and

the wavelength, all adjusted to the target parameters. We demonstrate implementation of these

recipes for deposition of high-quality micron-thick optical films for optical waveguide applications.

Pulsed laser deposition (PLD) when applied in its conventional form using low-repetition-rate

lasers emitting nanosecond-range pulses [Chrisey and Hubler, 1994; Miller and Haglund, 1998]

generally leads to poor quality films contaminated by particles. It has been shown that this is a direct

consequence of the use of the particular pulse parameters [Gamaly et al., 1999; Rode et al., 1999]

that lead to a large volume of material being evaporated by each pulse. For example, the plume

produced in this regime expands as a supersaturated vapor and therefore condensation occurs during

the early stage of the expansion resulting in the formation of droplets from the vapor phase, which

are then deposited onto the substrate.

A solution to such droplet formation has been found with a deeper insight into the physics of the

laser ablation process. It has been shown that the formation of droplets can be eliminated by

changing the mode of operation of the laser. Similar average laser powers are employed, but the

energy is delivered in shorter pulses (10 ps and shorter, rather than 10 ns), at energies around 6 orders

of magnitude lower (microjoules rather than joules) but at much higher repetition rates (
10MHz

rather than 
10Hz). We have called this mode of operation ultrafast pulsed laser deposition

(UFPLD). Each single short low-energy high-intensity pulse evaporates relatively few (�1011–1012)
atoms per pulse [Rode et al., 1999; Perry et al., 1999], thereby inhibiting the condensation of droplets
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during the fast nonequilibrium expansion. To compensate for the reduced ablated mass per pulse,

high pulse repetition rates are then used to achieve a high average deposition rate. The high

repetition rate maintains the average atomic flow in a plume at a high level of 1019–1020 atoms/s.

Furthermore controlling the laser intensity distribution within the focal spot offers a way to create

a fully atomized plume.

The ultrafast laser ablation method has already been applied to produce atomically smooth,

diamond-like carbon films [Perry et al., 1999; Rode et al., 1999] with total elimination of

macroscopic particles from the film surface. Recently As2S3 chalcogenide optical films [Rode et al.,

2002] have been produced with similar surface quality and high homogeneity. A simple method to

produce a flat ‘‘top-hat’’ intensity distribution over the focal spot has been proposed and

implemented for the deposition of high surface quality silicon films using femtosecond pulses from a

Ti : sapphire laser [Gamaly et al., 2004]. However, many parameters must be controlled that affect

the quality of the films produced by UFPLD, including the laser intensity distribution on the target

surface, the scanning speed of the laser focal spot over the target, the energy level of the prepulse (in

Ti : sapphire lasers) and postpulse (in excimer lasers), the pressure of the reactive gas in the

experimental chamber, and so forth.

In spite of the lack of complete understanding of a number of features of femtosecond laser

ablation such as the angular variation of the stoichiometry [Millon et al., 2003] and isotopic content

in the plume [Pronko et al., 1999], or the influence of energetic ions on the defect formation and

crystallinity in the deposited films, femtosecond lasers have been successfully applied for deposition

of high-quality thin films of a number of materials. This includes deposition of amorphous diamond-

like carbon films [Banks, 1999], nitride [Zhang et al., 2000; Ristoscu et al., 2003], and oxide optical

films [Pronko and Pan, 2001; Okoshi et al., 2000; Millon et al., 2002]. Direct laser printing of

microstructures with femtosecond lasers, so-called laser-induced forward transfer (LIFT) was

successfully demonstrated in the direct development of computer-generated holograms and other

diffractive optical microstructures [Mailis et al., 1999; Zergioti et al., 1999, 2003]. It was shown that

ultrashort laser pulses produce a better etching and printing quality, thus improving the established

method of excimer laser microetching.

In this chapter we consider nonthermal mechanisms of ablation with subpicosecond pulses and

define the optimal conditions for creating a fully atomized vapor flow for deposition of high-

quality optical films specifically with UFPLD. There are a variety of processes involved in laser-

induced changes of the target morphology, such as target amorphization, breakdown of target

integrity—damage (appearance of cracks, peeling of flakes from the surface), melting, ablation,

and plasma formation. All these processes have different thresholds and lead to a succession of

target transformations with increasing laser intensity. The optimum combination of laser

parameters (pulse duration, energy per pulse, wavelength, intensity distribution) tuned to the target

parameters such as binding energy, density, and thermal diffusivity can be found to produce an

atomized flow of ablated vapors from any material. The temperature, density, the atomic content,

and the degree of ionization in the vapor phase, all depend on the incident laser parameters and

therefore can also be controlled. The control over the state of the expanding laser-produced plume

can be achieved through the proper choice of pulse duration, wavelength, and energy along with a

proper spatial and temporal distribution of the laser intensity during the pulse and across the focal

spot while keeping the absorbed laser energy above some specific threshold.

A general assumption of most theoretical models of PLD is that the successive pulses ablate

the target independently. Conventionally, the laser beam is continuously scanned over the target

surface in order to prevent crater formation and maintain the same interaction mode for successive

pulses. However, the beam scanning velocity (1–10m/s) using conventional oscillating mirror

scanners is not high enough to physically separate the pulses from a megahertz repetition rate

pulse train, and up to several thousand pulses can hit the surface at the same place. It has been

found that in ablation of solids by megahertz repetition rate lasers, therefore, coupling between pulses

leads to a change in the interaction mode and a reduction of the ablation threshold in comparison to

the single-pulse mode.
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This chapter is organized as follows. In Section 5.2 we describe the laser–matter interaction and

ablation physics, and present experimental data on deposition of different materials using ultrafast

ablation and using a beam shaping technique. Section 5.3 relates to the ablation of various solids by

high-repetition-rate lasers, while Section 5.4 presents results on deposition of films. In Section 5.5

we discuss the existing high-repetition-rate lasers currently available for ultrafast laser deposition.

Finally, we summarize the recent status of the ablation and thin-film deposition studies and present

our vision for future prospects for the method.

5.2 ABLATION BY SHORT INDEPENDENT LASER PULSES

AND DEPOSITION OF FILMS

Applications of material ablation by powerful lasers often require precise control over the properties

of the ablated plume. In this section we discuss briefly the basics of the laser–matter interaction and

laser ablation physics, and show that such precise control can be achieved by linking the laser

parameters to the specific properties of the material to be ablated.

5.2.1 Short-Pulse Laser–Matter Interaction

To remove (to ablate) an atom from a solid surface by a laser pulse, the energy delivered to a single

atom should exceed the binding energy of that atom. The energy absorbed in the target material per

unit surface area depends on the laser fluence F0, which is the time integral of the laser intensity I0ðtÞ
over the pulse duration tp. Therefore, the ablation rate is a function of fluence. A typical ablation

threshold is of the order of 0.1–1 J/cm2, depending on the target material and the laser wavelength. For

example, laser ablation with 100-fs pulse requires an intensity in a range above 1013W=cm2 [Du et al.,

1994; Stuart et al., 1995; Perry et al., 1999; Bonse et al., 2002; Momma et al., 1997], while 10-ns

pulses ablate the same material at much lower intensities: � 108–109W/cm2 [Gamaly et al., 1999].

One can distinguish between various kinds of ablation on the basis of the following arguments.

First, we recall that the fundamental interaction of light with matter involves the following physical

processes. The incident laser radiation first penetrates the target and induces oscillations of the

optical electrons. These electrons gain energy from the oscillating field through the disruption of the

oscillating phase due to random collisions with atoms. The electron oscillation energy thereby

converts to electron excitations. Following this, the electrons transfer energy to the lattice (ions) by

means of electron–phonon (electron–ion) collisions over a period characterized by the temperature

equilibration time, te�L, and by means of electron heat conduction with a characteristic time, tth.

The short-pulse interaction takes place when the laser pulse duration, tp, is shorter than both these

relaxation times, tp < fte�L; tthg and generally requires the pulse duration to be less than a

picosecond. It has been shown [Du et al., 1994; Stuart et al., 1995; Perry et al., 1999] that for most

materials ablated using such ultra-short-duration pulses, the average intensity used for ablation is

above 1013 W=cm2, and this exceeds the ionization threshold. Therefore, the target material is

ionized early in the laser pulse creating a high-density plasma. Free electrons absorb the laser energy

in the resulting plasma via either inverse Bremsstrahlung or resonance absorption. The ions remain

cold during the short pulse because tp < fte�L; tthg, and at very high intensities even long after the

pulse, there is not enough time to transfer energy from electrons to ions. However, the electrons and

ions can interact through an electrostatic field that can appear due to charge separation. This field

becomes significant if the energy absorbed by the electrons exceeds a characteristic energy of

� 10 eV (the Fermi energy in metals). Energetic electrons can then escape from the target and pull

ions from the solid via the electrostatic field resulting from charge separation. This nonequilibrium

process is known as electrostatic ablation [Gamaly et al., 2002].

Conversely, the long-pulse interaction appears when the pulse duration is longer than both

relaxation times, tp > fte�L; tthg. The electrons and the lattice are then in thermal equilibrium during
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the pulse, and therefore the laser–matter interaction and ablation proceeds under equilibrium

conditions. Ablation in this regime is close to conventional equilibrium evaporation and is referred to

as thermal ablation. Here we primarily concentrate on the short-pulse interaction regime associated

with picosecond and subpicosecond laser pulses, although reference is also made to the thermal

regime particularly as it relates to accumulative effects appearing when high repetition pulse trains

are employed. We also differentiate laser ablation from the equilibrium process of laser evaporation,

where the atoms removed from the surface are only those at the high-energy tail of the Maxwellian

distribution.

5.2.1.1 Skin Effect

The pulse duration in the short-pulse laser–matter interaction regime is shorter than all characteristic

relaxation times, and therefore it is shorter than the expansion time. Thus, a femtosecond laser pulse

interacts with a solid target whose density remains almost constant during the laser pulse. The major

process during the laser–target interaction is heating of electrons by the electromagnetic field of the

laser. However, the electron number density ne, the electron–ion collision frequency nei, the

absorption coefficient A, and the skin-depth ls are all generally functions of both laser intensity and

time. It has been shown [Gamaly et al., 2002] that the above quantities, while changing rapidly

during the very early part of the pulse, become approximately constant for most of the remaining

period up to the end of the pulse. Thus, the skin effect approximation can be used to describe the

interaction of a subpicosecond pulse with matter.

As a result, the relation EðxÞ ¼ Eð0Þ exp½�x=ls� can be used to describe the variation of the laser
electric field E(x) as a function of the penetration depth x into a solid target. The characteristic field

penetration length, or skin depth ls, is conventionally expressed through the imaginary part of the

refractive index k and the laser frequency o as ls ¼ c=ok [Landau et al., 1984; Raizer, 1977]. The

dielectric function e in the Drude form describes well conditions in both the solid state and ionized

state that is generated during the laser pulse before ablation:

e ¼ 1�
o2

pe

o ðoþ ineiÞ
¼ e0 þ ie00 e1=2 ¼ nþ ik ð5:1Þ

where ope ¼ ð4pe2ne=meÞ1=2 is the electron plasma frequency, me is the electron mass, and nei is an

effective collision frequency of electrons with the lattice (ions).

5.2.1.2 Transient Ionization in the Laser Field

For low laser intensities most dielectrics are transparent for incident wavelengths down to the

ultraviolet range. Low absorption implies that large real and small imaginary parts characterize the

complex dielectric function at low laser intensity. An increase in the laser intensity, and as a result

an increase in the energy available for electron excitation, leads to ionization of the target in a skin

layer by single-photon ionization, multiphoton ionization, and ionization by electron impact

(avalanche ionization). The imaginary part, and hence the absorption, thus increases due to

ionization. The degree of ionization increases with increasing laser intensity and with decreasing

laser wavelength.

It has been shown [Perry et al., 1999; Gamaly et al., 2002; Pronko et al., 1998] that the relative

role of impact ionization and multiphoton ionization depends dramatically on the relation between

the electron quiver energy in the laser field and the ionization potential. Electron impact ionization is

the main ionization mechanism in the long (nanosecond) pulse regime. Multiphoton ionization

dominates the laser interaction at intensities above 1013–1014 W=cm2, which are characteristic of the

short-pulse regime, depending on the laser wavelength and the ionization potential of the material.

For a 100-fs pulse at 800 nm this corresponds to a laser fluence of �10 J=cm2. The ionization time

can be shorter than the pulse duration, in which case the ionization threshold depends on the laser

intensity and decreases with an increase in the photon energy.
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It is usual to suggest that the ionization (or optical breakdown) threshold is achieved when

the electron number density reaches the critical density corresponding to the incident laser wave-

length [Raizer, 1977; Kruer, 1987]. The ionization threshold for the majority of materials lies at

intensities between 1013 and 1014W/cm2 (at a laser wavelength l � 1mm) with a strong nonlinear

dependence on intensity. For example, for a silica target at an intensity of 2� 1013W=cm2,

avalanche ionization dominates, and the first ionization energy is not reached by the end of a 100-fs

pulse at 1064 nm. At 1014W/cm2 multiphoton ionization dominates and the full first ionization is

completed in the first 20 fs of the laser pulse. When the ionization is completed, plasma is formed in

the skin layer. This plasma has a free-electron density comparable to the ion (solid) density of about

1023 cm�3. Hence, for the derivation of scaling relations the electron number density (and thus the

electron plasma frequency) is considered to be constant and equal to the atomic number density.

5.2.1.3 Electron-to-Ion Energy Transfer Time

To achieve conditions for ablation, the average electron energy should increase from the initial value

at room temperature up to the Fermi energy EF, that is, up to several electron volts. The energy of an

atom (ion) to be ablated should exceed the binding atomic energy, Eb, which equals the energy of

evaporation per atom. The electron–electron equilibration time is of the order of magnitude of the

reciprocal electron plasma frequency, that is, � o�1
pe � 10�2 fs and hence is much shorter than any

pulse duration. Therefore the electron energy distribution during the heating process is close to

equilibrium and follows the evolution of the laser intensity in time, adiabatically adjusting to any

intensity changes.

The electron–ion collision frequency increases with temperature from the low-temperature limit

in the initial state where the lattice temperature dominates the electron–phonon interaction [Il’insky

and Keldysh, 1994]. In the opposite high-temperature limit the effective frequency of electron–ion

Coulomb collisions decreases with the electron temperature, and the electron temperature Te
dominates the electron–ion interaction [Kruer, 1987]. Thus, the effective collision frequency has a

maximum at a temperature approaching the Fermi energy. Following the references [Perry et al.,

1999; Eidmann et al., 2000; Gamaly et al., 2002], it seems reasonable to assume that nei 
 ope in the

energy range around the Fermi energy for further estimates of the ablation threshold. One can use the

following interpolation for the frequency of the momentum transfer in electron–ion collisions for a

nonideal plasma in the temperature range Te Eb:

nei 
 n
Te

Eb

� ��3=2

n 
 ope ð5:2Þ

It is convenient to scale temperature with the binding energy Eb. Thus, under the ablation conditions

for which Te  Eb the inequality holds nei � ope � o. Therefore the electron mean free path is

much smaller than the skin depth. That is, the conditions for the normal skin effect to be valid are

justified, and one can use the exponential spatial dependence for the field. The electron–ion energy

transfer time in dense plasmas can be expressed through the collision frequency as

tei 

M

me

o�1
pe ð5:3Þ

Taking Cu as an example (Mcu ¼ 63:54 au, ne ¼ 0:845� 1023 cm�3, ope ¼ 1:64� 1016 s�1), we

estimate the ion heating time as tei ¼ 7� 10�12 s, which is in agreement with the values suggested

in the literature [Malvezzi et al., 1986; Luther-Davies et al., 1992; Perry et al., 1999; Eidmann et al.,

2000]. A similar estimate for silica yields 6:4� 10�12 s. These estimates demonstrate that the ions

remain cold during a subpicosecond laser pulse for both metals and dielectrics. For this reason one

can apply a steplike plasma density profile for the laser absorption calculations as we will consider

explicitly in the next section.
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Now, let us estimate the electron heat conduction time. The electron thermal diffusion coefficient,

D, is expressed through the effective collision frequency as follows [Lifshitz and Pitaevskii, 1981]:

D ¼ le
ne

3

 n2e

3ope

ð5:4Þ

here le and ve are the electron mean free path and velocity, respectively. The electron heat conduction

time theat, which is the time for the electron temperature smoothing across the skin depth ls, now

becomes

theat 
 l2s=D ð5:5Þ

For copper (ls ¼ 67:4 nm at 780 nm, D � 1 cm2=s) the electron heat conduction time becomes

theat � 45 ps. Thus, all the absorbed energy is confined in the electron component during the laser–

matter interaction time with subpicosecond and picosecond pulses, and the energy losses are

negligible.

5.2.1.4 Absorption Mechanisms

At intensities above 1014 W=cm2 the ionization time for a dielectric is just a few femtoseconds,

typically much shorter than the pulse duration of � 100 fs. The electrons produced by ionization in

dielectrics then dominate the absorption in the same way as the free carriers in metals, and the

characteristics of the laser–matter interaction become independent of the initial state of the target. As

a result, inverse Bremsstrahlung and resonance absorption (for p-polarized light at oblique

incidence) become the major absorption mechanisms for both metals and dielectrics.

We have shown in the previous section that near the ablation threshold the following conditions

hold: nei � ope > o. The link between dielectric function and refractive index can be simplified in

accordance with relations [Landau et al., 1984]:

e0
 o2

o2
pe

e00 
 ope

o
1þ o2

o2
pe

 !�1

n ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e02 þ e002

p

2
þ e0

2

 !1=2

k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e02 þ e002

p

2
� e0

2

 !1=2

¼ e00

2n

ð5:6Þ

The absorption coefficient then immediately follows from the Fresnel formulas:

A ¼ 1� R 
 4n

ðnþ 1Þ2 þ n2
ð5:7Þ

and the skin depth (absorption depth) becomes

ls ¼
c

o k

 2c2

oope

� �1=2

1þ o2

o2
pe

 !1=2

ð5:8Þ

The ratio of the absorption coefficient to the skin depth (a weak function of material properties

[Rozmus and Tikhonchuk, 1990; Luther-Davies et al., 1992] ) that enters into calculations of the

electron temperature below becomes

A

ls

 2o

c
1þ 1

n
þ 1

2n2

� ��1

ð5:9Þ
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The function in brackets depends weakly on the material and laser parameters. For example, for

copper ablation at 780 nm (o ¼ 2:415� 1015 s�1; ope ¼ 1:64� 1016 s�1) it has the value 0.585,

while for gold ablation at 1064 nm (o ¼ 1:77� 1015 s�1; ope ¼ 1:876� 1016 s�1) the value is 0.65.

Thus, we assume in further estimates that

A

ls

 2o

c
¼ 4p

l

5.2.1.5 Electron Temperature in the Skin Layer

The energy conservation law for conditions of theat,tei > tp takes the simple form of an equation for

the change in the electron energy (or temperature Te) due to absorption in a skin layer [Gamaly and

Tikhonchuk, 1988; Rozmus and Tikhonchuk, 1990, 1992; Luther-Davies et al., 1992]:

ceðTeÞne
@Te
@t

¼ � @Q

@x
Q ¼ AI0 exp � 2x

ls

� �
ð5:10Þ

where Q is the absorbed energy flux in the skin layer, A ¼ I=I0 is the absorption coefficient,

I0 ¼ cE2=4p is the incident laser intensity, and ne and ce are the number density and the specific heat

of the conducting electrons. The integration of Eq. (5.10) yields

Te ¼
4

3

AI0 t

lsne
exp � 2x

ls

� �
Te 
 EF ð5:11Þ

The relationship expressed in Eq. (5.11) represents an appropriate scaling law for the electron

temperature in the skin layer. The energy conservation law in one dimension yields

Z1

0

3

2
neTeðxÞdx ¼ AF � Fa ¼ I0tp ð5:12Þ

where Fa denotes the absorbed laser fluence (energy density per unit area). The experimental data

correlate well with the prediction of Eq. (5.11). For example, the estimate of the skin depth in a

copper target irradiated by a Ti : sapphire laser (l ¼ 780 nm, o ¼ 2:415� 1015 s�1;

ðneiÞ 
 ope ¼ 1:64� 1016 s�1, ne ¼ 0:845� 1023 cm�3) gives ls ¼ 69 nm. The maximum electron

temperature at the surface of the copper target under a fluence AI0tp ¼ 1 J=cm2 reaches Te ¼ 7:5 eV,
which is close to the Fermi energy for copper.

5.2.2 Ablation Mechanisms

An atom (ion) can be removed from a solid (ablated) if its total energy exceeds the binding energy

(i.e., the energy of vaporization per particle), Etotal > Eb. The kinetic energy of a free particle should

be Ekin ¼ ðEtotal � EbÞ > 0 allowing the atom (ion) to leave the solid. This is a general case of

nonequilibrium ablation by ultrashort laser pulses. Two nonequilibrium ablation mechanisms occur

depending on the relation between pulse duration and relaxation times and on the absorbed energy—

electrostatic ablation and nonequilibrium ablation at T  Eb.

Ablation can also proceed under equilibrium conditions at T < Eb when the energy distribution

is Maxwellian. This is the case of conventional thermal evaporation when only a few particles with

energy  Eb from the high-energy tail of the equilibrium distribution can be removed from a solid.

In either case the removal of atoms requires the atom (ion) to acquire energy equal to the binding

energy. We consider all these cases below.
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5.2.2.1 Electrostatic Ablation

The electrons in the skin layer can gain energy exceeding the threshold energy required to leave a

solid target during the pulse. All energy losses due to electron–ion Coulomb collisions and heat

conduction are negligible for an ultrashort pulse that complies with the conditions theat, tei > tp. As

a result energetic electrons can escape the solid and create a strong electric field due to charge

separation from the parent ions. The magnitude of this field depends directly on the electron kinetic

energy Ee � ðTe � EescÞðEesc is the work function) and on the gradient of the electron density along

the normal to the target surface, assuming one-dimensional expansion. The force of the electric field

applied to the cold ions is associated with the gradient of the electron pressure. The field due to

charge separation, or the gradient of electron pressure, pulls ions out of the solid target if the electron

energy is larger than the binding energy Eb of ions in the lattice. The maximum energy of ions

dragged from the target reaches EiðtÞ 
 ZEeðtÞ 
 ZðTe � Eesc � EbÞ.
It has been shown in Gamaly et al., [2002] that when the laser fluence exceeds the ablation

threshold the time necessary for an ion to acquire such energy is comparable and even shorter than

the pulse duration. For example, for copper at F ¼ 1 J=cm2 this time is less than 40 fs. This

electrostatic acceleration of ions is well known from studies of plasma expansion and has been

termed ‘‘electrostatic ablation’’ [Gamaly et al., 2002] in applications of ablation of solids by

ultrashort pulses. Under nonequilibrium conditions close to and above the ablation threshold,

electrostatic ablation is the only ablation mechanism occurring during the laser pulse because there

is no time for equilibration of the electron and ion temperatures, the ions remain cold and

conventional thermal ablation is negligible.

Two processes are responsible for terminating electrostatic ablation: a space charge that builds up

in the plasma plume and two-dimensional effects associated with plume expansion. The

characteristic time for the electrostatic ablation is comparable to subpicosecond pulse duration

and usually lasts � 100 fs.

5.2.2.2 Nonthermal Ablation (T>Eb)

To establish an equilibrium energy distribution for the ions (atoms) several processes should be

completed. First, the absorbed energy should be transferred from the electrons to the ions. Second,

ion–ion collisions should establish an equilibrium distribution and this requires the occurrence of

many collisions. Third, the ion ablation rate should be lower than the thermal velocity of the ions.

One can see that at some value of the absorbed intensity, Ia, the ablation velocity exceeds the sound

velocity, nabl > ns ¼ ðT=MaÞ1=2, which is responsible for establishing the equilibrium distribution

by means of atom–atom (or ion–ion) collisions. Thus, the rate at which the solid is transformed into

vapor is higher than the equilibration rate. Hence the equilibrium has no time to be established, and

therefore evaporation (ablation) proceeds in a nonequilibrium fashion.

5.2.2.3 Thermal Ablation (Evaporation) (T <Eb)

After the pulse ends when conditions in a target and in the vapor are close to those in equilibrium, the

ablation characteristics can be estimated by results taken from conventional thermodynamics.

Thermal evaporation takes place when the saturated vapor is in thermodynamic equilibrium with a

solid, and the evaporation process is stationary. The ablation rate (the number of ablated atoms per

square centimeter per second) in these conditions can be estimated on the basis of thermodynamics

as the equilibrium evaporation rate of a solid into vacuum [Landau and Lifshitz, 1980]:

ðnavaÞequilibrium / nvap
2T

M

� �1=2

exp �Eb

T

� �
ð5:13Þ

where nvap is the density of the saturated vapors close to the solid–vapor interface. Thus, only

particles with energy4Eb from the high-energy tail in the Maxwellian distribution [Landau et al.,

1984] can leave the solid. However, caution should be exercised when applying thermodynamic
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relations to laser ablation with short pulses because conditions in the expanding plume are usually

far from equilibrium.

5.2.3 Ablation Thresholds

The definition of ablation threshold has an obvious physical limit: At least one atom should be

removed from the target surface to mark the beginning of the ablation process. The ablation

threshold under conditions when the focal spot diameter is much larger than the absorption depth is

thus defined as removal of one atomic monolayer.

5.2.3.1 Ablation Threshold for Metals (theat,sei> tp)

The minimum energy that an electron needs to escape from a solid equals the work function. To drag

an ion out of the target, the electron must have an additional energy equal to or larger than the ion

binding energy. Hence, the ablation threshold for metals can be defined by the following condition:

The electron energy in the surface layer d � ls by the end of the laser pulse must reach a value equal

to the sum of the atomic binding energy and the work function. Using Eq. (5.11) for the electron

temperature, we obtain the condition to reach the ablation threshold as

Ee ¼ Eb þ Eesc ¼
4

3

AI0tp

lsne
ð5:14Þ

The threshold laser fluence for ablation of metals is then defined as the following:

Fm
th � I0tp ¼

3

4
ðEb þ EescÞ

lsne

A
ð5:15Þ

We assume that the number density of the conducting electrons is unchanged during the laser–matter

interaction process. After inserting A=ls ¼ 4p=l into Eq. (5.15) the approximate formula for the

ablation threshold takes the following form:

Fm
th � I0tp 


3

8
ðEb þ EescÞ

cne

o
� 3

8
ðEb þ EescÞ

lne

2p
ð5:16Þ

Equation (5.16) predicts that the threshold fluence is proportional to the laser wavelength: Fth � l.

We demonstrate later that this relationship agrees well with the experimental data.

5.2.3.2 Ablation Threshold for Dielectrics (theat,sei> tp)

Although the ablation mechanism for ionized dielectrics is similar to that for metals, there are distinct

differences however. First, additional energy is needed to create the free carriers, that is, to transfer the

electrons from the valence band to the continuum. Therefore, energy equal to the ionization potential,

Ji, should be delivered to each valence electron. Second, the number density of free electrons depends

on the laser intensity and time during the interaction process. However, if the intensity during the

pulse exceeds the ionization threshold, then the first ionization stage is completed well before the end

of the pulse, and the number density of free electrons saturates at a level ne � na, where na is the

number density of atoms in the target. Under such conditions the threshold fluence for ablation of

dielectrics, taking into account the above corrections, is defined as follows:

Fd
th ¼

3

4
ðEb þ JiÞ

lsne

A
ð5:17Þ

Therefore, as a general rule, the ablation threshold for a dielectric in the ultrashort laser–matter

interaction regime must be higher than that for metals, assuming that all the atoms in the interaction
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zone are at least singly ionized. Because the absorption in the ionized dielectric also occurs in a skin

layer, one can use the relation ls=A 
 l=4p to obtain rough estimates and scaling relations.

Another feature of the ablation thresholds defined above for the case theat, tei > tp is that they do

not depend explicitly on the pulse duration and intensity. However, we have presented just a first-

order approximation. Certain dependencies, though weak, are hidden in the absorption coefficient

and in the number density of free electrons.

An intermediate regime occurs for conditions tei, theat < tp for laser pulse durations tp > 0:5 ps
and at the intensities less than 1011 W=cm2, where heat conduction should now be taken into

account. The thickness of target layer heated during a pulse longer than a picosecond becomes

ls=2þ lheat. Here lheat ¼ ðDtpÞ1=2 is the heat diffusion depth, D is the heat diffusion coefficient

defined by Eq. (5.4). The ablation threshold for this case can be obtained with the help of Eq. (5.15),

by replacing ls=2with ls=2þ lheat:

Fm
th 


3

2
ðEb þ EescÞ

ne

A

ls

2
þ lheat

� �
ð5:18Þ

The well-known t1=2p time dependence for the long-pulse threshold fluence [Afanasiev and Krokhin,

1971; Anisimov et al., 1971] immediately follows from this equation in the limit ls= � lheat:

Fth 

ðDtpÞ1=2Ebna

A
ð5:19Þ

Thus, formulas for the ablation thresholds for ultrashort and long laser pulses are naturally linked as

a continuous function of the pulse duration.

5.2.3.3 Comparison to the Experimental Data

Below we compare the above formulas to the experimental data. Where it is available, we present the

full span of pulse durations from the femtosecond to nanosecond range for ablation of metals and

dielectrics.

Metals We apply Eq. (5.15) for calculation of the ablation threshold for copper and gold targets

ablated by 780-nm laser radiation. The copper parameters are: density 8.96 g/cm3, binding energy

(heat of evaporation per atom) Eb ¼ 3:125 eV=atom, Eesc ¼ 4:65 eV=atom, and na ¼ 0:845�1023

cm�3. The calculated threshold Fth � 0:51 J=cm2 (for A ffi 1) is in agreement with the experimental

figure 0.5–0.6 J/cm2 given in Gamaly and Tikhonchuk [1988], though the absorption coefficient was

not specified. For long-pulse ablation taking into account the thermal diffusivity of copper of

1.14 cm2/s it was predicted Fth½J=cm2� ¼ 0:045� ðtp½ps�Þ1=2 [Gamaly et al., 2002].

For a gold target (Eb ¼ 3:37 eV=atom, Eesc ¼ 5:1 eV, ne ¼ 5:9� 1022 cm�3) ablated by a laser

wavelength of 1053 nm, the ablation threshold from Eq. (5.15) is Fth ¼ 0:5 J=cm2. That figure

should be compared to the experimental value of 0:45� 0:1 J=cm2 [Stuart et al., 1996]. For long-

pulse ablation assuming the constant absorption coefficient of A ¼ 0:74, one finds for gold

Fth½J=cm2� ¼ 0:049� ðtp½ps�Þ1=2 [Gamaly et al., 2002]. We should note here that for the long pulses

we take 1.3 cm2/s for the value of thermal diffusivity, which corresponds to equilibrium conditions

with an ion-dominated heat capacity. The experimental points from Stuart et al. [1996] and the

calculated curve are presented in Figure 5.1.

Fused Silica An estimate for the ablation threshold for silica from Eq. (5.17) taking ne ffi 7�
1022 cm�3, (Eb þ JiÞ ffi ð3:7þ 13:6Þ eV [Sosman, 1965] using a laser at l ¼ 1053 nmðo ¼ 1:79�
1015 s�1; and ls=A � 1:6� 10�5 cm) gives Fth ¼ 2:35 J=cm2, which is in qualitative agreement with

the experimental figures �2� 0:5 J=cm2 [Perry et al., 1999]. Equation (5.17) also predicts the

correct wavelength dependence of the threshold: Fth ¼ 1:84 J=cm2 for l ¼ 825 nm and Fth ¼ 1:17
J=cm2 for l ¼ 526 nm (cf. Fig. 5.2). The experimental threshold fluences for subpicosecond laser
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pulses [Perry et al., 1999] are: 2� 2:5 J=cm2ðl ¼ 1053 nmÞ,� 2 J=cm2ðl ¼ 825 nmÞ, and 1.2� 1.5

J=cm2ðl ¼ 526 nmÞ.
Using the following parameters for fused silica at a wavelength of 825 nmðD ¼ 0:0087 cm2=s,

Eb ¼ 3:7 eV=atom, na ¼ 0:7� 1023 cm�3, and A � 3� 10�3Þ, one obtains a good agreement with

the experimental data shown in Perry et al. [1999] for laser pulse durations from 10 ps to 1 ns. For the

long-pulse regime the following relation holds: Fth½J=cm2� ¼ 1:29� ðtp½ps�Þ1=2 (see Fig. 5.3). The

ablation threshold of 4.9 J/cm2 for fused silica for laser parameters tp ¼ 5 fs, l ¼ 780 nm, intensity

� 1015 W=cm2 has been reported in Lenzner et al. [1999]. This value is almost three times higher
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Figure 5.1 Threshold laser fluence for ablation of gold targets versus laser pulse duration [Gamaly et al.,

2002]. The experimental points are from Stuart et al. [1996].
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Figure 5.2 Threshold fluence for laser ablation of fused silica target as a function of the laser wavelength for

subpicosecond laser pulses [Gamaly et al.,[2002].
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than that of Perry et al. [1999] and Stuart et al. [1996] and from the prediction of Eq. (5.17).

However, the absorption coefficient as well as the prepulse to main pulse contrast ratio was not

specified in Lenzner et al. [1999].

In Sokolowski-Tinten et al. [1998] a crater of depth 120 nm was drilled into BK7 glass by a

100-fs 620-nm laser pulse at an intensity of 1:5� 1014 W=cm2. Assuming that the number density,

the binding and ionization energies in the BK7 glass target are similar to fused silica, we can

estimate the ablation depth and on this basis predict the threshold value of 1.0 J/cm2. This is in

reasonable agreement with the measured value in Stuart et al. [1996]: Fth ¼ 1:4 J=cm2, while

Eq. (5.17) predicts Fth ¼ 1:34 J=cm2.

We note that the most reliable experimental data for the ablation threshold are those obtained by

extrapolation of the experimental dependence of the ablated depth versus the laser fluence to the ‘‘zero’’

depth value. As one can see from the above comparisons, the experimental data on the ablation

threshold determined in this way are in excellent agreement with the formulas presented above. It

should be particularly emphasized that there are no fitting parameters in the calculations presented here.

5.2.4 Ablation Rate, Mass, and Depth

The energy deposited in the skin layer is transported inside the bulk of a target in the form of heat or

a shock wave depending on the relationship between laser and material parameters. The ablation

wave closely follows the heat (or shock) front. It is appropriate to present the ablation front as a

discontinuity where the conservation laws for mass, momentum, and energy are fulfilled in a close

analogy with the similar conditions at the shock wave front [Afanasiev and Krokhin, 1971]. All

parameters at the ablation front are directly related to the laser parameters via conservation laws.

These relations allow maximum values to be obtained for the ablation rate, ablated mass and depth

compatible with conservation laws as functions of laser and material parameters. For example, the

maximum ablation velocity (and ablation rate) follows from the energy flux conservation [Afanasiev

and Krokhin, 1971]:

vabl �
Ia

nEb

ðnvÞabl �
Ia

Eb

ð5:20Þ
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Figure 5.3 Threshold laser fluence for ablation of a fused silica target versus laser pulse duration [Gamaly

et al., 2002].
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Here Ia is the absorbed laser intensity, n is the atomic number density in a target. The ablation depth

per pulse then immediately follows from the ablation rate:

labl �
Iatp

nEb

¼ Fa

nEb

ð5:21Þ

The ablated mass per pulse can be obtained from

mabl ¼ SfoclablMn ¼ AElasM

3Eb

ð5:22Þ

Here Sfoc and Elas ¼ Fa � Sfoc are, respectively, the focal spot area and laser energy per

pulse; M is atomic mass of the target material. The only conclusion on the ablation time, tabl,

that follows from the conservation laws is that it should be longer than the pulse duration tabl > tp.

It was implicitly assumed above that the whole absorbed energy is entirely spent on ablation. Taking

into account the energy expended on ionization, as kinetic and thermal energy reduces the ablation

rate, ablated mass, depth, and velocity while the ablation time increases. These corrections can be

found for the different transient ablation regimes listed above. However, all the above formulas allow

for direct comparison with experimental data as we demonstrate below. They are also helpful in

interpretation and planning of the experiments.

The mass ablated during the thermal stage mth
abl ¼ MSfoc

R1
t0

ðniviÞeqdt can be calculated by Eq.

(5.13) taking the time dependence of the temperature after the end of the pulse. One can see that this

mass is much less than that ablated during the nonthermal stage due to the presence of the small

exponential factor.

5.2.5 Atomization of Laser Plume: Spatial Pulse Shaping

In applications of laser ablation for the deposition of thin films it is necessary to control the

composition of the laser-produced plume. It is well known that laser plumes containing macroscopic

particles and liquid droplets result in a poor-quality deposited film. This is a major obstacle for many

potentially attractive industrial applications of PLD. In this section we present a simple way to

control the composition of the plume and to achieve the fully atomized gas phase by a single

subpicosecond laser pulse.

There are two major reasons for the plume to have a more complex composition. The first relates

to the spatial intensity variations across the laser focal spot. There are a variety of processes that

transform the state of a target exposed to a pulse of intense laser radiation, and the onset of all these

processes depends on the incident laser intensity. The processes that appear progressively as the laser

intensity increases are structural phase transitions, destruction of the target integrity (appearance of

cracks, flaking of the surface), melting, ablation, and finally ionization. The spatial intensity

distribution across the focal spot usually has a Gaussian-like form. Therefore a plume produced by a

laser with such intensity variations can contain material in different phase states: gas, melt, and so

forth.

Another source of the liquid droplets in the plume is condensation of vapor during the expansion.

As a result, a plume arriving at the substrate consists of a mixture of gas and liquid phases.

Therefore, to ensure that deposition at a substrate occurs from a homogeneous gas plume one needs

two conditions to be fulfilled: (1) the local fluence at every point across the focal area should exceed

the ablation threshold, and (2) the conditions that maintain the expanding plume in the gas phase

should be satisfied. Below we formulate both conditions and demonstrate their implementation in an

experiment.
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5.2.5.1 Local Energy Thresholds for the Phase Transitions

First, we take into account the spatial distribution of the absorbed energy over the target surface.

Equation (5.11) becomes

Eeðr; x; tÞ ¼
2Fðr; tÞ
nels

exp � 2x

ls

� �
ð5:23Þ

where Fðr; tÞ ¼ fðrÞ
R t
0
Aðt0ÞIðt0Þdt0. The r coordinate corresponds to the distance from the center of

a circular focal spot on the target surface, while the x coordinate is normal to the surface; f(r) is a

dimensionless function (e.g., Gaussian-like) describing the axially symmetric spatial distribution.

The absorbed energy in a monoatomic surface layer with thickness da ¼ n�1=3
a � ls at the end of the

laser pulse becomes

Eeðr; x; tÞ 

2Fðr; tpÞ
nels

ð5:24Þ

We define a local threshold, which depends on position within the focal spot, for any laser-induced

transformation of the material using the condition that the absorbed energy defined by Eq. (5.24)

equals the energy, etransf , required for the particular phase transformation [Gamaly et al., 2002]:

Etransf ¼ Ee ffi
2Fðr; tpÞ
nels

ð5:25Þ

It is obvious that the threshold energy density (fluence), Fthr ¼ AIthr � tp � Etransf , scales with the

characteristic energy required for the particular type of phase transition. For example, the ratio of

ablation threshold to the melting threshold equals the ratio of the heat of vaporizationHvap to the heat

of melting Hmelt. This ratio varies for most materials within a range � 5–30. For example, for a

silicon target used in the experiments below Hvap ¼ 10:6 kJ=g; Hmelt ¼ 1:66 kJ=g [Weast and Astle,

1981], and Hvap=Hmelt ¼ 6:4:
One can see that to control the phase state of the plume, energy in excess of the phase transition

threshold should be deposited. This condition emphasizes that the threshold energy should be

significantly higher than that required to just break the interatomic bonds. Sufficient kinetic energy

should be additionally delivered to an unbound atom to remove it from the solid and maintain it in

the desired vapor state. The production of a droplet-free deposition process imposes the additional

condition that the gas state of the vapor should be effectively collisionless.

5.2.5.2 Criterion for Total Atomization of Ablated Plume

The energy threshold for total atomization of the ablated plume can be calculated on the basis of

thermodynamic arguments similar to those used to derive the criterion for complete vaporization of

material by strong shock waves [Zel’dovich and Raizer, 2002]. The deposited laser energy is used to

break the interatomic bonds and also provides the kinetic energy to the expanding plume. The

magnitude of the kinetic energy sufficient to keep the expanding plume in a gaseous state containing

noninteracting atoms determines the absorbed energy threshold for target atomization. Let us

consider briefly the required level of laser fluence, Fatom, for total atomization of the target material

with subpicosecond laser pulses.

The equation of state of the ablated material in conditions close to that for the solid–vapor phase

transition can be presented as a sum of the elastic pressure (related exclusively to the interatomic

interaction) and the thermal pressure:

E ¼ EcðVÞ þ csTN

P ¼ Pth þ Pc ¼ cs
NT

V
�ðVÞ þ Pc

ð5:26Þ
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The elastic (‘‘cold’’) pressure, Pc ¼ �dEc=dV (and the corresponding energy, Ec), is temperature

independent. The Gruneisen coefficient, �ðVÞ > 0, changes from �2 for the solid state to 2
3
for the

ideal gas during the evaporation process. By definition, the integral over the cold pressure from

initial volume to infinity equals the binding energy:

�
Z1

V0

PcðvÞ dV ¼ Eb ð5:27Þ

The important practical issue of target ablation and further expansion of vapor relates to the

definition of the phase state of the ablated matter in the different areas of phase space in P,n or T,n

planes. The material is swiftly elevated to high temperature under the action of a short powerful

laser pulse while the initial density remains unchanged. The phase states of the expanding ablated

material lie along curves for adiabatic expansion (entropy is conserved during expansion), as shown

in Figure 5.4. If the initial temperature of expansion is lower than a specific value defined below, the

expansion curves cross the phase equilibrium curve that separates the states of a single phase from

the states with a mixture of phases. The states above the first adiabatic curve touching the critical

point represent the atomic state of a homogeneous phase at V > V0ðn< n0Þ.
The pressure at the equilibrium solid–vapor interface grows with the temperature increase until

the critical point. The boiling curve in PT plane ends in a critical point, at Pcr and Tcr. The critical

point is the maximum of the phase equilibrium curve in PV and TV planes. The difference between

the solid, the melt, and the vapor ceases to exist in a critical state, that is, the density of all phases has

the same value, Vcr. Although the critical values are poorly known for many materials, it has

been established, however, that Tcr constitutes a small fraction of the binding energy, usually

Tcr � ð0:1–0:2ÞEb [Zel’dovich and Raizer, 2002].

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

N
or

m
al

iz
ed

 p
re

ss
ur

e

V/V0

gas phase

critical point

liquid
mixture of phases

solid

Figure 5.4 P-V diagram of vapor states in the plume at various levels of absorbed laser energy and thus at

different initial normalized pressures. The total atomization (gas phase) is achieved when the P-V curve is above

the critical point and above the curve of phase equilibrium (the Clapeyron–Clausius equation) between the

mixture of phases and the gas phase (dashed curve).
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The adiabatic curve, which separates the single-phase area from the mixture of phases, and the

phase equilibrium curve have only one common point, that is, the critical point. One can find the

initial temperature for a material at initial density that begins to expand along this adiabatic curve by

applying the above condition with the help of (5.26):

Pcr ¼ csncrTcr�ðncrÞ þ PcðncrÞ ð5:28Þ

The critical and initial parameters are linked through the equation of adiabatic expansion:

Tcr

T0
¼ ncr

n0

� ��ðncrÞ
ð5:29Þ

We remember here that the density-dependent Gruneisen coefficient, �, plays the same role as the

adiabatic constant, � � g� 1. Note that at the critical point, vapor is described as an ideal gas,

�ðncrÞ � 2
3
. Now the initial temperature, T0, of a laser-excited solid that should pass through the

critical point during adiabatic expansion is easily expressed through the critical parameters from

Eqs. (5.27)–(5.29):

T0 ¼
3

2

Pcr þ PcðncrÞj j
csncr

n0

ncr

� �2=3

ð5:30Þ

The critical parameters, at least in principle, can be related to the binding energy and initial density

[Zel’dovich and Raizer, 2002; Landau and Lifshitz, 1980]. For example, using known experimental

data for aluminium [More et al., 1988] and interpolation for the ‘‘cold’’ pressure one obtains:

Pcr ¼ 1:84 kbar ffi 5:55� 10�3 Ebn0; n0=ncr � 26 and PcðncrÞj j 
 0:015Ebn0 . Thus, the adiabatic

expansion curve for aluminium touching the phase equilibrium curve at the critical point must start at

T0 � 4:9� Eb (where T0 is the maximum temperature at the end of the laser pulse), in agreement

with the qualitative estimates from Gamaly et al., [2004]. The practical conclusion from this result is

that the aluminium skin layer heated homogeneously to T0  5Eb at its initial density then expands

adiabatically in a homogeneous state of atomic vapor. Accordingly, all states of expansion starting at

lower temperature shall cross the phase equilibrium curve inevitably entering into states containing a

mixture of phases. A similar qualitative conclusion for atomization of the ablated plume can be made

for all solids because the binding energy for most solids lies in the range of 2–5 eV.

Thus, energy approximately 3–5 times larger than the binding energy should be deposited into a

solid, Eth � 3Eb, to transform the target into a fully atomized gas. We should note here that the exact

value of the above numerical coefficient depends strongly on the equation of state in a range

V0 < V < Vcrit for a particular material. Therefore, the laser energy density necessary to transform

the ablated material into the atomized vapor should comply with the following condition:

Fatom > 4Fthr.

The qualitative dependence of normalized pressure, P=ðEb=V0Þ on normalized volume (V=V0)

during the adiabatic expansion starting at the same initial density n ¼ V�1
0 and with the different

initial normalized pressure (3, 2, 1). The dashed curve corresponds to the states of phase equilibrium

(Clapeiron–Clausius curve). This curve separates the states representing the mixture of phases

(at P < Pcrit) from the states of a homogeneous phase or atomized vapors (at P > Pcrit). We should

stress that this function is poorly known for most materials. One clearly sees from Figure 5.4 that the

expansion from the initial state with energy E > 5Eb keeps the expanding vapor in a gas state while

at a lower initial energy a mixture of states is unavoidable.

5.2.5.3 Surface Damage and Evaporation

If the total deposited laser energy is close to the binding energy, Etotal � Eb, then the heated target

experiences only a small density decrease from the normal solid density. The pressure in the material
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in this case is comparable to the bulk modulus. Therefore, the final state of the target affected by the

laser at this energy level might be considered as ‘‘damaged’’, resulting in the formation of cracks,

flakes, delamination of the surface, and so forth, depending on the presence of defects and impurities

in the initial state of the target. If the deposited energy is in a range Eb < Etotal < ð3–5ÞEb, then the

final state of the expanding vapor may fall within a region of the P-V plane where the mixture of

phases is energetically favorable (Fig. 5.4). This leads to condensation of vapor into liquid droplets.

We should keep in mind that the thresholds above were introduced locally, that is, different regions

of the beam can create different phase states depending on the local beam intensity. One should also

note that the energy estimates are rather conservative (overestimated) because they are based on the

assumption of thermodynamic equilibrium. In reality, and especially for short pulses, the expansion

time is shorter than the equilibration time. Therefore, the expansion of vapor proceeds in the kinetic

regime, and thus condensation processes are decelerated.

5.2.5.4 Optimum Pulse Profile for Atomization of the Plume

Temporal Shape of Short Pulses The chirped pulse amplification (CPA) technique [Maine

et al., 1988] commonly used for the generation of energetic subpicosecond pulses often produces a

prepulse containing a significant amount of energy. It is well known that to achieve the short-pulse

interaction mode a high-contrast ratio is required between the energy of the short pulse and the

prepulse. A detailed discussion of the methods for providing a high contrast ratio can be found in

Luther-Davies et al. [1992] and Wharton et al.[2001]. We note that efficient methods to suppress the

prepulse include gain narrowing, the use of a saturable absorber and frequency conversion.

There is an additional source of such a prepulse, namely amplified spontaneous emission (ASE)

from the laser amplifiers. The intensity contrast ratio of the main pulse/ASE is generally about 106,

while the duration of the ASE pulse can be of 0.2–2 ns [Luther-Davies et al., 1992; Wharton et al.,

2001]. For example, if the prepulse associated with the ASE is of nanosecond length, t �1 ns, and

A �1, then the intensity in the ASE prepulse of 108 W=cm2 can damage the target surface before the

main pulse arrives. Recently, ASE effects on femtosecond laser–matter interactions have been

revisited, and it was once more confirmed that the ASE could significantly affect the interactions of a

main short pulse with the target [Wharton et al., 2001]. To eliminate ASE the laser design must

include successive stages of amplification interspersed with spatial filters [Luther-Davies et al., 1992].

Spatial Shaping: ‘‘Top-Hat’’ Spatial Distribution To demonstrate the importance of the spatial

distribution of the laser intensity, we apply the above reasoning to the problem of obtaining efficient

atomization of an expanding plume produced by ablation of a material. First, we assume that the

temporal pulse shape is Gaussian and the pulse is free of ASE, prepulses and postpulses. In most

practical cases the laser intensity across the focal spot is assumed to have a Gaussian distribution

with axial symmetry (beam axis is at r ¼ 0):

fðrÞ ¼ exp � ln 2
r2

r2f

( )

The focal spot radius, rf , is defined by the condition fðrf Þ ¼ I=2. The part of the total energy

confined in a circle of radius r is given as follows:

Zr

0

fðr0Þpdr02
8
<
:

9
=
;

pr2f

ln 2

 !�1

¼ 1� exp � r2

r2f
ln 2

( )
ð5:31Þ

On the basis of the results of the previous sections one can estimate the phase state of the

ablated plume for any peak absorbed laser fluence. Choosing, for example, a laser fluence, AImtp,
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5 times larger than the ablation threshold (Fig. 5.5), one can easily calculate that only 20% of

the pulse energy goes into ‘‘full atomization’’ of the target material, and this occurs in the

beam area where F > 4Fthrð0 < r < 0:57rf Þ. The ‘‘mixture of phases’’ is produced where

Fthr < F < 4Fthr, and this region contains � 60% of the beam energy (0:57rf < r < 1:52rf ). The
part of the beam where the ‘‘surface damage’’ is most probable at F < Fthrðr > 1:52rf Þ consumes

�20% of the total absorbed laser energy. Therefore, the target area producing a mixture of phases

in the plume is about sixfold larger than that where total atomization occurs. Thus this plume is

highly likely to contain particulates or droplets and lead to the deposition of a contaminated film.

The ratio of the beam area producing a mixture of phases to that producing the fully atomized

vapor can be obviously reduced by increasing the peak fluence. For example, the part of absorbed

energy used up for full atomization of vapor increases by three times, from 20 to 60%, if the peak

absorbed fluence is increased from 5Fthr to 10Fthr (Fig. 5.5). Nevertheless incomplete atomization

still results.

Clearly, it is very difficult to obtain complete atomization using a Gaussian beam, and it is

obvious that it would be preferable to use a ‘‘top-hat’’ intensity distribution where the absorbed

fluence everywhere exceeds about four times the ablation threshold. A simple way to move toward

the top-hat profile is to truncate the low-energy wings in the spatial distribution with an aperture and

employ a relay-imaging focusing scheme to image the top-hat beam onto the target. Below we

describe the experimental procedure and experiments where this idea has been implemented in

femtosecond laser ablation of silicon [Gamaly et al., 2004].

5.2.5.5 Experiments: Ablation and Deposition of Silicon Films

by Spatially Shaped Pulses

Three series of deposition experiments were conducted using a 150-fs laser: (a) with the target

located at the focal spot at the maximum intensity; (b) with the target located at the image plane of

the 2.2-mm-diameter aperture; and (c) at the same target position but with the aperture removed.

Optical micrographs of the resulting films are shown in Figure 5.6.
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Figure 5.5 Gaussian beam profile in the focal spot with the maximum fluence of 5Fthr and 10Fthr. The beam

radius is measured in the units of FWHM radius. The increase of maximum fluence in the beam from 5Fthr to

10Fthr improves the energy utilized for total atomization from 20 to 60% and reduces the ‘‘mixture of phases’’

energy part from 60 to 30%. Accordingly, the target area producing total atomization (gas) phase in the plume is

increased four times.
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The analysis of these optical images revealed that the density of 1–10 mm droplets on the

substrate surface was above 1000 cm�2 when the target was positioned in the focal plane where the

absorbed laser fluence was AF ¼ 65 J=cm2 � 0:64 ¼ 41:6 J=cm2ðIabs ¼ 2:8� 1014 W=cm2Þ. By

placing the target in the image plane of the aperture, the maximum fluence of the truncated beam was

reduced to AF ¼ 1:6 J=cm2 � 0:64 ¼ 1 J=cm2ðIabs ¼ 6:8� 1012 W=cm2Þ. This eliminated droplets

almost totally from the deposited Si film: The density of droplets was reduced below 10 cm�2. To test

the influence of the low-intensity wings in the spatial pulse profile on droplet formation, another

deposition was performed with the target in the same position but with the aperture removed. The

density of droplets then increased to above 100 cm�2. This expriment provided a clear demonstration

that the low-intensity wings in the spatial distribution are responsible for the formation of droplets on

the deposited film surface.

Positioning the target in the image of the aperture may also eliminate the problem of droplet

formation from any prepulse. The effect of the prepulse could be estimated in the following way. The

measured 1-ns prepulse containing 12.7 mJ results at most in 5:4� 107 W=cm2 absorbed laser

intensity in the target before the arrival of the main pulse. The depth of the heat wave propagation,

lheat can be estimated as lheat ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi�atp�p

p
; here a is thermal diffusivity (aSi ¼ 0:85 cm2 s�1 [Weast

and Astle, 1981]) and tpp is the prepulse duration, thus lheat ¼ 0:29mm. This leads to a maximum

absorbed energy in the heated volume below the target surface of 1:26� 103 J=g. This value is below
the heat of melting of 1:66� 103 J=g for Si [Weast and Astle, 1981], thus the prepulse could not melt

the target in the focal spot before the arrival of the main subpicosecond pulse. However, the energy

of the prepulse would still be high enough to cause some material transformation such as, for

example, the formation of cracks, which may be the reason for the presence of a small number of

micron-size particles on the deposited film seen in the right image in Figure 5.6.

5.3 CUMULATIVE ABLATION OF SOLIDS BY HIGH-REPETITION-RATE

SHORT-PULSE LASERS

The interaction of pulse trains from megahertz repetition rate lasers with matter appears to be

significantly different from single-pulse interaction due to accumulation of the effects of successive

pulses. The number of pulses on the target surface at high repetition rate may reach thousands per

spot because the scanning speed of the laser over the target surface is normally too slow to physically

separate successive pulses (the time between the successive pulses for megahertz lasers is of the

order of hundreds of nanoseconds). This results in density accumulation from the remnants of

previous pulses in the vicinity of a solid surface.

The coupling between the successive pulses, when single-pulse energy is insufficient to produce

ablation, gradually transforms the laser–matter interaction into a regime where much stronger laser–

target coupling occurs that results in the ablation threshold being exceeded. Therefore, although the

(a) (b) (c)

Figure 5.6 Optical microscope images of Si film surfaces deposited under different focusing conditions of the

same laser beam: (a) Target is in the focal spot; the density of droplets is > 1000 cm�2; (b) target is in the image

plane of a 2.2-mm iris with � 20 demagnification; the density of droplets is reduced to �10 cm�2; and (c) target

is in the same image plane as in (b), the iris is open; the droplets density increases to �100 cm�2. A 10-mm scale

is shown on the left border of each image.
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first m pulses hitting the same target spot (from the total number of N pulses per spot) may transform

the target surface but lead to no substantial ablation, the remaining N-m pulses do produce ablation.

Thus, the ablation length averaged by the large number of pulses corresponds to an energy per pulse

lower than that for the single-pulse threshold.

The mechanisms for the coupling of successive pulses in ablation of metals and transparent

dielectrics with low heat conduction (such as silica and glasses) are different. We explain cumulative

ablation of metals by the gradual plume density and temperature increase in the vicinity of the target

surface due to slow thermal ablation between successive pulses. This buildup of temperature and

density leads to a change in the laser–matter interaction mode from absorption in the skin layer to

absorption on a plasma density gradient.

The time between pulses is too short for complete cooling of an irradiated spot on a transparent

dielectric to occur between successive pulses. Thus, in this case, the laser irradiates a spot already

heated by the previous pulses and the surface temperature gradually rises until it exceeds the

temperature required for evaporation. Thus, the energy accumulation within the target is the major

effect in cumulative ablation of poorly absorbing dielectrics. As a result, high-repetition-rate pulse

trains allow precise control over the temperature at the sample surface via the ‘‘dwell’’ time, allowing

ablation to occur under conditions when the single-pulse fluence is insufficient to ablate the material.

The cumulative effect in high-repetition-rate laser interaction with matter has been observed

during ablation of carbon by a laser with 76-MHz repetition rate [Rode et al. 1999]. The effects of

high-repetition-rate ablation that include smoothing of the spatial intensity distribution and

cumulative heating, have both been observed in ablation and deposition of chalcogenide glasses

[Rode et al., 2002]. Cumulative heating in the bulk of transparent glass was also reported in Schaffer

et al. [2003].

In this section we will consider briefly experiments on ablation of aluminum, copper, steel, lead,

and silicon targets with a 4.1-MHz pulse rate 10-ps mode-locked laser in air and in vacuum at

conditions above and below the single-pulse threshold.

5.3.1 Dwell Time and Number of Pulses per Focal Spot

Many laser pulses arrive at the same spot on the target surface at repetition rate of 1–100MHz. From

the known oscillation mode of the scanning mirrors one can easily estimate the maximum, tmax, and

minimum, tmin, near the turning points where the laser beam ‘‘dwells’’ over a focal spot of a

diameter, df , for a given scanning frequency,os, repetition rate Rrep, and scanning area of size a. The

laser beam spends the maximum time near the beam’s turning points because the scanning velocity

passes through zero while changing direction and because the beam crosses the same spot twice. For

simple harmonic oscillations the maximum dwell time is expressed as follows (ostmax � 1):

tmax ¼
4

os

df

a

� �1=2

ð5:32Þ

Similarly, the minimum dwell time near the center of a scanning area becomes

tmin ¼
df

aos

ð5:33Þ

For the conditions in our experiments (os � 60Hz; a � 15mm; df ¼ 25–125mm; Rrep ¼ 4:1MHzÞ
the number of laser pulses per spot varies from 115 in the middle of the scanning area for the

maximum fluence with a small spot, to � 2:5� 104 for the lowest fluence with the largest spot. In

deposition experiments with a 76-MHz repetition rate laser (df ¼ 25mm; a � 50mm; os � 100Hz)

the number of pulses per spot lies in a range from 38 to 7� 104 [Rode et al., 1999]. Therefore during

ablation by high (megahertz) repetition rate lasers using � 100Hz scanners, numerous pulses

interact with the same spot making the interaction regime drastically different from a single-pulse

interaction mode.
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5.3.2 Smoothing of the Evaporation Conditions on the Surface

There is an appealing effect connected with both the high-repetition pulse rate and the beam

scanning speed. A single laser pulse focused at a target surface produces a Gaussian intensity

distribution across the focal spot. If the maximum intensity of a single pulse only slightly exceeds the

ablation threshold, then the plume produced by such a pulse contains a mixture of phases: liquid

droplets, flakes, and the like. The spatial intensity distribution must be modified to control the phase

state of the ablated vapors as demonstrated earlier.

The use of a high repetition rate is, however, a natural way to improve the evaporation conditions

at the surface, and thus to produce a plume of homogeneous phase. Indeed, the scanning speed is

much lower than the repetition rate in experiments presented here. The laser beam moves less than

0.1 mm between two successive pulses. As a result, the spatial intensity distribution over the target

surface ‘integrates’ over time, and the evaporation conditions become almost homogeneous. All the

imperfections of a single beam are smoothed with the successive pulses heating the same surface

spot several times. As the result, it may be unnecessary to control the intensity distribution as

required for single-pulse irradiation.

5.3.3 Ablation in Air and in Vacuum

The results on ablation of metals and silicon targets under the experimental conditions above and

below the single-pulse threshold are presented in this section. Al, Cu, steel (Fe), Pb, and Si samples

were exposed to 25–26W of second-harmonic (532 nm) radiation from a mode-locked Nd :YVO4

laser with energy per pulse on the target surface Ep ¼ 6:5 mJ, pulse duration tp ¼ 13 ps, and

repetition rate 4.1MHz [Kolev et al., 2003; Luther-Davies et al., 2004]. The energy per pulse and

pulse duration were fixed while the focal area was varied from Sf ;min ¼ 5� 10�6 cm2 [df ¼ 25mm

FWHM (full width at half maximum)] to Sf ;max ¼ 1:2� 10�4 cm2 (df ¼ 124mm). This corresponds

to a range of fluences from 1.3 to 5:4� 10�2 J=cm2, and intensities from 1:0� 1011 W=cm2 to

4:2� 109 W=cm2. Ablation was performed in both air and vacuum.

The amount of material ablated during a 60-s exposure was measured by weighing the sample

with the accuracy of �10�4 g before and after ablation. The ablated mass per single pulse, mav, was

determined as the mass averaged over the 2:46� 108 pulses. For further analysis it is convenient to

introduce the ablation depth per single pulse as follows:

labl ¼
mav

Sfr
ð5:34Þ

here r is the target density and Sf is the focal spot area. The ablation threshold was determined from

the experimental data using the condition that the thickness of the ablated layer at the threshold

fluence should be equal to the thickness of one atomic layer. The measured ablation depths in air

and in vacuum for various materials as a function of the incident laser fluence are presented in

Figures 5.7 and 5.8. An unexpected conclusion follows from the measured data: the ablation

thresholds for all the solids studied were found to be noticeably lower than those for single-pulse

experiments [Gamaly et al., 2002]. The ablation experiments were also performed in vacuum to

clarify the role of air on the accumulation effect. It is instructive to discuss the results for metals and

silicon separately because the physical reasons for the accumulation of temperature and increase of

the laser–target coupling are different for these materials.

Metals The ablation threshold in vacuum is larger for all metals than that in air. Both curves for

ablation depth versus fluence, in air and in vacuum, merge at a fluence in excess of the single-pulse-

ablation threshold. Hence, we conclude that air increases the accumulation effect, most probably due

to enhanced thermal ablation as discussed above. Indeed, the temperature at the end of a single pulse

at a fluence value corresponding to the measured multipulse threshold varies from 0.24 eV for lead to
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Figure 5.7 Ablation depth as a function of fluence in experiments with Cu, Al, Pb, and Fe, in air (triangles) and

in vacuum (circles). Ablation threshold is determined here, tentatively, as the fluence required for the removal of

a single atomic layer (atomic layer thicknesses are also shown in the graphs).
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Figure 5.8 Ablation depth as a function of fluence in experiments with Si, in air (triangles) and in vacuum

(circles).
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1.59 eV for steel, in excess of the boiling temperature for these materials but less than the binding

energy, which is in a range of 1.795 eV (lead) to 3.695 eV (iron). Thus, thermal evaporation starting

after the first pulse under conditions where plume expansion is suppressed (keeping vapor density

and temperature higher than that for the saturated state) allows the ablation threshold for a single

pulse to be reached after several pulses.

Silicon The difference between the ablation threshold in air and in vacuum is small for silicon.

Therefore, the effect of suppressed plume expansion on the energy accumulation is insignificant.

Hence it is clear that compared to the metals, the low heat conduction losses dominate the

accumulation effect. Indeed, the cooling time for silicon is 2:5� 10�5 s equal to the time for � 100

successive pulses to arrive. The first pulse heats the sample to only several hundred kelvins. Thus,

successive pulses build up the temperature eventually creating the density gradient in the plume by

thermal evaporation, until the vapor is ionized, which leads to the change in the interaction mode to

that with a plasma. The temperature at the solid–plasma interface in the laser–plasma interaction

increases to the level exceeding the binding energy of 4.1 eV after approximately 100 pulses.

Efficient ablation then continues during the subsequent several hundred pulses after the laser–plasma

interaction regime has been established because the scan rate used allowed several thousand pulses

to hit the same spot in these experiments.

It follows from the experimental results and analysis presented above that high-quality thin films

of different materials including low absorbing dielectrics (absorption depth � mm) such as silicon in

the infrared (IR), silica, chalcogenide glasses, and sapphire can be deposited by using very high

repetition rate lasers (1–100MHz) by an appropriate self-consistent choice of laser wavelength,

repetition rate, and energy per pulse. The self-consistent combination of laser and material

parameters determines the optimum conditions for ablation and deposition. Control over the phase

state of a plume, the elimination of droplets, and high ablation rate can all be simultaneously

achieved and has already been demonstrated using silicon and chalcogenide glasses [Rode et al.,

2002; Gamaly et al., 2004].

5.4 EXPERIMENTAL RESULTS: DEPOSITION OF THIN FILMS BY

SHORT-PULSE MHz REPETITION RATE LASERS

In this section we present the experimental results on ablation and deposition of different

materials performed with megahertz repetition rate lasers. There are two sets of experiments. The

first set relates to ablation of carbon by a 76-MHz repetition rate laser under conditions when the

single-pulse energy was above the ablation threshold. The second set comprises ablation of

metals, silicon, and chalcogenide glasses by a megahertz repetition rate laser for conditions when

the energy of a single pulse is insufficient to produce ablation. We demonstrate that ablation

occurs due to the energy accumulation from the successive pulses hitting the same spot on the

sample. This new ablation mode allows ablation of any material including transparent

semiconductors at a very high ablation rate. The features of this new ablation mode and future

direction are discussed.

5.4.1 Deposition of Amorphous Carbon Films

The 76-MHz, 60-ps, 300-nJ pulses from a mode-locked Nd :YAG laser ðl ¼ 1:064 mmÞwere used in
these experiments [Rode et al., 1999]. The intensity on the target surface was 2:8� 109 W=cm2,

which corresponds to a fluence of 1.44 J/cm2, which is above the ablation threshold.

The number of particles visible with an optical microscope on the carbon film deposited

using this laser was less than one particle per square millimeter. Scanning electron micrograph

(SEM) images revealed that the deposited film had a very fine surface texture with nanoscale

irregularities. Atomic force microscopy (AFM) surface microroughness measurements revealed

a saturation-like behavior of the root-mean-square (rms) roughness almost at the atomic level
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(51 nm). Raman spectroscopy of the deposited films indicated that the films consisted of a

mixture of sp3 and sp2 bonded amorphous carbon. The thickness of the amorphous carbon film

deposited simultaneously on two 4-inch silicon wafers varied by only �5% over an area of

�250 cm2. The deposition rate was � 2–6 Å/s at a distance of � 150mm from the target, which is

10–30 times higher than that achieved with conventional high-energy low-repetition-rate

nanosecond lasers.

5.4.2 Deposition of Chalcogenide Glass Films

The films of chalcogenide glasses with atomically smooth surface were produced by ablating solid

glass targets in vacuum using a 7-W frequency-doubled mode-locked Nd :YAG laser (532 nm,

repetition rate 76MHz; 50 nJ/pulse; 60 ps; intensity on the target I ¼ 2:65� 108 W=cm2) [Rode

et al., 2002].

Awell-known advantage of the pulsed laser deposition technique is that it can result in accurate

transfer of the stoichiometry of a multicomponent target to a film deposited on a substrate. This is

particularly important in materials containing weakly bonded volatile components such as sulfur,

where thermal evaporation often results in marked changes in stoichiometry. High optical quality

As2S3 chalcogenide glass films have been deposited using the high-repetition-rate laser [Rode et al.,

2002]. The surface of the deposited films was at the atomic level with rms roughness of the order of

0.42 nm. The resulting films were highly photosensitive and could be used without thermal annealing

for waveguide fabrication using the photo-darkening process [Rode et al., 2002].

We now discuss and analyze the experimental data to demonstrate the effects of cumulative

heating in multipulse laser ablation. At low intensity the absorption depth in the chalcogenide glass

is large (� 2 mm at 532 nm). Therefore, the average temperature increase after one pulse in the

heated layer is about �150K. By the time the next pulse arrives at the same spot after a time interval

�t = 13 ns, little has happened inside the target. The heat propagates a negligible distance of

ðDtÞ1=2 ¼ 4:5� 10�6 cm before the next pulse arrives. Cooling starts only when the heat conduction

distance becomes comparable to the focal spot radius�rfoc ¼ 10�3 cm. Thus, around 5� 104 pulses

can arrive at the same spot before significant cooling occurs. However, the interaction regime begins

to change well before this cooling can occur, and therefore the energy absorbed from the subsequent

pulses simply accumulates in the focal region.

In the presence of negligible heat losses, the second pulse heats the target to the melting

temperature of the glass. After several pulses (� 4–6) the temperature rises above the boiling

point of � 1000K. Thus, the slow process of thermal ablation begins after the sixth to seventh pulse.

The temperature continues to rise reaching 1 eV/atom after 100 pulses, and correspondingly the

vapor velocity gradually increases up to �1:5� 105 cm=s. Hence the vapor expands a distance of

� 20 mm (approximately equal to the focal spot diameter) in the time between pulses. If we suppose

that there is a linear density profile in this expanding plume, ½n ¼ n0ð1� x=x0Þ�, and that the

absorption length scales in inverse proportion to the density la � n�1, then one can estimate the

optical thickness of the plume (the absorption depth) as follows:

Zx0

0

dx

l
¼ 1

n0l0

Zx0

0

nðxÞdx ¼ x0

2l0
ð5:35Þ

The absorption in the plume becomes significant when the plume size is comparable with the

absorption length at the initial density. One can assume one-dimensional (1D) expansion (the

expansion length is approximately equal to the focal spot diameter), and the average vapor density is

� 0.1 of solid-state density. Even after 100 pulses heat conduction losses remain negligible since the

heat wave has only propagated a distance of 0.45mm assuming the initial value for heat conduction

still applies. However, at T �1 ev (� 0.1 of the ionization potential) ionization will become

significant (� 10%) and, therefore, electron heat conduction starts to dominate over thermal
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conduction. For example, when the whole material has become singly ionized, the electron thermal

diffusion becomes � 1 cm2/s—as large as that for metals. Due to ionization the absorption mode

also changes, and absorption occurs near the critical density (due to plasma formation) significantly

increasing the temperature in that zone. Therefore, the negative effect of the increasing electron heat

conduction is overwhelmingly compensated by the changed interaction mode. The estimate for the

electron temperature at the critical density (nc ¼ 0:1n0) from energy conservation gives

Te 
 Mav

Iabs

rcrit

� �2=3

ð5:36Þ

Thus, for I ¼ 2:65� 108 W=cm2; rcrit ¼ 0:32 g=cm3; Mav ¼ 49, a single pulse increases the

electron temperature by 2.1 eV—a value comparable to the binding energy. The ion velocity reaches

2� 105 cm=s, therefore, the plume expands 26mm between the pulses—a distance that is still

comparable with the focal spot diameter. Thus, the isentropic expansion maintains its 1D character

and the density decreases � 10 times in the time between the pulses, while the temperature

decreases ð10Þ2=3 ¼ 4:6 times to � 0.4 eV. Taking the minimum temperature between pulses as

0:2Tsingle, one obtains the maximum temperature after N pulses as Tn �1:25Tsingle �2:6 eV , slightly
exceeding the As2S3 binding energy of 2.2 eV. From the figures above, saturation at the maximum

temperature occurs after the third pulse since T3 ¼ 1:25� Tsingle. Electron heat conduction then

transfers the absorbed energy from the critical surface to the solid–vapor interface.

5.5 SHORT-PULSE HIGH-REPETITION-RATE LASER SYSTEMS

Ultrafast lasers, which generate optical pulses in the picosecond and femtosecond range,

have progressed over the last decade from complicated and specialized laboratory systems to

compact and reliable instruments. The use of diode lasers, which replaced inefficient flashlamps

for optical pumping, and fast semiconductor saturable absorber mirrors (SESAMs) has

dramatically improved short-pulse lasers. New applications and new fundamental research areas

have opened up due to the availability of extremely high temporal resolutions in the femtosecond

range, extreme optical intensities up to 1020 W=cm2, and high repetition rates greater than 100GHz

[Keller, 2003].

Let us consider the main laser parameters required for ultrafast laser deposition. The transition to

the ultrafast regime of ablation occurs when the laser pulse duration is shorter than thermal diffusion

time for dissipating the absorbed laser energy from the skin layer, that is, approximately in the 0.1- to

10-ps range. The average laser power determines the number of atomic bonds broken in the material

to be ablated. The current low-repetition-rate excimer lasers commonly used for laser deposition

experiments have pulse energy up to 1 J at pulse rates of up to 50Hz, that is, with average power of

� 50W. Higher rates, up to 2 kHz, are available but at much lower single-pulse energy.

Consequently, the average power of an ultrafast high-repetition-rate laser should be in excess of

50W to compete in deposition rate with conventional laser deposition systems. However deposition

with megahertz repetition rate lasers has, as discussed in the previous sections, the advantages of (i)

forming of a continuous flow of ablated atoms; (ii) of changing the interaction mode, which can lead

to a reduction of the ablation threshold in comparison to that required for single pulses, and (iii)

smoothing the effective intensity distribution allowing the creation of a single homogeneous phase in

the ablated plume.

Ultraviolet (UV) laser radiation is, in general, much better absorbed by most materials, so short

wavelengths are preferable in many applications with picosecond lasers. The absorption problem

can also be overcome by absorbing the laser wavelength via a particular absorption resonance in the

material, that is, if a tuneable laser is available. However, if the laser intensity is high enough to

achieve sufficient ionization of the laser plume during the laser pulse, the laser–plasma absorption
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permits laser ablation of any material at the same wavelength, such as in the case with femtosecond

laser ablation of transparent dielectrics. With subpicosecond pulses the level of required intensity is,

in general, above 1013 W=cm2.

Succinctly, the ultrafast laser in the deposition system should have the following parameters:

average power 50W and higher; pulse duration 10 ps and shorter; single-pulse energy should be

sufficient to provide the laser fluence on the target surface three to four times the threshold of the

particular material to be ablated; repetition rates in the few megahertz range, and the wavelength

should preferably be in the UV spectral range (if the level of intensity below the optical

breakdown threshold), or continuously tuned to a precise absorption wavelength of the target

material. We should note here that each particular target material would require individual

tuning of the laser parameters to achieve optimal evaporation conditions for total atomization in

the laser plume.

There is a major technical obstacle that still exists between the megahertz-repetition-rate laser

deposition technology and its widespread commercialization, which is that there is no

commercially available laser system that matches the above parameters for ultrafast laser

deposition technology. Furthermore, despite the excellent results already demonstrated and the

significant progress in overcoming many fundamental and technical obstacles, the process of

industrial application is still constrained by economic barriers that face almost any new high-

technology process.

In this section, we briefly consider two different ultrafast high average power laser systems so far

developed for ultrafast laser deposition application. One is a table-top SESAM mode-locked diode-

pumped solid-state laser, and another one is a single-pass free-electron laser (FEL) based on an

electron beam accelerator [Neil et al., 2000]. Both laser systems generate picosecond and

subpicosecond pulses with megahertz pulse rates, and both lasers can be tuned to a precise

wavelength. In solid-state lasers this could be achieved using optical parametric oscillators (OPO),

while in FEL, wavelength tunability is an intrinsic property. The major difference, however, is in the

output power: The average power of table-top solid-state lasers is in the range of tens of watts, while

a 50-m-long FEL based on the electron accelerator has an average power level up to 10 kW. Both

laser systems have already demonstrated record high deposition rates and excellent quality of the

deposited films. The wavelength tunability of the FEL in the IR was successfully applied to the

deposition of polymers resulting in films with little chemical modification and without change in

molecular weight distribution. With solid-state lasers the output of OPOs is approaching the peak

power level required for ultrafast laser deposition experiments although such systems have not yet

been applied to this problem.

5.5.1 Table-top 50-W Solid-State Ultrafast Laser System

Picosecond and femtosecond lasers have been developed with ever-increasing average power

in recent years. High average power can be achieved directly from a laser oscillator with a

diode-pumped thin disk and SESAM for passive mode-locking [Innerhofer et al., 2003; Aus der

Au et al., 2000; Brunner et al., 2002], or with the use of an additional amplifier stage [Kolev et al.,

2003]. With the first scheme, a 60-W average power Yb disk laser producing 810-fs pulses

at the wavelength 1030 nm at 34.3MHz repetition rate was reported recently [Innerhofer et al.,

2003], which is a record for the subpicosecond range. The pulse energy reached 1.75 mJ and

1.9MW peak power. The thermal lensing effects in the dispersive mirrors and a significant

additional nonlinear phase shift contributed by the mirrors are currently the limiting factors for

any further power increase. A significant further improvement of the laser increasing the output

power and reducing the additional nonlinearity from the mirrors may be achieved by

multipasses through the disk, which allows one to reduce the intracavity average power and

peak intensity.

The second scheme using amplification was used to design a laser system especially for ultrafast

laser deposition experiments, and this will be treated in more detail [Luther-Davies et al., 2004;
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Kolev et al., 2003]. A crystal of Nd :YVO4 (1% Nd) was pumped by a fiber-coupled laser diode

module of nominal power 18W and a center wavelength 805 nm. The laser-oscillator was a mode-

locked diode-pumped solid-state laser with an exceptionally long optical resonator (up to 100m),

and provided 12-ps pulses. Standard mode-locked solid-state lasers usually produce pulses at

repetition rates around 50–100MHz, determined entirely by the length of their optical cavity.

Reducing the repetition rate to several megahertz while maintaining the same average power results

in an increase of the pulse energy and peak power, respectively. Lowering the repetition rate of

mode-locked lasers through increase of the optical cavity requires careful attention to the resonator

design to maintain high optical stability.

Providing a variable cavity length up to 100m with a table-top laser is a complex problem. For

cavity extension of our laser-oscillator, a novel design Herriott-type multipass cell (MPC) [Herriott

et al., 1964] was developed, allowing laser operation at four different repetition rates: 1.5, 2.6, 4.1,

and 28Hz. In each of the three modes of operation, the laser was continuous wave (cw) mode-locked

with an InGaAs quantum well semiconductor saturable absorber mirror(s) (SESAMs) [Keller et al.,

1992] grown by metal–organic chemical vapor deposition (MOCVD) at the Australian National

University [Lederer et al., 2001]. The ability to switch between different repetition rates provides a

way of tuning the pulse peak power to the optimal value for the ablation, which depends on the heat

conduction, latent heat of evaporation, and density of the particular target material. Taking into

account various constraints, an optimized design was developed for the MPC that fitted comfortably

on a 3-m-long optical table while minimizing the number of reflections and, hence, cavity loss. This

was a 9/18-pass cell, consisting of two spherical concave mirrors precisely separated by a calculated

distance. At the lowest repetition rate of 1.5MHz there were up to 72 reflections from the MPC

mirrors per cavity round trip.

The oscillator beam was amplified by passing several times through a diode-pumped slab-shaped

Nd :YVO4 crystal, which was end-pumped and had two polished surfaces. The pumping unit

consisted of a 4-bar diode laser stack emitting radiation at 808 nm with an output power of 160W, a

planar waveguide integrator, and an imaging optic. A significant advantage of this amplifier setup is

that the beam quality is only decreased slightly after passing the amplifier. The beam quality was

investigated via a measurement of the M2 value. In the stable direction an M2 value of 1.15 was

measured, while in the unstable direction the M2 was found to be 1.4. The average output power

achieved from the amplifier was � 48W. Having high peak power pulses of relatively long

picosecond-range duration (as compared with femtosecond lasers) makes the next stage of the

system (frequency conversion) highly efficient. This efficient conversion (480%) into second

harmonic and further down into the UV range through external frequency doubling, tripling, and

quadrupling helps increase the laser energy absorption in the target material and improves the overall

efficiency of the laser ablation process.

We tested the ablation efficiency with the new laser by measuring the ablated mass of aluminum,

copper, steel, led, and silicon samples [Luther-Davies et al., 2004]. Experiments on ablation of

metals demonstrated a significant increase in evaporation rate to the level of 10�4–10�2 g=s,
depending on the target material, which, to our knowledge, is a record high for laser ablation with

any existing table-top laser system.

The laser will allow very efficient nonlinear frequency conversion to the tunable visible–IR

wavelengths. Shortening the pulse duration below 10 ps could be done via soliton mode-locking

[Kärtner et al., 1996; Jung et al., 1995] using a Gires–Tournois interferometer for dispersion and

strongly nonlinear glass for self-phase modulation management. Further power scaling to 100W

plus average power is possible with a further amplification stage, which will expand the use of the

laser for many different applications.

5.5.2 Free-Electron Laser

A free-electron laser is a monochromatic powerful laser source of picosecond and subpicosecond

pulses with megahertz-range repetition rate. The average FEL power achieved recently in the
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Thomas Jefferson National Accelerator Facility in the United States was up to 10 kW in the IR [Neil

et al., 2000], and with a potential of achieving up to 1 kW in UV range [Yu et al., 2003]. It provides

an opportunity to study the combined effects of subpicosecond pulses, above 1 kW average power,

wavelength tunability (currently in IR), and variable repetition rates in the megahertz range. The

laser can be run in both the macropulsed mode at repetition rate up to 10 kHz with macropulses in the

microsecond to millisecond ranges, where each macropulse contains picosecond or subpicosecond

micropulses at fixed repetition rates of 18.7, 37.4, or 74.8MHz, as well as in cw mode with a

continuous train of micropulses at the same fixed repetition rates. The highest deposition rate of 200

Å/s was recently reported for Nd film deposition [Shinn, 2000]. However, the major drawback of the

FEL its total immobility and an extremely high cost.

The free-electron laser was recently used for deposition of Ni–Fe permaloy magnetic films,

which are sensitive to deposition conditions. The films were deposited with various repetition rates,

and it was found that the best films were produced with the cw mode and at higher repetition rates

[Reilly et al., 2003]. The deposited films had smooth surface quality with 4.4-nm rms roughness, and

showed a strong [111] FeNi3 peak in the X-ray diffraction spectra. High film quality has a striking

effect on magnetization. The films demonstrated very low coercivity of 2G, while the low-

repetition-rate deposited films were highly coercive (115G) due to a combination of crystallized Fe

phase, less crystalline orientation, and rougher surface. The experiments with magnetic films

confirmed the earlier observation with ultrafast deposition of diamond-like carbon films [Gamaly

et al., 1999; Rode et al., 1999] that better film quality, as measured by crystalline structure, film

smoothness, and magnetic properties, is achieved by having lower energy per pulse but higher

repetition rates.

The major strength of the FEL for PLD application is its wavelength tunability. The availability

of this broadly tuneable infrared high average power FEL is particularly attractive for deposition of

polymers [Bubb et al., 2001a, 2001b]. With conventional UV lasers the absorption of photons leads

directly to the excitation of electronic states. The excited polymer undergoes rapid pyrolysis and

depolymerization followed by repolymerization at the substrate. If repolymerization is incomplete,

this can lead to both reduction in molecular weight and change in chemical structure. In contrast,

the excitation wavelength of the FEL could be chosen to be resonant with the vibrational

wavelength of the target polymer so that the laser energy is controllably channeled into the

vibrational excitation in the electronic ground state. As a result, the molecular weight distribution

of the target material and the deposited films have very similar profiles indicating that the material

transferred without any significant change in the molecular weight. The FEL has been

demonstrated to be successful in depositing films of sorbent chemoselective polymers without

any apparent changes in physical or chemical properties [Bubb et al., 2001b] and with significant

increase in the deposition rates. The photochemical instability of this polymer precludes the use of

UV laser deposition.

The results on ultrafast deposition with FEL have demonstrated the ability to produce high-

quality films with very high deposition rates and offer the opportunity to extend pulsed laser

deposition to complex polymer materials for a number of new biomedical applications such as drug

delivery, tissue engineering, spatial pattering of cells, and antifouling coatings.

5.6 CONCLUDING REMARKS

Thin-film production by any method for applications in photonics, optics, electronics, and

nanotechnology should possess several important properties: the stochiometry (atomic content) of

the initial material should be preserved; the films should be homogeneous, defect and contamination

free; the surface finish should approach that of an atomic monolayer; and last but not least, the

ablation–deposition rate should match the requirements for industrial applications. It follows from

this review that laser ablation by powerful short-pulse multimegahertz repetition rate lasers meets all

the above conditions and offers the best solution for ideal ablation and deposition of any solid
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material. In summary, we present the main results and a practical guide for the deposition of thin

films.

All materials are transformed into the plasma state under the action of a single intense

(41013W/cm2), subpicosecond laser pulse very early in that pulse [Gamaly et al., 2002]. The

resulting laser–plasma interaction ensures strong absorption and heating of the material to a

temperature above the ablation threshold. Typically the mass of a material ablated by a single short

(� 100 fs) pulse is equivalent to about 1mm3 of solid. Nonequilibrium expansion after the pulse

along with the small amount of material ablated inhibits condensation of the plume into droplets.

Therefore such a plume used for thin-film deposition can produce a droplet-free surface. The energy

deposition in space and time on the surface depends on the laser intensity distribution during the

pulse and across the focal spot. To ensure the phase transformation of the ablated material to the

same state (atomized vapor) the intensity distribution over the focal spot should be top-hat-like for a

single pulse [Gamaly et al., 2004]. Thus, the practical recipe for choosing single laser pulse

parameters for ablation or machining of any material including semiconductors and transparent

dielectrics is as follows. The laser pulse duration should be short, prepulse and postpulse free, have a

top-hat-like spatial intensity distribution across the focal spot, a laser wavelength in the UV range

(optimized for the particular material), and a fluence in a range 1–10 J/cm2 depending on the nature

of the sample used. The absorbed laser fluence has to be 3–5 times higher than the ablation threshold

to keep the expanding plume in an atomic state. Using such a pulse one can deposit films of atomic

surface quality of such different materials as carbon and chalcogenide glass as has been

demonstrated experimentally [Rode et al., 1999, 2002].

To compensate the small amount of material ablated per short pulse, high-repetition-rate lasers

should be used. Indeed, the use of short-pulse, few-megahertz repetition rate lasers produces the

highest ablation and deposition rate of any known methods. Studies of multi-megahertz laser–

matter interaction and ablation uncovered several phenomena that bring applications of the

laser ablation–deposition process closer. First, the megahertz laser–matter interaction involves

accumulation processes due to coupling between successive pulses that changes the interaction

mode and thereby reduce the ablation threshold. As a result, high-repetition-rate lasers can ablate a

material at fluences below the single-pulse limit. The most striking example presented is ablation

and deposition of chalcogenide glass when the single-pulse threshold is around 10 times higher

than that required for ablation using a 76-MHz pulse train [Rode et al., 2002]. Another effect of

megahertz-rate ablation relates to the smoothing of the evaporation conditions over the focal spot

on the target surface because the successive pulses heating the target are shifted by only a small

fraction of a micron. Therefore, the spatial pulse shaping, which is required for a single pulse

to control the phase state of the plume, is unnecessary in the megahertz-rate ablation regime

as demonstrated during deposition of chalcogenide glass films with high optical quality [Rode

et al., 2002].

Finally, one can say that ablation by powerful short-pulse multi-megahertz repetition rate lasers

appears to be the ultimate solution for the ablation, deposition, and micromachining problems of

any material. However a commercial supplier of short-pulse, megahertz repetition-rate lasers with

flexible parameters is now needed to make the ultrafast pulsed laser ablation technique ready for a

broad range of industrial applications. Fortunately, solid-state laser technology has now reached the

point where commercial systems could become available.
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CHAPTER 6

Cross-Beam PLD: Metastable Film
Structures from Intersecting Plumes

ANDRÉ GORBUNOFF

University of Applied Sciences–Dresden, Dresden, Germany

6.1 INTRODUCTION

In the present chapter the properties of metastable film structures synthesized via high-vacuum

cross-beam pulsed laser deposition (CBPLD) are considered. In the high-vacuum regime the atoms

of the background gas influence neither the propagation of the plume of the ablated species from

the target to the substrate nor the film properties. CBPLD is a particular high-vacuum PLD variant

where the transport of molten droplets to the substrate is reliably prevented through filtering out in

the intersecting ablation plumes. The absence of these macroinclusions in the films allows the

implementation of a large number of surface averaging methods to characterize the structure and

properties of the films produced.

The following topics will be discussed in this chapter:

1. Consideration of PLD as a highly nonequilibrium hyperthermal particle beam deposition

technique with a specific shallow implantation (‘‘subplantation’’) film growth mode

2. The metastable phase formation in PLD as an inherent PLD feature

3. Principles of operation and spatio-energetical characteristics of CBPLD

4. Properties of transition layers between adjacent layer materials in CBPLD

5. Characterization of metastable phases that develop in thin films of binary alloys of two

representative materials systems co-deposited in CBPLD

It will be concluded that the properties of the ablation plume in CBPLD are comparable to those in

conventional (or direct) PLD. Consequently the results obtained for CBPLD can be extended for

PLD in general. Only high-vacuum PLD will be implied in this chapter.

6.1.1 Energetic Particles in PLD

As with the other processes that include phase transitions, all vapor deposition techniques have an

essentially nonequilibrium nature. The resulting film properties are therefore generally highly

dependent on the deposition conditions. There are only a few factors that significantly determine the

nucleation and growth kinetics, microstructure evolution, and properties of films grown by physical
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vapor deposition: the type and energy of condensing species, the deposition rate, the substrate

temperature and the substrate material. Whereas the nature of the substrate and temperature are more

or less independent variables, those connected with the species arriving on the substrate are strongly

dependent on the deposition technique chosen.

6.1.1.1 Interaction of Energetic Particles with Solids

The most significant energetic particle–solid interactions that control the properties of thin films

deposited from particles within the energy range relevant for thin-film deposition are summarized in

Figure 6.1. By particles we imply any kind of atomic species (neutral atoms, ions, small clusters) that

arrive at the substrate. The thermal particles cover the energy range below 1 eV, whereas the

accelerated ions usually have energies exceeding 1 keV. The energy range in between these two is

frequently referred to as ‘‘hyperthermal’’ and may be considered most typical for PLD.

Surface Precleaning Typical desorption energies of physisorbed impurities are less than 1 eV

and of chemisorbed ones on the order of 1–10 eV. The sublimation energy of clean metal surfaces

lies also in the latter range. Bombardment with particles of these energies may lead to the removal

of surface contaminants and atoms near the surface considerably improving the film adhesion to the

substrate.

Layer-by-Layer Film Growth The collapse of unstable clusters starting from the ion energy of

0.1 eVand the displacement of surface atoms by ballistic collisions at 10 eVenhance the mobility of

adatoms and can turn the films from the island growth to the layer-by-layer growth mode. The

disruption of the column growth makes layers more homogeneous and prevents in addition the

absorption of gases and water in voids between the columns.

Sputtering The particle energy threshold for ejection of target atoms is less than 30 eV for most

materials. Resputtering of loosely bound species contributes to the collapse of voids and the

formation of a denser crystalline or amorphous microstructure of the films. In addition, the

Figure 6.1 Energy ranges for particle–solid interactions that most significantly influence the thin film

properties.
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backscattered material randomizes the deposition direction and hence fills in the shadowed

‘‘valleys’’ that develop in the absence of the ion bombardment. Near the threshold, however, the

atom ejection is very sensitive to the microstructure of the target and especially to the properties of

its surface layer. The preferential sputtering of surface species may lead to changes in the film

composition.

Structural Defects Defect formation on the surface and in the bulk affects most significantly the

microstructure of growing films.

Short-lived surface point defects (vacancies) have a formation threshold of 
20 eV. They mostly

intensify the nucleation rate, which in turn determines the grain size of the thin-film material

[Guseva, 1986]. These defects can even promote the growth of homoepitaxial superlattices on

disordered layers on the surface of oriented substrates [Gaponov et al., 1981]. Similar effects are

observed during the ion-beam-assisted deposition where the growing film is additionally bombarded

by high-energy noble gas atoms [Greene, 1994; Esch et al., 1995; Kalff et al., 1997]. However, the

opposite effects of the nuclei dissociation and intensification of island formation through the ion-

enhanced surface diffusion is also possible [Smidt, 1990]. To avoid this effect, Wulfhekel et al.

[1996] have suggested gentle bombardment of the growing surface with low-energy (
1 keV) ions

before the deposition of a film monolayer. Using this pulsed ion-beam-assisted deposition, they have

forced the layer-by-layer growth of Ni on Cu at room temperature via thermal deposition.

Permanent lattice defects (Frenkel pairs) arise at collision energies above 40 eV. Having a

low activation energy for diffusion of about 0.1 eV, interstitials can easily reach dislocations

or grain boundaries where they can form small clusters. They introduce an extra volume in the

grain boundaries. Since the film is bound to the substrate, this extra volume can produce a high

compressive stress and enlargement of the lattice parameter in the growth direction [Krebs, 1997].

Ion bombardment of more refractory materials can beneficially affect their hardness and yield stress.

A practical significance of the ion-induced defect formation phenomena is that the microstructure

of ion-bombarded films is practically independent of the substrate temperature.

Implantation Typical displacement energies of atoms in metals are of the order of 20 eV. With

increasing ion energy e above the displacement energy threshold, they penetrate increasing deeply

into the substrate. At e > 30 eV (the so-called critical energy of subplantation [Uhlmann et al.,

1997]), the maximum of the projectile distribution moves beneath the free surface of the substrate.

The penetration of incoming film particles beneath the surface of the substrate reduces their

mobility and contributes to the reduction of the grain size and porosity through the permanent

grain renucleation. The most marked decrease in the crystallite size occurs at ion energies

e<100 eV. Films produced at energies above 150 eV are usually free of voids and no longer show

columnar grain morphology. Further increase of the ion energy can lead to another increase of the

grain size [Smidt, 1990].

The high initial nucleation density and mixing implantation of incident particles increase their

probability of sticking and can greatly improve the adhesion of the film to the substrate.

Subplantation Film Growth Mode The range of the projectile particles with an energy of 1 keV

in solids does not exceed a couple of monolayers (Fig. 6.2). This shallow subsurface implantation

(‘‘subplantation’’) of incoming hyperthermal particles gives rise to a unique subplantation film

growth mode. The subplantational model of film growth from hyperthermal ion beams was first

suggested by Lifshitz et al. [1990, 1993], and it cannot be reduced to any of three ‘‘classical’’ growth

models (Stranski–Krastanow, Frank–Van der Merwe, and Volmer–Weber). Instead of being

deposited onto the substrate surface, the hyperthermal particles exhibit shallow implantation into the

upper monolayers of the surface material. Since the volume diffusion coefficient is many orders of

magnitude smaller than that of surface diffusion (4–5 orders of magnitude lower even at the melting

temperature), no significant redistribution of the implanted and replaced atoms, as compared to the

atoms on the surface, can take place at room temperature. The result is the configurational freezing
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of incorporated structural defects, an extended solubility of finite miscible materials and

corresponding internal stresses. The film grows therefore beneath the free surface in some frozen-

in metastable state. Although this film growth mode is now generally acknowledged to be the

peculiar mode of film growth from hyperthermal particle beams [Nastasi et al., 2000], the

subplantational growth model has been mainly applied so far for the description of the growth of

diamond-like carbon coatings (see, e.g., Jäger and Belov [2003] and also Chapter 15). It will be

demonstrated in the following sections that subplantation is the main growth mode for the wide

range of materials deposited by PLD.

6.1.1.2 PLD as a Hyperthermal Ion Beam Technique

As seen from Figure 6.1, the most diverse energetic particle-induced phenomena take place in the

hyperthermal energy interval. However, in comparison to thermal particles and accelerated ions,

which are routinely implemented in film deposition and implantation technology, hyperthermal

energy particles are instrumentally difficult to produce and to handle, and have therefore a great

development potential. As will be demonstrated in Section 6.2.2, the laser ablation plasma in

vacuum represents perhaps the most efficient source of energetic particles in the hyperthermal

energy region. Therefore, besides all its known disadvantages, PLD is a promising hyperthermal ion

beam deposition technique. Through the subplantation growth mode, PLD is especially

advantageous for the fabrication of single- and multilayer film structures with unusual physical

properties.

With regard to the influence of the above phenomena on the film structure and properties, it is

reasonable to group the energetic particles in PLD into the characteristic energy intervals listed in

Table 6.1.

6.1.2 Origin of Metastable Film Structures in PLD

In nanostructured materials a large fraction of atoms reside in or adjacent to defects, which leads to

significant changes in the resultant properties of the solid. From the thermodynamical viewpoint,

these nanostructured materials possess an excess Gibbs free energy, or, in other words, they are in a

metastable state. Most frequently the excess free energy can be attained by energizing the system

followed by rapidly reducing the mobility of atoms (quenching) to effect the configurational

freezing. The energizing can be attained, for example, by melting, evaporation, sputtering,

dissolution, irradiation, implantation, mechanical deformation, or creation of interfaces. The

diffusive motion of atoms within bulk phases, along grain boundaries, and across the free surface can

Figure 6.2 Monte Carlo ballistic simulations (the TRIM code [SRIM, 2003]) of the distribution function

dN=dd of projectile Co ions as a function of the depth d beneath a Cu target surface at different hyperthermal

projectile energies.
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roughly be considered as frozen below a reduced temperature T=Tm of 
0.4, 
0.1, and 
0.2,

respectively [Cahn and Greer, 1996]. Since the melting point of most metals, Tm, is41000�C, their
bulk atomic configuration cannot undergo significant changes at room temperature, and they can be

considered as configurationally frozen and kinetically metastable.

The kind of metastability (morphological, compositional, or structural) that can be realized under

given experimental conditions is dependent on the particular material system under consideration. For

example, systems with a large negative heat of mixing and high mobility of one of the constituents

(e.g., Fe–Al) tend to extended solid solubility and amorphization [Chopra, 1969; Giessen, 1982]. The

formation of extended solid solutions and amorphous phases has also been observed in several systems

with a positive heat of mixing, such as Fe–Cr or Cu–Co [Gente et al., 1993].

The thermalization rate of the deposited material in PLD is extremely high and lies between

hei=t ¼ 1011–1018 K=s, where hei � 100 eV is the mean ion energy and t is the relaxation time. The

upper limit corresponds to the thermalization of the ion cascades with t � 10�11 s and the lower

limit is determined by the duration of the deposition pulse in PLD, t � 10�5 s, which is determined

by the arrival time spread of the ablation species at the substrate. Under such extremely

nonequilibrium formation conditions, the kinetic factors (diffusion rates) rather than thermodynamic

ones (potential barrier heights) play a major role in formation of the physical structure of the

growing films. Along with the low mobility of subplanted adatoms, it makes the formation of

metastable phases in PLD highly probable. The selected examples below support this inference.

Bykovski et al. [1988] have compared the structure of Co films deposited by PLD and by thermal

evaporation. The PLD films were highly dispersed nanocrystalline with a dominating face-centered

cubic (fcc) microstructure, whereas the thermally deposited films had the stable low-temperature

hexagonal close-packed (hcp) crystalline microstructure of cobalt.

Krebs and Bremert [1993] reported on the formation of amorphous phases in Fe50M50 (M ¼ Zr,

Nb, Ti, Hf), Cu50Zr50, and Pd80Si20 alloys deposited by PLD. Instead of the decomposition in the

immiscible materials systems such as Fe–Nb, Fe–Ag, and Fe–Cu, a continuous series of

polycrystalline supersaturated solid solutions were formed.

A homogeneous nonequilibrium crystalline alloy with a supersaturation of 444 at % Ag in the

PLD-co-deposited Ag–Ni system was reported by van Ingen et al. [1994]. It is remarkable that this

material system possesses such a high driving force for decomposition that the constituents are

insoluble in both the solid and the liquid equilibrium states.

Blyakhman et al. [1995] reported on the formation of supersaturated paramagnetic phases in

nanometer-period Fe–C and Fe–Cr multilayers. Upon high-temperature annealing these metastable

solutions decompose with a formation of a ferromagnetic phase.

TABLE 6.1 Characteristic Energy Intervals of Energetic Particles in PLD with

Reference to Their Effects on Film Structure and Properties

Energy Range (eV) Ion-Induced Effects

1–10 Surface cleaning, 3D film growth.

10–40 Surface defects, cluster disintegration, void collapse, enhanced adatom mobility,

layer-by-layer film growth. Thresholds of bulk defect formation and

sputtering. Chemical effects have a considerable influence

on the final distribution of the film and substrate materials.

40–100 Permanent lattice damage, grain size reduction, amorphization. Impact effects are

sensitive to the surface and bulk crystalline structure. The penetration depth of

incoming particles is still influenced by the chemical properties of

film–substrate materials.

4100 Intensive sputtering, collisional cascades, ballistic implantation and mixing, and

‘‘subplantational’’ film growth mode. The ratio of surface-to-bulk defects is well

below unity. The influence of the chemical affinity and crystallinity of the

film–substrate materials on the outcome of the energetic particle collision weakens.
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A pronounced enlargement of the lattice parameter in the growth direction in PLD elementary,

multilayer, and alloy films has been observed by Luo and Krebs [1995] and Störmer and Krebs

[1995]. This enlargement has been attributed to high internal stresses due to the interface mixing of

the neighboring materials in multilayers. Below a critical bilayer thickness of about 4 nm the Fe/Nb

multilayers were completely amorphous. The authors argue that in the materials systems such as

Fe–Nb, with a negative heat of mixing, the formation of the equilibrium crystalline intermetallic

compounds is suppressed due to the high quenching rates. The observed amorphous phase formation

in the demixing Fe–Ag system is believed to be more energetically favored as a nanocrystalline solid

with an increased interfacial energy.

A noncubic ‘‘interface phase’’ in laser-deposited Fe–Al multilayers has been detected by

Geilman et al. [1997], and it will be demonstrated in Section 6.3.2.2 that this is an amorphous Fe–Al

alloy.

It is important to note here that it is the laser ablation process that produces the atomization of the

target material in PLD. It has an explosive-like character and is accompanied by the formation of

particulates (droplets, debris, powder particles), which are transferred by the ablation plume to the

substrate and incorporated in the growing film. This problem is often considered as a major

drawback of conventional or direct PLD (DPLD) where the substrate is immediately exposed to the

laser-induced plasma. Since the amount of material in the droplets can be even higher than in the film

itself, the interpretation of the results of the film characterization by surface-averaging methods may

be misleading. For example, the X-ray diffraction spectrum of the crystal structure of PLD Fe–Al

films in Figure 6.3 deposited without any droplet removal technique shows sharp peaks of the

crystalline phases of two metals. On the basis of this observation one can make the conclusion that

the alloy is decomposed into two independent Al- and Fe-rich phases. However, these crystalline

peaks disappear completely after application of the macroparticle separation technique revealing the

true amorphous microstructure of the alloy.

A concise review of the major mechanisms of particulate formation and the most important

measures for their prevention can be found elsewhere [see, e.g., Gorbunoff, 2002]. In the following

section, one of the most effective droplet separation techniques, the gas-dynamic droplet filtering in

colliding laser plumes, will be considered in more detail.

Figure 6.3 XRD (Cu–Ka) spectrum of the similar Fe–Al multilayers deposited with and without droplet

separation [Levin et al., 2001].
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6.2 TECHNIQUE OF CROSS-BEAM PLD

6.2.1 Basic Idea and Instrumentation

The idea of gas-dynamic droplet separation in colliding laser plumes was initially proposed by

Gaponov et al. [1982]. In this technique two colliding laser ablation plumes interact with each other,

and the gaseous species are redirected toward a substrate placed outside the directional patterns of

either ablation plume. The heavy macroparticles, which were at that time believed to be due to

condensation, are not deflected from their original trajectories and cannot therefore reach the

substrate. Experience has shown, however, that the macroparticles are ejected from the laser-ablated

surface of the target, which is why the technique cannot work well in this initially proposed scheme.

The technique was applied a decade later for the deposition of high-temperature superconducting

ceramics in a background oxygen atmosphere of 20–100 Pa by Pechen et al. [1992] and Strikovsky

et al. [1993]. In addition to the scheme of Gaponov et al. [1982] both groups introduced a special

diaphragm that shadowed the substrate from the direct exposure of the primary ablation plumes.

Despite a definite reduction of the round-shaped droplets splashed from the targets, Strikovsky et al.

[1993] have observed a large number of faceted crystallites embedded in the film, whose surface

density was dependent on the separation of the substrate from the interaction zone. It was suggested

that these were particles that had been either condensed in the supercooled vapor near the substrate

or nucleated on the substrate itself. Lambert et al. [1999] have used the same technique to deposit

cryolite films but also found about 5000 microinclusions/cm2 per 1 nm of film thickness.

The present form of this crossed-beam technique has now been named cross-beam PLD

(CBPLD) [Gorbunov et al., 1996]. It allows a radical reduction of any form of macroparticle

contamination in the PLD films and will be discussed in detail below.

The principle of thin-film deposition by CBPLD is apparent from Figure 6.4a. It can be

considered as a twinned PLD where two cylindrical targets are brought so close to each other that

the emerging ablation plumes can interact. The essential part of the system is a diaphragm, which is

Figure 6.4 Principle of operation of (a) symmetric and (b) asymmetric cross-beam PLD [Gorbunov et al.,

1996; Tselev et al., 2001].
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designed and positioned in such a way that it screens the substrate from the direct line-of-sight of

each ablation plume. Without laser synchronization, both plasma plumes do not interact and

propagate fully independently. No deposition of either film or macroparticles can therefore occur. If

both lasers are triggered simultaneously, the plasma plumes intersect each other about the axis of

symmetry of the system. If the local plasma density in this intersection region is high enough (this

point will be considered in Section 6.2.2) and the horizontal momentum components of both

colliding laser plumes compensate each other, the resultant plasma flow can effectively be deflected

toward the substrate.

Heavy macroparticles ejected from the targets or condensed at the early stages of the plasma

evolution will not be deflected since their velocity is much smaller than that of the plasma. They

enter the intersection region later than the core of the plasma cloud, when the local plasma density

and their own concentration are too low to induce collisions and provide sufficient momentum

transfer in the direction of the substrate.

The condition for the horizontal momentum compensation is fulfilled automatically in the case of

the same target materials if the laser ablation conditions are equal for both targets. This mode of

operation is realized in the symmetric CBPLD presented in Figure 6.4a. However, the target

materials do not necessarily have to be identical. An interesting option of CBPLD consists of the

possibility of ablating two different materials, which can be mixed directly in the colliding laser

plumes and subsequently deposited onto the substrate. This asymmetric mode of CBPLD operation

for co-deposition of different materials with continuously variable ratios is depicted schematically in

Figure 6.4b. An additional ‘‘balancing’’ of the plasma fluxes through the adjustment of the respective

laser fluences on each target is required here, to obtain the correct direction and composition of the

resulting plasma plume.

The shape of the diaphragm appears to play a decisive role for the deposition of inclusion-free

films. An analysis of the geometry of the plume interaction with the diaphragm revealed that

irregular macroinclusions in the films deposited by Pechen et al. [1992], Strikovsky et al. [1993], and

Lambert et al. [1999] are flakes of the film that are initially deposited onto the diaphragm and

subsequently peeled off under heavy plasma impacts. With an improperly chosen diaphragm shape,

these flakes are transported with the plasma flow toward the substrate. To avoid this effect, Gorbunov

et al. [1996] have proposed to use a V-shaped diaphragm formed in such a way that the plasma

striking its edge is deflected away from the diaphragm opening. This simple solution resulted in a

reduction of at least a factor of 1000 in the surface density and the areal extent of macroinclusions in

such CBPLD films. The extreme difference between the surface appearance of the Fe–Al multilayers

of the same composition deposited by DPLD and CBPLD is demonstrated in Figure 6.5. Large

Figure 6.5 Comparison of the appearance of similar Fe–Al multilayers deposited by (a) direct PLD and (b)

CBPLD. The arrow in (b) points to a dust particle on the film surface that has been used for focusing.
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droplets of51–25 mm in size emitted from the target cover the surface of the DPLD film (Fig. 6.5a);

by comparison, they are completely absent in the CBPLD films (Fig. 6.5b).

The following CBPLD arrangement has been used in most experiments described below. The

laser ablation of the targets was performed by two Q-switched solid-state lasers supplying 15-ns

pulses of up to 1 J energy with a pulse repetition rate of 15Hz at the wavelength l ¼ 1:08mm. The

laser beams were focused on the surface of cylindrical targets at a peak laser intensity of 1–2GW/

cm2 (corresponding to a laser fluence of 7.5–15 J/cm2). This intensity belongs to the regime where

the film deposition rate is practically independent on the laser fluence [Gaponov, 1985], thus

stabilizing the deposition rate against slight pulse-to-pulse variations of the laser energy. The target

mount allows a sequential deposition from two pairs of spirally rotating targets. The purity of targets

was 99.95 at % or better. All the films considered in this chapter were deposited at room temperature

on oxidized silicon wafers with an oxide layer thickness of 500 nm.

The deposition is performed in a high-vacuum chamber with a base pressure of 10�6 Pa, and the

film thickness is controlled by a quartz monitor. Electrostatic ion collectors (Langmuir probes in the

ion current saturation mode) biased to �15V were used for alignment of the system and monitoring

the deposition process.

The structure and composition of the films was studied by high-resolution transmission electron

microscopy (TEM), energy-dispersive X-ray spectroscopy, electron energy loss spectroscopy,

selected area electron diffraction (ED), X-ray reflectometry and diffraction (XRD), Rutherford

backscattering, and extended X-ray absorption fine structure spectroscopy (EXAFS). The films for

the TEM characterization were deposited on a freshly cleaved face of a NaCl monocrystal. The

nanoindentation tests were performed by using an electrostatic transducer attached to an atomic

force microscope. The electrical resistivity of the films was measured by a standard four-point probe

method with 1-mm separated gold-plated probes in a linear arrangement. The current through the

sample during measurements did not exceed 1.5mA. The potential drop was measured by a high-

ohmic digital voltmeter. Magnetization measurements have been carried out in the in-plane

geometry by a superconducting magnetometer. Lift-mode magnetic force microscopy (MFM)

served for the local qualitative magnetic characterization of the films.

6.2.2 Spatio-energetical Characteristics of the Plume in CBPLD

The plasma deflection toward the substrate in CBPLD is a result of particle collisions in the

intersection region, which inevitably brings about a transformation of the plasma characteristics. Of

practical importance for PLD are energies, the ionization ratio of the plasma species, the efficiency

of the target material usage, as well as new spatial distribution in the redirected plasma jet. These

characteristics were studied by Gorbunov et al. [1996] and Tselev et al. [1999a, 1999b, 2001], and

the main results of these studies are summarized below.

6.2.2.1 Particle Energies in CBPLD

The dynamics of the colliding ablation plasma plumes can be visualized using the Langmiur probe

technique. The arrangement of the probes and the probe signals in three different experimental

situations is presented in Figure 6.6. At early instants signals 1 and 2 from probe A for both DPLD and

CBPLD coincide. This means that the most energetic particles at the leading edge of each individual

laser plume cross one another almost without interaction. When the plasma density in the intersection

region increases sufficiently that the particles can undergo collisions, they can start being deflected

toward the substrate. This time will be referred to in the following as the first deflection instant. For

iron this corresponds to an ion energy ei ¼ 730 eV. At this instant signal 2 drops sharply in comparison

to signal 1. After the densest part of the plasma passes the intersection region, the plasma density starts

to decrease, the intersection region becomes more transparent for the particles of each primary plasma

plume, and low-energy ions can again reach probe A. This time will be referred to as the second

deflection instant. As a result, in the CBPLD geometry, the primary plasma jets propagating along the

target normal lose their ‘‘middle-energy’’ part, which is deflected toward the substrate.
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As was discussed in Section 6.1.1, the energy of particles impinging on the surface of the

substrate during film deposition plays a determining role in the structural and physical properties of

the growing films. That is why the energy composition of the plasma plume, which contains both

neutral atoms and ions, is one of the most important characteristics of any deposition technique.

The highest energy of plasma ions eimax has been determined from the very beginning of the

Langmuir probe signal. The mean ionic energies heii can be derived from the corresponding ion

energy distribution functions, which can be extracted under the appropriate assumptions [Tselev et

al., 1999a, 1999b] from the probe signals. Ion energies in both DPLD and CBPLD are compared in

Table 6.2.

The whole energetic composition of the plasma plume can be found by taking into account the

neutral components of the plasma. Since these plasma neutrals are not registered by the ion probe,

Tselev et al. [1999a, 1999b] have simply assumed that their mean kinetic energy comprises 10% of

that of ions, which is in reasonable agreement with the experimental data of Akhsakhalyan et al.

[1982]. One can then obtain the mean kinetic energy hei of the whole atomic particle content of the

plasma stream:

hei 
 ð0:9bþ 0:1Þheii b � 1

hei ¼ heii b > 1

�
ð6:1Þ

The ionization ratio of the plasma, b, can be found by comparing the total elementary charge per unit

area registered by the probe with the atom number per unit area of the film grown in one deposition

pulse. In doing so, however, one should take into account that the number of atomic species forming

the film can differ considerably from the number of the species arriving at the substrate due to factors

such as incorporation of droplets and resputtering. For example, Jordan et al. [1995] have observed

that the ion dose (measured by a Faraday cup) was higher than the deposited mass (measured by a

quartz thickness monitor) by a factor of 2. Franghiadakis et al. [1998] have compared the amount of

the deposited material integrated over the whole angular distribution range with the total amount of

material ablated from the target, and they have estimated the sticking coefficient of Si in excimer

PLD to be only 0.25.

The contribution from droplets in CBPLD can be ignored. To account for the resputtering, one

can assume that only energetic ions contribute substantially to the sputtering of the film material.

The effective sputtering yield hYi can then be determined for each material by averaging the

Figure 6.6 Probe arrangement and signals for an iron target [Tselev et al., 1999a, 1999b, 2001]. (1) Probe A,

laser A (geometry of direct PLD); (2) probe A, lasers AþB; (3) probe C, lasers AþB (CBPLD geometry).
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sputtering yield Y(ei) for a given ion energy ei throughout the whole ion energy distribution by using

the approximate relationship derived by Zalm [1984]:

YðeiÞ 

1:9

�

ffiffiffi
Z

p
ð ffiffiffiffi

ei
p � 0:09

ffiffiffiffi
�

p
Þ ð6:2Þ

where � is the sublimation energy in electron volt/atom and Z is the atomic number. The effective

sputtering yield hYi, the ionization ratio b corrected for resputtering, and the mean energy of the

whole atomic plasma species hei are presented in Table 6.2. It is seen that the resulting hei(CBPLD)
lies between 0.5 and 0.75 of hei(DPLD). This energy reduction correlates well with the energy loss

factor in inelastic scattering of two atoms, which can be estimated as cos2 j ¼ 0:62 with j ¼ 38�

being the half-angle between the laser beams.

Grouping of particles into their characteristic energy intervals according to the scheme

proposed in Table 6.1 is presented in Figure 6.7. It is seen that despite the different distributions

TABLE 6.2 Maximum ei max and Mean heii Kinetic Energies of Plasma Ions

Effective Sputtering Yield hYi, Plasma Ionization Ratio b, Mean Kinetic Energies of

Plasma Particles hei in DPLD (D) and CBPLD (CB)

Target (Z) Al (13) Ti (22) Fe (26) Co(27) Pt (78)
——————— —————— —————— —————— ——————

PLD Kind D CB D CB D CB D CB D CB

ei max, eV 1374 724 1724 850 2011 972 2296 773 1940 1998

heii, eV 247 121 263 121 274 84 319 85.8 247 112

hYi, ion�1 0.68 0.38 0.55 0.26 0.8 0.24 0.82 0.22 0.77 0.28

b 0.76 1.26 0.6 1.02 0.47 0.79 0.52 0.9 0.56 0.7

hei, eV 195 121 169 121 143 68 182 78 150 82

Source: From Tselev et al. (1999b).

Figure 6.7 Distributions of the particles in CBPLD ablation plumes of selected metals into energy groups:

(white) 1–10 eV; (light gray) 10–40 eV; (dark gray) 40–100 eV; (black) 4100 eV.
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of the particles over their specified energy groups, more than one half of all the particles can

penetrate deeper than one surface monolayer into the substrate, giving rise to the subplantation

growth mode of the PLD films.

As can be seen from Table 6.2, the ionization ratio of the ablation plume b in CBPLD

is roughly twice as large as b (DPLD) and can exceed 100%. This has been confirmed

by spectroscopic investigations by Tselev et al. [2001]. They have also compared the cross

sections of possible ionization reactions and found that a collision between two excited

atoms resulting in deexcitation of one and subsequent ionization of the other one, Aex þ Aex !
Aþ þ Aþ e, should be the most probable mechanism of the additional plume ionization in

CBPLD.

6.2.2.2 Efficiency of Plume Interaction in CBPLD

The amount of redirected material determines the efficiency of the material usage in CBPLD. It is

reasonable to assume that the leading edge of the plasma plume is composed mainly of energetic

ions. The plasma number density n� in the interaction zone at the first deflection instant can be

determined from the ion current density j�ðtÞ measured by probe A:

n� ¼ tj�ðtÞ
eL

L

l

� �3

ð6:3Þ

where the ðL=lÞ3 scales the measured number density near the probe to that in the intersection region,

L and l being the distances of the probe A and the intersection zone from the target surface,

respectively.

The calculated critical value for most of the metals investigated was n� 
 1:4� 1015 cm�3

[Tselev et al., 2001]. The corresponding mean free path, l�, of a probe ion traveling through the

plasma plume was 
 6mm, accounting only for the particles of one plume and assuming that ions

interact gas dynamically at the energies corresponding to the first deflection instant. As one would

expect, the value found for l� is comparable with the thickness of the interaction zone in the

direction of plume propagation. That is why n� and l� are more or less the same for all materials

studied. In other words, in order to be deflected, the plume particles have to experience at least one

large-angle scattering within the intersection zone.

At the second deflection instant, the decreasing plasma density n reaches n� again, the colliding
beams penetrate each other without interaction and with no deflection of the ablated material

toward the substrate. The CBPLD deposition pulse is thus over. The interaction of the plasma

plumes at these later stages of the plume development is dominated by the neutral plasma species.

To estimate the flux of neutrals in the interaction zone, Tselev et al. [2001] have used the data

of Akhsakhalyan et al. [1982] who have studied the neutral part of the ablation plasma of

Cr under similar experimental conditions. From the condition that the plasma particle density

n ¼ n� one can deduce that the second deflection instant corresponds to an energy for neutrals

of roughly 6 eV.

Figure 6.8 presents the whole energy spectrum dN=de of plasma particles in DPLD obtained

by combining the energy spectrum of neutrals from Akhsakhalyan et al. [1982] with those

measured in the probe experiments in Figure 6.6. Particles with energies in the range between 6 eV

(the second deflection instant) and 730 eV (the first deflection instant) are effectively redirected

toward the substrate in CBPLD. The number of these particles compared to the full number of

gaseous ablation species yields the theoretical effectiveness of the material deflection process in

CBPLD. For the metals considered in Table 6.2 it appears to be 499%, that is, practically all the

plasma particles are effectively deflected toward the substrate. The condensation and scattering of

the plasma species on the diaphragm reduces this effectiveness to an overall value of about 50%

[Tselev et al., 1999a].

142 CROSS-BEAM PLD: METASTABLE FILM STRUCTURES FROM INTERSECTING PLUMES



6.2.2.3 Spatial Distribution of Ablation Plume in CBPLD

Figure 6.9 presents a typical distribution of the film thickness across the substrate for symmetric

CBPLD. It has an elliptical shape with the major axis along the larger side of the diaphragm aperture.

The majority of the deposited material is concentrated in this central maximum, and the primary

maxima of the individual plasma plumes are effectively suppressed.

The distribution of the deposited material on the substrate is connected with the angular

distribution of the resulting plasma plume. For a point source of material the width of the film

Figure 6.8 Combined energy spectrum of ablation particles in a DPLD plasma plume: (dashed line) Cr

neutrals [Akhsakhalyan et al., 1982], (dotted line) Fe ions [Tselev et al., 1999a, 1999b], (solid line) the overall

spectrum. The particles that exhibit no significant interaction in the intersection zone of CBPLD have energies in

the shaded areas.

Figure 6.9 Normalized spatial distribution of a nickel film deposited on a glass plate positioned at 34.5mm

from the diaphragm [Gorbunov et al., 1996]. The unshaded area is protected against droplets.
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thickness distribution can be characterized by a dimensionless film width� ¼ x1=2=L, where x1=2 is
the coordinate of the point where the thickness of the film decreases to one half of its maximum, and

L is the separation of the substrate from the point source. This geometry is further explained in

Figure 6.10. The plasma divergence angle y1=2 is the half-angle between the symmetric directions in

the ablation plume where the material flux is half the value at its maximum. Since the intersection

region is not negligibly small, this angle cannot be determined so straightforwardly as can be done in

the case of DPLD [Akhsakhalyan et al., 1988; Gorbunov and Konov, 1989].

To visualize the trajectories of the plasma outflow, Tselev et al. [1999b] have used a reticle

projection technique. It turned out that the position of the virtual plasma point source, spl, and

2y1=2 computed from � according to the procedure described by Gorbunov and Konov [1989]

depend on the direction of the plasma expansion. For the parallel direction (in Fig. 6.9) the virtual

source lies 6.1mm below the diaphragm and the plasma has the largest divergence angle

2y1=2 ¼ 56�ð�k ¼ 0:42Þ. For the perpendicular direction the virtual source lies 8.5mm above the

diaphragm and 2y1=2 ¼ 38�ð�? ¼ 0:31Þ (these are typical values for metals. Carbon deposits

have �k ¼ 0:73 and�? ¼ 0:36). In all cases the values determined for 2y1=2 and� are comparable

to those typical for the DPLD process [Akhsakhalyan et al., 1988; Gorbunov and Konov,

1989].

In the deposition experiments, the substrate was positioned off-axis in the plasma plume and

was rotated in such a way that it undergoes many revolutions during the deposition of a single

layer of material. This allows for further improvement in the uniformity of the film distribution

on the substrate to better than 2% across the surface of a substrate 20 mm long. Typical

deposition rates for metals lie in the range 1–4 pm/pulse at a diaphragm–substrate distance of

60 mm.

6.3 NANOSCALE MULTILAYER DEPOSITION

The functionality of many modern thin-film and multilayer-based devices depends on the flatness

and sharpness of the transition layers between neighboring materials. As follows from Section 6.2.2,

PLD is characterized by an extended range of the kinetic energies of the plasma particles and

combines therefore many of the features of low particle energy deposition, ion-beam-assisted

Figure 6.10 Definition of the dimensionless film width � ¼ x1=2=L and the angle of plasma divergence y1=2.
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deposition, and ion implantation. This unique combination results in excellent values of surface and

interface roughness of PLD films and multilayers when compared to other conventional deposition

techniques.

On the one hand, the ion-induced collapse of unstable clusters on the surface of the growing

film and voids beneath the surface as well as sputtering of loosely bounded adatoms ‘‘polish

out’’ the protruding spikes and roughness. On the other hand, the growth of the outer surface

roughness via surface diffusion and coalescence of adatoms in islands is suppressed due to a

greatly reduced bulk diffusion in the subplantational growth mode. Consequently, the roughness

of PLD multilayer films depends neither on thickness of individual layers nor on the overall

thickness of the whole layer stack as is typical for conventional deposition techniques. On the

contrary, in low-energy particle deposition techniques the film grows ‘‘on the surface’’ of the

substrate and surface diffusion plays an essential role in the redistribution of the film material.

Due to the virtual absence of droplets in CBPLD films they are highly suitable for roughness

determination.

6.3.1 Morphological and Compositional Roughness in PLD

Prokert et al. [2001] have characterized the interface roughness of CBPLD Co–Cu multilayers

with a nanometer period by X-ray diffraction. To increase the material contrast they used the

anomalous X-ray diffraction of synchrotron radiation tuned close to the K-absorption edges of the

Co (7709 eV) and Cu (8975 eV) atoms. The diffuse X-ray scattering revealed an extraordinary

high lateral roughness correlation length of many micrometers. This value approximately

represents the mean distance between the bulges in the interfaces between two materials and is far

larger than that of any other known deposition techniques [cf. de Bernabé et al., 1998]. Most

probably it reflects the intrinsic waviness of the substrate and is not inherent to the deposition

method itself.

Another interesting finding of Prokert et al. [2001] is the suppression of the correlated layer-to-

layer roughness with increasing values of the individual layer thickness. This is in direct contrast to

what is usually observed in thermal or sputtering deposition methods where the roughness increases

throughout the layer stack and is highly correlated with a lateral correlation length of the order of the

film thickness [Fullerton et al., 1993]. A progressive reduction of the interface root-mean-square

(rms) roughness to 0.3–0.5 nm with the increasing number of individual layers in nanometer-period

multilayers as a result of ion bombardment during the deposition was also observed by Schlatmann

et al. [1994] and Przybylski [1998].

Low-angle specular X-ray reflectometry of CBPLD multilayers [Prokert et al., 2001; Levin et al.,

2001] reveals, however, effective rms roughness values for the interfaces in the range of 0.1–1.5 nm,

which is comparable or even higher than that typical for the widely used technique of magnetron

sputtering. This apparent ‘‘roughness’’ arises from the ballistic intermixing between the film and

underlying material with the formation of a compositionally graded transition layer between the film

and the substrate. This so-called compositional roughness (as opposed to the morphological

roughness, which originates from physical nonplanarity of the interfaces) seems to be unavoidable in

PLD and will be discussed in the next section.

6.3.2 Determination of the Compositional Profile

6.3.2.1 Ballistic Monte Carlo Simulations

Figure 6.11 presents simulations of the influence of the laser source on the transition layer (TL)

formation during the PLD of Al on Fe. The simulations have been performed by a dynamic Monte

Carlo code TRIDYN 4.0 [Möller and Eckstein, 1984]. The whole energy spectrum of the plasma

particles was divided into four intervals according to the grouping scheme of Table 6.1 with the

mean energy representative for each interval. Further details of the simulations can be found

elsewhere [Gorbunoff, 2002].
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As can be seen from Figure 6.11, the excimer laser plasma source ðl ¼ 0:308 mmÞ with the

lowest particles energies ðhei 
 10 eVÞ provides the deposition conditions that are closest to the

ideal ones without intermixing and sputtering. With the Nd laser–plasma sources (l ¼ 1:06mm,

hei 
 200 eV), more pronounced compositionally graded TLs are formed several nanometers thick.

The implantation and the sputtering in the case of the CO2 laser–plasma source (l ¼ 10:6mm,

hei 
 1000 eV) are so high that the incoming ablation particles etch the substrate material. The

sputtering yield of Al appears to be somewhat lower than of Fe, and the Al atoms substitute the iron

atoms in the subsurface layer. However, the net sputtering yield is so high that the position of the free

surface of the whole sample remains practically unchanged after the given particle dose.

The formation of compositionally graded TLs between successive layers should also influence

the structure of the PLD-synthesized nanometer-period multilayers. Figure 6.12 presents the

TRIDYN-simulated steady-state modulation amplitude (MA) of Fe–Al multilayers formed under the

conditions of CBPLD. One sees that MA of 90 at % is reached first in 13-nm-period multilayers,

whereas 2-nm-period multilayers with MA 510 at % can be considered as compositionally

homogeneous.

The Monte Carlo simulations are generally based on a number of simplifying assumptions that

greatly facilitate the consideration of atomic collisions and cascades in solids: universal interatomic

interaction potentials, the binary collision approximation, a jelly structure, and the linear cascade

regime. Although these assumptions yield satisfactory results at particle energies e 
 150 eV

[Lifshitz et al., 1993], they are strictly valid at e values exceeding 1 keV. For this reason they can be

used only for rough estimations of the TL thickness. Especially in the low-energy region

experimental verification of the simulation results is highly desirable.

6.3.2.2 Phenomenological Model

A good materials contrast of the constituents facilitates cross-sectional TEM studies of transition

regions between the individual elements in Fe–Al multilayers. The atomically resolved TEM

images of the transition region between the individual materials in Fe-on-Al and Al-on-Fe bilayers

manufactured by CBPLD are shown in Figure 6.13. The comparison of both samples clearly

Figure 6.11 TRIDYN simulations of the Al film deposition (light gray) on an Fe substrate (gray) by PLD

with different laser plasma sources. The beam is incident from the right. A dose of incoming Al particles of

5� 1016 cm�2 is the same in all cases. The depth scale is related to the initial substrate surface position.
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demonstrates that the sequence of the deposition also considerably influences the resulting structure

of PLD multilayers. In the Fe-on-Al bilayers (Fig. 6.13a), the transition between the crystalline

phases appears to be abrupt and rough. On the contrary, the transition between both metals in the Al-

on-Fe (Fig. 6.13b) is smoother, and the crystalline phases of individual materials are separated by an

amorphous buffer layer having a thickness dbuffer of 3–4 nm. Analytical TEM investigations of

Geisler et al. [1999] showed that this amorphous buffer layer has a composition CAl ¼ 77� 10 at %,

that is, it represents only a part of the whole TL. The whole thickness of the composition profile in

both TLs appeared to be 6 nm for Al-on-Fe and 8 nm for Fe-on-Al and is displayed in Figure 6.13.

Figure 6.12 Modulation amplitude of Fe–Al multilayers far from the free surface and the substrate simulated

by TRIDYN (open circles). Individual layers are assumed to be deposited under typical conditions of CBPLD

with the same dose per layer. The diamond represents the modulation amplitude derived from the model profile

in Figure 6.14.

Figure 6.13 High-resolution TEM images of the transition regions between individual materials in (a) Fe-on-

Al and (b) Al-on-Fe bilayers manufactured by CBPLD. Arrows in the upper right corners show the direction of

deposition. The double-headed arrows indicate the position and the whole thickness of transition layers.
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By a rational combination of the above simulated and experimental data Tselev et al. [2002] have

developed a phenomenological approach to reconstruct the compositional profile in the TLs. The

following assumptions were made:

1. The volume of the ‘‘film’’ atoms implanted beneath the ‘‘film–substrate’’ boundary should be

equal to the volume of the ‘‘substrate’’ atoms displaced above it.

2. The implantation depth and sputtering are mainly determined by the particles with the

highest kinetic energy, for which the binary collision approximation is valid. Consequently,

the maximum range, the deepest portions of the concentration profile, and the position of the

‘‘film–substrate’’ boundary can be adopted from the TRIDYN simulations.

3. The compositional range of the amorphous phase in PLD co-deposited Fe–Al alloys lies

between 75 and 87 at % Al (as will be proved in Section 6.4.1.1) and is only controlled by

the properties of the materials system itself and the energy of incoming particles. Therefore

the amorphous buffer layer can serve as a marker for the run of the concentration profile

in the given concentration range: dbuffer(Al-on-Fe)
 4 nm � dbuffer(Fe-on-Al).

4. The shapes of both Al-on-Fe and Fe-on-Al are similar. This assumption is based on the fact

that the penetration depth in the hyperthermal energy range of PLD is controlled mainly by

the particle momentum [Gilmore and Sprague, 1996; Sprague and Gilmore, 1996]. Though

Fe ions in CBPLD are less energetic than Al ions (see Table 6.2), the momenta of both

species are similar.

The above conditions determine rather unambiguously the shape of a model compositional

profile. It appears to be more asymmetric and extended than is predicted by the TRIDYN

simulations. This specific asymmetric shape for the model profile with a steep fall in the middle

concentration range and a long roll-off in the portions close to the free surface results in a

characteristic saw-tooth shape of the steady-state concentration profile in multilayers as presented in

Figure 6.14. As a result, the thickness of alternating phases in TLs deposited from a hyperthermal

particle source appears to be dependent on the deposition sequence. In Fe–Al multilayers it is the

case for the amorphous phase shown schematically in the upper part of Figure 6.14. Consequently,

one can conclude that the asymmetry of the composition profile of transition layers between

individual materials is an inherent peculiarity of PLD where the subplantational material supply is

accompanied by a low diffusivity of the embedded atoms in the substrate matrix.

Figure 6.14 Concentration profile in a 20-nm period Fe–Al multilayer constructed from the model transition

layers (TLs) proposed by Tselev et al. [2002]. The asymmetry of TLs results in the alternation of the amorphous

buffer layer thickness (black) between the bcc (cross-hatched) and fcc (right-hatched) phases in the multilayer

cross section shown schematically as a bar in the upper part of the figure.
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6.4 ABNORMAL PHASE FORMATION IN CO-DEPOSITED ALLOYS

Following the discussion in Section 6.1.2, there exist reasons to expect PLD films to form

in some material-specific frozen-in nonequilibrium metastable state, which may especially

apply in the case of alloys. By co-deposition, their enforced mixture can occur even if the

starting materials are not miscible according to the equilibrium phase diagram. However, the

metastable phase formation in PLD film growth has not attracted much attention so far. In

this section the metastable phase formation in two binary materials systems, Fe–Al and Fe–Cr

co-deposited via the asymmetric CBPLD, will be studied. Asymmetric CBPLD additionally

provides a possibility to continuously vary the resulting film composition within a certain

range.

As has been demonstrated above, the kind of metastability that arises in PLD films should be very

material specific. Both Fe–Al and Fe–Cr materials systems have a miscibility gap in the equilibrium

bulk-phase diagram, but they strongly differ in their energies of mixing, atomic masses and sizes,

and chemical affinity.

6.4.1 Amorphous Fe–Al Alloys

6.4.1.1 Materials System Fe–Al

Fe–Al is a system with a negative heat of mixing of �0.81 eV/atom and a pronounced atomic size

difference of 14%. It has a complicated equilibrium phase diagram with a wide solubility range

(up to 46 at % Al) in the Fe-rich part of the equilibrium phase diagram, negligible solubility (up to

0.03 at % Fe) in the Al-rich one, and a number of intermetallic compounds with complex lattice

structures in a compositional range of 65–80 at % Al. However, the formation of intermetallic

compounds with a complicated crystalline structure in systems with a large negative heat of

mixing and an atomic size difference 410% is often suppressed due to configurational freezing.

Instead, they tend to form crystalline or amorphous extended single-phase solid solutions [Cahn

and Greer, 1996].

No crystalline phases form in CBPLD–Fe/Al multilayers with a nominal thickness of

individual layers below 6 nm [Geisler et al., 1999; Gorbunov et al., 1999; Noetzel et al., 1999]. The

same amorphization effect was observed in single-layer Fe–Al alloys co-deposited from

individual Al and Fe targets in asymmetrical CBPLD [Gorbunov et al., 1999]. The plane view

TEM micrographs and selected area diffraction patterns revealed a nanocrystalline body-centered

cubic (bcc) phase at CAl ¼ 0–67 at %, an amorphous phase between 75 and 87 at % Al, and a

nanocrystalline fcc phase at higher Al concentrations (Fig. 6.15). The same phase sequence was

found in sputtered [Shiga et al., 1985] and ball-milled [Dong et al., 1991; Sheng et al., 1997;

Figure 6.15 TEM and ED pictures of 20-nm-thick Fe–Al alloys of specified compositions [Gorbunov et al.,

1999].
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Eelman et al., 1998] alloys, and ion-beam mixed multilayers [Hohmuth et al., 1989; Alexandre

et al., 1993; Baumvol, 1993]. In thermodynamic equilibrium this compositional range corresponds

to the formation of complex intermetallic phases. However, no intermetallic phases were found in

the as-deposited samples. It seems that the mobility of subplanted atoms during the deposition

process is not high enough to overcome the kinetic barrier for the formation of the above complex

intermetallic structures.

6.4.1.2 Mechanism of Amorphization

No thickness limitation for the formation of amorphous co-deposited Fe–Al alloys has been found.

It can be concluded therefore that the interfacial stabilization is not the reason for the observed

amorphization effect. At the same time, it cannot be a consequence of a solid-state reaction (SSR).

First, in contrast to, for example, the Fe–Nb system, the free energy of the amorphous Fe–Al phase

is higher than the free energies of the simple (bcc and fcc) crystalline structures for all Fe–Al

compositions [Huang et al., 1997]. A decomposition of the amorphous Fe–Al phase with the

formation of the intermetallic phase FeAl at interfaces of multilayers already starts at a

temperature as low as 150�C [Hohmuth et al., 1989; Akdeniz and Mekhrabov, 1998; Levin et al.,

2000]. It is thus thermodynamically unfavorable that the amorphous structure would form in this

system as a result of SSR. Second, for any SSR to occur, chemically driven long-range diffusion is

necessary. Kelly et al. [1996] have found that the onset temperature of vacancy diffusion in

these multilayers is sufficiently higher than the room temperature value at which all the deposition

experiments were carried out. This means that long-range processes such as diffusion or

chemical reactions in the Fe–Al system are frozen and no SSR can occur at room temperature.

Finally, the concept of SSR cannot explain the apparent thickness difference between the

amorphous (disordered) buffer layers in the cases of Fe-on-Al and Al-on-Fe depositions in

Figure 6.13.

A practical conclusion, which can be drawn from these arguments, is that the amorphous

phase in both co-deposited Fe–Al alloys and nanometer-period multilayers is formed during the

thermalization of the energetic atoms in the ion-induced collision cascades on a time-scale

�10�11 s.

Sheng et al. [1997] have interpreted the amorphization of mechanically alloyed Fe100�xAlx at

values of x  70 in the context of the elastic instability caused by enormous supersaturation of the

constituents. The theory of elastic instability was introduced by Koike [1993] who concluded that

the destabilization of the crystalline phase and its collapse into the amorphous state takes place when

the lattice strain due to incorporated defects softens the elastic constant to a critical value of 40–50%

of its defect-free value. Following these studies, Gorbunov et al. [1999] have compared the

microhardness of single Fe and Al films, and their CBPLD alloys and multilayers. Assuming the

microhardness scales as the square of the indentation depth, one can derive from the indentation

curves in Figure 6.16 that increasing CAl from 60 to 77 at % is accompanied by a reduction of the

microhardness to the values comparable with those of Sheng et al. [1997]. Therefore, it is reasonable

to conclude that it is possibly the elastic instability that is responsible for the transformation of the

strained bcc nanocrystalline solid into the amorphous state when the Al concentration becomes

higher than 67 at %.

Further consideration of Figure 6.16 shows that co-deposited Fe–Al alloys remain much harder

than their multilayer counterparts. The reason is that besides the rigid bcc structure, the increased

difficulty in creating and moving of dislocations in nanocrystalline metals additionally enhances

the mechanical strength (the Hall–Petch effect). Amorphous solids have no underlying periodic

lattice and no plane slipping. They can be deformed only through the movement of atomic groups,

which requires increased shear stress as compared to their crystalline counterparts. This makes

amorphous Fe–Al alloys attractive for a variety of technological applications, for which a high

specific strength (strength-to-density ratio) and a good corrosion resistance are important features

[Reuther, 1998].
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6.4.2 Paramagnetic Fe–Cr Alloys

6.4.2.1 Materials System Fe–Cr

Different electronic configuration results in different ferromagnetic ordering of these isostructural

elements. Iron is ferromagnetic with a Curie temperature, TC , of 770
�C. Chromium is spin-density

wave antiferromagnetic. Its Neél temperature is 38�C and decreases very rapidly with increasing Fe

concentration in Cr-rich Fe–Cr alloys. The Fe–Cr materials system has potential in giant

magnetoresistance applications.

Both Fe and Cr crystallize at room temperature in the bcc crystal structure, while the difference

in their lattice constants is only 1%. Their heat of mixing is slightly positive, þ 0.25 eV/atom at

T ¼ 1100�C. However, according to the stable phase diagram, they tend to decompose into Fe- and

Cr-rich bcc solid solutions below 830�C. Long annealing of nearly equiatomic alloys somewhat

below this temperature results in the formation of a paramagnetic tetragonal s phase. Both the

decomposition of the system into two bcc phases and the s-phase formation can be easily suppressed

by nonequilibrium processing of the alloy, so that a continuous series of disordered bcc solutions can

be formed over the whole composition range.

A number of metastable phases have been observed in thin Fe–Cr films: a paramagnetic distorted

s-like phase in magnetron sputtered Fe55Cr45 films [Kortright et al., 2000], a w phase in Fe82.5Cr17.5
[Simmonds et al., 1996], and an icosahedral phase [Khmelevskaya et al., 1998]. Kimoto and Nishida

[1967] and Yukawa et al. [1970] have found a primitive cubic d phase (Al5 or Cr3Si type) in

nanometer-sized particles of Cr and Fe100�xCrx alloys (x < 40 at % Cr) prepared by evaporation in a

low-pressure Ar atmosphere. Doherty et al. [1977] have also reported on the formation of the d phase

in pure Cr films deposited in high vacuum.

Structural investigations of CBPLD co-deposited Fe100�xCrx alloy films revealed pronounced

structural transformations as the Cr content x of the films increases. These transformational

sequences are summarized in Figure 6.17 and illustrated in Figures 6.18 and 6.19.

Low-chromium-content alloys consist of a bcc a phase with a lattice parameter close to that of

pure Fe and a grain size of 20–40 nm (Fig. 6.18a). Higher Cr content gives rise to a tetragonal

distortion of the initial lattice, which is observable from the shoulder of the (110) peak of the XRD

Figure 6.16 Nanoindentation tests of different Fe–Al film structures: single Fe and Al films (black lines),

25-nm period multilayers with mean compositions Fe76Al24 (1), Fe40Al60 (2), Fe28Al72 (3), and co-

deposited Fe40Al60 (4) and Fe23Al77 (5) alloys. [Gorbunov et al., 1999]. The thickness of all samples was

above 100 nm.
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Figure 6.17 Existence regions of the metastable phases in Fe–Cr alloy films prepared by co-deposition in

CBPLD at room temperature [Gorbunov et al., 2005].

Figure 6.18 ED and TEM images of CBPLD Fe–Cr alloys with specified compositions [Gorbunov et al., 2002].
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pattern in Figure 6.19a. Simultaneously, another phase starts to form that gives rises to the formation

of new reflections near the (110) in the ED pattern in Figure 6.18b.

As x increases further, the bcc (200) reflection in Figure 6.18c disappears and a completely new

XRD pattern forms (Fig. 6.19b). Levin et al. [2002a] have attributed it to a new face-centered

orthorhombic (fco) phase with lattice parameters of 0.378, 0.4085, and 0.4201 nm. The grain size of

this phase becomes smaller.

At nearly equiatomic composition the grains become as small as 3–7 nm and produce only diffuse

haloes in the ED pattern in Figure 6.18d. However, careful XRD investigations of Levin et al. [2002a]

revealed that this phase has an orthorhombically distorted primitive lattice of Cr3Si type with lattice

parameters of 0.457, 0.464, and 0.483 nm (Fig. 6.19c). Gorbunov et al. [2002] have proposed the

naming of this new phase as a d 0 phase in view of its close relationship to the cubic primitive d–Cr

phase (a ¼ 0.4588 nm) in chromium nanoparticles reported by Kimoto and Nishida (1967).

The recovery of stable bcc phase formation is evident in X-ray diffraction patterns of high-Cr

alloys (Fig. 6.19d). It is accompanied by the appearance of large bcc crystallites embedded in

the fine nanocrystalline matrix. These bcc crystallites produce sharp-point bcc reflections on the

background of diffuse haloes of the d 0-phase matrix in the ED pattern (Fig. 6.18e). Only the bcc and

the tetragonally distorted bcc Cr phase can be observed at x  72 at % Cr (Fig. 6.19e).

6.4.2.2 Ordering Effect

The EXAFS investigations of the d0 phase by Gorbunov et al. [2002] revealed pronounced

differences in the next-neighbor arrangement of resonantly absorbing Fe and Cr atoms. Figure

6.20 compares EXAFS spectra of two samples with x ¼ 24:5 and 62 at % Cr. In the low-Cr bcc a

phase (Fig. 6.20a), the patterns for both metals coincide. This means that atoms of both kinds have

statistically the same arrangement of near neighbors, a natural expectation for disordered alloys.

This is not the case for the d0 phase (Fig. 6.20b). The strong peak at about 2.2 Å for Fe is

Figure 6.19 XRD patterns of Fe–Cr films (y–2y scans) with specified compositions [Gorbunov et al., 2002;

Levin et al., 2002a]. The positions of the a-Fe, face-centered orthorhombic (fco), and d0-phase peaks are also

indicated. The XRD contribution of the substrate has been subtracted.
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an indication of a well-defined, single nearest-neighbor coordination shell around Fe atoms,

while on the contrary, a pronounced damping of the peak for the case of Cr is apparent. These

observations suggest that both atomic kinds in the alloy occupy specific lattice positions or, in

other words, that the alloy is at least partly ordered. Iron atoms preferably occupy ‘‘body center’’

and ‘‘corner’’ sites of the elementary cell with single coordination shells at a distance of

about 0.26 nm around them. Chromium atoms tend to take up twinned positions at faces of the

elementary cell (black balls in Fig. 6.20b), having therefore three neighbor shells at about 0.23,

0.26, and 0.28 nm with 2, 4, and 8 atoms, respectively. It is interesting to note that the

icosahedrally coordinated chromium atoms in the Cr3Si-type crystal structure indicated in

Figure 6.20b can cause fivefold symmetry effects observed by Khmelevskaya et al. [1998] in ion-

bombarded Fe–Cr alloys.

The formation of the ordered phases in the as-deposited Fe–Cr alloys can also be qualitatively

supported by the measurements of the electrical resistivity r of the alloys since it is quite

sensitive to the structural imperfections. In full accordance with the Nordheim rule, the

enrichment with the solute results in the rising of r at both sides of the composition scale.

However, as one can deduce from Figure 6.21, a pronounced minimum of r is observed at nearly

equiatomic composition, where the primitive orthorhombic (po) d0-phase alloys form. Such

behavior of r is typical for ordered intermetallic compounds with less electron scattering on the

disordered impurity atoms.

In general, it must be mentioned that the formation of ordered phases with complex

crystalline structure by energetic deposition is a rather infrequently observed phenomenon; it

is likely to have been reported by Gorbunov et al. [2002] for the first time under the conditions

of PLD.

6.4.2.3 Magnetic Transformations

Ferromagnetic ordering is a material property that is very sensitive to the separation between

neighboring atoms and thus is closely connected with crystallographic properties of the alloys.

Figure 6.20 Cr–K (full line) and Fe–K (broken line) Fourier transforms of the EXAFS functions of specified

alloys [Gorbunov et al., 2002]. The balls in sketch (a) represent the statistically equiprobable positions of Fe and Cr

atoms in disordered bcc alloys. The most probable positions of Fe (light balls) and Cr (dark balls) atoms in the

elementary cell of the d0 phase are illustrated in sketch (b). Note the icosahedral coordination of Cr atoms.
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According to literature data [Wijn, 1986], the mass magnetization (the magnetic moment per unit

mass) s for the undercooled bcc Fe–Cr solid solutions decreases practically linearly with the Cr

concentration x, until the alloy becomes paramagnetic at room temperature at x above 67 at %. The

experimental values of s of the deposited alloys in comparison with the literature data are displayed

in Figure 6.22. It is seen that low-Cr-content alloys demonstrate the same sðxÞ trend as the bulk bcc

Figure 6.21 Electrical resistivity r of the as-deposited alloys (solid squares) as a function of the Cr content x.

The line is only a guide for the eye [Gorbunov et al., 2005].

Figure 6.22 Dependence of the magnetization s of as-deposited Fe–Cr alloys (solid circles) on the film

composition x, measured in a field of 1 kOe. The open circles demonstrate the effect of ion bombardment

with 40-keV Cr ions at doses 5� 1015 Cr cm�2 (x ¼ 39 at % Cr) and 2� 1016 Cr cm�2 (x ¼ 47 at % Cr) and

thermal annealing at 425�C (x ¼ 34 at %Cr) for 50 h under high-vacuum conditions [Gorbunov et al., 2005].

The magnetization behavior of bulk metastable bbc Fe–Cr solid solutions from Wijn [1986] is given by the

dashed line.
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Fe–Cr alloys. The reduced magnetization is reasonable to attribute to the enlarged unit cell

parameter of the alloys [Gorbunov et al., 2005].

As x exceeds 20 at % Cr, the magnetization rapidly decreses to zero and the alloy becomes

completely paramagnetic at x ¼ 27 at % Cr. According to Figure 6.17, this concentration region

corresponds to the formation of the tetragonally distorted body-centered phase and is characterized

by an enlarged lattice spacing [Gorbunov et al., 2005]. Subsequent postprocessing results in the

formation of the bcc a-Fe-like phase, reduction of the unit cell parameter, and the restoration of the

ferromagnetic order in the alloys studied. To achieve this it was sufficient to heat the alloys to a

temperature above 400�C [Levin et al., 2002b] or to implant them with 40-keV Cr ions to a dose of

the order of 1016 Cr cm�2 [Wieser et al., 2002; Gorbunov et al., 2005]. As seen in Figure 6.22, their

magnetization practically reaches the table values for the metastable bcc Fe–Cr alloys independently

on the starting phase.

Metastable film materials represent promising media for one-step fabrication of nanostructures

through local postprocessing [Gorbunoff, 2002]. The advantage of the ion-beam-induced phase

transformations is that they take place with no gross alteration of the sample surface morphology.

Gorbunov et al. [2005] have used the ion-induced phase and magnetic transformations in metastable

Fe–Cr alloys for direct writing of ferromagnetically arranged areas in a nonmagnetic matrix of the

same material by using a tightly focused ion beam. They have implanted an array of 5� 5mm2 areas

of a Fe63Cr37 film alloy with 60 keV Cr ions to a dose 5� 1015 Cr ions cm�2, which, according to

Wieser et al. [2002] should render them ferromagnetic. In fact, they possessed a clear contrast to the

surrounding nonprocessed areas in the frequency, phase, and amplitude MFM images, indicating a

strong magnetic interaction with the MFM tip (Fig. 6.23). In the topographic mode the ion-beam-

processed areas appeared as depressions only 2 nm deep. Since an ion beam can be focused down to

a few nanometers, this technique can also be implemented for direct ion beam writing of surface

magnetic structures on the nanometer scale.

6.5 CONCLUSIONS

1. A unique set of film growth conditions distinguishes high-vacuum PLD from other thin film

physical deposition techniques. The pulsed, intrinsically highly nonequilibrium nature of

PLD with a broad energy distribution and high quenching rates of condensing hyperthermal

Figure 6.23 Lift-mode MFM phase image of a Fe63Cr37 alloy locally implanted with 5� 1015 Cr ions cm�2

at an ion energy of 60 keV (black areas) [Gorbunov et al., 2005]. The MFM tip–sample separation was

113 nm.
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particles combines the features of physical vapor deposition, ion beam sputtering, and

implantation techniques. It gives rise to the subplantational film growth mode with shallow

subsurface implantation and low diffusivity of the embedded atoms in the underlying

material.

2. Cross-beam PLD can be considered as a useful extension of the direct PLD technique.

In this system an intersection zone of two ablation plumes from dual simultaneously

irradiated targets forms a filter for droplets and high-energy plasma particles. It allows an

effective solution of the problem of droplet transfer onto the film, which is considered to be

one of the major drawbacks of PLD. The absence of droplets in CBPLD facilitates

characterization of the structure, phase composition, and properties of the deposited films

and multilayers by surface-averaging techniques. The spatio-energetic characteristics of the

ablation plume in CBPLD appear to be comparable with those typical for conventional PLD.

3. Due to the subplantation growth mode in PLD with greatly reduced bulk diffusion, the

subsequent arrival of condensing particles does not contribute to the development of the

outer surface roughness. As a consequence, the surface and interface roughness of the PLD

films depends neither on the thickness of the individual layers nor on the overall thickness

of the whole multilayer stack. Contrary to conventional deposition techniques, the rough-

ness is highly noncorrelated and tends to decrease with increasing film thickness. The

lateral roughness correlation length far exceeds that of any other known deposition

technique.

4. The specific asymmetric shape of the concentration profile in the transition layer between

two adjacent materials is an inherent peculiarity of PLD. It has a steep fall in the deepest

portions of the film material and a longer roll-off in those portions closer to the free surface.

In PLD of multilayers, this shape of the concentration profile makes the thickness of

alternating phases dependent on the deposition sequence.

5. The effects of subplantation, rapid quenching, configurational freezing, and resputtering of

incoming energetic particles in PLD reduce the influence of the heat of mixing and solid-

state diffusion on the phase composition of the deposited layered materials. The formation of

highly randomized, very fine grained nanocrystalline, or quasi-amorphous, very smooth

uniform films in a material-specific metastable state is a natural consequence of this unique

set of film growth conditions. The metastable phase formation has to be considered as a rule

rather than an exception in PLD.

6. The use of dual targets of different materials in CBPLD makes it possible to mix them

directly in the colliding laser plumes. It contributes additionally to the nonequilibrium nature

of PLD and can drive certain binary systems toward the extended solid solubility of

materials, the formation of abnormal metastable nanocrystalline or amorphous structures,

and even the formation of new ordered intermetallic phases.

7. The metastable alloys synthesized by CBPLD demonstrate a promising combination of

physical properties. Amorphous Fe–Al thin-film alloys can find application as corrosion

protection coatings. Irreversible phase transformations induced in metastable intermetallic

Fe–Cr phases by local heat treatment or ion bombardment have the potential to be used for a

single-step fabrication of stable magnetic nanostructures.
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96–98, 649–655.

Gorbunov, A. A., A. E. Tselev, D. Elefant, H. Geisler, G. Henninger, A. Mensch, D. C. Meyer, B. Wolf, P. Paufler,

W. Pompe, C. M. Schneider, and H. Worch (1999), Appl. Phys. A69 (Suppl.), S463–S466.

Gorbunov, A., A. A. Levin, A. Mensch, D. C. Meyer, A. Tselev, P. Paufler, W. Pompe, and D. Eckert (2002), Appl.

Surf. Sci. 197/198, 392–397.

Gorbunov, A., A. A. Levin, D. C. Meyer, L. Bischoff, D. Eckert, B. Köhler, M. Mertig, T. Weissbach, E. Wieser,
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CHAPTER 7

Combinatorial Pulsed Laser Deposition

ICHIRO TAKEUCHI

Department of Materials Science and Engineering and Center for Superconductivity Research,

University of Maryland, College Park, Maryland

7.1 INTRODUCTION

The combinatorial approach to materials is an emerging paradigm of research methodology that

aims to drastically increase the efficiency at which new compounds are discovered and improved. In

a single experiment, up to thousands of different compositions can be synthesized and screened for

desired physical properties [Koinuma and Takeuchi, 2004]. Within the last 20 years, combinatorial

chemistry and high-throughput screening for new drugs and biomolecules have already

revolutionized the pharmaceutical and DNA (deoxyribonucleic acid) sequencing industries

[Lebl, 1999].

The shear amount of existing literature and cumulative knowledge in all of materials science,

which consists of a myriad of subdisciplines (classified mostly by different classes of materials),

seems enormous. Yet, the total number of known complex functional materials is actually miniscule

compared to the vast phase space of all possible multicomponent compounds that can be formed

by combining different elements from the periodic table. At the end of the 1980s, J. C. Phillips

estimated that approximately 24,000 inorganic phases were known. Among them, 16,000 are binary

and pseudobinary compounds, and only 8000 are ternary and pseudoternary compounds [Phillips,

1989]. If we choose about 60 elements from the periodic table to form ternary compounds, there are

�34,000 possible ternary systems, and a large fraction of these are yet to be explored. In addition,

within each ternary system, different stoichiometries can naturally give rise to a variety of different

structures and properties. The most comprehensive way to study a ternary system is to map its

compositional phase diagram. To map the structure–composition–physical property relationship of

ternary systems with the conventional method of making and testing one composition at a time with

small compositional increments requires a very large number of experiments.

It is our view that to systematically explore the inexhaustibly large phase space of unknown

complex systems, the conventional sequential trial-and-error method has to be replaced with more

time-efficient and cost-effective methods. The combinatorial approach is an attempt at tackling this

challenge by simultaneously performing a large number of experiments.

Pulsed Laser Deposition of Thin Films: Applications-Led Growth of Functional Materials
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7.2 COMBINATORIAL APPROACH TO MATERIALS

The combinatorial approach to functional and electronic materials is best implemented in the

form of thin-film combinatorial libraries. On a substrate as small as 1 cm2, thousands of different

compositions can be integrated, synthesized, and screened for the desired physical properties. The

feasibility and utility of this concept has been demonstrated in the discoveries of a number of

new materials with much improved physical properties [Xiang et al., 1995, Brice~no et al., 1995;

Danielson et al., 1998; Takeuchi et al., 2003a].

Figure 7.1 is a schematic depicting the experimental steps of the combinatorial approach to

materials. In this particular scheme, the library is synthesized using the thin-film precursor technique

(discussed below), but the overall picture is representative of combinatorial thin-film techniques in

general. In the first step, fabrication of a thin-film library with a large number of compositionally

varying sites is achieved by carrying out a series of thin-film depositions in conjunction with

precisely positioned shadow masks that allow spatially selective deposition. Here, using a series of

masks, different combinations of amorphous precursor multilayers are deposited at unique sites on

the library chip. Following the deposition, the chip is thermally processed to diffuse the precursors

and to form the desired phases. Finally, various parallel measurements and/or scanning probe

techniques are used to rapidly characterize the specific physical properties of interest and screen the

library. This last step is often the biggest bottleneck in the overall combinatorial experimentation

process. The scope of the materials systems and properties that can be addressed is often dictated by

the availability and capabilities of high-throughput characterization techniques.

This chapter will review the utility of pulsed laser deposition (PLD) techniques in fabrication of

combinatorial samples (thin-film libraries and composition spreads). While it is well known that

PLD can be used for deposition of different types of materials systems, combinatorial PLD

performed to date has largely focused on metal oxide materials, and, thus, the discussions and

examples covered in this chapter will be restricted to metal oxide systems only.

Figure 7.1 Schematic showing experimental steps of a combinatorial experiment. Following a cycle of steps,

the experiment can be repeated with appropriate feedback. The precursors can also be delivered using an ink-jet

technique.
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7.3 PULSED LASER DEPOSITION FOR FABRICATION OF

COMBINATORIAL LIBRARIES

There are a number of thin-film deposition techniques that can be used for fabrication of

combinatorial samples. Essentially, any physical vapor deposition technique can be used for

achieving the spatially selective deposition facilitated by implementation of shadow masks as shown

in the first step in Figure 7.1. In some instances, application of chemical vapor deposition techniques

to combinatorial synthesis have also been demonstrated [Xia et al., 2004; Choo et al., 2005].

Pulsed laser deposition has several key advantages over other techniques for use in library

fabrication. Laser ablation of materials from bulk targets is a highly nonequilibrium process that

allows stoichiometric transfer and delivery of controlled target composition to the substrate. This

aspect is particularly crucial for metal oxides where materials systems of interest often consist of

multiple components with different vapor pressures.

Depositions can be performed in high vacuum or in low pressure of reactive gases. A single film

can be made in a relatively short period of time with a quick turn-around. By monitoring the number

of laser pulses, one can control the deposition of materials at an atomic layer level, and by

incorporating a layer-by-layer deposition technique, one can design and explore novel materials

systems that do not exist in bulk form. One requirement of the deposition technique in performing

fabrication of combinatorial libraries is that it needs to facilitate deposition of a number of different

materials in a single deposition sequence. In PLD, target materials do not need to be biased, and a

multiple-target carousel allows sequential deposition of different materials in a single run. In

general, PLD systems are relatively inexpensive, and they can be set up quickly and easily with

minimum maintenance requirements.

7.4 SYNTHESIS TECHNIQUE USING THIN-FILM PRECURSORS

The very first demonstration of the combinatorial approach to materials was performed using

libraries fabricated by the thin-film precursor technique [Xiang et al., 1995]. The goal here is to

survey as diverse a compositional variation as possible in individual experiments using

mathematically designed masking strategies. A series of high-precision shadow masks are used to

define the layout of multilayers of amorphous precursors for all the sites. Elemental metals, simple

metal oxides, flourides, and carbonates are often used as precursors. For instance, to make

(Ba,Sr)TiO3, a multilayer consisting of amorphous layers of BaF2, SrF2, and TiO2 are used, as shown

in Figure 7.2. The substrate is usually held at or near room temperature (up to 100–200�C) during the
deposition of precursor layers. Postannealing and heat treatment are used for diffusion of amorphous

precursors and phase formation.

There are different combinatorial mask configurations to effectively create and investigate large

compositional phase spaces. Figure 7.3 illustrates the quaternary combinatorial masking scheme

[Wang et al., 1998]. This scheme involves n different masks, which successively subdivide the

substrate into a series of self-similar patterns of quadrants. The r th (1 � r � n) mask contains 4r�1

openings where each opening exposes one quarter of the area exposed in the preceding mask. Within

BaF2

SrF2

TiO2

(Ba,Sr)TiO3

substrate substrate

Thermal

treatment

Figure 7.2 Scheme of phase formation in the precursor technique. An amorphous precursor multilayer

deposited at room temperature is converted to a crystalline compound.
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each opening, there are an array of 4n�r gridded sample sites. Each mask is used in up to four

sequential depositions, where for each deposition the mask is rotated by 90�. This process results in
up to 4n different combinations of precursors created after 4� n precursor depositions. This can be

effectively applied to survey a large number of different compositions, each consisting of up to

n-elemental components, and each component is selected from a group of up to four precursors. In

many ways, the use of the precursor technique, and a masking strategy such as this, brings out the

most in the combinatorial approach since the number of compositionally varying samples is

determined in a mathematically combinatorial way.

Implementation of masking schemes is accomplished using either physical shadow masking or

photolithographic lift-off steps. Because of its high spatial resolution and alignment accuracy, the

lift-off method is particularly suitable for generating chips containing a high density of sites. The

trade-off is that after each deposition, a lift-off step and spinning and patterning of the next layer of

photoresist needs to be performed. Figure 7.4 is a photograph (taken in daylight) of a 1024-member

library chip designed to search for new luminescent materials. This library was laid out mostly using

PLD together with lift-off of each layer using 5 quaternary masks on a 1-inch� 1-inch substrate. The

photograph was taken following the deposition prior to annealing [Wang et al., 1998]. Individual

sites on the library all appear different due to the varied thicknesses and different optical indexes of

precursor multilayer films. The color variation and its distribution in the library reflect the diversity

one can achieve using this technique. This particular experiment yielded a number of leads in new

luminescent materials and has led to the discovery of an efficient blue-emitting photoluminescent

composite material, Gd3Ga5O12/SiO2 [Wang et al.,1998 ].

Although it may appear straightforward, phase formation by annealing amorphous mutilayers of

precursors is far from conventional for making stoichiometric compounds, as initially it was not

clear that this synthesis approach would generate meaningful crystalline compounds. As an

example, in annealing a multilayer, nucleation could occur at each interface between precursors

resulting in formation of multiple binary phases instead of the desired multielement single phase. In

fact, many failed attempts at converting the precursors into crystalline compounds were made before

an effective multistep annealing process was found [Xiang et al., 1995]. This approach was inspired

by the work of Johnson and colleagues at the University of Oregon on metal precursor interdiffusion

[Fister and Johnson, 1994]. It takes advantage of competition between interdiffusion and nucleation

(a) (b)

(c) (e)(d)

Figure 7.3 Set of physical shadow masks used in the quaternary masking strategy. Each mask is used in up to

4 depositions.
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at the interfaces of precursor layers. For every bilayer combination, there exists a critical thickness

determined by the kinetics, below which interdiffusion at the interface is dominant over nucleation.

Therefore, it is possible to interdiffuse the precursor layers to form an intermediate amorphous state

close in stoichiometry to the desired crystalline phase before the nucleation of thermodynamically

stable phases starts. We found that most metal alloys or oxide compounds can be formed from

multilayers of metal and/or metal oxide precursors through controlled thermal treatments. Prior to

synthesizing a full library, a few sampling experiments are performed for a representative

composition in order to arrive at appropriate processing conditions for the entire library. It is crucial

that one does not place ‘‘too much variation’’ on a given library where ideal processing conditions

among different selected compositions may be vastly different.

We have found that multistep annealing of amorphous precursor multilayers yields not only

predominantly single-phase materials, but can also produce epitaxial thin films on lattice-matched

substrates [Chang et al., 1998]. This is mostly indicated by X-ray diffraction of resulting films

displaying peaks from the desired single phase. In particular, we have extensively studied the

microstructural properties of BaTiO3 films on LaAlO3 substrates fabricated from BaF2/TiO2

bilayers. We found that the f scan of the (101) planes of the films display a clear fourfold symmetry

indicating that the films are in-plane aligned with the substrate. To further examine the

microstructural details of these, we have also performed high-resolution transmission electron

microscopy (TEM) and found that the films do indeed consist mostly of large epitaxial grains that

had nucleated at the film–substrate interface [Takeuchi et al., 2001; Bendersky, 2002].

It is known that properties such as dielectric and mechanical losses can be dramatically

influenced by addition of small amounts of elemental or compound dopants. To study the effects of

different dopants on the dielectric properties of ðBa1�xSrxÞTiO3, a library consisting of four different

stoichiometries of ðBa1�xSrxÞTiO3 thin films (x ¼ 1:0, 0.8, 0.7, and 0.5) as hosts was generated. The
hosts were doped with different combinations of up to three out of nine different metallic elements

with each dopant added in excess of 1mol% with respect to the ðBa1�xSrxÞTiO3 host [Chang et al.,

1998]. The quaternary combinatorial masking scheme was used to generate 44 ¼ 256 different

dopant combinations in 16 steps. To fabricate the library, TiO2 (870 Å) was deposited first to

Figure 7.4 Photograph of a luminescent materials library (1 inch� 1 inch). The library was laid out using the

quaternary masking technique implemented using photolithography [Wang et al., 1998].
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generate an array of 256 samples, each 650 � 650 mm2, on a (100) LaO substrate. This was then

followed by deposition of BaF2, SrF2, and different dopants in the following sequence: B1: Fe2O3

(7 Å); B2: W(5 Å); B3: CaF2(12 Å); C1: Cr(4 Å); C2: Mn3O4(7 Å); C3: CeO2(12 Å); D1: MgO(7 Å);

D2: Y2O3(10 Å); D3: La2O3(12 Å); A1: BaF2(1640 Å); A2: SrF2 (270 Å) þ BaF2(1320 Å); A3:

SrF2(410 Å) þ BaF2(940 Å); A4: SrF2(680 Å) þ BaF2(830 Å), where A, B, C, and D denote the

quaternary masks used in the deposition steps, the subscript i indicates an ði� 1Þ� 90� clockwise
rotation of the mask relative to the orientation of the mask shown in Figure 7.3, and the numbers in

parentheses indicate the film thickness. The dopant layers were sandwiched between TiO2 and the

fluoride materials to prevent evaporation during subsequent annealing steps. The library was then heated

at 400�C in flowing oxygen for 24h to initiate mixing of the precursors (TiO2, BaF2, and SrF2) as well as

diffusion of the dopants. This was followed by a further annealing in flowing oxygen at 900�C for 1.5 h.

A scanning microwave microscope was used for nondestructive quantitative dielectric characte-

rization of the thin-film library at 1GHz. We have found that all the films doped with W consistently

give dielectric loss significantly lower than other films [Chang, 1998; Takeuchi, 1998]. Following this

work, a careful study of high-quality in situ grown films ofW-doped ðBa1�xSrxÞTiO3 by J. Horwitz at

Naval Research Laboratory has yielded a record low microwave loss, tan d of 0.005 at room

temperature [Chang et al., 1999]. This represents a significant improvement in the material for

tunable microwave device applications.

7.5 HIGH-THROUGHPUT THIN-FILM DEPOSITION

In incorporating the combinatorial strategy into PLD, our philosophy was to maintain and enhance

the versatility and the relative simplicity of PLD. To this end, we have developed at the University of

Maryland a compact 8-inch-diameter combinatorial thin-film deposition flange where all the

necessary components for creating combinatorial libraries and composition spreads of different

designs are integrated in a single vacuum flange [Chang et al., 2004], a photograph of which is shown

in Figure 7.5. Essentially, it is a 1.5-inch-diameter substrate–mounting heater plate (which can go up

Figure 7.5 Photograph of a combinatorial thin-film deposition flange on a stand. It can be mounted in any

appropriate physical vapor deposition chamber to perform combinatorial library synthesis.
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to � 800�C) integrated with a two-dimensional shuttering system. The shutters allow spatially

selective shadow deposition of different layouts anywhere on mounted substrates up to 1 inch 2. The

main advantage of the flange is that it is not a permanent fixture to any one system, and it can be

placed on any deposition system as long as the flange size is compatible. We have used one

combinatorial flange on several different PLD chambers each dedicated to a specific materials

system to demonstrate its portable nature. The current version of the flange is approximately 19

inches in height and weighs approximately 25 lb. The heart of the flange is entirely modular, and it

can, in principle, be placed on flanges of any sizes 6 inches and up. Although it was originally

developed for PLD, it is also applicable to other physical vapor deposition systems such as sputtering

and evaporation processes where shadow deposition is readily achievable. We have recently

successfully implemented one to an electron beam deposition system, where it is used to make

libraries of metallic alloy systems [Ohguchi et al., 2005].

The flange contains motors and feedthroughs for driving the automated shutter system. The

motors drive the shafts that rotate the chains to which the shutters/masks are connected.

The overlapping x� y shutters are made of � 300-mm-thick stainless steel sheets. The heater

plate located immediately behind the shutters is rotatable in an automated manner with an indexed

angle, and the spacing between the heater plate and the shutter plates is adjustable. The substrate

surface can be brought as close as 100 mm away from the shutter for room temperature deposition, or

as far away as 5 cm (for postdeposition annealing at elevated temperatures.) For in situ growth of

films at elevated temperatures, the distance between the substrate surface and the shutter is typically

300–500 mm, which is required for minimizing the heat transfer from the heater to the shutter system

and then onto other parts of the mechanical assembly.

Apertures of any shapes can be cut into the shutter plates depending on the required layout design

of a particular combinatorial experiment. For instance, it can be a simple square opening used for

fabricating composition spreads (described below) or a set of window patterns with the quaternary

masking configuration discussed above. The shutter plates and the heater plates are replaceable, and

they are exchanged from experiment to experiment to minimize cross contamination through

resputtering of materials deposited on them. We have found that the two overlapping shutters, which

move in two orthogonal directions, combined with a rotatable heater allow us to accommodate

virtually any type of library/spread layout designs. The shutters can move with variable speeds from

0.18 to 1.2mm/s. The shutter-driving motors, the target carousel, which fits up to 6 target materials,

and the laser are all synchronized by a computer and controlled via Labview compiled software.

Using the aperture patterns for the two shutters, as shown in Figure 7.5, one can make a discrete

library where thin-film samples of different compositions are deposited on separated individual sites

of square areas. Figure 7.6 is a photograph of a gas sensor library made in this manner [Aronova et

al., 2003]. The utility of combinatorial libraries for gas sensor applications is twofold: One is to

search and optimize the compositions for high sensitivity and selectivity of gases, and the other is to

make use of the natural array geometry of the libraries for an electronic nose, where an array of

sensors is multiplexed for gas identification by pattern recognition. Prior to the deposition of 16 sites

on the library, a two-terminal Au electrode pattern was created by a lift-off process on a sapphire

substrate. Then 500-Å-thick sensor films of different compositions were deposited on selected areas

(2mm�2mm) at fixed positions on the Au electrode pattern. The array consisted of 16 compositions

where SnO2 was the host material and ZnO, WO3, In2O3, Pt, and Pd were the dopants. The films

were deposited at 550�C in oxygen partial pressure of 2� 10�3 Torr. These dopants were selected

based on previous reports on single-composition gas sensor studies.

One major drawback of PLD is the limited area of uniformly deposited film thickness on

substrates because of the finite size of the plasma plume. Under a typical deposition condition of

100mTorr of O2, this area is at most � 1 cm2. Because the gas sensor library chip was 1 inch2,

deposition was performed in four steps where a quarter of the substrate was exposed for deposition at

a time. This was facilitated by 90� rotations of the substrate between steps. To create thin films of

selected chemical compositions, we deposited materials in a layer-by-layer process where SnO2 and

other layers were deposited in an alternating manner. Each layer of SnO2 and its dopant material was
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less than 4 Å thick so that dopants are intimately mixed at a subnanometer level. For deposition of the 16

sensors, the total deposition time of one library was � 3.5 h, most of which was spent on moving and

aligning the automated shutters. Testing of the chips was successfully performed in a gas flow chamber

where all sensors were electrically connected to the outside electronics to monitor its resistance change.

Wewere able to demonstrate the detection of different gas species by pattern recognition. In this manner,

the entire library is used as one electronic nose device [Aronova et al., 2003].

7.6 COMBINATORIAL LASER MOLECULAR BEAM EPITAXY

In view of the fact that every crystalline material is composed of molecular layers stacked

periodically and that modern electronic devices have nanoscale layer structures [Koinuma, 1998], it

is desirable to develop a scheme for parallel fabrication of layered structures so that one can quickly

find the best combinations in layered lattices and optimum fabrication conditions. Koinuma and

co-workers implemented the methods of combinatorial laser molecular-beam epitaxy (CLMBE)

[Koinuma, 2002; Koinuma et al., 1999] to create artificial oxide lattices and heterojunctions, with

each layer composition, thickness, and sequence controlled at the atomic scale. Molecular layers are

deposited from several kinds of solid sources through a series of physical shadow masks placed on a

heated substrate, and the deposited materials are crystallized in as-grown states. Key features of a

CLMBE system include a set of physical masks for spatially selective film deposition, a scanning

reflection high-energy electron diffraction (RHEED) system for in situ diagnostics of film growth

mode at various sites on a substrate, and a fiber-guided Nd :YAG laser for substrate heating, as

shown in Figure 7.7a. By monitoring the growth mode with RHEED and by synchronizing the target

exchange with mask movements, synthesis of a number of atomic-layer-controlled materials can be

coordinated on a single substrate.

The effectiveness of combinatorial lattice integration using the CLMBE system was

demonstrated in the concurrent fabrication of a set of SrTiO3/BaTiO3 superlattices with equimolar

ratios and different periodicities at an oxygen pressure of 1.0� 10�6 Torr and a substrate

Figure 7.6 Photograph of an electronic nose: a combinatorial library of semiconductor based gas sensors

(1 inch� 1 inch) [Aronova et al., 2003].
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Figure 7.7 Fabrication of an atomically controlled materials library. (a) Schematic setup for parallel growth of

epitaxial superlattices. (b) Simultaneously obtained reflection high-energy electron diffraction (RHEED)

intensities versus time for three SrTiO3/BaTiO3 superlattices fabricated. The deposition sequence is shown

below the graph.
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temperature of 700�C [Ohnishi et al., 2001]. The use of chemically etched SrTiO3(001) substrates

with atomically flat surfaces enabled observation of clear RHEED intensity oscillations, each of

which corresponded to the growth of a unit cell layer (0.4 nm) of each oxide. Synchronization of the

RHEED beam sweeping across the substrate surface with a pair of coils and image acquisition were

combined with motion of the physical masks to simultaneously control the growth of as many as 10

strips of thin films in parallel on a single substrate. RHEED traces for the growth of three different

periodicities are shown in Figure 7.7b. Incorporating 90� substrate rotation can enable fabrication of
as large as a 10 � 10 matrix of superlattices.

The Nd :YAG laser, which heats substrates up to 1400�C in 1 atm of O2, can also be used to

create a temperature gradient on a substrate [Koida et al., 2002a]. Fine tuning the optimum deposition

temperature is a typical experiment in any thin-film research, and this capability allows one to

explore temperature as a combinatorial parameter. Thus, it is now possible to simultaneously optimize

temperature and composition in a single experiment. This technique has been successfully implemented

in optimizing different materials [Minami et al., 2002; Tsukazaki et al., 2002; Koida, 2002b].

A good example of serendipitous discovery brought about by the combinatorial approach is the

unexpected finding of optically transparent magnetism in TiO2 anatase films doped with Co from a

library made with CLMBE [Matsumoto et al., 2001a]. Ferromagnetic semiconductors formed by

doping magnetic impurities into host semiconductors are key materials for spintronics, where the

correlation between the spin and the charge of electrons gives rise to spin-dependent functionalities

such as giant magnetoresistance and spin field-effect transistors. All known magnetic

semiconductors until now had been based on nonoxides such as GaAs and ZnSe, and their highest

Curie temperature was � 100K. There was a theoretical prediction that ZnO would become

ferromagnetic when doped with certain 3d transistion elements, but to date no sign of

ferromagnetism has been observed in such systems.

Titanium dioxide (TiO2) is commonly used for photocatalysis for water cleavage and is well

known for its unique properties including high refractive index, excellent optical transmittance in the

visible and infrared regions, and high dielectric constant. Libraries of 3d transistion-metal-doped

TiO2 were originally fabricated by CLMBE in a search for photocatalysts. When their magnetic

properties were checked with a scanning superconducting quantum interference device (SQUID)

microscope, Co-doped TiO2 was found, surprisingly, to exhibit ferromagnetism at room temperature

while maintaining its transparency and single phase up to the composition of 8% Co. To

systematically study the changes in film properties as a function of doping level, a library containing

nine Ti1�xCoxO2 films with different x values was fabricated. TEM of the films has indicated no sign

of segregation of impurity phases in the compositional range of x5 0.08.

Figure 7.8 shows a series of images taken with the SQUID microscope at 3K for anatase TiO2

films with different Co contents (x ¼ 0.06) on a combinatorial chip. In all of the Co-doped films,

magnetic-domain structures of around 20mm are observed. With increasing Co content in the film,

the magnitude of the magnetic field is systematically enhanced as a result of increased spontaneous

magnetization. This observation established the presence of long-range order in the Co-doped TiO2

anatase phase. Further magnetic characterization indicated that the films are ferromagnetic even at

room temperature. The spontaneous magnetic moment per Co atom was deduced to be 0.32mB from

M-H curves. From a temperature-dependent magnetization measurement, Tc was estimated to be

higher than 400K, significantly higher than that of known nonoxide ferromagnetic semiconductors.

At present, the exact nature of the magnetic long-range order in Codoped TiO2 is not understood.

Recently, Co-doped TiO2 rutile films were also found to exhibit robust ferromagnetism at room

temperature [Matsumoto et al., 2001b]. The films were also found to display excellent optical

transmission with a bandgap of 400 nm (3.1 eV). Transparent ferromagnets have the potential for

serving the integration of electronic circuits and magnetic storage with the user interface in a single

flat-panel display.

This finding has opened up a new field of oxide-based dilute magnetic semiconductors where

researchers around the world are now investigating a variety of oxide materials with similar

magnetic properties [MRS, 2003].
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7.7 COMPOSITION SPREADS AND COMBINATORIAL MATERIALS SCIENCE

In addition to serving the discovery/optimization needs of materials in key technology areas, the

combinatorial approach can be used to address fundamental solid-state physics and chemistry

questions as well. Composition spread experiments are highly effective in rapidly mapping

compositional phase diagrams and systematically investigating physical properties that vary across

compositional ranges [Chang et al., 1999; Yoo et al., 2000; Takeuchi et al., 2003b]. They can be used

to map out the details of known materials systems or probe previously unexplored materials phase

space. This represents a novel and rapid way to construct composition–structure–property

relationships. Co-sputtering had been used as the main technique for creating thin-film composition

spreads [Hanak, 2003; van Dover, 1998]. Recently, the advent of combinatorial PLD has led to a new

technique, which allows synthesis of in situ epitaxially grown composition spreads.

In this technique, typically, two ceramic targets (whose compositions serve as the two end

compositions of the spread) are ablated in an alternating manner. A linear compositional gradient

across the spread can be created by performing a series of shadow depositions through a rectangular

opening in a shutter, which moves back and forth over the substrate during the deposition. The

motion of the shutter is synchronized with the firing of the laser in such a way so that for each

deposition, a thickness gradient ‘‘wedge’’ is created on a chip. To ensure alloylike intermixing of

Figure 7.8 Series of scanning superconducting quantum interference device (SQUID) microscope images

(200 mm � 200mm) taken at 3K for anatase TiO2 thin films with different Co concentration ðTi1�xCoxO2Þ on
a combinatorial chip. Bz stands for magnetic field in the perpendicular direction. (a) x ¼ 0, (b) x ¼ 0.02,

(c) x ¼ 0.03, and (d) x ¼ 0.06. Magnetic domain structures are observed suggesting the presence of long-range

magnetic ordering [Matsumoto, 2001a].
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two compositions at the atomic level at any position on the spread, less than a unit cell is deposited

for each pair of depositions (for the two targets), and up to hundreds of pairs of gradient deposition

are carried out for making relatively thick samples. This process is shown schematically in

Figure 7.9. The resulting spread has a composition varying continuously from one component at one

end to another at the other end. The samples are typically less than 1 cm long in the spread direction.

This technique has the advantage that it provides specifically designed layouts of compositional

spread, unlike in co-sputtering where composition distribution is dictated by the very nature of the

co-sputtering process from multiple targets. By ablating three targets in a repeating cycle, one can

also use this method to construct ternary phase diagram chips on an equilateral triangular-shaped

sample area [Hasegawa et al., 2004; Takahashi et al., 2004]. This synthesis was first demonstrated

for composition spreads of the manganite La1�xSrxMnO3 system where the composition was varied

continuously from LaMnO3 at one end to SrMnO3 at the other [Fukumura et al., 2000]. In this study,

a variety of characterization techniques was used to obtain mapping of structure–composition–

magnetic properties, and a magnetic phase diagram across the spread chip was obtained.

Ba1�xSrxTiO3 composition spreads were made using BaTiO3 and SrTiO3 targets on LaAlO3

substrates, and a multimode scanning microwave microscope was used for their dielectric

characterization at microwave frequencies [Chang et al., 2001]. Measurements were taken on the

spread at different positions as the microscope tip was scanned over the spread, so that data

was collected as a function of composition. Figure 7.10 shows the composition-spread profile of the

dielectric constant at three different frequencies measured simultaneously at room temperature.

The profile shows a continuous change with the expected compositional dependence: The peak in

the profile is located near Ba0.65Sr0.35TiO3, which has its Curie temperature near room temperature.

On either side of this composition, the dielectric constant is lower.

From Figure 7.10, it is evident that the dielectric constant tends to decrease as the measurement

frequency is increased for compositions with high Ba/Sr ratio. This frequency dispersion is minimal

or close to zero near the SrTiO3 end of the spread. It increases with increasing Ba content, reaches

the highest values for x at around 0.2–0.4, and decreases again as x approaches zero. The observed

dispersion here directly points to the presence of strong dielectric relaxation, and it is closely tied to

the onset of ferroelectricity. It is largest for compositions experiencing the ferroelectric transitions.

Above and below the transition temperature, the dispersion is reduced.

Figure 7.9 Fabrication scheme of a linear epitaxial composition spread. (a) Laser ablation is performed while

the shutter with an edge moves across the substrate creating a thickness wedge. (b) Layers of alternating wedges

are deposited for compositions A and B. Each layer at the thick end is less than a unit cell. This process is

repeated for as many cycles as necessary.
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This behavior is entirely consistent with the behavior of the soft mode near the paraelectric-

ferroelectric transition, where the mode undergoes significant softening [Lines and Glass, 1977].

The dielectric frequency dispersion is maximum near the compositions undergoing transition, and

above and below the transition range, it is markedly lower [Booth et al., 2005]. Thus, a single

temperature measurement of the composition spread here allows an indirect probe of the

temperature-dependent behavior of the entire (Ba,Sr)TiO3 system.

In another example, composition spreads of the wide bandgap semiconductor system,

MgxZn1�xO were fabricated in situ from ZnO and MgO targets on (0001)-oriented sapphire

[Takeuchi et al., 2003c]. Unlike the other examples, the two end compositions have totally disparate

crystal structures (hexagonal for ZnO and cubic for MgO). Studies of solubility limits and phase

separation of structurally disparate compounds are common themes in materials science, and they

pose particularly interesting questions in thin-film samples where nonequilibrium deposition

processes and structural coherency with a compatible substrate can lead to formation of metastable

phases. This epitaxial composition spread has allowed us to completely map the phase evolution and

separation processes in the MgxZn1�xO thin-film system.

A scanning X-ray microdiffractometer was used to study the structural evolution across the

spread. Figure 7.11 shows 2y versus composition versus X-ray intensity from 30� to 50� for ZnO to

Mg0.81Zn0.19O. The diffraction measurement was taken with the o-scan mode, and at each 2y,

intensities are integrated in w in the range of 
� 7.5�. The relative change in the intensities of the

peaks tracks the evolution of the phase changes as the composition is continuously varied. Starting

from the pure ZnO end, the intensity of the (0002) peak from the hexagonal (Zn,Mg)O phase is seen

to linearly decrease as x is increased. This is due to the continuous change in the structure factor of

this phase as a function of composition. At around x ¼ 0.45, the peak from the (111)-oriented cubic

(Mg,Zn)O starts to develop, and its intensity saturates at x ¼ 0.6. In addition, there is another peak at

2y
 42.6�, which displays a transient behavior. Its 2y value indicates that it is a (200) peak from the

(100)-oriented cubic (Mg,Zn)O.

The phase-separated region is identified by the coexistence of X-ray peaks from the cubic and

hexagonal phases. Compared to data from bulk MgxZn1�xO, we find that the solubility of Mg in the

deposited ZnO-based hexagonal phase is significantly extended (from 2 to 37mol%), while it is

about the same for mixing Zn into the deposited MgO-based cubic phase (� 40mol%). In

Figure 7.12, we plot the normalized peak intensities versus composition. It is evident that in the

phase-separated region, cubic (Mg,Zn)O is represented by both (100) and (111) orientations, and the

(100)-oriented phase is associated with the presence of the hexagonal (Zn,Mg)O. Thus, just by

studying the structural phase evolution in the spread, one can begin to gain insight into the physics of

the phase separation process.
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Figure 7.10 Dielectric constant versus composition on an epitaxially fabricated Ba1�xSrxTiO3 spread measured

using a multimode microwave microscope at 0.95, 2.85, and 4.95GHz simultaneously at room temperature.
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A TEM investigation of the spread in the phase-separated region revealed that the (100)-oriented

cubic phase is growing pseudoepitaxially on the (0001)-oriented hexagonal (Zn,Mg)O with the

following relationship:

ð0001Þsapphire==ð0001Þhex ðZn;MgÞO==ð100Þcubic ðMg;ZnÞO

ð01�10Þsapphire==ð2�1�10Þhex ðZn;MgÞO==ð0�11Þcubic ðMg;ZnÞO

a=3.25 Å

c=5.20 Å

MgO a=4.21 Å

(0002) hexagonal (Zn,Mg)O

Al2O3 (0006)

(200) Cubic 
(Mg,Zn)O
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Figure 7.11 X-ray diffraction of a MgxZn1�xO composition spread taken with a 300-mm-diameter spot X-ray

beam: 2y versus composition with intensity integrated in w in the range of �7.5� with respect to the substrate

normal is shown. The composition range shown is x ¼ 0� 0.81. The total thickness at each position on a spread

was typically 200 nm. The sample was approximately 6mm long in the spread direction. The left inset is a

schematic of the spread chip and the lattice constants of the end compositions.
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Figure 7.12 Normalized X-ray intensity as a function of composition. The triangles, squares, and circles are

from hexagonal (0002), cubic (200), and cubic (111) peaks, respectively. The decrease in the intensity of (0002)

is primarily due to the continuous change in the structure factor of the phase.
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To the best of our knowledge, such an epitaxial relationship between a c-axis-oriented hexagonal

crystal and a (100)-oriented cubic phase has never been reported before.

The bandgap at different spots on the spread was extracted from ultraviolet transmission

measurements. In the low-Mg fraction region where the film remains hexagonal, the gap changes

linearly from 3.27 to 4.28 eV. There is no well-defined bandgap between 4.3 and 5.4 eV, due to the

phase separation. In the cubic single-phase end of the phase diagram, the bandgap increases

nonlinearly with increasing Mg fraction from 5.4 to 7.8 eV.

The continuously changing bandgap across the spread was used as a basis for compact broadband

photodetector arrays with a range of detection wavelengths separately active at different locations on

the spread film. An array of Au-interdigitated electrodes was deposited to fabricate metal–insulator–

metal structures as photodetectors; 25 detectors were fabricated along the length of one spread, and

the composition-spread photodetector has successfully been demonstrated in the wavelength range

of 290–380 nm using the ZnO to Mg0.4Zn0.6O region of the spread [Takeuchi et al., 2003c].

The use of entire composition spreads as simultaneously active integrated devices opens up

possibilities for a variety of other monolithic ‘‘functionally broadband’’ device components such as

arrays of vertical cavity surface-emitting lasers with a continuously changing emission wavelength

and arrays of actuators with a continuously changing piezoelectric response.

7.8 CONCLUSION

This chapter has presented a review of the development and the utility of combinatorial PLD. PLD

provides a versatile and effective thin-film fabrication technique ideal for synthesis for a variety of

combinatorial samples. Thin-film libraries have been used to discover various new compounds.

Composition spreads have been demonstrated as a powerful tool for quickly mapping the

composition–structure–property relationship in different materials systems. Examples were also

presented where entire libraries/spreads are used as integrated individual devices.
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CHAPTER 8

Growth Kinetics During
Pulsed Laser Deposition

GUUS RIJNDERS and DAVE H. A. BLANK

MESAþ Institute for Nanotechnology, University of Twente, The Netherlands

8.1 INTRODUCTION

The application of thin films in electronic devices, relying on multilayer technology, requires

(atomically) smooth film surfaces and interfaces. Understanding of the different mechanisms

affecting the growth mode is, therefore, necessary to control the surface morphology during thin-film

growth.

Two independent processes, that is, nucleation and growth of islands, play an important role

during vapor-phase epitaxial growth on an atomically flat surface. Here, nucleation causes the

formation of surface steps and subsequent growth causes the lateral movement of these steps. Both

processes are determined by kinetics since they take place far from thermodynamic equilibrium.

These kinetic processes affect the final surface morphology and are, therefore, extensively studied.

The applicability of high-pressure reflection high-energy electron diffraction (RHEED) to extract

the kinetic parameters, determining the growth of complex oxides in pulsed laser deposition (PLD),

will be demonstrated. The deposition and growth are separated in time in PLD, and this enables us to

measure the kinetic parameters for different growth conditions by monitoring the decay of the

adatom density between the deposition pulses. In this chapter the homoepitaxial growth of SrTiO3 is

used as a model system to demonstrate the influence of growth kinetics during PLD.

8.2 GROWTH MODES AT THERMODYNAMIC EQUILIBRIUM

The thermodynamic approach to crystal growth is used to describe crystal growth close to

equilibrium, that is, for a thermodynamically stable system. Local fluctuations from equilibrium lead

to nucleation, which gives rise to a phase transition from, for instance, the gas to the solid phase. A

supersaturated [Markov et al., 1991] gas phase is a prerequisite for the formation of these nuclei,

whereas the formation probability is determined by the activation energy. Nuclei will be formed until

a critical density is reached. From this point onwards the nuclei will grow and crystallization is in

progress.

This thermodynamic approach has been used to determine growth modes of thin films close to

equilibrium [Bauer, 1958], that is, only at small or moderate supersaturation. In this approach the
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balance between the free energies of film surface ðgFÞ, substrate surface ðgSÞ, and the interface

between film and substrate ðgIÞ is used to determine the film morphology. Three different growth

modes, schematically depicted in Figure 4.1, can be distinguished. In the case of layer-by-layer

growth (Fig. 8.1a; Frank-van der Merwe growth mode), the total surface energy, that is, gF þ gI, of

the wetted substrate is lower than the surface energy of the bare substrate gS. Strong bonding

between film and substrate reduces gI such that gF þ gI < gS.

On the other hand, when there is no bonding between film and substrate, three-dimensional (3D)

islands are formed. The film does not wet the substrate because this would lead to an increase of

the total surface energy. This growth mode is referred to as the Volmer–Weber growth mode; see

Figure 8.1b. In heteroepitaxial growth, the so-called Stranski–Krastanov growth mode can occur;

see Figure 8.1c. Here, the growth mode changes from layer by layer to island growth. During

heteroepitaxial growth, the lattice mismatch between substrate and film gives rise to biaxial strain,

resulting in an elastic energy that grows with increasing layer thickness. Misfit dislocations at or near

the substrate–film interface will be formed if the layer thickness exceeds a critical thickness hc. At

this thickness it is thermodynamically favorable to introduce dislocations because the elastic energy,

relieved by the dislocations, becomes comparable to the increase in the interfacial energy. In other

words, misfit dislocations are necessarily introduced to relieve the mismatch strain1 and, therefore,

equilibrium defects.

8.3 GROWTH KINETICS

In many vapor-phase deposition techniques, for example, PLD, the growing film is usually not in

thermodynamic equilibrium and kinetic effects have to be considered. Because of the limited surface

diffusion, the deposited material cannot rearrange itself to minimize the surface energy. The high

supersaturation of the vapor leads to a large nucleation rate, and kinetic effects will lead to the

occurrence of different growth modes.

Figure 8.1 Film growth modes—layer-by-layer: (a) Frank-Van der Merwe, island; (b) Volmer–Weber (c),

Stranski–Krastanov, (d) and step flow.

1To relieve the misfit strain, the Burgers vector of the dislocation should have a component parallel to the substrate surface. Two

extreme cases of misfit dislocations are edge dislocations (Burgers vector is directed perpendicular to the dislocation) and screw

dislocations (Burgers vector is directed parallel to the dislocation). Usually, dislocations have a mixed character.
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8.3.1 Homoepitaxial Growth Modes

In homoepitaxial growth the deposited material is identical to the substrate material and the

crystalline structure of the substrate is extended into the growing film, and complicating effects such

as lattice parameter misfit and thermal expansion coefficients do not play a role. Consequently, only

two-dimensional (2D) growth modes are expected, depending on the behavior of the deposited

species [Rosenfeld et al., 1997]. This behavior is determined by a number of kinetic parameters,

among which are the surface diffusion coefficient ðDSÞ of the adatoms, the sticking probability of an

adatom arriving at the edge of a terrace, and the additional energy barrier ðESÞ for adatoms to

descend the edge to a lower terrace. Of these mentioned kinetic parameters, the diffusion coefficient

is probably the most important one as it determines the average distance an atom can travel on a flat

surface before being trapped. This distance is the surface diffusion length lD and can be defined by

lD ¼
ffiffiffiffiffiffiffiffi
DSt

p
ð8:1Þ

where t is the residence time before reevaporation. The surface diffusion coefficient DS is generally

expressed as

DS ¼ va2 exp � EA

kBT

� �
ð8:2Þ

where EA is the activation energy for diffusion, v the attempt frequency, and a the characteristic jump

distance. From Eq. (8.2) it is clear that the deposition temperature is important because it controls the

diffusivity of the adatoms. To understand the possible 2D growth modes on both singular and vicinal

substrates, two diffusion processes have to be considered. First, the diffusion of atoms on a terrace

(intralayer mass transport) and second the diffusion of an atom to a lower2 terrace (interlayer mass

transport). Both processes are determined by the kinetic parameters.

A fast intralayer mass transport will lead to step flow growth on a vicinal surface; see Figure 8.1d.

In this case lD is sufficiently larger than the average terrace width lT . The mobility of adatoms is high

enough to enable atoms to reach the edges of the substrate steps. Here, steps act as a sink for the

deposited atoms diffusing toward the steps and nucleation on the terraces is prevented. As a result,

the steps will propagate leading to step flow growth. A growing vicinal surface will be stable if both

the terraces keep the same width and the step ledges remain straight. If this is not the case, step

meandering or step bunching can occur and, subsequently, the distribution in lT broadens.

If the intralayer mass transport is not fast enough, nucleation on the terraces occurs. Initially,

nuclei will be formed until a saturation density is reached. After the saturation, the probability for

atoms to attach to an existing nucleus exceeds the probability to form a new nucleus and islands will

start to grow. The interlayer mass transport will have a large effect on the growth mode in this case.

Two extreme growth modes can be distinguished, that is, ideal layer-by-layer growth and ideal

multilayer growth.3 To obtain a layer-by-layer growth mode, a steady interlayer mass transport must

be present; atoms deposited on top of a growing island must, first, reach the island edge and, second,

diffuse to the lower layer. In the ideal case, layer-by-layer growth is obtained if nucleation starts after

completion of a layer. When there is no or very limited interlayer mass transport, nucleation will

occur on top of islands before these islands have coalesced. This so-called second-layer nucleation4

2Because of the higher coordination number for atoms at a step, diffusion of atoms to a higher terrace is usually neglected.
3Here, ideal refers to multilayer growth with no interlayer mass transport.
4The probability for second-layer nucleation is related to a critical island size RC . It is the mean island radius at a critical time

during submonolayer growth where stable clusters nucleate on top of the islands. If RC is small compared to the mean distance

between islands in the first layer, islands will nucleate a second layer and multilayer growth will occur. An important parameter,

which influences RC , is the energy barrier for atoms to descend across the step edge to a lower terrace. An additional energy step

edge barrier ES has to be overcome if this energy barrier is large compared to EA. Large values of ES will lead to accumulation of

adatoms on top of islands, leading to an increased second-layer nucleation rate and, therefore, to a smaller value of RC .

GROWTH KINETICS 179



will lead to multilayer growth. The growth mode in real systems far from equilibrium will lie

between the two extreme growth modes.

8.3.2 Homoepitaxial Growth Study of SrTiO3

The specular RHEED intensity, monitored during homoepitaxial growth of SrTiO3 at the deposition

temperature of 850, 750, and 650�C is depicted in Figures 8.2a, 8.2b, and 8.2c, respectively. The

oxygen deposition pressure was set to 3 Pa, and under these conditions,5 2D nucleation and growth is

observed, indicated by the clear intensity oscillations. The oscillation periods correspond to the

deposition time of one unit cell layer. At the highest temperature, full recovery is obtained at

completion of every unit cell layer. Here, the growth mode can be described as ideal unit cell layer by

layer.

The angle of incidence of the electron beam (e-beam) was set to �1�, resulting in a diffraction

condition corresponding to the in-phase condition. Reflections from unit cell layers at different

levels add constructively, and a constant maximum intensity is predicted by the kinematic theory6

for this condition. RHEED intensity variations are nevertheless observed at the in-phase diffraction

condition, caused by diffuse scattering at surface step edges. Electrons are easily scattered out of the

specular beam by the step edges since the unit cell layer thickness is much larger than the wavelength

of the electrons. The specular RHEED intensity is, therefore, a measure of the surface step density.

During 2D nucleation and growth, oscillation of the step density is caused by the periodic formation,

that is, nucleation, and coalescence of growing islands. Note that a minimum specular RHEED

intensity will be observed at the maximum step density.

Assuming instantaneous nucleation7 and subsequent 2D growth of equally spaced islands by step

propagation, the step density S can be determined by the widely used step density model [Stoyanov,

1988; Stoyanov and Michailov, 1988]. Without second layer nucleation, S is given by

S ¼ 2
ffiffiffiffiffiffiffiffi
pNS

p
ð1� yÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�lnð1� yÞ

p
ð8:3Þ

where NS is the number of nuclei per unit area. Both the diffusivity of the deposited material and

deposition rate determine the quantity NS and, therefore, the amplitude of the step density

oscillation. The shape of the RHEED intensity, measured at the in-phase diffraction condition during

homoepitaxial growth of SrTiO3, supports the applicability of the step density model oscillations. A

maximum step density SMAX ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pNS=e

p
is reached at a surface coverage y � 0:39.8 This

corresponds to the observed RHEED intensity minimum at y � 0:4 in Figure 8.2.

8.3.2.1 Determination of Kinetic Growth Parameters on Singular Surfaces

The RHEED intensities in Figure 8.2 are clearly modulated by the laser pulse, giving rise to the

typical RHEED intensity relaxations [Karl and Stritzker, 1992; Achutharaman et al., 1994].

Following the model described above, that is, instantaneous nucleation just at the start of every

monolayer, this relaxation behavior is attributed to particles (metal atoms or metal–oxide molecules)

diffusing toward the step edges of the islands. Incorporation of these particles at the step edges

causes the islands to grow resulting in a change in the step density. The evolution of the step density

after every pulse is, therefore, a direct result from the decay of the density of the diffusing particles,

which depends on the diffusivity and the average travel distance; see Eq. (8.1). This distance is

determined by the nucleation density NS and the average island size, the latter depending on the

coverage, giving rise to the coverage-dependent characteristic relaxation times; see Figure 8.2b.

5The distance between target and substrate was set to 58mm, the laser energy density on target to 1.3 J/cm2, and the spot size to

1.4mm2.
6Reflections from unit cell layers at different levels add destructively at the out-of-phase condition.
7Instantaneous nucleation can be expected during PLD because of the high pulse deposition rate and, subsequently, a high

supersaturation within the deposition pulse; see Chapter 4.
8At constant rate of nucleation and step propagation a maximum in the step density is expected at coverage y ¼ 0:5.
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This dependence is illustrated by the following proposed model. The density of diffusing particles9

on top of a circular, 2D island can be found by solving the time-dependent diffusion equation

[Koster, 1999] given by

@2nS

@r2
þ 1

r

@nS
@r

¼ 1

DS

@nS
@s

ð8:4aÞ

with the initial condition nSðr; 0Þ ¼ n0, the density of instantaneously deposited particles due to one

laser pulse. The boundary conditions are given by

nsðr ¼ r0Þ ¼ nse ð8:4bÞ

and

@nS
@r

� �

r¼0

¼ 0 ð8:4cÞ

where nse is the equilibrium density at the island edge; nse � 0 assuming the edge is acting as a

perfect sink.10 The solution of Eqs. (8.4) is of the form

nSðr; tÞ ¼ n0
X1

m¼1

Amðr; r0Þ exp � t

tm

� �
ð8:5Þ

9Here, no nucleation on top of islands is assumed.
10For this to be true the step edge must be nonreflecting. This is valid if the additional step edge energy barrier ES � 0.

Figure 8.2 Specular RHEED intensity oscillations during homoepitaxial growth of SrTiO3 at (a) 3 Pa, 850
�C,

(b) 750�C, and (c) 650�C. The insets in (b) show the enlarged intensities after a laser pulse at different coverage.
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where tm is given by

tm ¼ r20

DSðmð0Þm Þ2
ð8:6Þ

where Am are prefactors depending only weakly on r and r0. Equation (8.5) converges rapidly

and, for long enough time, only the first term needs to be considered (mð0Þm are the roots of

Bessel functions, m
ð0Þ
1 ¼ 2:40). Without nucleation on top of the 2D island, an exponential

decrease in the density of diffusing particles is expected after the deposition pulse. This

exponential decrease depends on the size of the growing islands, which depends on the

coverage via:

prr22ðtÞ ¼
yðtÞ
NS

ð8:7Þ

where pr22ðtÞ is the area of the islands; see Figure 8.3. Substituting Eq. (8.7) into Eq. (8.6)

gives the exponential decay time of diffusing particles on top of a 2D island as a function of the

coverage y:

t2 ¼
y

DSðmð0Þ1 Þ2pNS

ð8:8Þ

The index 2 indicates diffusing particles at the 2e level, that is, on top of the islands. The same

approach can be followed for diffusing particles deposited between the islands. Here, the maximum

travel distance of a diffusing particle is also determined by the coverage-dependent size of the

islands (see Fig. 8.3). The area between the islands can be approximated by

pr21ðtÞ ¼
1� yðtÞ

NS

ð8:9Þ

Figure 8.3 Schematic view of the coverage y, given by the (hatched) area of the 2D islands. The density is

determined by the nucleation density NS. r1 represents the radius of the islands at given coverage y, whereas r2
represents the radius of the area between the growing islands, given by 1� y. The gray area represents the

change in coverage due to one deposition pulse.
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Substituting Eq. (8.9) into Eq. (8.6) gives the exponential decay time (now indexed 1) of diffusing

particles between 2D islands as a function of the coverage y:

t1 ¼
1� y

DSðmð0Þ1 Þ2pNS

ð8:10Þ

From the equations above it follows that, with increasing coverage, the decay time in the density of

diffusing particles on top of a growing island is increasing. On the other hand, the decay time in the

density of diffusing particles between islands is decreasing with increasing coverage.

The change in the coverage �yðtÞ after a deposition pulse can be approximated by

�ynðtÞ ¼
yn�1

nP
1� exp � t

t2

� �� �
þ 1� yn�1

nP
1� exp � t

t1

� �� �
ð8:11Þ

where yn�1 is the coverage before applying the pulse and nP the number of pulses needed for

completion of one monolayer, that is, y ¼ 1. Here, 1=nP represents the density of deposited particles.
Multiplication of this density by yn�1 and 1� yn�1 gives the total number of particles, expressed in

y, deposited on top and in between the islands, respectively.

Figure 8.4a shows yðtÞ for NS ¼ 2� 1011=cm2, T ¼ 850�C, EA ¼ 2:2 eV, and nP ¼ 20,

calculated using the model described above.11 Using Eq. (8.3) the evolution of the step density

SðtÞ can be calculated; see Figure 8.4b. Assuming a direct coupling between SðtÞ and the diffuse

scattering of electrons, the reflected RHEED intensity is approximated by

IðtÞ / 1� SðtÞ
Smax

ð8:12Þ

which is shown in Figure 8.4c for the parameters given above. The simple model describes the

observed RHEED intensity variations in Figure 8.2 qualitatively, as shown by the coverage-

dependent characteristic relaxation time after every pulse. However, the observed RHEED intensity

shows a pronounced decrease just after each pulse is applied. This effect is especially visible in

Figure 8.2b at coverage close to unity. This difference can be explained by the contribution of the

diffusing particles. Not only surface steps but also the diffusing particles themselves act as diffuse

scatterers for electrons [Van der Wagt, 1994]. The decay in the particle density ns on top and between

the islands is described by Eq. (8.5) using the time constants given by Eqs. (8.8) and (8.10),

respectively. Assuming a direct coupling of the averaged particle density and the diffusive scattered

intensity, an exponential increase of the intensity is expected, given by

I � I0 1� exp � t

t

	 
h i
ð8:13Þ

where I0 is determined by the particle density just after the deposition pulse and t is given by

Eqs. (8.8) and (8.10) for particles deposited on top and in between the island. Here, only the first term

of Eq. (8.5), that is, m ¼ 1, is used.

The evolution of the step density and the density of diffusing particles determine the relaxation

behavior of the RHEED intensity. The time dependence of both is expected to be comparable

since the two contributions are coupled. At coverage close to unity ðy ¼ 0:7� 1Þ, most of the

deposited material is deposited on top of the growing islands and only one time constant has to

be considered.

11The parameters are chosen such that the density of diffusing particles is approximately zero before the next pulse is applied.

GROWTH KINETICS 183



At these values of the coverage, the characteristic relaxation times can be used to estimate the

activation energy for diffusion EA. Figures 8.5a and 8.5b show the characteristic relaxation time

versus temperature for different values of the coverage during the homoepitaxial growth of SrTiO3 at

a deposition pressure of 20 and 3 Pa, respectively. A value for EA of 2:2� 0:2 eV is derived for a

Figure 8.4 Calculated coverage yðtÞ during (a) monolayer growth, (b) the corresponding surface step density

SðtÞ, and (c) corresponding RHEED intensity, given by 1� SðtÞ=Smax. Here, the nucleation density NS is

2� 1011/cm2, the temperature is 850�C, the energy barrier of diffusion EA is 2.2 eV, and the number of pulses

for one monolayer np is 20.

Figure 8.5 Arrhenius plot for the relaxation times obtained from a fit with Eq. (8.13) for different coverage

and temperature at oxygen deposition pressures of (a) 20 Pa and (b) 3 Pa.
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deposition pressure of 20 Pa, and 0:48� 0:05 eV for a deposition pressure of 3 Pa. The difference is

attributed to the kinetic energy of the particles arriving at the substrate.

At the pressure of 20 Pa the visible plasma range was smaller than the target-to-substrate distance

and the particles are expected to be thermalized [Strikovski and Miller, 1998]. At the lower pressure

of 3 Pa the kinetic energy of the particles is expected to be larger leading to a reduced effective

energy barrier for diffusion.

In Figure 8.6, the relaxation times are plotted versus the oxygen deposition pressure at a constant

temperature of 850�C. At deposition pressures below 9 Pa, an increase in the relaxation time is

observed for increasing deposition pressure and, consequently, a smaller kinetic energy of the

arriving particles. However, above 9 Pa, the relaxation time is almost independent of the deposition

pressure. At these higher pressures, the arriving particles are expected to be thermalized.

Reliable determination of the activation energy for diffusion EA from the temperature-dependent

characteristic relaxation times is only possible assuming the average travel distance for diffusing

particles to be approximately constant in the temperature range of interest. That is, only small

variations in the step density S are allowed and, as a consequence, only small variations of the

coverage y and the nucleation density NS are allowed; see eqs. (8.8) and (8.10). The first

requirement is easily obtained by depositing a sufficiently small amount of material in one pulse.

The latter, however, is affected by the supersaturation �m and diffusivity DS of the material. Both

depend on the substrate temperature; with increasing temperature �m and DS are decreasing.

Consequently, the nucleation density NS is not expected to be constant over a wide temperature

range. A higher nucleation density NS at lower temperature decreases the average travel length of

the deposited material and the corresponding relaxation times will decrease; see Eqs. (8.8) and

(8.10).

In conclusion, varying the temperature not only changes the diffusivity DS but also NS. As a

result, the slope in the Arrhenius plots decrease and, subsequently, a smaller value for EA is

determined.

To overcome the temperature-dependent nucleation density and corresponding change in the

average travel distance, step flow growth can be employed. No nucleation takes place during this

growth mode, resulting in a steady average travel distance. Extraction of the energy barrier for

diffusion during step flow growth is, therefore, more reliable, as will be discussed in the following

section.

8.3.2.2 Determination of Kinetic Growth Parameters on Vicinal Surfaces

The transition from 2D to step flow growth on a vicinal substrate is often used to determine the

adatom diffusion length. Either the substrate temperature, determining the surface diffusion length

Figure 8.6 Relaxation time versus oxygen deposition pressure for y � 0:95 and substrate temperature of

850�C.
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lD, or the vicinal angle, determining the terrace width lT , is changed. A transition occurs when the

diffusion length of adatoms becomes comparable to the terrace width, that is, lD 
 lT . It has been

proposed [Neave et al., 1985] to use RHEED to determine this transition as a function of the growth

conditions. This technique has been used by several groups [Shitara et al., 1992a, 1992b; Zandvliet

et al., 1991] to estimate the surface migration parameters. The RHEED intensity is expected to be

constant during step flow growth, whereas RHEED intensity oscillations occur during 2D nucleation

and growth.

However, nucleation, being a stochastic process, can take place on a terrace smaller than the

diffusion length. Furthermore, the absence of RHEED intensity oscillations is not always a clear

signature of pure step flow growth. Even when a steady RHEED intensity is observed, nucleation on

the terraces may occur. Such a ‘‘mixed’’ growth mode causes a constant step density and, therefore, a

constant RHEED intensity. This growth behavior is observed during growth of SrRuO3 on vicinal

TiO2 terminated SrTiO3; see Choi et al., [2001].

During step flow growth, the step ledges of the vicinal substrates act as a sink for diffusing

particles and nucleation on the terraces is prevented, resulting in a steady step density, determined by

the vicinal angle of the substrate. The coverage-dependent average island size in 2D nucleation and

growth is replaced by the constant average terrace width of the vicinal substrate. Measurements of

RHEED characteristic relaxation times during step flow growth at different temperature can,

therefore, be used to determine the energy barrier for diffusion more reliably.

The relaxation time is inversely proportional to the diffusivity:

t � C

DS

ð8:14Þ

where C is a constant, determined by the vicinal angle of the substrate.

Figures 8.7a and 8.7b show the RHEED intensity variations during homoepitaxial step flow

growth of SrTiO3 at different oxygen deposition pressures and temperatures, using a substrate with

Figure 8.7 Specular RHEED intensity variations during homoepitaxial step flow growth of SrTiO3 at oxygen

deposition pressure of (a) 3 Pa and 800�C and (b) at 20 Pa and 875�C. Relaxation times obtained from a fit with

Eq. (8.13) for (c) different temperature and oxygen deposition pressure and (d) the same values in the Arrhenius

form.
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vicinal angle of �2�, corresponding to an average terrace width of � 10 nm. Full intensity recovery

is observed in these cases, indicating step flow growth. The characteristic relaxation time, obtained

by a fit using Eq. (8.13), versus oxygen deposition pressure for different temperatures is given in

Figure 8.7c. A clear dependence of the relaxation times on the oxygen deposition pressure is

observed. The sharp transition observed during 2D growth is, however, not observed at step flow

conditions. In Figure 8.7d, the data is presented in an Arrhenius plot. From the slopes a value for the

energy barrier of diffusion EA of 2:6� 0:3, 3:0� 0:3, and 3:5� 0:3 eV have been derived for

oxygen deposition pressures of 3, 12, and 20 Pa, respectively. As expected, these values are larger

than the values derived during 2D growth. A lower value for EA is nevertheless found at the lowest

oxygen deposition pressure, which can be attributed to the kinetic energy of the particles arriving at

the substrates.

The activation energy EA for the diffusing particles is expected to be smaller than the estimated

values [Lippmaa et al., 2000]. Due to the high supersaturation in the deposition pulse, nucleation of a

high density of 2D clusters does occur. These clusters are, however, unstable after the deposition

pulse and dissociate into the mobile particles. The absolute values of EA are, therefore, related to the

dissociation of the clusters as well as the diffusion of the particles.

8.4 PULSED LASER INTERVAL DEPOSITION

The possibility to control the growth during PLD using high-pressure RHEED allows for atomic

engineering of oxide materials and growth of heterostructures with atomically smooth interfaces.

Layer-by-layer growth12 is a prerequisite: Nucleation of each next layer may only occur after the

previous layer is completed. Occasionally, the deposition conditions such as the substrate

temperature and oxygen pressure can be optimized for true 2D layer-by-layer growth, for example,

homoepitaxy on SrTiO3 (001); see Figure 8.2a. The relatively high temperature in combination with

a low oxygen pressure enhances the diffusivity of the adatoms on the surface. As a result, the

probability of nucleation on top of a 2D island is minimized, that is, the adatoms can migrate to the

step edges of the 2D islands and nucleation only takes place on fully completed unit cell layers.

The probability of second-layer nucleation, however, increases at lower substrate temperature

and/or higher deposition pressure, leading to multilevel growth. This is indicated by the damping of

RHEED intensity oscillations. See, for example, Figure 8.8a, where SrTiO3 is depositing at a

temperature of 800�C and oxygen pressure of 10 Pa with a continuous pulse repetition rate of 1Hz.

In general, roughening of the surface is observed during deposition of different kinds of

materials, that is, metals, semiconductors, and insulators. Assuming only 2D nucleation, determined

by the supersaturation, limited interlayer mass transport results in nucleation on top of 2D islands

before completion of a unit cell layer. One can still speak of a 2D growth mode. However, nucleation

and incorporation of adatoms at step edges is proceeding on an increasing number of unit cell levels,

which is seen by damping of the RHEED intensity oscillations.

Several groups [Markov et al., 1991; Rosenfeld et al., 1993, 1995] have investigated the

possibility of growth manipulation by enhancement of the interlayer mass transport. Manipulation

by periodical ion bombardment or varying the growth parameters during growth, such as

temperature and growth rate, was used to increase the number of nucleation sites and thus to

decrease the average island size. This will enhance the transport of material from an island to a lower

level. Usually, for epitaxy of complex oxide materials, the regime of temperatures and pressures is

limited by the stability of the desired phases, for example, Y1Ba2Cu3O7 can only be grown in a

specific temperature and pressure regime [Hammond and Bormann, 1989]. At low temperatures,

12To obtain atomically smooth film surfaces, a 2D growth mode is essential. It can either be layer-by-layer growth or step flow

growth. However, in the case of step flow growth, rate control with RHEED is not possible.
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a-axis oriented films are formed whereas at high temperatures the material decomposes. Periodically

ion bombardment would change the stoichiometry of the deposited material and cannot be used for

the growth manipulation. A different approach is the use of surfactants; see, for instance Vrijmoeth

et al., [1994]. However, a suitable candidate for complex oxides has to our knowledge not yet been

found. Improvement of the interlayer mass transport by applying temperature variations or periodic

ion bombardment during growth of complex oxides is, therefore, almost not feasible. Manipulation

of the growth rate, that is, both the instantaneous and average growth rate, can be used to impose

layer-by-layer growth. Here, the unique features of PLD are employed. In PLD, a high density of

small 2D nuclei is formed due to the high supersaturation just after the deposition pulse.

Subsequently, larger islands are formed through recrystallization in between deposition pulses,

exhibited by the typical relaxation of the RHEED intensity of the specular spot during PLD. As a

result, the probability of second layer nucleation on the growing islands increases. Hence, to

decrease this probability, coarsening should be avoided. This can be achieved by maintaining the

high supersaturation for a longer time by decreasing the time between the deposition pulses. The

latter is easily obtained at high repetition rates.13 For that reason we have introduced a growth

method [Koster et al., 1999] based on a periodic sequence: fast deposition of the amount of material

needed to complete one unit cell layer in a short [Koster et al., 1998a]14 interval followed by a long

interval in which no deposition takes place and the deposit can reorganize by recrystallization. This

makes it possible to grow in a unit cell layer-by-layer fashion in a growth regime (temperature,

pressure) where otherwise island formation would dominate the growth.

Figure 8.8b shows the RHEED intensity during 10 cycles of SrTiO3 deposition
15 (at 10Hz) and

subsequently a period of no deposition, using the same oxygen pressure and substrate temperature as

in Figure 8.7a, following the new approach. In this case the number of pulses needed per unit cell

layer was estimated to be about 27 pulses. Formation of a multilayer growth front is suppressed,

indicated by the small decay of the intensity after each unit cell layer; in Figure 8.8c the intensities at

each maximum of both methods are compared.

The small decrease of the maximum intensity is ascribed to the fact that only an integer number

of pulses can be given to complete one unit cell layer, resulting in small deviations between the

deposited and the required amount of material. A higher number of pulses decreases this deviation

and is, therefore, favorable. The deposition time for one unit cell layer, however, should be smaller or

comparable to the characteristic relaxation time. This is visualized in Figure 8.8d. Here, the intensity

change during deposition of one unit cell layer at 10Hz is shown. The shape of the intensity curve at

10Hz strongly resembles the parabola when calculating the intensity change of a two-level growth

front with random distributed island and island sizes using Eq. (8.3).

From the shape of the curve it can be seen that the time needed to deposit one unit cell layer is

still too long. This is because the deposition time interval of 2.7 s is longer than the characteristic

relaxation time (� 0.5 s). However, a significant suppression of the formation of a multilevel system

has already been achieved. This suppression is clearly noticed by comparison of the surface

morphologies after deposition using ‘‘standard’’ PLD and the new approach; see Figures 8.8e

and 8.8f, respectively. At least four levels are observed on the terraces in Figure 8.8e, compared to

only two levels in Figure 8.8f.

Using the method presented above [Rijnders et al., 2000; Blank et al., 2000], it is possible to

impose a single-level 2D growth mode or layer-by-layer growth mode with PLD despite unfavorable

deposition conditions for SrTiO3 with respect to mobility. The value of this method is demonstrated

in the epitaxial growth and the infinite layer structure SrCuO2/BaCuO2 [Koster, 1999; Koster et al.,

2001], for which the choice of temperature and pressure is more critical, proving the importance of

this growth method.

13Nowadays, intense ultraviolet (UV) lasers are commercially available with pulse repetition rates up to several hundred hertz.
14The deposition interval should be on the order of the characteristic relaxation times (typically 0.5 s).
15An SrTiO3 substrate with a small vicinal angle (50.2�) was selected for this study to exclude step flow like growth behavior.
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8.5 CONCLUSIONS

The growth of complex oxides occurs far from thermal equilibrium and, therefore, is dominated by

kinetic processes. High-pressure RHEED is used to extract the energy barrier for diffusion EA and

showed a dependence of EA on the oxygen deposition pressure attributed to the kinetic energy of the

deposited particles. Reliable determination of EA is feasible under step flow growth conditions. Here,

a steady step density causes a constant average travel distance for the diffusing particles. It is shown

that this constant distance is essential for the reliable determination of EA.

It is shown that a single-level 2D growth mode or layer-by-layer growth mode for SrTiO3 can be

imposed with PLD despite unfavorable deposition conditions with respect to mobility. Depositing

every unit cell layer at a very high deposition rate followed by a relaxation interval, the typical high

supersaturation in PLD is extended keeping the average island size as small as possible. Therefore,
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the interlayer mass transport is strongly enhanced and the formation of a multilevel growth front

does not occur. This technique, which we call pulsed laser interval deposition, is unique for PLD as

no other technique has the possibility to combine very high deposition rates with intervals of no

deposition in a fast periodic sequence.
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CHAPTER 9

Large-Area Commercial Pulsed
Laser Deposition

JIM GREER

PVD Products, Wilmington, Massachusetts

9.1 INTRODUCTION

It has been over a decade since the publication of Pulsed Laser Deposition of Thin Films edited by

Chrisey and Hubler [1994]. At that time, the state of the art for large-area film growth by pulsed laser

deposition (PLD) was effectively limited to substrates of 5 inches in diameter. During the late 1980s

and early 1990s PLD was considered a somewhat novel and experimental deposition process for

providing a means to fabricate thin films of complex oxide materials. Since then, its popularity has

grown significantly and the process is now accepted as a standard physical vapor deposition (PVD)

technique. Since 1992, however, it has been demonstrated that the PLD process is scalable to

substrates at least 8 inches in diameter [Greer and Tabat, 1995a]. While it is expected that PLD can

be scaled up to even larger diameter circular substrates, there are no pressing applications requiring

such equipment at the present time.

One relatively recent application, however, that puts large demands on PLD process

equipment is that of coated conductors. In this case, PLD can be used to deposit both oxide buffer

layers and high-temperature superconductor (HTS) films onto long metal tapes about 1 cm wide.

Requirements for coated-conductor applications have pushed the technology of commercial PLD

hard over the past few years. As an example, present research tools using PLD for coated

conductors have produced continuous high-quality YBCO films, at least 1.5 mm thick on 200 m

of metal tape. The area defined by this tape is equivalent to a 64-inch (1.62-m) diameter

substrate, and such a large effective substrate size puts serious demands on all of the deposition

equipment, including the excimer laser itself, target, optical components, as well as the substrate

heater.

Since about 1990 several companies have been established specifically to meet the demand for

PLD research and manufacturing equipment, and over the past 10 years there has been a strong focus

on PLD equipment development. Commercial equipment is readily available for both R&D and

prototype production applications, and while some scientists and researchers are still building their

own equipment, many now choose to purchase commercially, ensuring the advantages of obtaining

fully functional and proven systems in a relatively short timescale.

Current systems offer a wide variety of capabilities and options, making them very attractive to

scientists who want to focus more on materials science or device fabrication then equipment

Pulsed Laser Deposition of Thin Films: Applications-Led Growth of Functional Materials
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development. These commercial systems are, of course, more expensive than a home-built system.

Present offerings for commercially available PLD equipment include systems that handle substrates

from 10 to 150 mm in diameter, and systems for combinatorial synthesis of materials by PLD are

also available. Pricing for systems (not including the price of the laser) can range from about

$65,000 for a very basic model to over $750,000 depending on substrate size, and other system

capabilities and diagnostics. These tools can be fully ultra high vacuum (UHV) compatible, include

load-locks for substrates as well as targets, and include a variety of other features. While systems

capable of handling substrates as large as 8 inches in diameter have been advertised, none have been

sold to date to this author’s knowledge. Commercial systems have also been developed and sold for

coating long metal tapes.

This chapter will review the progress made in scaling PLD up to 8-inch-diameter substrates as

well as look at the development and issues relating to the commercialization of PLD equipment for

both standard substrates as well as coated conductors.

9.2 ADVANCES IN LARGE-AREA PLD FILMS

Since 1992 the scale-up to larger diameter substrate sizes has been led primarily by the method of

laser beam rastering over large-diameter targets [Greer and Tabat, 1995a, 1995b]. Figure 9.1 shows a

schematic of such a system. In this case, a mirror held in a kinematic mirror mount rasters the

incident laser across a large-diameter rotating ablation target, using a programmable linear actuator.

The substrate is located just offset from the target and is, of course, rotated as well. The raster pattern

utilized will depend on many parameters including the laser beam size, shape, and orientation,

target-to-substrate distance, background gas pressure, and substrate temperature. Usually, the target

diameter is larger than that of the substrate and the raster scan rate is usually fairly slow compared to

that of either substrate or target rotation speeds.

Figure 9.2 shows normalized film thickness data obtained by the laser rastering technique for two

silicon substrates 150 mm (6 inches) and 200 mm (8 inches) in diameter. The material deposited was

yttria (Y2O3) on substrates held at room temperature and the film thickness was measured using an

ellipsometer. The maximum variation in film thickness (defined as the difference between the

minimum and maximum values obtained across the substrate divided by the average film thickness)

for the 780-nm-thick Y2O3 film deposited on the 150-mm-diameter substrate was found to be 7.1%

(or �3.6%).

Vacuum

Chamber

Rotating
Substrate

Large Diameter 
Rotating  Target

Optical
Train

Programmable Raster Mirror

Rastered Laser 
Radiation

Laser Beam

Figure 9.1 Schematic of a large-area PLD system utilizing laser rastering over large-diameter targets.
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Neglecting the four points located at a radial position of �74.5 mm (affected by shadowing of

the substrate holder), the maximum variation in film thickness was found to be �2.3%. The

maximum variation in film thickness measured from a 570-nm-thick film deposited over a 200-mm-

diameter substrate was found to be 6.7% (�3.4%). These films were deposited using a laser fluence

of 3.0 J/cm2 at 100 Hz, (total power on target was 30 W) in an Ar background pressure of 7.5 mTorr.

The average film growth rates for Y2O3 was 0.4 and 0.3 mm/h, or 1.1 and 0.83 Å/s, for the 150- and

200-mm-diameter substrates, respectively. Y2O3 is a refractory material with a relatively low

ablation rate as well as low sputter rate.

The deposition rates displayed here are very competitive with those achievable using radio-

frequency (RF) magnetron sputtering for this material. For a material such as YBCO,

deposition rates three times higher could be expected under identical conditions, however,

YBCO usually is grown at higher background pressures, thus somewhat reducing the overall

deposition rate due to backscattering of the ablated material. Figure 9.3 shows the normalized

film thickness achievable using a commercially available PLD system [Boughaba et al., 1999]. In

this case the material deposited was �100 nm of Ta2O5 in an oxygen background pressure of 30

mTorr. The film thickness variation for each wafer is shown as a function of three substrate

temperatures: (a) 250�C, (b) 400�C, and (c) 650�C with the average deviation ranging from �0.4

to �1.5%. There is a slight change in the film thickness and thickness profile as the temperature is

increased due to the change in gas density in front of the substrate. This change in gas density

reduces the number of collisions the vapor will make on its way to the substrate, thus increasing

film thickness. The slight reduction in gas density due to the hotter substrate accounts for the drop

in film thickness from 106 nm for the film grown at 650�C down to 97 nm for the film grown at

250�C.
Besides uniformity of film thickness, the uniformity of composition of the deposited films is also

of paramount importance, especially for the multicomponent oxides that are routinely grown via

PLD. Figure 9.4 shows the chemical composition obtained from a 2-mm-thick YBCO film deposited

onto a 150-mm silicon substrate at room temperature with a background pressure of 2 mTorr of

oxygen using the laser rastering technique. The composition was obtained using energy dispersive

X-ray (EDX) analysis with a calibration standard evaluated via Rutherford backscattering

spectroscopy (RBS). The composition was measured across the wafer in two mutually perpendicular

directions at a total of 50 locations. The atomic variation in composition was found to be �1.4,

�1.2, and �0.8 atomic percent for Y, Ba, and Cu, respectively. These fluctuations were on the same

0.9

0.95

1

1.05

1.1

−125 −75 −25 25 75 125

Radial Position (mm)

N
o

rm
a

li
z
e

d
 F

il
m

 T
h

ic
k

n
e

s
s

 (
%

)

Vertical 150 mm

Vertical 200 mm

Horizontal 150 mm

Horizontal 200 mm

Figure 9.2 Normalized film thickness data obtained from two Y2O3 films deposited onto: (a) 150-mm-

diameter silicon substrate and (b) a 200-mm-diameter silicon substrate. The thickness was measured in two

mutually perpendicular directions (horizontal and vertical) across each substrate.

ADVANCES IN LARGE-AREA PLD FILMS 193



order of magnitude as the standard errors of the EDX system used, that is, �1.48, �0.17, and �0.36

atomic percent, for Y, Ba, and Cu, respectively. A larger YBCO film was not grown for the

demonstration of compositional uniformity due to the lack of availability of a larger YBCO target at

the time these experiments were being conducted.
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It is well known that obtaining high-quality YBCO thin films requires a careful balance of

substrate temperature, chamber pressure, laser fluence, and the like. Thus, the ability to grow large-

area and uniform YBCO films via PLD requires that these parameters be kept constant over the

entire substrate area. Figure 9.5 displays the critical temperature, Tc, data obtained from two 1-cm2

YCBO films on LaAl2O3 substrates grown in a large-area PLD system. One sample was positioned at

the center of the substrate holder, while the center of specimen B was located 35 mm out from the

center of rotation. The films were grown using a substrate temperature of 750�C and an oxygen

pressure of 175 mTorr with a target-to-substrate distance of 150 mm. The Tc values of these two

films were found to be 89.5 and 89.9 K for the film located at center and edge, respectively. Rocking

curves of the (006) peak obtained via XRD of these two films produced full width at half maximum

(FWHM) values of 0.35� and 0.32� for the center and edge sample, respectively, indicating the films

have a strong preferential orientation in the (001) direction.

As another example, YBCO was deposited onto sapphire with a CeO2 buffer layer in a

commercially available 5-inch PLD system. The CeO2 buffer layer was deposited at 690�C in 175

mTorr of O2. The YBCO was deposited at 700�C in 175 mTorr of O2. The YBCO film thickness was

�250 nm. A map of the critical current, Jc, characteristics of this film was measured using a

noncontact technique and are displayed in Figure 9.6 [Develos-Bagarinao et al., 2003], showing a

variation of less than 10% over the substrate surface.

9.3 ISSUES WITH SCALE-UP FOR PLD

As one scales up the PLD process there are a variety of issues that need to be addressed to obtain

reproducible, high-quality films or long lengths of coated conductors. These issues include laser

power and beam stability, proper design of the optical components, robust substrate heaters, large

target size and motion, and deposition rate monitoring.

Excimer lasers are clearly the economical choice for large-area commercial scale-up of the PLD

process, as they can provide reliable average powers ranging from 6 W up to 300 Wat 248 nm (KrF)

or 308 nm (XeCl). As substrate size increases, higher laser power becomes more important to

achieve useful average film growth rates. In the author’s opinion, lasers with higher repetition rates

and slightly lower pulse energy are preferable to lasers with higher energy per pulse and lower

repetition rates for obtaining films with useful deposition rates. Thus, a laser that provides 200 pulses

Figure 9.5 Tc vs. temperature for two 1-cm samples grown in a commercial large-area PLD system: (a)

sample located at the center of the rotating substrate holder and (b) sample located at a distance of 35 mm from

the center of the rotating substrate holder.
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per second (pps) and 400 mJ/pulse (80 W) is more useful than a laser that produces 150 pps with 600

mJ of energy (90 W). For substrates 50mm in diameter a smaller average power of 6W is acceptable

for most materials if thick films are not required or refractory materials are not of significant interest.

As the substrate size grows, however, higher power becomes more important. For systems with

125-mm-diameter substrates, lasers with at least 30 Ware needed to achieve acceptable film growth

rates. Currently, for coated-conductor research many systems are using large industrial lasers

providing up to 300W (1 J per pulse, 300 Hz, at 308 nm) on the target. Dealing with such high-power

density becomes a problem for ceramic targets, for example. Localized heating of the ceramic can

cause nonuniform thermal expansion leading to target cracking. Also, local heating of the surface of

the target can cause melting. Thus, the target surface must move at a fairly high velocity to minimize

these thermal effects. If refractory materials are to be deposited or high fluence can yield unique film

properties that cannot be obtained with lower fluence, then lasers with higher energy (�1 J/pulse)

should be considered. However, lasers with energy outputs of 250 to 600 mJ/pulse are more than

adequate for most materials.

One important issue that needs to be properly addressed for large-area PLD using large-diameter

targets with laser beam scanning is maintaining constant fluence at the target surface. As the laser beam

is rastered across a large diameter target the distance from the focusing lens to the target changes,

altering the laser spot size, and thus fluence, and for targets above 100mm in diameter, this effect

becomes significant. To solve this problem, modern optical beam delivery systems (trains) utilize active

beam compensation with large-diameter targets as shown in Figure 9.7. Here the focusing lens is

mounted on a linear stage driven by a programmable actuator whose motion is slaved to that of the raster

mirror. As the laser beam is walked across the target the focus lens position moves to keep the path

length from the lens to target constant. Using this method one can keep the laser fluence variations to a

similar level of the intrinsic pulse-to-pulse stability (typically �1% at 248 nm) of the excimer laser itself.

Figure 9.6 Map of Jc obtained from a YBCO film grown on a CeO2/sapphire 2-inch-diameter substrate.

YBCO film was 250 nm thick.
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9.3.1 Intelligent Windows

Another issue that quickly arises with large-area, thick-film low-pressure deposition processing, and

systems that use load-locks, is coating on the laser beam entrance window [Greer et al., 1997]. Even

though the ablation plume is forward directed, a fraction of the plume material condenses on the

laser entrance window with each laser pulse. Over multiple pulses this film will build up and start to

absorb a significant fraction of the incident laser energy. Depending on the material properties and

the chamber pressure, as much as 40% (or more) of the incident energy can be absorbed. This

reduction in fluence will significantly reduce the film deposition rate per pulse and may also alter

some of the films’ relevant properties. In some cases, the condensed material will be ablated off the

laser optic, but in this case it may also remove some of the optical material (fused silica) and

permanently damage the optic, further degrading the deposition process. Thus, in most systems the

laser window needs to be removed periodically after some few depositions and properly cleaned.

The effect of window coating is reduced when running at higher background pressures and as the

angle of incidence (AOI) of the laser beam is increased away from the target normal. Thus, if

designing a system, an AOI of 60� for the laser beam will make more sense than an AOI of 45� to
minimize window coating problems.

Figure 9.8 shows a photograph of a product called the Intelligent Window (IW) that has been

designed to eliminate window coating in a practical way. The window consists of a pair of vacuum

flanges housing a large-diameter ultraviolet (UV) transparent fused silica disk. The disk sits in

between an antireflective (AR) coated optic that lets the laser beam enter the deposition chamber and

a molybdenum aperture on the downstream side. The fused silica disk intercepts ablated material

that travels back toward the AR-coated optic. As only the area defined by the aperture becomes

coated, once the exposed section of the disk is coated sufficiently to reduce the laser energy by some

predetermined amount (typically by about 10%), the window can be rotated to expose a new section

of the disk to the laser and backscattered material. The usable area of the disk is typically 20–60

times that of the area of the laser beam significantly increasing the lifetime of the window before

cleaning is required. Once completely coated, the disk can be removed and a replacement disk

installed. The disks are easily cleaned using the optical polishing paste for the excimer laser optics.

For coated-conductor applications the diameter of the disk and flanges are increased significantly to

provide the maximum lifetime possible for the optical beam path.

Another useful feature of the IW is the ability to measure the energy that has traversed through

the entire optical train. Using a linear actuator a beam splitter can be inserted into the beam path and

PC
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Figure 9.7 Schematic of an active fluence compensation scheme for a large-area PLD system using large-

diameter targets. The position of the focusing lens is slaved to the raster mirror, keeping the laser beam path

constant. For example, when the focusing lens is located at position a, the raster mirror ensures that the laser is

focused at position a on the target, and likewise for positions c.
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reflect the beam back out of the chamber to a UV detector. Thus, the energy that has passed through

the entire optical train (laser, lens, mirrors, window, etc.) can be monitored and adjusted prior to or

even during deposition. Starting a deposition using the IW to set the fluence on the target is a much

more accurate and reproducible technique than simply monitoring the energy output of the excimer

laser. Utilizing the in situ energy monitor of the Intelligent Window allows problems with the laser or

optical components to be found early on, well before the fluence drops significantly and film

properties start to degrade. The features of the IW, that is, disk rotation and energy measurement, can

also be fully automated if desired.

9.3.2 Substrate Heaters

Substrate heaters are one of the most important components of any PLD system and are routinely

used, for example, for perovskite oxide films that require growth temperatures above 700�C in an

oxygen environment. There are three basic types of heating schemes that have been used in PLD

systems, namely resistive-type heaters, infrared (IR) lamp heaters, and laser heaters. Each of these

systems has advantages and disadvantages, and the choice mainly rests on the particular application

and budget of the end user.

Basic low-cost resistive heaters usually utilize an Inconel sheath heating element brazed to an

Inconel block. These heaters are robust and reliable and can readily heat samples to temperatures

of 950�C. However, when using these types of heaters, the samples must be bonded to the heater

block with either a silver or platinum paste to achieve good thermal conductivity between the

block and substrate. This technique is very popular for small 1- or 2-cm2 size samples but is

problematic as the sample size gets progressively larger. When bonding substrates of 50 or 75mm

(or larger) diameter with silver paste, it becomes very difficult to achieve a uniform bond thickness

and thus uniform substrate temperature. Differential thermal expansion between the substrate and

Inconel block also becomes an issue as the substrate size increases. Removing samples that have

been bonded to heater blocks also becomes difficult after the paste has been fired; the paste is

difficult to remove from the reverse side of the substrate, and this in turn makes postprocessing of

the samples difficult. For these type of heaters a thermocouple bonded to the heater block will

Figure 9.8 Photograph of an Intelligent Window used to keep the laser beam path clean for an extended period

of time and provide in situ fluence measurements. (Photograph Courtesy of PVD Products, Inc.)
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provide a fairly accurate measurement of the substrate temperature as long as the substrate is

bonded to the block. These heaters can also be used for lower substrate temperatures if a bonding

agent is not used.

Alternatives to Inconel resistive heaters are direct radiative heating using a laser, IR heat

lamps, or boroelectric heaters, which are fine if oxygen is not present in the system, but if used

with oxygen should not be raised above about 750�C otherwise damage will occur. Laser heaters

have been used to heat small samples, typically �2 cm in diameter to temperatures in excess

of 1000�C. In this case, an Nd : YAG or infrared laser (CO2 or diode laser bars and stacks) is

focused onto a susceptor (or directly onto the substrate if nontransparent at the laser wavelength)

from outside the chamber. The substrate is positioned in close proximity to the susceptor and

radiatively heated. Figure 9.9 shows a schematic of the laser heater principle. Figure 9.10 shows a

photograph of a Haynes susceptor slug being heated via an Nd : YAG laser with 150-W output. In

this case the laser beam was 1.2 cm in diameter and heated the bottom surface a thick 2.5 cm

diameter slug up to 850�C (the top surface of the slug having a temperature of 1200�C). Using an

optical pyrometer on the slug or substrate, this system can be run in a closed-loop mode to obtain

excellent temperature stability. Laser heating is fine for small sample sizes but is not practical for

substrates above about 2.5 cm in diameter. Laser beam heating of small samples provides a

minimum of out-gassing (useful for UHV systems), very high substrate temperatures, fast ramp

times, and the ability to run in most process gases over a wide variety of pressures. Currently IR

diode laser bars and stacks are available with output powers between 25 and 250 W, and these

lasers are sufficient for heating samples up to 2.5 cm diameter to temperatures required for most

perovskite oxides.

Heaters based on IR lamps can be used very effectively in PLD systems to heat samples without

the use of silver paste. Figure 9.11 shows the inside of a deposition chamber that houses a

blackbody IR lamp heater assembly. Lamps are operated with peak blackbody emission in the

visible, at �1200 K or higher, which also generates considerable IR power. The lamps are

surrounded by a water-cooled housing to minimize the heat load on other internal components and

the chamber walls. A bank of lamps sits directly above the substrate spinner assembly, and a second

set of lamps sits above a water-cooled plate located directly above the target surface and well below

the substrate surface. Either Au reflective coatings or reflecting shields separate the lamps from the

SiC Susceptor 

Substrate

Fiber Optic 
Beam Expander

Pyrometer Head

Figure 9.9 Schematic of laser heater assembly showing the fiber-optic beam expander and pyrometer head.

The substrate sits about 1 mm below the SiC susceptor.
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Figure 9.11 Photograph of the inside of a PLD-3000 system showing the water-cooled blackbody substrate

heater housing and high-temperature oxygen-resistant substrate spinner assembly. (Photograph courtesy of PVD

Products, Inc.)

Figure 9.10 Photograph of a 25-mm-diameter Haynes alloy slug. The bottom surface is heated to over 850�C
by 150 W of laser radiation. (Photograph courtesy of PVD Products, Inc.)
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water-cooled surfaces to minimize heat losses. Substrates are placed in Inconel rings machined so

they are held only at the edges. Figure 9.12 shows a photo of a range of substrate holders for a

5-inch PLD system. As seen, a wide variety of substrate arrangements can be accommodated in a

large system. Figure 19.13 shows how the substrates sit in machined pockets of the Inconel rings. In

this case no clamping of the substrate is required (or desired) to obtain uniform temperatures. The

substrate rings are then inserted into a substrate spinner assembly that is then raised via a Z-stage

mounted on top of the chamber to obtain the proper target-to-substrate distance. Thermocouples sit

Figure 9.12 Photograph of a set of Inconel substrate holders from a 5-inch PLD system. As seen, a wide range

of substrates can be handled by a large-area system. (Photograph courtesy of PVD Products.)

Figure 9.13 Photograph of two 2-inch-diameter YBCO-coated LaAlO3 substrates sitting in an Inconel ring

from a 5-inch PLD system. The substrates are held only at the edges in this type of system providing uniform for

both heating and ease of substrate handling.
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above the substrate spinner assembly and are used to provide the input for a closed-loop

temperature control unit. The thermocouple temperature can be significantly different (more than

100�C at about 850�C) than that of the substrate. The best measurement of substrate temperature is

thus achieved via a pyrometer. This works fine for substrates such as silicon but is more

complicated for transparent substrates such as sapphire or LaAlO3. With multiple lamps and

reflecting surfaces surrounding the substrate, the substrate will reach a high steady-state

temperature. Uniformity is excellent with these heaters, typically better than �3�C over a 5-

inch-diameter Si substrate. The advantages of a blackbody-style heater are very high substrate

temperatures and uniformity can be achieved, and the reverse sides of the substrate remain clean for

postdeposition processing. The drawbacks of this type of heater design are initial high cost, and the

fact that such a heater must be put through a careful calibration in order to know the actual substrate

temperature for transparent substrates.

It should be pointed out that substrate temperature is one of the key parameters in most PLD

growth processes. If the substrate is rotating, it becomes difficult to connect a thermocouple to

monitor the temperature. Thus, pyrometers for temperature measurement are the only logical choice.

Measuring substrate temperature of materials such as silicon is fairly straightforward at temperatures

above about 600�C using most pyrometers. Measuring the substrate temperature for sapphire or

LaAlO3, however, which are both transparent in the IR, at wavelengths where pyrometers typically

make their measurements becomes much more difficult. Usually the pyrometer will read the

temperature of any structure behind the transparent substrate. Thus, using careful calibration from a

floating thermocouple is the only logical choice at the present time. The development of a pyrometer

that can measure temperatures of IR transparent substrates would be most useful for the

PLD process. Some new pyrometers are currently being developed for specific applications, but a

low-cost pyrometer that can work with all materials of interest over a wide temperature range has yet

to be realized.

9.3.3 Heaters for Coated Conductors

Heaters for coated conductors are inherently different than those for standard circular substrates due

to the geometrical differences of the substrates, and thus several issues need to be addressed. First, as

the tape is pulled through the heater and its ‘‘deposition zone,’’ the front surface of the tape becomes

coated with YBCO (or buffer film) and its emissivity will increase. This has the effect of reducing

the tape temperature as it traverses through the deposition zone. Figure 9.14 is a schematic of a tape

heater consisting of a bank of 16 IR lamps housed within a water-cooled assembly. The tape is

moving from left to right as indicated in the figure. The lamps are divided into eight zones (Z1 to Z8)

with each zone individually controlled by a thermocouple (TC) assembly and power supply. Below

the heater is a graph of the tape temperature distribution throughout the heater box with the vertical

dashed lines indicating the deposition zone. The curve labeled (a) is the desired tape temperature

during the deposition process (750�C). However, due to the increase in emissivity during deposition,

the tape temperature will drop as indicated by line (b). By increasing the power in zones Z3 through

Z6, the temperature profile without deposition can be increased as indicated by line (c). Thus, as the

tape passes through the deposition zone, the actual temperature will approach the desired curve as

indicated by (a). The effect of emissivity can be significant, dropping the temperature more than

100�C over distances of 50–100 mm depending on tape speed and deposition rate. Using such

multizone compensation has been very successful at achieving excellent film properties. As an

example, Los Alamos National Labs have reported achieving an Ic ¼ 370A in a 50-cm length of

tape, Ic ¼ 425A in a 7-cm length of tape; and, when slicing this tape to a width of 6mm, they were

able to achieve an Ic ¼ 530A/cm width [Gibbons, 2005]. Current Ic is the maximum current that can

be passed through the tape before it goes normal. A photograph of the multizone heater used in this

work is shown in Figure 9.15.

A more recent approach to growing coated conductors at high speed is called multiplume,

multiroll PLD. In this case, the tape is wound on sets of large-diameter rollers and runs through the
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deposition zone multiple times. For this type of arrangement contact heaters have been utilized as

shown in Figure 9.16. In this instance a large Inconel block is heated from above via lamps. The

rollers are each on individual bearings so the tape tension is kept fairly constant for each lane of tape.

The tape is kept in contact with the surface of the Inconel that has a large machined radius on its
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Figure 9.14 Schematic showing a cross section of an eight-zone heater assembly with a metal tape being

pulled to the right. The lower graph shows a the desired tape temperature within the heater during deposition of

YBCO; b the actual tape temperature if no compensation is used for emissivity changes of the tape during

deposition of YBCO; and c the temperature profile setting for the heater to achive the desired temperature (a)

during deposition of YBCO.

Figure 9.15 Photograph of a 9-zone tape heater. Deposition zone is located on the bottom of the heater and

thus not seen in this photograph. (Photograph courtesy of PVD Products.)
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bottom surface. These types of heaters are readily able to heat coated-conductor tapes to

temperatures in excess of 850�C. One of the down sides of this type of heater is that the spaces

between the tapes tend to build up a lot of material during the long deposition process. Thus,

cleaning between each run (typically 100–200m) is required. Figure 9.17 shows a photo of the

multilane, multiplume heater showing the four individual plumes emanating from a slot in the water-

cooled plate that sits above the target assembly. The multiple plumes are created by rastering the

mirror in synch with the laser beam. This spreads out the laser energy on the target as well as

provides for a larger deposition area.

Figure 9.16 Photograph of a multilane tape heater. Four lanes of tape can be seen in intimate contact

with the Inconel block. Banks of lamps located above the Inconel assembly are used to heat the block. One

set of guide rollers can be seen on the left side of the heater block. Also seen is the port where the laser

beam enters the chamber pointing down at the large target pedestal. Seen at the back of this port is the

aperture that defines the laser beam entrance area of the Intelligent Window. (Photograph courtesy of

PVD Products.)

Figure 9.17 Photograph of a multiplume system. Seen clearly are four plumes coming through the large cutout

in the water-cooled plate that sits directly above the large target surface.
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9.3.4 Target Size and Manipulation

When designing a PLD system, choosing the proper target size to use is very important. For small

substrates, such as 1 inch in diameter or smaller, small 1-inch-diameter targets are a good choice.

However, as substrate size increases, the size of the target needs to increase to be able to achieve

uniform films and reproducible results from run to run, or even during a single run. Attempts to

deposit high-quality films on a large substrate using a target with a diameter smaller than that of the

substrate is counterproductive for the reasons outlined below.

As the rotating target is ablated during deposition, two types of morphological changes take

place to the target, as shown in Figure 9.18. The first morphological change is the gross deformation

of the target surface. When using small rotating targets, the surface will quickly become trenched,

which in turn alters the laser beam spot size and thus, fluence, and the plume angle will also start to

tilt due to presence of the trench. As the plume angle tilts, the center of the plume is no longer

directed at the center of the substrate, causing a wide variety of problems including nonlinear film

deposition rates as a function of time. Systems utilizing small targets usually require target

resurfacing after each run to minimize these types of effects, and this requires physical removal of

the target from the chamber, leading to a large waste of material and the additional potential for

target contamination. In some cases, target resurfacing may alter the target stoichiometry requiring

a subsequent burn-in step.

One technique that has been used to minimize the trenching effect is target rastering under a

fixed-position laser beam. Target rastering is usually possible with properly designed target

carousels. Swinging the target through a large arc underneath the laser beam and adjusting the

velocity as a function of target position can provide the proper rastering pattern. Target rastering will

allow the user to utilize more of the target surface and reduce the overall rate of target trenching.

Rastering is difficult with small 1-inch-diameter targets but is useful for larger targets if laser beam

rastering is not used. When designing a system, care should be taken not to raster directly through

the center of the target as this will quickly produce a deep trench at the center of the target that

grossly distorts the plume shape.

The second type of morphological change that occurs to a target surface is seen on a microscopic

scale. As the laser beam etches the target, small cones are formed that tend to point back toward the

incident laser beam. Cones form as a consequence of repeated melting, cooling, and recrystalization

(a)

(b)

(c)

(d)

Figure 9.18 Schematic of (a) a new target surface; (b) used small-diameter target showing gross morphological

change due to fixed position laser beam; (c) used large-diameter target showing gross morphological change with

laser or mechanical rastering; and (d) microscopic morphology changes due to the laser beam. The cones will point

back in the direction of the incident laser beam.
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of material on the target surface and reach a size of a few microns in length. As the cones form, they

spread the laser beam energy out over a larger area, thus reducing the effective laser fluence and

hence deposition rate. Thus, used targets have a lower deposition rate and higher particle generation

rate than that of a fresh target surface. However, once the cones are formed, the deposition rate

should remain constant, barring any other gross morphological changes. The second effect of cone

formation is that the plume angle is slightly tilted back toward the incident laser beam. This angular

change can also change deposition rates over time, but on a much slower scale than the gross

morphological changes discussed above. By rastering the laser beam completely across the target

surface (either by using a raster mirror or target manipulation), cone formation can be reduced to

some degree but not completely eliminated. Rastering over the entire surface also helps reduce the

small particulates that are usually incorporated in laser-deposited films.

As substrate size is increased to above 2 inches, substrate rotation and large targets utilizing laser

rastering are required to achieve uniform film properties. Utilizing targets that are only marginally

larger than that of the substrate with laser rastering can yield highly uniform films while at the same

time making excellent use of the target surface. Some vendors of commercially available large-area

systems do not recommend target resurfacing of large-area targets. Once the target surface has

reached a steady state of cone formation, the deposition process becomes predictable. Large-area

systems utilize targets that are between 100 and 200 mm in diameter depending on substrate size and

application.

Target heating from large-area substrate heaters can be a problem for large diameter targets. Most

commercial PLD systems protect the targets with a large water-cooled plate that sits directly above

the target surface. A slot in the plate is provided to allow the laser beam to ablate the active target and

the plume to expand out toward the substrates. The substrate radiation will usually heat the center of

the target more then the target edges, which leads to nonuniform thermal expansion of the target and

ultimately cracking of the large-diameter targets. However, cracked targets are routinely used in

large-area PLD systems with no noticeable effect on film properties.

9.3.5 Target Manipulation for Coated Conductors

One application that pushes target technology very hard is that of coated conductors. Numerous

groups worldwide are currently growing high-quality buffer layers and YBCO thin films on flexible

metal tapes that are 1 cm wide and 200 m long and about 100mm thick. Typically the buffer layers

are fairly thin at less than 200 nm. However, the YBCO films required are typically 1 to 2mm thick.

Comparing this to the deposition of a 500-nm film of YBCO over a 125-mm-diameter substrate for

microwave applications is rather instructive. A 125-mm-diameter substrate is equivalent to an

effective area of about 122 cm2. The area of the 200-m-long metal tape is 2� 104 cm2 and the film is

four times as thick. Thus, for a 2mm film deposited on the metal tape, about 650 times as much

material must be removed from the target assuming the same target utilization rate. Thus, for coated-

conductor applications, this comparison should serve to confirm that large target size is of paramount

importance to obtain uniform film thickness along the entire length of the tape. Also, if trying to

achieve a reasonable deposition rate, high powers, typically 150–250Ware used, and thus fast target

motion is needed to minimize local heating and cracking of the target material under such intense

laser radiation.

To deal with the long-term effects of target erosion in reel-to-reel systems, a new type of target

manipulator has been developed such that over a period of time the laser beam is incident on

any one spot of the target from a full 360�. Such motion greatly eliminates cone formation

and keeps the plume normal to the target surface. This later fact is very important for tape

applications where the tape is only 1 cm wide. In this case any slight angular tilt in the plume can

produce a large drop in the deposition rate along the length of the tape, as shown in Figures 9.19a

and 9.19b.

For coated conductors a stationary beam is sufficient as uniformity is achieved by pulling the tape

through the plume. Thus, to achieve long life from the target surface, the target motion must be
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controlled in a different manner. Figure 9.20a shows a large-diameter target for which the laser beam

is fixed in position and the target is moved in a programmed X-Y raster pattern producing the

crosshatched ablation pattern on the target surface. The target is not rotated during this X-Y motion.

When the target reaches the end of its X-Y motion, the target is rotated by a fixed angleY as shown in

Figure 9.20b. The rotation angle Y should not be an exact divisor of 360�, and in the case shown an
angle of 26.5� was used. Repeating the X-Y-Y motion many times ensures that every point on the

target surface will be exposed to the laser beam from a full 360� after sufficient rotations as seen in

Figure 9.20c. Such a motion sequence then eliminates any preferential orientation of laser-induced

cones, keeping the laser beam normal to the target surface for extended periods. Figure 9.21 shows a

photo of a two-position X-Y-Y target manipulator (each target in this case is 8 inches in diameter).

The unit uses both vacuum stepper motors and external motors to drive a fully vacuum compatible

X-Y stage. Vacuum stepper motors are also used for target indexing and rotation. Scroll rates are

typically about 100 mm/s. This high speed helps minimize the local heating on the target surface due

to high laser power.

Figures 9.22a and 9.22b show photographs of both sides of a 6-inch YBCO target surface.

Figure 9.22a is a photograph of the top surface obtained from a target using standard laser beam

rastering over the whole target surface during standard substrate rotation for 6 h of laser ablation at

248 nm, 200 Hz, and 300 mJ. The texture of the surface is evidently caused by the cones that are

pointing back toward the direction of the incident laser beam. By contrast, Figure 9.22b shows the

bottom target surface obtained from the same target after it was exposed under identical conditions

Figure 9.19 (a) Plume coming off normal from a new target surface with a row of five lanes of tape. (b) Plume

coming off a used target tilted back toward the laser beam significantly changing the averaged deposition rate on

the tape.

Figure 9.20 (a) Large-diameter target showing the pattern produced in the target surface by moving the target

under a fixed position laser beam with the proper X-Y scan. (b) Same target surface after the target has been

rotated through 26.5� and undergone a second X-Y raster scan. (c) The same target surface after 7 such X-Y-�

raster scans.
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Figure 9.21 Photograph of an X-Y-� target manipulator. In this case there are two 8-inch-diameter targets.

Seen are several of the vacuum stepper motors used to drive the various degrees of freedom.

(a)

(b)

Figure 9.22 Photographs of two YBCO target surfaces. (a) Large-diameter target surface modified by standard

laser beam rastering. Note the texture in the target surface pointing back toward the laser beam. (b) Large-

diameter target surface modified by laser beam exposure from a full 360� at target each location. In this case

there is minimum cone formation and little target texturing evident.
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to the laser beam using the new type of X-Y-Y target manipulator. Here the texture is very different,

and no discernable cone formation or preferential direction is seen. Figure 9.23 shows a photo of

the whole target surface. The last raster pattern is evident showing the X-Y motion. The laser

ablation was stopped somewhere in the middle of the X-Y scan and the end of the pattern can

clearly be seen.

9.3.6 Deposition Rate Monitors

Standard PVD techniques such as evaporation and sputtering have relied on a quartz crystal

microbalance (QCM) to monitor and control the film deposition rate. Unfortunately, a QCM does

not work well for large-area PLD processing [Greer et al., 1997] for a variety of reasons. First,

most PLD processing occurs at high substrate temperatures. The radiation from the substrate is

usually enough to drive the quartz crystal temperature far from its stable operating point, yielding

undesirable noise and nonlinear effects. Second, the forward direction of the ablation plume

creates very unrealistic tooling factors for the QCM as only a very small fraction of the plume will

arrive at the QCM head. If laser beam rastering is used, then the tooling factor becomes a dynamic

function of laser position. While QCMs have been used successfully to monitor film deposition

rates on small substrates at low growth rates, when growing large-area films using high laser

repetition rates and therefore fairly high average film growth rates, the heat of formation of the film

condensing on the crystal and induced intrinsic film stress produced also causes problems. A rate

monitor based on the principle of atomic absorption has been developed for the PLD process but

also found to have a variety of problems. Ellipsometry may be used for deposition rate monitoring,

but only for a certain class of materials. Reflection high-energy electron diffraction (RHEED) is a

tool that has also been used to monitor film growth rates but is not practical for a large-area system

when deposition pressures are high. At present, deposition rate monitoring remains one

outstanding issue for the PLD process. Typically, large-area films of a given thickness are grown

based on the total power incident on the target, time, and experience with a particular target and

material. Using an in situ fluence monitor, such as that available with the Intelligent Window,

Laser Shut 
off 

Underlying 
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Figure 9.23 Photograph of a 6-inch YBCO target after multiple X-Y-� scans under an excimer laser beam.

The laser was shut off in the middle of the scan as indicated. The underlying pattern produced by the previous

scan is visible.
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allows the user to monitor the energy about to hit the target, helping obtain a more accurate film

thickness.

9.4 COMMERCIAL SYSTEMS

Awide variety of commercial equipment is available today from vendors worldwide, and the design

and performance of various systems can vary widely. Figure 9.24 shows a photo of a low-cost

commercially available PLD system used for small-area (2-inch diameter and smaller) substrates.

This system is turbo-pumped, handles multiple targets, and has been designed for R&D in a

university environment. It includes a laptop computer that controls the substrate heater, mass flow

controllers (MFC) flow rate, target rotation speed, and target raster pattern and selects the active

target (from a bank of three or six) and controls the excimer laser.

A more sophisticated PLD system is shown in Figure 9.25 and is capable of depositing uniform

films onto substrates 5 inches in diameter or multiple smaller substrates. It includes a three-position

target manipulator with 6-inch-diameter targets along with a blackbody-style substrate heater. This

heater, based on a bank of IR heat lamps, can easily heat silicon substrates to 950�C and sapphire or

LaAlO3 substrates to 850�C. The system is also run via a computer that controls the chamber

pressure using a closed-loop control system, substrate temperature, MFC flow rates, substrate

rotation speed, target rotation speed and target selection, laser beam raster pattern, laser

parameters, and data logging. Both of these systems are based on a rectangular box style chamber

that has a front-mounted hinged door. This allows the user to easily exchange targets or substrates

through the front door without having to remove any flanges or hardware. These systems also are

designed so that the targets are held in their pedestals and the substrates are held in the substrate

rings by gravity.

Figure 9.24 Photograph of a low-cost small-area commercially available PLD system. (Photograph courtesy

of PVD Products, Inc.)
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Figure 9.26 shows a photograph of a coated-conductor PLD deposition tool. The system is

composed of three separate chambers, two reel chambers, and one main deposition chamber. The

reels are designed to handle over 500 m of tape, and tape speeds can vary from 0.1 to 20 m/h. Using

clutches the torque on the reels, and thus the tension on the tape, can be chosen and maintained. The

system is turbo-pumped and includes closed-loop pressure control via a capacitance manometer and

stepper motor controlled gate valve. To heat the tape to deposition temperatures of 850�C the system

Figure 9.25 Photograph of a commercially available large-area PLD system that can be used for either R&D

or production. (Photograph courtesy of PVD Products, Inc.)

Figure 9.26 Photograph of a commercially available reel-to-reel coated-conductor PLD system. (Photograph

courtesy of PVD Products, Inc.)
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includes a multizone heater based on a bank of multiple IR lamps. The entire heater assembly is

mounted on a large Z-stage that allows the user to adjust the target-to-substrate distance from about

40 to 100 mm. The system was designed with three 6-inch-diameter targets and a X-Y-Y

target manipulator that allows each point on the target to be exposed to the laser beam from a

full 360�.
Recently, an upgraded version of this system that uses multiple lanes of tape on a contact style

heater and synchronized laser rastering to form multiplumes has yielded 212 m of tape with a critical

current of 245 A. The figure of merit, FOM, defined by the length of tape and critical current in this

case is 52,000. This is the highest FOM for any coated conductor reported to date by any deposition

technique.

9.5 COMMERCIAL COMPONENTS

Many laboratories build their own deposition systems to meet their own specific needs or budgets,

and in many cases, purchasing specific components designed for PLD for a custom system may be

useful. Components can include complete optical trains and Intelligent Windows, target

manipulators with load locks, and various types of substrate heaters. As an example, Figure 9.27

shows a multitarget manipulator holding eight 1-inch-diameter targets. This unit includes a water-

cooled plate located in front of the targets and a removable aperture for the laser beam and plume to

expand. It is housed in a load-lock chamber and mounted to a long stroke Z-stage along with a

motorized dual-axis magnetically coupled rotary feedthrough providing computer control of target

rotation, target rastering, and target indexing. Each of these items usually can be designed to meet

customer requirements, especially if discussions with the vendors take place before the deposition

chamber has been fully defined. Another example of commercial components (the multizone heater)

has already been shown in Figure 9.15, a multizone heater used for a coated-conductor application.

Such a heater has yielded short lengths (7 cm) of coated conductors with Ic values greater then 500

A/cm-width.

Figure 9.27 Photograph of a load-locked 8-position PLD target manipulator. (Photograph courtesy of PVD

Products, Inc.)
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9.6 CONCLUSIONS

Pulsed laser deposition technology has been steadily maturing over the past decade. Laser deposition

has emerged as an important PVD technique for the fabrication of complex thin-filmmaterials and is

now found in several hundred research labs around the world. It has been demonstrated that the PLD

process can be used to deposit films onto substrates as large as 200 mm in diameter with very good

film uniformity of both film thickness and composition at deposition rates similar to that of

magnetron sputtering. Given the recent results obtained with coated-conductor systems, it is

apparent that PLD would be able to coat even larger diameter substrates if the need arises.

New products and equipment for both R&D and production are now being commercialized at a

steady pace. Applications are emerging that require high throughput for standard wafers and long

lengths of coated conductors. These applications are driving vendors to develop even newer

deposition tools with many unique features, and many vendors are now providing PLD equipment

for both small and large substrates, as well as coated conductors and individual components. It is

expected that PLD will continue to mature and become an industrial process like sputtering and

evaporation over the next 10 years. The development of a good deposition rate monitor is still one

area that needs to be properly addressed for the PLD process, however. This rate monitor must be

compatible with high substrate temperature, rotating substrates, a wide variety of materials, high

background gas pressures, and the pulsed arrival rate of material at the substrate surface. Finally, a

technique to accurately measure substrate temperatures of IR transparent rotating substrates would

also be very useful not only for the PLD process but for many other PVD techniques as well.
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10.1 INTRODUCTION

Pharmaceutical formulations that provide for delivery of a drug over an extended period of time have

revolutionized the pharmaceutical industry. Whether the delivery is sustained, modified, controlled,

extended, or delayed, the concept is generally the same—provide in a single dose what previously

required multiple doses. The desire is to provide an effective concentration of the drug for an

appropriate length of time.

There are several advantages to such formulations. For example, having a lower concentration of

the drug in the body for a longer period of time lowers the incidence of toxicity for drugs with a

narrow therapeutic window and often improves the overall effect. Also, patient compliance is

improved when the dosing regimen is decreased; a patient is far more likely to take a single daily

dose than to take two, three, or even four doses daily. This is true for drugs delivered orally as well as

injected, inhaled, or delivered by transdermal or transmucosal diffusion.

Traditionally, sustained release has been achieved by placing a coating material over the drug

particles or granules, and thus, tablets, capsules, caplets, pills, and other formulations with coated

granules have been provided. Depending on the desired drug release properties, a drug core may be

coated with a single layer of coating, or alternating coatings may be provided, or the drug may

actually be interdispersed within the coating material.

Oral and other sustained release dosage forms have largely been based on wet or dry granulation

methods. These systems utilize spray coating or mechanical mixing of a core drug particle and/or

excipient granule with a polymer, for example, a cellulose, polyacrylate, or degradable polyester

to control the rate of release of the active drug substance. In addition, traditional matrix systems

may contain a gel-forming excipient, for example, polyvinyl alcohol (PVA), polyethylene oxide
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(or polyethylene glycol, PEG), celluloses, and the like, that form a gel layer after delivery that

releases the drug over time by diffusion of the drug through the matrix. A limitation of these systems

is that multistage scale-up from the laboratory to commercial-scale production of formulations can

be lengthy and difficult, often requiring specialized equipment and expensive solvents. Additionally,

known systems produce formulations that have a relatively high concentration of polymer, thick

coatings, and tend not to be reproducibly manufactured with identical release profiles.

An improved method for preparing coated drug particles that does not suffer these limitations

was developed in the late 1990s involving pulsed laser deposition (PLD). Utilizing PLD of polymers

as a source of coating material, directing the plume over a fluidized bed of drug particles produces

thin, continuous coatings for sustained-release or other delivery applications. This chapter will

describe the types of coatings that can be applied to pharmaceutical powders, characterization of the

coatings and powders produced, and examples of these drug delivery systems in vitro and in vivo.

10.2 BACKGROUND

Microencapsulation of drugs powders in the pharmaceutical industry, mainly for improving the flow

properties before pressing into tablets, has been used for several decades. Microencapsulated

particles for controlled or sustained-release systems, which slow the release of a drug into the

biological solution surrounding a particle, are becoming more popular as the industry adopts more

‘‘once-a-day’’ dosages. This technique can also provide additional patent protection from generic

manufacturers. Wet or dry physical mixing, performed in large ribbon or V-shaped mixers and spray-

coating in fluid-beds, are used where a small amount of drug and a blend of inactive materials

(excipients) are incorporated into spherical granules (4100mm diameter). Newer drug delivery

systems, based on controlling the particle size to enhance the desired properties, such as inhaled

powders, which must be 1–5mm in diameter to be inhaled efficiently, are already available in

several commercial products. Although granulation technologies are efficient for preparing drug

formulations for simple processes such as tableting, interest in microencapsulating drugs into micron

(microparticles) or submicron (nanoparticle) size particles is growing.

Currently there are several different ways of microencapsulating drugs into microparticles/

nanoparticles to form a barrier or film between the particle and its environment, mainly through

emulsion and spray-drying techniques. One of the earliest methods of microencapsulation, known as

‘‘prilling,’’ using ammonium nitrate explosive was described in a German patent in 1918. Prilling of

the molten nitrate was simply done with slowly rotating disks or buckets (with holes) or by means

of relatively simple showerheads at the top of tall ‘‘prilling towers’’ 30–70m high. This early version

of spray-drying, which leads to drying and solidification as the droplet falls down the tower, is aided

by a counter-current airstream upward. Special metal powders, sodium hydroxide, stearic acid, fats,

and certain wax powders are still produced this way. Wax pellets that carry a 50/50 payload of

proteolytic enzymes for detergent use was one of the earliest described microencapsulated

product formed by prilling. The particle size distribution, however, is as fine as only the 200–500 mm

range.

The most widely used physical technique, the spray-drying process, typically uses a two-nozzle

spray assembly, allowing air from an annular port to atomize the liquid stream to form fine particles,

carrying the microencapsulated product in a dispersed state. Small droplets (typically 1–200 mm)

with high surface areas are dried by an upward airflow in the drying chamber, which flash-evaporates

the solvent or aqueous media, and the dried particles are collected in a second chamber. Other

physical techniques include the spinning disk and coextrusion processes. The spinning disk method,

similar to the spray-drying process, uses an emulsion or suspension containing the main ingredient,

prepared with a solution or melt of the coating material. Typical extrusion systems involve

concentric nozzles, which pump a core material through an inner nozzle while the shell formulation

is pumped through the annulus, allowing true ‘‘core–shell’’ morphologies of particles typically

100 mm to 6mm in size. Complex coacervation, phase separation, gelation, and use of supercritical
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fluids are chemical microencapsulation techniques that develop highly stable microcapsules as small

as 0.5 mm, which is smaller than some bacteria.

Each microencapsulation technique described above utilizes liquid solvents to apply a coating to

the surface of a core particle or form a drug particle embedded in a matrix of an excipient. While

spray-coating techniques for encapsulating larger particles (4100mm) have been available for

decades, many inhaled and injectable systems require smaller microencapsulated particles

(5100 mm) that cannot be processed using these systems (see Fig. 10.1).

10.2.1 Wet Powder Coating Techniques

Wet particle coating techniques primarily involve spray-coating a material, such as a polymer or

cellulose, onto a core particle to increase the particle size (granulation), sustain release, taste mask,

or improve the shelf life. Top or bottom (Wurster) spray-coating systems, characterized by the

location of the spray nozzle, spray an atomized flow of coating solution, suspension, or other coating

vehicle onto particles suspended in a fluidizing airstream. The atomized coating material collides

with the particles as they are carried away from the nozzle, and heated fluidizing air is used to

evaporate the coating material solvent shortly after colliding with the particles. The coating material

is left on the particles as a developing film or coating, and the process continues until each particle is

coated to the desired film thickness. These systems have excellent industrial applicability with batch

sizes up to hundreds of kilograms but utilize large amounts of solvent and coating material to

produce continuous coatings. Spray-coating systems also have limited applicability to micron-sized

particles due to the fact that the spray nozzles typically produce droplets from 10 to greater than

100 mm in size, which may be larger than the particle they are meant to coat. Other systems utilizing

emulsion or solvent evaporation systems have limited industrial scalability and have large solvent

requirements even for small batches.

10.2.2 Dry Powder Coating Techniques

Dry particle coating techniques, which attach coating materials onto the surface of larger core

particles by mechanical or thermal means, offer a promising alternative approach to liquid-based

Figure 10.1 Diagram of relevant pharmaceutical particle sizes and different preparation technologies.
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coating systems. Several dry coating methods have been developed, primarily based on high shear

mixing of dry preformed core and coating particles. The strong mechanical forces and the

accompanying heat generated can cause layering and even embedding of the guest particles onto the

surface of the host particles. Because the core particle incorporating a drug may reach high

temperatures, some heat-sensitive pharmaceutical ingredients may not be appropriate. Another

technique, magnetically assisted impaction coating (MAIC), utilizes impaction of agitated magnetic

beads to coat soft particles without substantial heat generation. However, some evidence of iron

contamination has been observed due to the magnetic beads [Singh et al., 1997].

Utilizing similar fluid-bed systems as spray-coating systems, the Nanocoat encapsulation

technique generates a spray of nanoscale particles (Fig. 10.2), enabling the coating of a wider range

of particle size (51 mm to4100mm). Generation of nanometer-size particles using laser deposition

has been shown for a variety of organic and inorganic materials, which can be used successfully to

form thin films on particles. Interestingly, because of the insulating and transition temperature

properties of polymers, slow release coatings can be produced on core particles at room temperature

and atmospheric pressure.

10.2.3 Deposition of Polymer Thin Films

Thin films of several organic materials have been processed via nonvacuum routes, such as spin

casting, electrochemical deposition, dip coating, solvent evaporation, and aerosol coating, as well as

plasma and thermal evaporation [Skrobis et al., 1990; Bopp et al., 1997; Wu and Wallace, 1998;

Sakurai et al., 2002; Young et al., 2000]. As an example, recent applications of polymers conjugated

to optical and optoelectronic devices require the formation of thin polymer films of high quality

(retained functionality, thickness, morphology, etc.) [Skotheim et al., 1996]. Although spin casting

has been widely used, this technique is limited to polymers dissolved in certain solvents. Moreover,

the volume dilution of the optically active main chains in the derivative forms modified for solubility

results in reduced linear and nonlinear optical responses as compared with their parent polymers

[Heeger et al., 1988; Lee and Mittler-Neher, 1992]. In most cases plasma polymerization, a specific

type of plasma-enhanced chemical vapor deposition, has been used. Therefore, organic thin films

obtained in this way were also named as plasma polymer films. Along with the rapidly developing

field of plasma polymerization [Bell, 1980; Shi, 1996], several other vacuum methods of thin

polymer film preparation have been used: (1) electron beam irradiation [Favia and d’Agostino, 1998;

Inagaki and Makino, 1997], (2) ultraviolet (UV) light vapor irradiation [Sowa et al., 2000; Hishmeh

et al., 1996], (3) thermally assisted vacuum evaporation [D’Almeida et al., 2001], and sputtering

[Biederman, 2000]. However, these techniques can only be used in special cases where polymers

with a low molecular weight evaporate as polymer units and condense on the substrate without

chemically reacting. When heated to their evaporation temperature, most polymers are fragmented,

Figure 10.2 Simplified diagram of Nanocoat process for microencapsulating powder formulations.
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and these gaseous fragments ‘‘condense’’ on the substrate without creating a proper polymer

network. Furthermore, the use of high energies and temperatures in plasma processing and UV

curing of fragile polymers is prohibitive [Gengenbach and Griesser, 1998; Cui et al., 2001; Kiesow

and Heilmann, 1999]. In addition, there are some less conventional methods that are a direct

carryover from inorganic processing, namely PLD and matrix-assisted pulsed laser evaporation

(MAPLE), as described in detail in Chapter 3.

In brief, MAPLE was developed at the Naval Research Laboratory (Washington, D.C.) in the late

1990s, mainly for the deposition of thinner polymer films achievable by PLD for chemical sensor

applications, such as detection of nerve and mustard gases (McGill and Chrisey, 1999). Although it

is somewhat less conventional in terms of thin-film deposition processes, MAPLE is similar to PLD

except that the polymer target is dissolved in a solvent and frozen [Dyer and Karnakis, 1994;

Blanchet, 1996; Blanchet and Fincher, 1993; Bubb et al., 2002a; Li et al., 1996]. Conventional PLD

is largely an inorganic thin-film deposition technique used for the deposition of complex,

multicomponent materials (ceramics, superconductors, metals, etc.) [Singh and Biunno, 1988;

Cheung and Sankur, 1988; Fitz-Gerald et al., 1999a; Chrisey and Horwitz, 1991; Geohegan and

Puretzky, 1999; Lowndes and Geohegan, 1996], as discussed in depth in subsequent chapters. PLD

typically utilizes the output of a pulsed UV laser focused onto a solid target that undergoes rapid

ablation, creating nearly atomic (partially ionized) species that are deposited upon a nearby (� 5 cm

distance) substrate. In MAPLE processing, the ‘‘target’’ consists of a polymer dissolved in an

absorbing solvent with a high vapor pressure. The purpose of the volatile solvent in the target is to

aid desorption by optically absorbing a majority of the laser energy and subsequently vaporizing

when the laser energy is converted to thermal energy [Zhigilei et al., 2003; Dreisewerd, 2003].

Solvents that are sufficiently volatile and do not form a film once evaporated by the laser are ideal.

10.3 LASER-ASSISTED METHODS OF COATING PARTICLES

With specific classes of organic-based materials, laser ablation provides an excellent means for

producing a directed flow of submicron particles in the form of heated polymer agglomerates, which

are distinctly different than liquid spray methods currently used in industry for microencapsulation.

Process conditions include: (1) control of the target or substrate positioning, (2) control of the target

or substrate temperature, (3) exposure of the target or substrate to particular gases compared to room

air, (4) exposure of the target or substrate to an additional energy source (such as an ion beam or UV

light), and/or (5) postprocessing of the coated substrate, such as high-temperature curing or further

chemical modification, to produce the desired results.

Laser deposition has been widely used to grow thin films of a wide variety of organic materials

over the last 20 years, but few have utilized laser deposition to coat powders. Originally called the

atomic flux coating process (AFCP) by Fitz-Gerald et al., the first application of using PLD to coat

powders was demonstrated in the literature (Fitz-Gerald et al., 1998, 1999b; Gao et al., 1998).

Except for the powder fluidization system, the AFCP technique resembled a standard laser

deposition system. Efficient fluidization of the powder was found to be critical, since the difficulty of

separating particles under 100 mm because of electrostatic properties is known. Fluidization of the

core particles was also achieved by vibrational or pneumatic techniques to expose the entire surface

of the core particles to the plume [Fitz-Gerald et al., 1999a].

Thin-film deposition of high-molecular-weight polymers was demonstrated at lower laser

energies (51 J/cm2) than those used to ablate metal and inorganic thin films. PLD has been used to

deposit films of polydimethylsiloxane (PDMS), poly(methyl methacrylate) (PMMA), and

poly(ethylene glycol) (PEG) at low pressures (100mTorr). These conditions were visibly successful

in producing optically clear polymer coatings at low laser energies.

Two related biodegradable polymers, poly(lactic acid) (PLA) and poly(lactic-co-glycolic acid)

(PLGA), applied to micron-size budesonide powders displayed sustained release properties in vitro

and improved pulmonary residence times in vivo in rats (Talton, 1999). PLA, a homopolymer of
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lactic acid (LA), and PLGA, a copolymer composed of LA and glycolic acid (GA) monomers, are

approved by the Food and Drug Administration (FDA) as excipients (nonactive ingredient) in several

injectable controlled-release systems. A three-dimensional drawing of PLGA is shown in Figure

10.3. Similar to biodegradable microspheres, polymers with higher degrees of crystallinity lead to

slower release (PLA) than more amorphous copolymers (PLGA) (Atala and Mooney, 1997). PLA

and PLGA are easily ablated with PLD over a range of pressures at low energies (200–600mJ/cm2),

making them ideal polymers for microencapsulation of drug powders.

The laser deposition method for coating particles is particularly suited for those types of powders

in which a thin coating is desirable, that is, drugs/pharmaceuticals, cosmetics, and the like. Drug

delivery systems, such as injectable suspensions or inhaled powders, involving microencapsulated

particles in a biodegradable or biocompatible polymer, may be produced under nonaqueous,

nonsolvent manufacturing conditions using PLD. The coating may impart a number of

characteristics to the particulate material, including altering its surface properties, its dispersion

properties, or its rate of diffusion and/or release of the active drug.

10.3.1 Experimental Configurations

The deposition systems for conventional PLD and MAPLE are shown in Figure 10.4. For PLD of

PLGA (or other polymers), a solid disk of PLGA is typically heat pressed at 140�C in a Carver press

at 10,000 psi. For the MAPLE, a 1wt % polymer/chloroform (CHCl3) solution of PLGA is vortex

mixed and frozen in liquid nitrogen to form a solid target. The frozen target was then inserted onto a

liquid nitrogen cold stage (temperature � 110K) due to the fact that chloroform has a melting

temperature of � 63�C.
For comparison of both methods, the chamber was pumped down to a base pressure of 10�6 Torr

and then backfilled to 100mTorr with argon. During MAPLE processing, since the volatiles must be

pumped out of the system during deposition, a continuous flow of Ar is maintained. For comparison

purposes, films were deposited onto silicon and sodium chloride substrates at room temperature

using a pulsed excimer laser ðl ¼ 248 nmÞ operating at 5Hz with a 25-ns pulsewidth. Energy

regimes of 0.1 to 1.0 J/cm2 and 0.2 to 1.0 J/cm2were investigated for MAPLE and PLD, respectively.

Coating of powders with the laser deposition technique comprises two equally important

components, the powder fluidization system and the laser deposition system. Powder fluidization

whereby particles are suspended by shaking a vessel or in a rapidly moving stream of gas to induce

flowing motion ensures that each particle is coated uniformly on the surface. The initial AFCP setup

involved a typical PLD vacuum chamber with a target rotator oriented downward at approximately a

Figure 10.3 Three-dimensional diagram of the PLGA monomer structure.
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45� angle and a powder cup on a shaker system. The laser enters the chamber through a quartz

window and ablates coating material from the polymer target producing a conical-shaped plume.

The core particles are mechanically fluidized during the batch run. By controlling the batch run time,

amount and size of the particles being coated, the fluidization, the laser wavelength, pulse frequency,

and background gas and gas pressure during deposition, the resulting coating thickness and

morphology on the core particle can be varied.

10.3.2 Polymeric Coating Materials

Both natural and synthetic polymers have been used to encapsulate drugs. Polysaccharides, such as

different types of celluloses, starches, alginates, and chitosan, have been used extensively for over 50

years. More recently, research has been devoted to the development of synthetic biocompatible or

biodegradable polymer systems, such as ethylene-vinyl acetate (EVA), polylactic acid (PLA), and

poly(acrylic acid) (PAA). Polymers used for microencapsulation in drug delivery systems should

have the following characteristics:

1. They should be nontoxic.

2. Degradation products, if any, should be nontoxic and should be readily removed from the

body.

3. The polymer and the method of preparation should not affect the drug.

Microencapsulating drug particles provides control over the drug release kinetics by changing

different properties of the ‘‘microcapsule,’’ that is, the size of the core particle and the polymer type,

wettability, and thickness. The disadvantage of microencapsulating drug particles in the

pharmaceutical industry is mainly the additional manufacturing steps that must be added. Most

methods (not PLD) utilize organic solvents that can affect the drug or denature proteins and also be

harmful in vivo if any residual solvent remains behind in the microcapsules. Sterilization of

microcapsules, via g irradiation, for example, also poses a problem, as this has been shown to cause

degradation of the polymer, changing the release kinetics.

10.3.3 Particle Fluidization

Fluidization of the core particles, which are generally larger than the size of the coating particles,

can be produced within a chamber that has a large enough volume to permit particle movement.

Figure 10.4 Experimental setup for thin films by (a) conventional PLD and (b) MAPLE.
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Powder fluidization chambers are typically stainless steel or glass cylinders that taper toward

the top to allow free movement of the top layer of particles. Fluidization using vibration or a

gas requires a screen or filter above the fluid bed, with a mesh slightly smaller than the average

size of the particles. Gas fluidization produces a sufficient lift to raise the center of the powder

bed upward in the coating chamber, falling out of the gas stream around the edge of the chamber

and being recirculated. The coating process then continues until the desired coating thickness

is achieved.

Except for the powder fluidization system, Nanocoat resembles a standard PLD system. In most

cases the chamber will be separate from the laser. However, if one uses compact lasers such as

solid-state or excimer lasers operating from 248 to 1056 nm, the laser can be attached to the side of

the chamber. The specific conditions that affect the deposition of coatings include control of the (i)

laser fluence, (ii) laser spot size, (iii) gas composition and flow rate, (iv) laser repetition rate, and

(v) total number of pulses and wavelength of the laser light itself. By controlling each of these

parameters, which are very material specific, the integrity, microstructure, topology, architecture,

thickness, and adhesion of the coatings on the drug particles can be varied.

10.4 MICROENCAPSULATED PHARMACEUTICAL FORMULATIONS

Microencapsulating pharmaceutical powders using PLD have applications in inhalation through

the respiratory tract, as well as, nasally, orally, parenterally, or transdermally. Formulations that

would benefit from coating include drugs used in controlled or targeted release formulation, taste-

masking, or particulate surface modification prior to tableting or capsule filling, for example, a

pulmonary dry-powder formulation of a glucocorticoid asthma drug microencapsulated with a

thin-film polymer coating of a biodegradable polymer. Comparing PLD to other microencapsula-

tion methods is difficult since no other solventless process has demonstrated similar high

encapsulation efficiency, similar or improved flow properties, and thickness that does not reduce

the inhaled fraction.

10.4.1 Characterization of Deposited Polymers

10.4.1.1 Scanning Electron Microscopy

Scanning electron microscopy (SEM) was performed to characterize the thickness and

morphological characteristics of the deposited materials. SEM micrographs of MAPLE and PLD-

deposited films, as a function of fluence, are shown in Figures 10.5 and 10.6, respectively. Films

deposited via MAPLE, regardless of laser energy, had varied amounts of surface features and matrix

trace patterns on the surface. At fluences 40.2 J/cm2, the particulate population (25–500 nm)

becomes more pronounced, and apparent matrix effects are minimized with film thickness ranging

from 30 to 150 nm. The PLD-deposited films showed a significant range of features in comparison to

the MAPLE-deposited films. At energies40.2 J/cm2 significant film roughness and deposition were

observed with thicknesses ranging from 50 to 2.2 mm.

10.4.1.2 Fourier Transform Infrared (FTIR) Spectroscopy Analysis

Distinct functional groups in the PLGA polymer preferentially absorb tunable infrared (IR)

light, specifically when the frequency of the IR light is equal to the vibrational frequency of

distinct functional groups inside the polymer backbone, the IR light is absorbed by the polymer

and changes the dipole moment, or the molecular vibration, of the atom. These molecular

vibrations are equivalent to the stretching or bending of atomic bonds in the PLGA functional

groups. The optically absorbing functional groups, or chromophores, in the PLGA polymer and

the particular molecular vibrations of these functional groups observed in the FTIR spectra were
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Figure 10.5 Scanning electron microscope images of MAPLE deposited thin films of PLGA. The SEM

micrographs show trends of particulate formation, showing morphology effects in terms of matrix patterns,

particle roughness, and droplet formation as a function of laser fluence.

Figure 10.6 Scanning electron microscope images of PLD-deposited thin films of PLGA. The images show

increased surface roughness and undulations for energy densities above 0.2 J/cm2. The films are absent of

solvent surface patterning and show large areas of low roughness.
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the O��H end groups, the C��H stretches, C����O stretch, C��H bends, and the C��O stretch [Li

et al., 2001]. These optically absorbing functional groups in PLGA and corresponding FTIR

spectrum peaks are shown in Table 10.1. The peak at 3509.9 cm�1 corresponds to the vibrational

excitation of the OH end group in the PLGA native. The peaks at 3010 and 2955 cm�1 coincide

with the C��H stretches of the CH3 groups. The peak at 2885 cm�1 was indicative of the C��H
stretch of CH2 while the peak at 1762.6 cm

�1 corresponded to the carbonyl, or C����O, vibrational

excitation. Peaks at 1450–800 cm�1 are deemed to be the traditional ‘‘fingerprint’’ region for this

material, which is an important baseline identifier for each compound and is very distinct for

each. Figure 10.7 shows the native PLGA spectra, while Figure 10.8 shows spectra from both the

MAPLE (Fig. 10.7a) and PLD (Fig. 10.7b) deposited materials. The results from the FTIR

spectra show that the deposited films resemble the native polymer to a finite degree. Overall,

characteristic peaks at 1700 cm�1 and fingerprint regions at 1450 cm�1 appeared similar.

However, there is an additional peak at 760 cm�1 not visible in the native PLGA profile that

could be identified as a C��Cl stretch for MAPLE-processed films only (Bubb et al., 2002a).

TABLE 10.1 FTIR Molecular Vibrations and Distinct

Functional Groups

Functional Group Corresponding Peak

OH end group 3509.9 cm�1

C��H Stretch of CH3 3010 and 2955 cm�1

C��H Stretch of CH2 2885 cm�1

C����O Stretch 1762.6 cm�1

C��O Stretch 1186–1089.6 cm�1

C��H Bends 1450–850 cm�1

Figure 10.7 FTIR spectra for native PLGA showing characteristic features at 3600, 3000, 1800, and

1200 cm�1, respectively.
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10.4.1.3 Nuclear Magnetic Resonance (NMR) Analysis

The functional groups in the PLGA molecule were compared using proton NMR, and their

resulting signals are shown in Table 10.2. The peak at approximately 7.260 ppm corresponded to

the deuterated chloroform peak. Deuterated chloroform was used to dissolve the PLGA films and

measured using 1H NMR. The multiplet at 5.2 ppm coincided with the resonance in the CH

Figure 10.8 FTIR spectra for (a) MAPLE and (b) PLD-deposited PLGA. While strong correlations of the

fingerprint regions at 1200 cm�1 and the C��H stretch between the native and deposited films exist, there is no

clear evidence to suggest laser induced degradation has occurred.
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species in the lactic acid while the multiplet at 4.8 ppm corresponded to the resonance of the CH2

species in the glycolic acid (Hrkach and Langer, 1996). These peaks were complex multiplets

because of the different D-lactide, L-lactide, and glycolic acid monomers that make up PLGA.

The overlapping doublets at 1.55 ppm were attributed to the chiral methyl groups in the lactic acid

monomer units for both D- and L-stereographic configurations. Finally, the peak at approximately

1.25 ppm was associated with the methyl groups attached to the hydroxyl end group of the

polymer.

Standard solutions were prepared by dissolving the deposited films in deuterated chloroform,

CDCl3. The NMR spectra of the native PLGA is shown in Figure 10.9. Figure 10.10 shows the

comparative NMR spectra from the MAPLE (Fig. 10.10a) and PLD (Fig. 10.10b) deposited

materials. Specifically, the multiplets associated with the lactide and glycolide groups were similar

for both native PLGA andMAPLE-processed PLGA films. However, this NMR compilation showed

a broadening in the chiral methyl group peak at 1.55 and 1.25 ppm. The broadening in the chiral

methyl group peak was indicative of smaller molecular weight oligomers as compared to the native

PLGA polymers due to an increasing interference of various processing of chiral methyl group peaks

for smaller molecular weight oligomers [Skrobis et al., 1990]. At higher energies, a trend in

decomposition of the deposited PLGA to lower molecular weight species, which are chemically

identical, may be observed with differing mobilities, stemming from the breaking of lactic acid and

glycolic acid chains [Skrobis et al., 1990].

TABLE 10.2 Peaks in the NMR Spectra Corresponding to the Measurement of Proton

Resonance of Distinct Functional Groups of PLGA

Functional Group Corresponding Peak

Lactic acid CH Multiplet at 5.2 ppm

Glycolic acid CH2 Multiplet at 4.8 ppm

Methyl groups of the D- and L-Lactic acid repeat units Overlapping doublets at 1.55 ppm

Methyl group attached to the hydroxyl endgroup 1.25 ppm

Figure 10.9 Nuclear magnetic resonance spectra from native PLGA showing the methyl groups at 1.25 and

1.55 ppm and the glycolic and lactic acid groups at 4.8 and 5.2 ppm, respectively.
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10.4.1.4 Gel Permeation Chromatography (GPC) Analysis

Gel permeation chromatography analysis of native PLGA in CHCl3 (flow rate ¼ 1mL/min) is shown

in Figure 10.11. Molecular weight estimates using the refractive index with linear polystyrene (PS)

standards indicates an average molecular weight, Mw, of � 100kDa for the native polymer. GPC

analysis of the PLD and MAPLE-deposited materials shown in Figure 10.11 reveal significant

variations from the starting native material. Estimates using linear standard PS calibration standards

012345678

0 .2  J /cm
2

0 .4  J /cm
2

0 .5 6  J /cm
2

0 .7 6  J /cm
2

 1 .0  J /cm
2

PPM

PPM

I
n

t
e

n
s

i
t
y

 (
a

u
)

I
n

t
e

n
s

i
t
y

 (
a

u
)

(a)

012345678

0.208 J /cm2

0.770 J /cm2 0.770 J /cm2

1.015 J /cm2 0.388 J /cm2

Native

(b)

Figure 10.10 Nuclear magnetic resonance spectra of PLGA deposited by (a) MAPLE and (b) PLD at fluences

ranging from 0.2 to 1.0 J/cm2.
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suggest a Mw of � 25 kDa for MAPLE, with a significant shift of the oligomer peak at higher elution

volumes to a Mw of � 200Da (monomer). However, MAPLE-deposited materials had significant

overlap of the shoulder with the main peak, precluding accurate molecular weight determination of the

higher molecular weight component formed in the deposition process. Materials deposited by PLD (at

0.38 J/cm2) show contrary behavior with the oligomer peak remaining at a higher Mw � 7 kDa and a

monomer peak occurring at higher elution volumes with aMw of � 200Da as shown in Figure 10.11.

10.4.2 Microencapsulated Inhaled Therapies

One of the first examples of using PLD to microencapsulate powders was performed with

budesonide, an inhaled glucocorticoid currently used in asthma therapy. Several glucocorticoids are

currently available in treating various pulmonary diseases, including asthma, sarcoidosis, and other

conditions associated with alveolitis. Although systemic glucocorticoid therapy is effective in such

conditions, prolonged administration carries the risk of toxicity and side effects. In attempts at

reducing systemic side effects, several clinically efficacious glucocorticoids, including budesonide,

have been employed for delivery as aerosols or dry powders.

In a recent study, it was shown that the most beneficial pulmonary effects were achieved with

the slowest dissolving of three different glucocorticoid powders administered intratracheally in

rats [Talton et al., 1999]. In contrast, lung targeting (ratio of local to systemic effects) was not

observed with the fastest dissolving glucocorticoid, budesonide, administered intratracheally,

presumably because of the fast dissolution and absorption of the lipophilic steroid [Derendorf

et al., 1995]. Although there are other pharmacokinetic factors that vary in this class of drugs, it

was proposed that pulmonary targeting of budesonide may be improved if the release rate could be

reduced through the PLD microencapsulation process.

In addition, to demonstrate the ability of improving the systemic bioavailability by changing

the surface properties of the particle, inhaled formulations of promethazine, an injectable motion

sickness drug, was investigated. Since nausea and gastrointestinal motility may reduce the

already low oral bioavailability of promethazine (22–25%) and delivery through the lungs is

relatively fast with effects possible within minutes, an alternative route of administration to oral

Figure 10.11 GPC overlay spectra of MAPLE and PLD-deposited thin films.
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delivery would be advantageous when motion sickness is present. Promethazine micronized

powders, coated to provide an increase in bioavailability, could be inhaled and bioavailable

immediately through the lungs.

Preliminary experiments with different polymers, PLGA, poly(ethylene glycol) (PEG), and chitosan

(CHI), were coated onto inert particles to measure the cell uptake, and onto micronized budesonide

(BUD) and promethazine (PMZ) to measure improvement in the local and systemic disposition.

10.4.2.1 Cell Uptake

Macrophage phagocytosis assays using different coatings on inert particles revealed preferential

uptake of PLGA-coated over PEG-coated microspheres. J774-A1macrophages incubated for 30min

with 1mg/mL of coated particles showed a threefold higher uptake of PLGA-coated spherical

powders when compared to PEG-coated powders (Figs. 10.12a–f). The increased uptake of

Figure 10.12 Images of J774-A1macrophages incubated for 30min with PEG (a, c, e) or PLGA (b, d, f)

coated fluorescent spheres. Cells imaged by conventional light microscopy are depicted in (a) and (b). Images

collected using both low-level conventional illumination and epi-fluorescence (excitation 465–495 nm, emission

515–555 nm) are shown in (c) and (d). Cells stained with propidium iodide (a nucleic acid intercalating agent)

and imaged by epi-fluorescence (excitation 528–552 nm, emission 578–632 nm) are shown in (e) and (f). Images

were collected at 1500� magnification.
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PLGA-coated particles (3.1 particles/cell), compared to uncoated silica particles (2.0 particles/cell),

is likely due to their electronegative z potential. Coatings with PEG, which is neutrally charged,

showed reduced uptake (1.1 particle/cell, Figs. 10.12 a, c, and e). The preferential uptake of PLGA-

coated particles by phagocytic cells may result from chemoattraction of these cells to an acidic

environment [Lutsiak et al., 2002; Newman et al., 2002; Lacasse et al., 1998].

Cellular uptake and binding assays provide relevant information regarding interactions with lung

components in the surfactant layer and potential interactions of coated particles with phagocytic and

nonphagocytic cells. PLGA-coated BUD25 has previously been shown to have a substantially higher

bioavailability, as well as efficacy profile in rats, compared to uncoated BUD potentially due to

increased macrophage uptake. PEG-coated particles displayed low binding to cells, as well as

decreased plasma protein and dextran adsorption [Lacasse et al., 1998]. PEG, because of its neutral

charge, has previously been used with injectable liposomes to impart ‘‘stealth’’ properties with

reduced phagocytosis [Fu et al., 2002]. Interestingly, reduced binding was also observed using the

Nanocoat coating process, but with less than 1% additional excipient load.

10.4.2.2 Controlled-Release Behavior

The controlled-release behavior of coated budesonide was measured in vitro by monitoring the

difference in dissolution in phosphate-buffered saline. Inhalation-grade budesonide dry powders in

the 1 to 5-mm range were coated with PLGA using both PLD and MAPLE. The dissolution behavior

was tested in phosphate-buffered saline (50mM, pH 7.4) using a USP (United States Pharmacopeil

Convention) dissolution bath and sodium dodecyl sulfate (SDS) (0.5%) as a surfactant. Figure 10.13

shows the dissolution profiles of two PLGA-coated budesonide preparations (10 and 25min PLD

coating times) in comparison to uncoated budesonide (BUD). Dissolution of coated powders was

biexponential with an initial burst of free drug (30–40%) and a half-life of release ðt50%Þ of the

sustained fraction of the coated particles of 29min for preparation 1 (10-min coating time, BUD10)

and 60min for a preparation 2 (25-min coating time, BUD25). The dissolution half-life of BUD was

significantly faster than coated BUD25 and BUD10. In addition, investigations with PLA-coated

triamcinolone acetonide, with a half-life of release ðt50%Þ of 16.7 h compared to 0.6 h for uncoated

powders, showed that slower-degrading polymers could be used for potentially once-a-day delivery

regimens in the lung (see Fig. 10.14b).

The dissolution behavior of the PLGA-coated powders using MAPLE were identical to the

uncoated powders (data not shown). One reason for the poor release characteristics of the MAPLE-

Figure 10.13 Effect of polymer and coating time on dissolution behavior. Uncoated budesonide vs. PLGA-

coated budesonide in pH 7.4 PBS (50mM, 0.5% SDS) at 37�C ðn ¼ 3Þ. Profiles are shown for BUD (~), and

PLGA-coated powders for 10min (BUD10) (&) and 25min (BUD25) (*).
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coated powders may be due to the low percentage (1%) of polymer in the starting target, which

results in thin films on flat substrates (low surface area), which will be further reduced on particles

due to the high surface area. While preliminary results did not demonstrate sustained release, further

research using MAPLE may permit increased coating thicknesses or the use of thin coatings

(1–20 nm) to modify the surface charge, wettability, or flow properties of the bulk powders.

Pulmonary targeting was assessed in an animal model that uses the differential receptor

occupancy in the lung and systemic organs as a surrogate marker of pulmonary selectivity.

Figure 10.14a shows the lack of significant pulmonary targeting when uncoated BUD was tested. In

contrast, the use of the PLGA-coated BUD25 formulation significantly increased the difference

between kidney and lung receptor occupancies (Fig. 10.14b), indicating substantial pulmonary

selectivity.

The receptor-binding profiles for BUD25 showed an improvement in pulmonary targeting over

BUD-free powders in the lung versus liver and lung versus kidney. In addition, the pulmonary mean

effect time (MET), or the time an effective drug concentration is present in a tissue, of BUD25

increased almost 2 h to 5.5 h compared to 3.6 h for BUD [Derendorf et al., 1995]. Thus, improvement

in pulmonary targeting by changing the dissolution rate of budesonide suggests that the increase in

pulmonary targeting of BUD25 powders is obtained by controlling the release rate of budesonide

into the lung.

10.4.2.3 Improved Bioavailability

Coatings with PLA, PEG, and two other natural excipients, hydroxy-propyl-methyl-cellulose

(HPMC) and chitosan (CHI), showed similar release profiles to uncoated milled promethazine

(PMZ-m), most likely due to the high water solubility of PMZ in addition to agglomeration upon

fluidization. Although dissolution results of PLA, PEG600, HPMC, and CHI-coated PMZ compared

to uncoated powders appeared relatively similar, sustained release was not a desired property for an

inhaled delivery system of this drug since this may reduce to time-of-onset of antinausea effect.

Initial in vivo pharmacokinetics of PMZ were tested with uncoated and coated formulations

delivered intratracheally and intravenously. The 1-h bioavailability of CHI-coated PMZ was

increased (33%) compared to uncoated PMZ-m powder (25%), while PLA and PEG600-coated

PMZ showed reduced absorption in the first several hours near the limits of detection (Fig. 10.15). In

addition, the 5-h bioavailability of CHI-coated PMZ further was significantly higher (70%)

compared to uncoated milled powder (40%). Although preliminary, this data agrees well with
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Figure 10.14 Receptor occupancy profiles for (a) BUD administered into the lungs compared to (b) PLGA-

coated BUD25 administered into the lungs (100mg/kg dose).
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published reports of increases in the mucosal absorption of many drugs using chitosan, but not with

the extremely small quantities (51%) delivered using the Nanocoat process.

10.5 MANUFACTURING AND SCALEUP

The Nanocoat microencapsulation process begins with a precursor powder and ends with a final

product that is a microencapsulated powder or granule. For each 1- to 40-kg batch, the powder is

dry and sufficient batches are scheduled in-line with particle production, milling, or spray-drying.

Again, equipment is thoroughly cleaned and validated prior to its reuse for manufacturing different

bulk substances.

Manufacturing of a Nanocoat microencapsulated powder may begin from a lyophilized,

granulated, spray-dried, or milled powder and may include other ingredients. A typical spray-coater

fluidized-bed system with modifications is used for coating powders. An initial drying/deagglomera-

tion step may be used before or during coating using proprietary conditions. The coating chamber is

equipped with a blower or fluidization gas input, a jacket for heating and cooling, hookups for

charging raw materials and for discharging the microencapsulated powder, control systems for

temperature and pressure, a nitrogen supply for padding and purging the reactor, and a sealed port on

the side for taking samples and adding bulk and other solid materials. In additional steps the powder

may be added to or recirculated during coating, as well as spray-coated with additional materials as a

final step for granulation. A flow diagram of a typical coating chamber for microencapsulation and

final manufacturing and packaging step for a final dosage form is shown in Figure 10.16.

After coating, microencapsulated powders may then be granulated, wet or dry mixed, or

packaged directly into a final dosage form. Typical formulating operations are to convert the

microencapsulated powder into a final, usable form, such as a powder blister for inhalation or a tablet

for oral administration. Preferably, for enteric-coated capsules, microencapsulated powders would

be physically mixed with excipients, dispersing agents, stabilizers, and other materials in a vertical

blender and then moved to a hopper for a capsule filler. Final steps, such as applying an enteric

coating, would be applied using standard pharmaceutical equipment.

Batch production records are used and describe each manufacturing step in detail. At various

stages in the formulation and packaging process, quality control checks are utilized. All raw

materials are checked prior to use in a process, and the final dosage forms require a myriad of tests to

assure therapeutic benefit. For example, the content uniformity, color, homogeneity, dissolution,
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stability, identity, and potency of the product must be determined and meet stated ranges.

Representative samples are collected at the end of the formulation stage and submitted to the

chemical and/or microbiological laboratories for final assaying. Representative samples are also

collected during packaging operations. The quality control unit of the pharmaceutical manufacturing

company has the responsibility and authority to approve or reject all raw materials, in-process

materials, packaging materials including containers, closures, and labeling materials, as well as the

final product.

10.6 SUMMARY

The suitability of the Nanocoat encapsulation method, more specifically the use of rapid thermal

evaporation from a pulsed excimer laser for applying nanometer thick coatings of biodegradable

polymers onto dry powders, has been demonstrated. The method has only been previously applied to

the synthesis of engineered, nanofunctionalized particulate materials with unique optical,

cathodoluminescent, and electrical properties. In general, it has been shown that material can be

deposited as nanometric coatings (10–1000 nm) on core particles ranging from submicron to

millimeters in size. When the method is applied to coatings of particles in the micron or submicron

range, the coating material is generally less than 1% by mass, and coating times are under one hour

without the need for drying solvents.

Early studies have demonstrated that it is possible to use PLD for coating of inhaled dry powders

in the range of 1–5mm with PLGA and PLA. The coating material retains its chemical integrity,

although a significant reduction in the average molecular weight is observed for both PLD and

MAPLE conditions. The generation of low-molecular-weight degradation species did not result in

cytotoxicity when measured in vitro in cell culture or detectable toxicity in vivo [Coowanitwong,

2003], most likely due to the extremely low concentration of coating material of the final product.

The most appealing advantage of this technology is the possibility of applying ultrathin coatings

onto dry powders without the necessity of wet chemistry. While the presented work concentrated on

PLGA and PLA, additional unpublished studies have indicated the general suitability of this method

to deposit a number of biomedically relevant materials. The exact assessment of the applied coating

thickness is, so far, hampered by the lack of suitable analytical techniques. There is, however,

evidence for the nanometer thickness of the coatings on particles. Individual droplets of PLGA

deposited onto silica wafers and smooth silica particles 100 nm or less have been observed using

SEM. In addition, SEMs of particles did not show any size difference between coated and uncoated

Figure 10.16 Flow diagram for the Nanocoat process.
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budesonide. In addition, HPLC analysis of dissolved coated and uncoated budesonide was unable to

show a difference in the budesonide content between the two preparations (data not shown). Using

the information of these experiments it seems safe to say that the polymer content is smaller than 1%

of the net weight of the preparations, while still producing marked sustained-release profiles.

Limited cell culture work performed in macrophage cell lines so far indicated no sign of toxicity

of the material, which would be expected considering the low polymer-to-drug ratio. Laser energy

could potentially induce chemical reactions and the toxicity by laser-induced degradation products

cannot necessarily be excluded. The lack of cell toxicity over that seen with uncoated material, even

at extremely high concentrations (4100mg/mL) employed in these assays, in conjunction with

preliminary NMR and size exclusion chromatography work, seems to suggest that possible

breakdown products of PLGA particles with lower molecular weights are similar in chemical nature

and nontoxic.

Most importantly, the modulation in surface properties translated into a significant increase in

pulmonary targeting, quite in agreement with the prior findings on reduced dissolution rate of the

investigated particles. Compared to other technologies for sustained pulmonary targeting, this

technique has the advantage of reduced polymer load, high flexibility in usable polymers, and direct

applicability for dry powder technologies. The method has the potential for a wide variety of

pharmaceutical applications, ranging from coatings to improved agglomeration and flowability,

stability, cell uptake and interactions, as well as controlling the release rate of the drug. The

technique seems to be suitable not only for pulmonary delivery but also a variety of other local or

systemic forms of administration.
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CHAPTER 11

Transparent Conducting Oxide Films

HEUNGSOO KIM

Naval Research Laboratory, Code 6364, Washington, D.C.

11.1 INTRODUCTION

Transparent conducting oxide (TCO) films have been used extensively in the optoelectronics

industry because they exhibit high electrical conductivity, high optical transmittance in the visible

region, and high reflectance in the infrared (IR) region. Since the first report of TCO growth by

Bädeker [1907], who prepared cadmium oxide (CdO) thin films grown by the thermal oxidation of

sputtered cadmium, TCO films have been widely utilized as an essential part of many optoelectronic

devices: transparent electrodes in flat-panel displays and solar cells; transparent heating elements for

automobile and aircraft windows; and transparent heat reflecting window material for buildings,

lamps, solar collectors, gas sensors, and antireflection coatings.

A large number of TCO materials have been investigated over the years such as In2O3, SnO2,

ZnO, and CdO as well as their doped oxides. Although most research on TCO materials has been

focused on the above oxides, there have been some efforts on making multicomponent oxides to

improve the electrical conductivity and optical transparency of the films, such as Ga2O3–In2O3,

In2O3–ZnO, In2O3–SnO2, ZnO–SnO2, In2O3–MgIn2O4, MgIn2O4–Zn2In2O5, ZnSnO3–ZnIn2O5,

and ZnIn2O5–GaInO3 [Minami, 1999]. All of the TCO materials mentioned above are n-type

semiconductors. However, there have been some efforts on developing p-type TCO films, such as

CuAlO2 [Yanagi et al., 2000], CuGaO2 [Kawazoe et al., 1997], SrCu2O2 [Kudo et al., 1998], and

N-doped ZnO [Joseph et al., 1999; Guo et al., 2001]. Of all the TCO films, the most widely used

TCO for optoelectronic device application is indium tin oxide (ITO). Other TCOs are available for

specific applications, and, for example, SnO2 films are in practical use for architectural glass appli-

cations. Impurity-doped ZnO films have also attracted much attention as the transparent electrode in

many device applications because they are nontoxic and inexpensive and have comparable electrical

and optical properties to ITO.

There are several comprehensive reviews on the deposition of TCO films. Holland [1958]

reviewed the early work up to 1955. Vossen [1977] and Haacke [1977] reported comprehensive

reviews to the mid-1970s. Manifacier [1982], Jarzebski [1982], and Chopra et al. [1983] covered

the work in this area up to the early 1980s. Hamberg and Granqvist [1986] reported detailed

experimental work on indium tin oxide films. Hartnagel et al. [1995] presented comprehensive

reviews on the growth techniques, properties, and applications of TCOs. More recently, some of

the critical issues related to new TCO materials, such as processing and criteria for applications
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and theoretical models, have been addressed in MRS Bulletin [2000]. Even though the above

reviewers reported various growth techniques for TCO films, the pulsed laser deposition (PLD)

technique for the deposition of TCO materials has not been reviewed in detail by the above

reviewers. The objective of this chapter is to review the unique properties of TCO films, to

examine structural, electrical, and optical properties of TCO films grown by PLD on various

substrates (glass, plastic, single crystal), and to demonstrate some of the applications of TCO films

grown by PLD.

11.2 UNIQUE PROPERTIES OF TCO FILMS

11.2.1 Electrical Properties

Electrical resistivity (r) of TCO films depends on the carrier concentration (N) and carrier mobility

(m) as follows: r ¼ 1=ðNemÞ, where e is the electron charge. Since e is a constant, to achieve lower

resistivity of the films, the carrier concentration (N) and carrier mobility (m) should be simul-

taneously maximized, and the maximum carrier concentration can be achieved by oxygen vacancies

and doping.

If an oxygen vacancy is created in a perfect crystal, two electrons are created in the crystal and

contribute to the electrical conduction as ionized donors. However, the creation of too many oxygen

vacancies forms suboxides: for example, in a SnO2 film, if too many oxygen vacancies are created,

SnO will be formed. In addition to the oxygen vacancies, doping also changes the electrical

conduction of TCOs. If host cations are substituted by elements with a valence higher than that of

the host, the extra electrons can become conduction electrons. To preserve the charge neutrality,

substitution of a higher valence element for a host cation creates extra electrons. For example, if Sn

is substitutionally incorporated in In2O3, an extra electron is created in the lattice. Effective

substitutional doping can be achieved by selecting a dopant of the same size as or smaller than the

host ion being replaced and by assuming that no compounds of the dopant oxide are formed. It is also

possible to improve the electrical conduction by anionic doping. If anion (i.e., oxygen) sites are

substituted with lower valence anions such as chlorine or fluorine, this also creates conduction

electrons.

The majority of research designed to decrease the resistivity of the TCO material has focused on

increasing the free carrier concentration in the thin-film material through the use of dopants and

oxygen vacancies. However, increasing the carrier density via doping or oxygen vacancies is self-

limiting because at some point the increased number of free carriers decreases the mobility of the

film due to carrier–carrier scattering. Hence, there is a trade-off between the carrier density and

the carrier mobility for achieving low resistivity. In general, for a completely degenerate material,

the relationship between the carrier density and carrier mobility can be expressed by m / n�2=3

[Johnson and Lark-Horovitz, 1947].

11.2.2 Optical Properties

The TCO films act as a selective transmitting layer. They are only transparent in the visible and

near-infrared range between wavelengths of about 0.4 and 1.6 mm. For very short wavelengths

(l < 0:4mm) absorption is observed due to the fundamental energy gap, and for long wave-

lengths (l > 1:6 mm) high reflection occurs due to the plasma absorption edge. Both the

fundamental bandgap and plasma absorption depend on the carrier density and the effective mass,

which can be controlled by deposition conditions such as doping level, substrate deposition

temperature, oxygen deposition pressure, and film thickness. In general, both edges shift toward

lower wavelengths (higher energies) with increasing carrier density of the TCO film [Kim et al.,

1999b].
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The transmittance and reflectance data can be used to calculate absorption coefficients of the

films at different wavelengths. The absorption coefficient, a, is given by the relation [Chopra et al.,

1983]

a ¼ 1

t
ln

ð1� RÞ2
T

" #
ð11:1Þ

where t is the film thickness. The absorption coefficient data can be used to determine the bandgap,

Eg, using the relation [Tauc et al., 1966]

ahn 
 ðhn� EgÞ1=2 ð11:2Þ

where hn is the photon energy.

11.3 ADVANTAGES OF PLD FOR TCO FILMS

As the sophistication of devices based on TCO materials increases, improved electrical and optical

properties of the TCO films are required. Hence, many thin-film deposition techniques have been

utilized to improve the electrical and optical properties of these films, and the deposition parameters

play an important role in controlling these. These techniques include vacuum evaporation,

sputtering, chemical vapor deposition, and spray pyrolysis [Hartnagel et al., 1995]. However, these

techniques require either a high substrate temperature during deposition (300–500�C) or a

postdeposition anneal of the films at high temperature (400–700�C). These high-temperature

treatments generally damage surfaces of both the substrate and the film. There have been some

efforts to produce high-quality films at low substrate temperature using sputtering and electron beam

evaporation, which often result in amorphous films with poor electrical properties.

Pulsed laser deposition has been utilized to grow high-performance TCO films, and PLD

provides several advantages compared to other techniques. The composition of the films grown by

PLD is quite close to that of the target, even for a multicomponent target. PLD films crystallize at

lower substrate temperatures relative to other physical vapor deposition (PVD) techniques due to the

high kinetic energies (>1 eV) of the ejected atoms and ionized species in the laser-produced plasma

[Chrisey and Hubler, 1994]. Due to the low crystallization temperature, PLD can be used to grow

TCO films especially on plastic substrates, which is essential for fabrication of flexible flat-panel

displays. Adurodija et al. [2000] reported that crystalline, low resistivity, and highly transparent

films have been prepared from In2O3 and ITO targets at a low substrate deposition temperature (Ts)

of 100�C using PLD coupled with in situ pulsed laser irradiation. The films deposited at room

temperature yielded a low resistivity of �2� 10�4 �-cm even though they were amorphous. The

lowest resistivity of 9:4� 10�5 �-cm was achieved at 300�C [Adurodija et al., 2000].

Another advantage of PLD for the growth of TCO films is an extremely smooth film surface

compared to films grown by other physical vapor deposition techniques. Suzuki et al. [2001]

reported the production of ITO films with low resistivity and flat surface morphology using a

magnetic field applied perpendicular to the plume produced by PLD. Magnetic fields act on charged

particles in laser-produced plumes and affect the ionization of species such as atoms and molecules,

thereby increasing plasma density [Tachiki and Kobayashi, 1999]. Suzuki et al. [2001] showed

that the ITO films (30 nm thick) grown at 300�C showed the lowest resistivity of 7:2� 10�5 �-cm

and a visible transmittance of more than 90% as well as having very smooth film surfaces with an

average surface roughness of 6.1 Å. Kim et al. [1999a] also showed that the root mean square (rms)

surface roughness of 4.5 Å was achieved for ITO films grown by PLD (KrF, 248 nm) on glass at

300�C, which is one order of magnitude smaller than that (40 Å) of commercial ITO deposited by

sputtering (see Fig. 11.1).
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11.4 OPTIMUM PLD CONDITIONS FOR TCO FILMS

The substrate temperature and oxygen background gas pressure are typical deposition conditions

that can be easily controlled during deposition to obtain ITO films with high electrical conductivity

and optical transparency. Other PLD parameters that are under experimental control are film

thickness, laser fluence, and target-to-substrate distance.

11.4.1 Substrate Deposition Temperature

Substrate deposition temperature is an important PLD parameter. The conductivity of the ITO films

increases as the substrate deposition temperature is increased from room temperature to � 300�C
[Kim et al., 1999b, 1999c]. The increase in conductivity with an increase in the substrate deposition

temperature can be explained by the fact that the grain size increases significantly with increasing

growth temperature, thus reducing the grain boundary scattering and increasing the conductivity. It is

also observed that the optical transmittance (T) in the visible range (400–700 nm) increases slightly

with increasing the substrate temperature from room temperature to � 300�C, and this again is

related to the increase in grain size of the films with increasing substrate temperature. The magnitude

of the change in electrical and optical properties of ITO films with varying substrate deposition

temperature may also depend on the other deposition conditions such as target composition, oxygen

partial pressure, fluence, and target-to-substrate distance.

The substrate deposition temperature also affects other properties of the film such as the direct

bandgap and the plasma wavelength. The direct bandgap of the ITO films increases from 3.89 to

4.21 eV as the substrate deposition temperature increases from room temperature to 300�C [Kim
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Figure 11.1 AFM images (2 mm� mm) of the ITO films grown on glass substrates by (a) sputtering (supplied

by Planar America) and (b) PLD (KrF: 248 nm). Note that the scale in the z direction (20 nm/div.) is greatly

expanded with respect to the scales in the x and y directions (1.0mm/div.) and, therefore, in fact, the crystallites

are flat and broad in the lateral direction [Kim et al., 1999a].
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et al., 1999b]. This shift of the bandgap can be explained by the Burstein–Moss effect [Burstein,

1954; Moss, 1964] in which the absorption edge shifts toward higher energy with an increase of

carrier concentration. The plasma wavelength (or cut-off wavelength, lp), which is defined as

Transmittance ¼ Reflectance, where the dielectric-like transmission equals the metallic-like IR

reflectance, is observed to initially decrease with increasing substrate deposition temperature up to

100�C and then slightly increase up to 300�C [Kim et al., 1999b].

11.4.2 Oxygen Deposition Pressure

The oxygen deposition pressure also affects the electrical and optical properties of the TCO films.

The conductivity of the ITO films deposited at room temperature is very sensitive to oxygen pressure

[Zheng and Kwok, 1993; Kim et al., 1999c]. High-conductivity ITO films are obtained only between

5 and 15mTorr of oxygen. However, the conductivity of the ITO films deposited at 300�C is less

dependent on the oxygen pressure. The increase in the conductivity with a decrease in oxygen

pressure from 50 to 10mTorr can be explained by the number of oxygen vacancies in the ITO films.

Decreasing the oxygen pressure increases the number of oxygen vacancies in the film and thus

increases the carrier concentration and the film conductivity. However, this increase in carrier

concentration also leads to a decrease in the optical transmittance due to an increase in free carrier

absorption. Figure 11.2 shows this inverse relationship between the conductivity and transmittance

of the ITO films. The optical transmittance in the visible range increases with an increase of oxygen

pressure from 10 to 50mTorr for the ITO films grown at both 25 and 300�C. This is related to the

improvement of the film crystallinity with increasing oxygen pressure since the width of the (222)

X-ray diffraction (XRD) peak decreased while the intensity of the (222) peak increased with

increasing oxygen pressure. For higher temperature growth the optimal oxygen pressure slightly

shifts to lower pressure. However, the optimum oxygen deposition pressure for low-resistivity ITO

films shifts from 10 to 40mTorr as the target-to-substrate distance increases from 4.3 to 5.8 cm.

Figure 11.2 Variation of electrical conductivity (s) and average optical transmittance (Ta) as a function of

oxygen pressure for the ITO films grown by PLD at 25 and 300�C. Film thickness was about 200 nm for

all films. All transmittance values were determined as an average in the visible range from 400 to 700 nm. & (s,

300�C); & (s, 25�C); * (Ta, 300
�C); * (Ta, 25

�C) [Kim et al., 1999c].

OPTIMUM PLD CONDITIONS FOR TCO FILMS 243



Wu et al. [1999] reported that the optimum films grown at room temperature are significantly

oxygen rich; the ratio of O=ðInþ SnÞ is �1.62 compared to that (�1.5) of the films grown at high

temperature.

The sensitivity to variation of the oxygen partial pressure at room temperature can be explained

by the nature of PLD [Zheng and Kwok, 1993]. They have observed from an optical time-of-flight

study that laser-generated atoms and ions travel toward the substrate with a time duration of �10 ms

and peak velocities of �106 cm/s. At too low oxygen pressures, the density of various species is not

uniform on the surface of the substrate because of the different velocity for each species. This

situation creates defect centers in the film, which increases the film resistivity. However, if the

oxygen pressure is too high, the velocities of various species in the laser-generated plume will

be slowed down due to the collisions with the oxygen molecules, and then the surface activation of

the species will not be possible. Therefore, at the optimal oxygen pressure, the uniform velocity

distribution of various species can be achieved, leading to a reduction in the density of defect centers

in the film, which decreases the film resistivity.

The oxygen pressure also affects the direct bandgap and the plasma wavelength of ITO films. The

direct bandgap of the ITO films decreases from 4.14 to 3.63 eVas the oxygen pressure increases from

1 to 50mTorr. This decrease in the direct bandgap with an increase in oxygen pressure is due to a

decrease in carrier concentration. This is also explained by the Burstein–Moss shift [Burstein, 1954;

Moss, 1964], which is related to the carrier concentration of the film. The plasma wavelength of

the ITO films increases from 1380 to 3100 nm with increasing oxygen pressure from 1 to 50mTorr

[Kim et al., 1999c].

11.4.3 Film Thickness

Film thickness is also an important factor to control the properties of ITO films, and film thickness is

directly proportional to the number of laser shots. For thinner films (5100 nm thick), the effect of

surface scattering on the charge carriers becomes more important than the grain boundary scattering

(Holmelund et al., 2002; Kim et al., 2000a). The resistivity of the ITO films initially decreases with

an increase in the film thickness up to 220 nm and remains almost constant with further increases in

the film thickness up to 870 nm [Kim et al., 2000a]. It has been reported that the carrier density

increases with an increase in the film thickness up to 220 nm and then remains almost constant

with further increases in the film thickness up to 870 nm, and the Hall mobility increases with

increasing film thickness. XRDmeasurements indicate that the thicker films are more crystalline and

have larger grains than thinner films; the 220-nm-thick film has an average grain size of 20 nm and

the 870-nm-thick film has an average grain size of 26 nm. Thus, the initial decrease in resistivity

is due to an increase in both carrier density and carrier mobility of the films. For thicker films

(4300 nm), the resistivity remains constant because both carrier density and carrier mobility

become independent of film thickness [Kim et al., 2000a].

11.4.4 Other Laser Conditions

The laser wavelength also affects the properties of TCO films since the light absorption in the target

is much stronger at shorter wavelengths. In general, excimer lasers, such as ArF (193 nm) [Zheng

and Kwok, 1993], KrF (248 nm) [Kim et al., 1999b], and XeCl (308 nm) [Hiramatsu et al., 1998],

have been utilized to produce the majority of TCO films grown by PLD. However, solid-state lasers,

such as frequency-tripled Nd :YAG (355 nm) can also be used for the growth of TCO films

[Holmelund et al., 2002]. Even though the absorption of the laser light at the wavelength of 355 nm

is much smaller than that from excimer lasers, reasonable resistivity values (2–3� 10�4 �-cm)

are achieved for the ITO films grown by the solid-state laser (355 nm), which are comparable to

those (1–2� 10�4 �-cm) for the ITO films grown by excimer lasers.

Deposition rate can be controlled by many parameters such as laser fluence, oxygen partial

pressure, and target-to-substrate distance. The deposition rate increases with increasing fluence,
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decreasing oxygen partial pressure, and decreasing the target-to-substrate distance, and is

linearly proportional to the laser fluence. The effect of the laser fluence on the ablation depth of

an ITO target in vacuum at 248 nm has been analyzed by Coutal et al. [1996]; the threshold laser

energy for ablation was 0.3 J/cm2, and the deposition rate linearly increases with increasing laser

fluence up to 1 J/cm2, followed by a slight increase up to 2 J/cm2. The laser fluence also affects

the properties of ITO films. Low-resistivity films can be obtained at high fluence because the

ejected species created at high fluence are much more energetic and can traverse the background

gas to the substrate for crystalline film growth. Typical deposition conditions for ITO films are

summarized in Table 11.1.

11.5 LASER-DEPOSITED TCO FILMS

High-quality thin films of many TCOs have been deposited by PLD. A large portion of the research

has focused on ITO thin films for many optoelectronic or electrooptic device applications. Other

TCO films grown by PLD include Al-, Ga-, Zr-, and Sn-doped ZnO [Kim et al., 2002b, 2003],

Zr-doped In2O3 [Kim et al., 2001a], Zr-doped SnO2 [Qadri et al., 2000], Sb-doped SnO2 [Kim and

Piqué, 2004], ZnxInyOz [Phillips et al., 1995], GaInO3 [Phillips et al., 1994], and In2O3–Sc2O3

[Qadri et al., 2002]. Recently, PLD has been also used to grow p-type TCO films for p-n

heterojunction device applications.

11.5.1 ITO Films

11.5.1.1 ITO Films on Glass Substrates

Indium tin oxide thin films retain the crystal structure of bulk-undoped In2O3. In2O3 has the cubic

bixbyte structure (also called c-type rare-earth oxide structure) and belongs to the space group [cI80

(Mn2O3), Ia3 (206); JCPDS (Joint Committee on Powder Diffraction Standards) Card No.: 06-0416].

The unit cell of In2O3 with a lattice constant of 10.118 Å contains 80 atoms (JCPDS Card No.:

06-0416). However, the lattice parameters of ITO films are nominally larger than the 10.118 Å value

for In2O3 powder. This increase in lattice constants of the ITO films can be explained by

the substitutional incorporation of Sn2þ ions into In3þ sites and/or the incorporation of Sn ions in the

interstitial positions. Since the radius of Sn2þ ions (0.93 Å) is larger than that of In3þ (0.79 Å), the

substitution of Sn2þ for In3þ may result in a lattice expansion [Wu et al., 1994]. This increase in

lattice constant may be also related to oxygen deficiency and strain effects due to thermal expansion

coefficient mismatch between the film (7:2� 10�6=�C) and glass substrate (4:6� 10�6=�C). The
increase in lattice parameter is found to depend on the deposition conditions, the lattice parameter

TABLE 11.1 PLD Conditions of ITO Thin Films

Target 5wt% SnO2 þ 95wt% In2O3

Ratio of Sn/In (film) 0.048 � 0.005

Substrate Glass, quartz

Laser repetition frequency (Hz) 10

Laser fluence (J/cm2) 1–2

Target-to-substrate distance (mm) 48

Oxygen partial pressure (mTorr) 10 (1.3 Pa)

Substrate temperature (�C) 250

Electrical resistivity (� cm) �2� 10�4

Carrier density (cm�3) 1:2� 1021

Hall mobility (cm2 V�1 s�1) 28

From Kim et al. [1999b].
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increasing with increasing substrate deposition temperature and decreasing with increasing oxygen

deposition pressure. Moreover, tin doping changes the grain size of the films. The width of the

(222) peak is slightly larger as a result of tin doping, indicating that the grain size of the films

became smaller. The calculated grain size of the undoped (0wt%) and tin-doped (10wt%) films was

� 30 nm and � 20 nm, respectively [Kim et al., 1999b].

The electrical properties of ITO films strongly depend on the doping concentration in the film.

The results in Figure 11.3 show that 5wt% of SnO2 is the optimal doping level in the target for

obtaining high-conductivity ITO films [Kim et al., 1999b]. For the case of undoped In2O3 films, the

carrier density and resistivity were 1:5� 1020 cm�3 and 1:6� 10�3 �-cm, respectively. The resisti-

vity of the ITO films was observed to initially decrease with increasing SnO2 content up to 5wt%.

It was also observed that the carrier density increased with increasing SnO2 content up to 5 wt%.

This initial increase in carrier density resulted in a decrease in the resistivity as a result of the donor

electrons from the Sn dopant [Manifacier, 1982]. However, the resistivity of the films, after

reaching a minimum (at 5wt% of SnO2), gradually increased with a further increase in the SnO2

content up to 15wt%. This is due to an increase in the concentration of the electron traps as a

result of excess Sn doping. Above the critical Sn content (corresponding to about 5wt% of

SnO2), excess Sn atoms may occupy interstitial positions and some Sn atoms may also form defects

such as Sn2O, Sn2O4, and SnO, which act as carrier traps rather than electron donors [Hartnagel

et al., 1995]. The decrease in carrier density and increase in resistivity beyond 5wt% of SnO2 is due

to increased disorder of the crystal lattice, which causes phonon scattering and ionized impurity

scattering and results in a decrease in mobility [Mizuhashi, 1980]. Manifacier [1982] also suggested

that for the ITO films with higher doping levels, the increase in resistivity is due to an increase in

disorder, which decreases the mobility and free carrier density. It is further seen from Figure 11.3

that Hall mobility decreases with increasing SnO2. The decrease in mobility with increase in Sn

dopant level was caused by ionized impurity scattering. The optimum SnO2 content in the ITO

target (for minimum resistivity film) was 5wt%. X-ray photoelectron spectroscopy (XPS) measure-

ments indicated that the Sn/In ratio (� 0.048) of ITO films is similar to that (� 0.050) of the target

[Kim et al, 1999b].

Figure 11.3 Dependence of resistivity, carrier concentration, and Hall mobility on SnO2 content for the

deposited ITO films. The substrate deposition temperature was kept at 250�C and the oxygen pressure was 10

mTorr during deposition [Kim et al., 1999b].
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11.5.1.2 ITO Films on Flexible Plastic Substrates

Although ITO films deposited on rigid glass substrates have been widely used as transparent

conducting electrodes, in many optoelectronic and electrooptic devices, glass substrates are unsuit-

able for certain applications such as electronic maps, smart cards, and portable computers where

flexibility, weight, and/or safety issues are important. Glass is very brittle, cannot be easily deformed,

and is too heavy, especially for large-area displays. These disadvantages can be overcome using

flexible substrates, which are robust, light-weight, and cost effective, and for these reasons, flexible

plastic substrates have been used for TCO film growth. Optically transparent plastics with high glass

transition temperatures are desired for many optoelectronic devices. In addition, they need to

withstand the growth conditions of metal oxides while maintaining their mechanical and optical

properties. Polyethylene terephthalate (PET) has been widely used as a substrate material for the

growth of transparent conducting oxide thin films, and a resistivity of 1000m�-cm was reported by

Minami et al. [1995] for ITO films grown by direct current (DC) magnetron sputtering on PET

followed by annealing at 150�C for 100 h. Ma et al. [1997] obtained a resistivity of 700m�-cm for

ITO films deposited on PETat a substrate temperature of 180�C using reactive evaporation. Kulkarni

et al. [1998] reported a resistivity of 1250–2500 m�-cm for ITO films coated on PET using radio

frequency (RF) sputtering.

Since the films grown by PLD can be crystallized at low temperature, TCO films grown by PLD

on plastic substrates yield much lower resistivities compared to the films grown by other techniques

at low temperatures. Kim et al. [2001b] have reported a study of the electrical, optical, and structural

properties of ITO films deposited by PLD on flexible PET substrates as a function of substrate

temperature and oxygen deposition pressure. They have deposited ITO films on PET substrates at

low temperatures (25–120�C) using a KrF excimer laser (Lambda Physics LPX 305, 248 nm, and

pulse duration of 30 ns). Figure 11.4 shows a plot of the ITO electrical resistivity as a function of

oxygen partial pressure (PO2) during deposition for films grown on PET substrates held at two

different temperatures, Ts (25 and 100�C). It is clear that the ITO resistivity is very sensitive to

the oxygen partial pressure. This oxygen pressure dependence behavior is very similar to ITO

films grown on glass substrates. Low values of film resistivity can be obtained only over a small

range of oxygen pressures between 40 and 45mTorr. Resistivity values of 7� 10�4 �-cm and

4:1� 10�4 �-cm were reproducibly obtained for ITO films deposited at 25 and 100�C, respectively.
It was also reported that ITO films grown by PLD (Ts ¼ 125�C and PO2 ¼ 40mTorr) on PET

substrates are partially crystalline as determined by XRD [Kim et al., 2001b].

Figure 11.4 Resistivity versus oxygen partial pressure during deposition for films deposited on PET substrates

held at two different temperatures (25 and 100�C). The film thickness is about �200 nm. [Kim et al., 2001b].
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11.5.1.3 Highly Oriented ITO Films

To reduce the resistivity of ITO films by improving carrier mobility, PLD has been used to grow

highly oriented ITO thin films on single-crystal substrates such as yttria-stabilized zirconia (YSZ)

and MgO. It is worthwhile to compare the crystal quality of heteroepitaxial films deposited on

single-crystal substrates with that of randomly oriented polycrystalline films deposited on

amorphous glass substrates because this comparison can be used to clarify the conduction

mechanism of ITO films. It is important that a proper lattice and thermal match exists between the

film and the substrate as this is essential for such a heteroepitaxial growth. Tarsa et al. [1993]

reported a resistivity of 5� 10�4 �-cm for oriented In2O3 films grown on both YSZ and MgO by

PLD. Ohta et al. [2000a] reported that highly conductive ITO films with resistivity of less than

1� 10�4 �-cm could be grown heteroepitaxially on single-crystal YSZ (100) substrates using the

PLD technique.

Since the lattice mismatch between YSZ and ITO is less than 1%, the heteroepitaxial growth of

ITO films can be easily obtained on a single-crystal YSZ substrate. Figure 11.5 shows X-ray

diffraction patterns for ITO films grown on (a) glass and (b) single-crystal YSZ substrates under the

same deposition conditions (Ts ¼ 300�C and PO2 ¼ 10mTorr) [Kim et al., 2002c]. All of the peaks

can be assigned to a cubic phase of In2O3 (JCPDS Card No. 06-0416) without other phases, such as

SnO2. For the ITO film grown on glass, an integrated intensity ratio of the (400) peak to the (222)

peak is 0.34, which is close to the value of 0.30 for the randomly oriented polycrystalline material

indexed in the JCPDS database for In2O3. Therefore, the X-ray data indicate that the ITO film

deposited on glass is polycrystalline. However, as shown in Figure 11.5b, the ITO film on a YSZ

substrate shows only intense (h00) planes parallel to the (100) YSZ plane. This preferential orien-

tation of the ITO film arises from the excellent lattice match between ITO and YSZ (aoITO ¼ 10:18
to 10.24 Å and aoYSZ ¼ 5:189 Å) (JCPDS Card No. 30-1468). The crystal quality of ITO/YSZ

film was confirmed by a o scan (out-of-plane rocking curve) for the ITO(400) peak. As shown in

Figure 11.5c, the full-width at half-maximum (FWHM) of 0.32� is observed in the o scan of the

ITO(400) peak. This narrow peak is due to the small lattice mismatch, and consequently indicates

strong preferential alignment between the film and the substrate [(h00)ITO//(h00)YSZ]. The grain

sizes, calculated from the diffraction patterns in Figure 11.5, were 22 and 45 nm for ITO/glass and

ITO/YSZ, respectively.

Electrical properties of highly oriented ITO films can be compared to those of the film grown

on glass. Table 11.2 shows the resistivity, Hall mobility, and carrier density of the ITO films

grown on a single-crystal YSZ substrate and a glass substrate [Kim et al., 2002c]. Both films were

deposited at 300�C and in a mixed gas atmosphere (12 mTorr of Ar and 6 mTorr of O2). The

electrical resistivity of the ITO films on YSZ was observed to be �1:6� 10�4 �-cm, which is

slightly lower than that (�2:1� 10�4 �-cm) of ITO films grown by PLD on glass. This slightly

reduced resistivity for the ITO on YSZ was due to the higher observed mobility (34 cm2 V�1 s�1)

compared to that of ITO film on glass (28 cm2 V�1 s�1). The low resistivity of the ITO/YSZ is a

consequence of the high carrier mobility, which may be due to a decrease in grain boundary

scattering resulting from the oriented crystal nature of the deposited ITO films. However, the

TABLE 11.2 Resistivity and Hall Mobility of ITO Films Deposited on a Single-Crystal YSZ

and a Glass Substrate by PLDa

Thickness Resistivity Carrier Concentration Hall Mobility

Film/Substrate Å (� cm) (cm�3) (cm2 V�1 s�1)

ITO/YSZ 3000 1:6� 10�4 1:15� 1021 34

ITO/glass 3000 2:1� 10�4 1:06� 1021 28

aBoth films were produced under the same deposition conditions; 300�C and in a mixed gas atmosphere (12mTorr of Ar and

6mTorr of O2).

From Kim et al. [2002c].
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resistivity of the ITO film on YSZ is almost the same as the best result (1–2�10�4 �-cm)

observed from the ITO films on glass. This indicates that the electrical properties of the ITO films

deposited by PLD do not depend significantly on the film crystallinity and the substrate material.

These results are similar to the reports on In2O3 films deposited on YSZ by PLD [Tarsa et al.,

Figure 11.5 X-ray diffraction (y-2y) patterns for ITO thin films deposited on (a) glass and (b) single-crystal

YSZ substrates; (c) o-scan (out-of-plane rocking curve) of the (400)ITO peak shown in (b). The film thickness

is about 200 nm for both films [Kim et al., 2002c].
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1993] and on ITO films grown by sputtering on YSZ [Taga et al., 1996]. However, there have been

reports that the heteroepitaxial ITO films grown by PLD on YSZ at very high temperature (600–

900�C) show very low resistivity (<1:0� 10�4 �-cm) [Ohta et al., 2000a, 2002].

11.5.2 Undoped and Doped ZnO Films

Most of the research on PLD TCO films has been focused on ITO films. Recently, doped zinc oxide

thin films have been widely studied for their use as transparent conducting electrode materials (see

also Chapter 12). Unlike the more commonly used ITO, ZnO is a nontoxic and inexpensive material.

It is chemically (and thermally) stable under hydrogen plasma processes that are commonly used for

the production of solar cells [Hartnagel et al., 1995]. ZnO is a II–VI n-type semiconductor with a

bandgap of about 3.3 eV at room temperature and a hexagonal wurtzite structure [Lide, 1991]. Pure

zinc oxide films are highly transparent in the visible range (400–700 nm) and have low electrical

conductivity. However, nonstoichiometric or impurity (Group III elements) doped zinc oxide films

have high electrical conductivities as well as high optical transparencies. Nonstoichiometric zinc

oxide films have unstable electrical properties because the sheet resistance of ZnO films increases

under either oxygen chemisorption and desorption [Gopel and Lampe, 1980] or heat treatment in

vacuum or in inert gas at 400�C [Minami et al., 1984]. Unlike the nonstoichiometric ZnO films,

impurity-doped ZnO films show stable electrical and optical properties. Among the zinc oxide films

doped with Group III elements such as barium, aluminum, gallium, and indium, aluminum-doped

zinc oxide (AZO) films show the lowest electrical resistivity [Minami et al., 1985; Hiramatsu et al.,

1998]. AZO films have low resistivity of 1–4�10�4 �-cm [Kim et al., 2000b; Minami et al., 1985;

Hu and Gordon, 1992; Hiramatsu et al., 1998], which is similar to that of ITO films [Kim et al.,

1999b].

Electrical properties of Al-doped ZnO films strongly depend on the Al doping concentration.

Figure 11.6 shows the typical variation of electrical resistivity (r), carrier density (N), and Hall

mobility (m) as a function of the Al content in the targets [Kim et al., 2000b]. The resistivity of the

AZO films is found to initially decrease with increasing Al content up to 0.8wt%. This decrease in

Figure 11.6 Dependence of electrical resistivity (r), carrier concentration (N), and Hall mobility (m) on the Al

content in the targets used to deposit the AZO films (�100 nm) by PLD. All films were deposited at 200�C in

0.67 Pa (¼ 5mTorr) of oxygen [Kim et al., 2000b].
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resistivity is due to an increase in free carrier concentrations as a result of the donor electrons from

the Al dopant. This initial increase in carrier density in the AZO films was due to the substitutional

incorporation of Al3þ ions at Zn2þ cation sites or incorporation of Al ions in interstitial positions.

However, the resistivity of the AZO films, after reaching a minimum (at 0.8wt% of Al), gradually

increases with a further increase in the Al content up to 4wt%. When the Al content in the target is

greater than 0.8wt%, excess Al doping forms nonconducting Al2O3 clusters in the films causing

crystal disorder, which act as carrier traps rather than electron donors [Hu and Gordon, 1992;

Aktaruzzaman et al., 1991]. The excess Al doping decreases the carrier concentration in the film

and consequently increases the resistivity. It is further seen from Figure 11.6 that the Hall mobility

of the AZO films decreases with increasing Al content. This decrease in mobility is also associated

with the observed decrease in grain size of the AZO films. At the optimized conditions for

minimum resistivity and maximum transparency (200�C and 5mTorr of oxygen), the electrical

resistivity of the AZO films (� 300 nm thick) was 3:7� 10�4 �-cm and the average optical

transmittance in the visible range was 91%. The optical properties of AZO films, such as bandgap,

refractive index, and plasma wavelength, are strongly dependent on the Al-doping concentration,

that is, carrier concentration [Kim et al., 2000b]. The absorption edge shifts toward shorter

wavelength (higher energy) with increasing carrier concentration. Thus, the largest bandgap is

observed for the film with highest carrier concentration (0.8wt% of Al content). It is found that the

refractive index and the plasma wavelength of AZO films are inversely related to the carrier

concentration. Therefore, the optical properties can be easily controlled by changing the carrier

density through Al doping.

Epitaxial thin films of AZO have been deposited on single-crystal sapphire (0001) substrates by

PLD. Figure 11.7 shows XRD y/2y scans for AZO films grown on single-crystal sapphire substrates

[Kim et al., 2002a]. Films were grown at Ts ¼ 400�C and PO2 ¼ 40mTorr. It can be seen from

Figure 11.7a that the AZO film grown on sapphire shows a textured structure with a strong pre-

ferential alignment between the films and the substrate [AZO(000l)// sapphire(000l)]. The crystal

quality of AZO/sapphire film was confirmed by a o scan (out-of-plane rocking curve), which was

measured for the (0002) AZO peak. As shown in Figure 11.7b, the FWHM of 1.29� is observed in

the o scan of the (0002) AZO peak. The FWHM values decrease from 3.38� to 0.32� as the growth
temperature increases from 250 to 680�C. The XRD in-plane f scan for the (1014) plane of the AZO

film is shown in Figure 11.7c. In-plane measurements indicate that the films are epitaxial with the

AZO (1010) plane aligned with the sapphire (1120) plane, suggesting that the unit cell of the AZO

films is rotated by 30� with respect to that of the sapphire substrate.

For the films grown under optimum conditions (Ts ¼ 250�C and PO2 ¼ 7mTorr), the lowest

resistivity values of AZO/glass and AZO/sapphire were 4:0� 10�4 �-cm and 2:2� 10�4 �-cm,

respectively. The low resistivity in the case of AZO/sapphire is due to the improved crystal quality of

the films, which leads to a decrease in grain boundary scattering and an increase in the carrier

mobility, which results in a lower film resistivity [Kim et al., 2002a].

11.5.3 Other n -Type TCO Films

There have been many reports on other n-type TCO films grown by PLD. These include Zr- and Ga-

doped ZnO [Kim et al., 2003; Hiramatsu et al., 1998], Sn-doped ZnO [Qadri et al., 2000], Zr-doped

In2O3 [Kim et al., 2001a], Sb-doped SnO2 [Kim and Piqué, 2004], ZrO2–SnO2 [Qadri et al., 2000],

ZnxInyOz [Phillips et al., 1995], GaInO3 [Phillips et al., 1994], and In2O3–Sc2O3 [Qadri and Kim,

2002]. Table 11.3 outlines some of the n-type TCO films grown by PLD.

11.5.4 p -Type TCO Films

Pulsed laser deposition has been also used to deposit p-type TCO films, such as CuAlO2, CuGaO2,

and SrCu2O2 [Kawazoe et al., 1997; Kudo et al., 1998; Yanagi et al., 2000]. With these p-type TCO

films, p-n junctions exclusively from TCOmaterials can be fabricated, which enables one to develop
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Figure 11.7 X-ray diffraction (y-2y) pattern for AZO thin film deposited on single-crystal sapphire (0001)

substrates. (b) o-scan (out-of-plane rocking curve) of the (0002) AZO peak shown in (a). (c) XRD in-plane f

scan belonging to the (10�14) plane of the AZO film (� 200 nm). The detector was fixed at 2y ¼ 81:368�. The
film thickness is about 200 nm for both films [Kim et al., 2002a].
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transparent thin-film transistors and ultraviolet light-emitting diodes (LEDs) [Prins et al., 1996].

Both CuAlO2 (CAO) and CuGaO2 (CGO) films have a crystal structure of delafossite, AMO2, where

A is a monovalent cation (Cu, Ag, etc.) and M is a trivalent ion (Al, Ga, In, etc.). The layers of A

and MO2 are alternately stacked along the c-axis. The optical bandgap for CAO and CGO was

calculated to be � 3.5 and � 3.6 eV, respectively. Electrical conductivity for CAO and CGO was

0.95 and 0.63 S/cm, respectively. Unlike CAO and CGO, SrCu2O2 (SCO) has an O–Cu–O dumbbell-

shaped structure similar to Cu2O [Kawazoe et al., 2000]. The optical bandgap and the conductivity

of SCO were 3.3 eV and 4:83� 10�2 S/cm. The main advantage of the SCO is the low deposition

temperature (� 300�C) compared to CAO and CGO. N-type conductivity has been also realized in

AgInO2 (AIO) with the delafossite structure. The AIO films grown by PLD on Al2O3 substrates

showed a very high carrier density of 3:3� 1020 cm�3 and conductivity of 73 S/cm [Ibuki et al.,

2000].

Recently, a new p-type TCO has been realized in a thin film of N-doped ZnO deposited by PLD

combined with a plasma gas source [Joseph et al., 1999; Guo et al., 2001; Matsui et al., 2004]. Guo et

al. have deposited p-type N-doped ZnO films on fused silica and glass by PLD using a pure Zn metal

target in N2O plasma, and they reported that the p-type ZnO films show a resistivity of 2–5 �-cm,

carrier density of 3–6�1018 cm�3, and Hall mobility of 0.1–0.4 cm2 V�1 s�1 as well as an optical

transmission of 90% in the visible spectral range. The electrical and optical properties of the

N-doped ZnO films grown by PLD are sufficient to make transparent p-n homojunctions for some

practical applications, such as ultraviolet (UV) and blue LEDs. Some selected PLD conditions and

properties of p-type TCO films are summarized in Table 11.4.

11.6 APPLICATIONS OF TCO FILMS

Although TCO films have found a variety of applications, there have been only few intended

applications for PLD TCO films. These applications and some other potential use of PLD films are

discussed below.

11.6.1 Display Devices

There is a growing need for TCO materials in the field of flat-panel displays including liquid crystal

displays (LCD) and organic light-emitting diodes (OLED) [Gustafsson et al., 1992; Kido et al.,

1996; Rajagopal and Khan, 1998; He and Kanicki, 2000]. These applications use TCO films as their

TABLE 11.3 Selected Electrical Properties of n-Type TCO Films Grown by PLD

Resistivity Carrier Concentration Hall Mobility

Material (10�4� cm) (1020 cm�3) (cm2V�1 S�1) References

In2O3:Sn (ITO) 1.9 11.4 29 Kim et al. [1999a]

1.2 12 40 Adurodija et al. [2002]

1.0 15 50 Ohta et al. [2002]

GaInO3 25 4 10 Phillips et al. [1994]

ZnxInyOz:Sn 4 3.4 46 Phillips et al. [1995]

In2O3:Zr 2.5 10 25 Kim et al. [2001a]

In2O3–Sc2O3 16–100 Qadri and Kim [2002]

ZnO 90 0.23 Hiramatsu et al. [1998]

ZnO:Al 1.4 � 10.1 � 40 Hiramatsu et al. [1998]

ZnO:Ga 2.7 � 20.1 � 15 Hiramatsu et al. [1998]

ZnO:Zr 5.6 Kim et al. [2003]

SnO2:Sb 11 1.8 4 Kim and Piqué [2004]
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transparent electrode, and frequently it is required to pattern the TCO layer. A commonly used TCO

for these applications is ITO because it has low resistivity and can be easily patterned with dilute

etchants (e.g., 5% H2SO4 or 5% HCl in H2O or a mixture of dilute HCl and HNO3). However, in

the case of SnO2 coatings, wet chemical etching is more difficult and requires electrolytic action

because of its high chemical stability. For some cases, where wet etching cannot produce homo-

geneous patterns, dry etching techniques, such as plasma etching and laser etching, have been used

for the required patterning of TCO films. Although plasma etching is the commonly used technique,

laser etching has been considered as an alternative to plasma etching. An excimer laser

(l ¼ 248 nm) has been used to pattern ITO and SnO2 films; 20–50 mm linewidth patterns have been

demonstrated in both ITO and SnO2 films. Recently, high-speed laser patterning of ITO thin films

has been demonstrated using a diode-pumped Q-switched Nd : YLF laser [Yavas and Takai, 1998].

High process speeds of 1m/s could be achieved. The use of lasers for electrode patterning has

significant potential because laser etching of any TCO material is possible with various laser

wavelengths.

Recently, the TCO films grown by PLD have been successfully used as an anode material for

OLED devices [Kim et al., 1999a, 1999b, 1999c, 2000a, 2000b, 2001a, 2001b, 2002b, 2002c]. Since

the organic thin films employed in the OLEDs are directly deposited on the TCO anode, the surface

properties of the TCO films may affect the characteristics of the devices. In general, PLD films

are extremely smooth so that the OLED device based on a PLD TCO anode can improve the device

efficiency. Furthermore, a high work function of the TCO layer is essential to improve the efficiency

of hole injection from the TCO layer to the hole transport organic layer in the OLED device. ITO is

the commonly used anode material so far because it has a relatively high work function (� 4.8 eV)

and low sheet resistance (10–20 �/square) with a film thickness of 100–200 nm. The thickness of

ITO films in OLEDs is also expected to affect the device performance [Kim et al., 2000a]. The

optimum thickness of the ITO anode to achieve a maximum efficiency of OLED devices was

observed to be about 60–100 nm. The device with the optimum thickness of ITO anode showed an

external quantum efficiency of about 0.85% at 100A/m2.

TABLE 11.4 PLD Conditions of CuAlO2, CuGaO2, SrCu2O2, and N-Doped ZnO Films

and Their Electrical Properties

CuAlO2
a CuGaO2

b SrCu2O2
c N-doped ZnOd

Substrate Al2O3 (0001) Al2O3 (0001) SiO2 glass Fused silica, glass

Laser wavelength/laser 248 nm/20 248 nm/20 248 nm/1–2 193 nm/1–5

repetition frequency (Hz)

Laser fluence (J/cm2) 5 6 2.5 1

Target-to-substrate 25 25 40 N/A

distance (mm)

Background gas pressure (Torr) (O2 flow) (O2 flow) (O2 flow) (N2O flow)

9:75� 10�3 67:5� 10�3 5:25� 10�6 1:35� 10�4

(1.3 Pa) (9 Pa) (7� 10�4 Pa) (1:8� 10�2 Pa)

Substrate temperature (�C) 600 700 300 450

Postannealing 3� 690 N/A 2� 300 N/A

(hours � temperature)

(h � �C)
Electrical conductivity 0.34 6:3� 10�2 4:8� 10�2 0.2–0.5

(S cm�1)

Carrier density (cm�3) 2:7� 1019 1:7� 1018 6:1� 1017 3–6�1018

Hall mobility (cm2 V�1 s�1) 0.13 0.23 0.46 0.1–0.4

aFrom Yanagi et al. [2000].
bFrom Kawazoe et al. [2000].
cFrom Kudo et al. [1998].
dFrom Guo et al. [2001].
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The use of PLD-grown ITO films on flexible PET as transparent anode electrodes for OLEDs has

been also demonstrated with improved luminous power efficiency [Kim et al., 2001b]. Figure 11.8

shows a schematic structure of an OLED device and a comparison of the characteristics of current

density (J), voltage (V), and luminance (L) output for OLEDs made using both PLD-grown ITO on

PETand commercial sputter-deposited ITO (supplied by Applied Films, USA) on glass. A luminous

power efficiency of 1.6 lm/W measured at 100A/m2 for the device fabricated on ITO/PET is slightly

higher than that (� 1.5 lm/W) measured for a control device made on the commercial ITO/glass

under the same conditions.

Although ITO has been so far the most commonly used anode material in OLED devices, it is not

always an ideal anode contact for OLEDs because of the high energy barrier for hole injection at its

interface with the hole transport layer (HTL) and diffusion of indium into the organic layers [Gautier

et al., 1996; Kim et al., 1998]. One approach for improving the performance of OLEDs is to develop

new anode materials with high work functions. Many efforts have focused on improving the hole

injection efficiency at the ITO anode–organic interface in OLED devices; they include treating the

ITO surface with an oxygen plasma or UV ozone [Wu et al., 1997; Kim et al., 1998], introducing

self-assembled monolayers or conducting polymers between the ITO and the HTL [Steuber et al.,

Figure 11.8 (a) Schematic structure of an OLED device with an ITO anode deposited on PET by PLD. (b)

Current density (J), applied voltage (V), and luminance (L) characteristics for the OLED device based on PLD

ITO/PET (70�/sq.) and sputter-deposited (commercial) ITO/glass (20�/sq.). The thickness of both ITO films is

�100 nm [Kim et al., 2001b].
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1999; Bharathan and Yang, 1998; Ho et al., 1998], and utilizing highly oriented ITO [Kim et al.,

2002c]. Few studies have focused on developing new anode materials as alternatives to ITO for

OLED devices [Andersson et al., 1998; Zhou et al., 1999; Kim et al., 2000b, 2001a; Cui et al., 2001].

The Zr-doped In2O3 (ZIO) films grown by PLD have been successfully used as a transparent anode

contact in OLED devices with the external quantum efficiency of 0.9% at a current density of 100A/m2,

which is slightly higher than the device based on the sputter-deposited ITO anode [Kim et al.,

2001a]. The Al-doped ZnO (AZO) films grown by PLD at 200�C have also been used as an anode

contact to fabricate OLEDs [Kim et al., 2000b]. Unfortunately, the external quantum efficiency

measured from these devices was about 0.3% at a current density of 100A/m2. This low efficiency is

due to the low work function (� 4.0 eV) of the AZO in comparison to that of commercially sputter-

deposited ITO (� 4.8 eV). The Zr-doped ZnO (ZZO) films grown by PLD have been successfully

used as an anode material for OLED devices. The OLED device fabricated on ZZO anodes exhibit

external electroluminescence (EL) quantum efficiencies comparable to the control device fabricated

on commercial ITO [Kim et al., 2003]. Maximum light output of � 18700 cd/m2 was achieved at

16V for the device based on the PLD ZZO anode.

11.6.2 Photovoltaic Devices

Pulsed laser deposition (PLD) has also been used to develop TCO-based solar cells. TCO materials

provide some advantages in solar cell applications, as they can be used either as active n-type

semiconductors in heterojunction solar cells or transparent electrodes. TCO films allow transmission

of solar radiation directly to the active region without loosing much intensity so that TCO-based

solar cells can produce high sensitivity in the high photon energy region of the solar spectrum. TCO

films can also provide antireflection coatings for the active region as well as a low resistance contact

to the junction. In addition, the fabrication cost is very low because of a lower junction formation

temperature.

InP is a very attractive semiconductor used for photovoltaic solar cells. The most commonly used

technique for ITO/InP solar cells is sputtering [Keavney and Spitzer, 1988], while a spray pyrolysis

has been used for fabrication of ITO/Si cells [Ashok et al., 1980]. In comparison with sputtering,

PLD provides some advantages for heterojunction solar cell applications. High-quality ITO films

can be grown at low temperature by PLD due to high energies of the ejected species in the plume.

This low-temperature process is very important in fabrication of ITO/InP cells because the InP is

extremely sensitive to thermal treatments. The use of PLD for ITO/p-InP photovoltaic devices has

been demonstrated by Jia et al. [1995]. A schematic diagram of the structure is shown in Figure 11.9.

Au : Zn and Au were sequentially evaporated on the backside of the InP for the ohmic contact. The

Au pad was the ohmic contact of ITO. The typical open-circuit voltage (Voc) of the cells was 660 and

610mV, and short-circuit current density (Jsc) was 23.5 and 23mA/cm2, for the cells fabricated at

room temperature and 310�C, respectively. The open-circuit voltage was improved to some extent

by using a low deposition temperature during ITO deposition, and this improvement was believed to

Figure 11.9 Diagram of the ITO/p-InP photovoltaic device used for I–V measurements either in the dark or

under illumination [Jia et al., 1995].
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be from the better surface properties of the InP. The dark current–voltage measurement indicated

higher leakage current for the devices fabricated at 310�C. Due to the low junction formation

temperature in TCO-based heterojunction solar cells, PLD TCO films can be used to improve

the photovoltaic parameters such as open-circuit voltage, short-circuit current, and conversion

efficiency.

Heteroepitaxial growth of ITO films has been established by PLD on Si substrates with a CeO2

ultrathin buffer layer for solar cell applications [Tashiro et al., 2002]. Both ITO and CeO2 buffer

layers were grown on Si substrates at room temperature and showed heterostructure of ITO(111)/

CeO2(111)/Si(111) with the epitaxial relationship of ½110�ITO==½110�CeO2==½110�Si. The heterojunc-
tion of [ITO: 100 nm thick/CeO2: 3 nm thick/p-Si(111)] showed solar cell characteristics with the

Voc of 210mV, Jsc of 29mA/cm2, and energy conversion efficiency of � 4%. The room temperature

epitaxial growth technique makes TCO films useful for developing the next generation of organic

photovoltaic devices.

11.6.3 Transparent Thin-Film Field-Effect Transistor (FET)

Field-effect transistors with TCO materials have been receiving much attention because the wide

bandgap TCO provides interesting opportunities for optical applications, such as on-screen electronic

devices in displays, cameras, and projectors. PLD has been used to fabricate a ferroelectric transparent

field-effect transistor on a SrTiO3 (100) substrate, which consists of a high-mobility Sb-doped SnO2

semiconductor layer (110nm), PbZr0:2Ti0:8O3 ferroelectric insulator (160nm), and SrRuO3 (140 nm)

as a gate electrode [Prins et al., 1996]. A schematic diagram and picture of the transistor are shown in

Figure 11.10. With this transistor structure, using gate voltage pulses of 100ms duration and a pulse

height of � 3V, a change of a factor of 2 in the remnant conductance is achieved.

Pulsed laser deposition has been used for epitaxial growth of Ni/SrCu2O2/ZnO/ITO multilayered

film on extremely flat YSZ (111) surfaces for UV LEDs using hetero p-n junctions composed of

TCOs. A relatively sharp electroluminescence band, centered at 382 nm can be generated at a

drain

Source

SnO2:Sb

SrRuO3
gate

drainSource

SrRuO3
gate

SnO2:Sb

SrTiO3 substrate

PbZr0.2Ti0.8O3

Semiconductor
channel

Figure 11.10 Picture and schematic diagram of the transistor (top view and cross-sectional view). In the

picture, the text ‘‘solid-state physics’’ was read through the device. The picture size is 1.4 mm � 1.8 mm [Prins

et al., 1996].
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forward bias greater than 3V. The photovoltage could be also obtained when the device was

irradiated with UV light [Ohta, et al., 2000b].

11.7 CONCLUSION AND FUTURE DIRECTIONS

Several issues must be addressed before PLD TCO can be used commercially for device appli-

cations, such as OLEDs, LCDs, and photovoltaics. One of the issues is to produce large-area TCO

films with uniform thickness, and the second is to reduce the particulate density, especially, for

display applications. Among many TCO materials, ITO is the preferred TCO material for display

applications. An alternative TCO to ITO must be developed because the indium is expensive and its

worldwide supply is limited. Doped ZnO will be a good candidate as an alternative to ITO since the

doped ZnO films have comparable electrical and optical properties with ITO and ZnO is a cheap,

abundant, and nontoxic material.

The PLD technique has the ability to easily produce high-quality TCO films with low resistivity

at very low temperatures compared to other deposition techniques. For high resolution device

applications, PLD is the optimum choice for growth of TCO films with low resistivity and high

transmittance. Specifically, transparent heterojunction devices with n-type and p-type TCO films as

active semiconductor materials will attract much attention in many optical applications. A recently

realized p-type ZnO film would be an important TCO material because it can be used to fabricate

transparent p-n homojunctions, which will have many potential applications in the optoelectronics

industry.

For some specific applications, the choice of a suitable TCOmaterial is strongly dependent on the

structural, electrical, and optical properties of TCO materials. Since PLD can easily control the film

composition and properties, it is a very useful technique to investigate the structure–property

relationship of TCO films and their devices.
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12.1 INTRODUCTION

ZnO is a II–VI semiconductor possessing a large number of interesting properties that have been the

focus of intense research for many years. Due to recent and exciting developments in several key

areas, pure or doped ZnO films appear to be a highly promising new and advanced functional

material. Clear evidence of this is the fact that more than 1500 papers have been published on ZnO

thin-film growth and properties in the last 5 years.

ZnO is a material that is very stable at high temperature (Tmelt ¼ 1975�C while above 1200�C it

dissociates and sublimes) and can withstand the high-temperature annealing processes involved in

the manufacturing of microelectronic circuits. It is also much more resistant to radiation damage

than other common semiconductor materials, being well adapted for electronic applications in

high-irradiation environments, such as space-based applications.

ZnO is also well-known as a piezoelectric material that has been used in surface acoustic wave

(SAW) devices for delay lines, filters and resonators in wireless communications, and signal

processing. However, one of the most exciting applications of ZnO films is certainly related to its

optical properties. Since the bandgap energy of ZnO is 3.37 eVat room temperature, it is transparent

in both the visible and near ultraviolet–visible wavelength region. The exciton binding energy is

quite high (60meV), and it luminesces in the ultraviolet (UV) region (around 380 nm) making ZnO a

possible future contender for UV and blue-light-emitting devices. This large excton binding energy

permits excitonic recombination above room temperature, and, as a result, optically pumped lasing

has been observed in epitaxial or polycrystalline ZnO thin films [Bagnall et al., 1997; Ohtomo et al.,

1998a]. In addition, due to its wide and direct bandgap and its large photoresponse, ZnO is also very

suitable for UV photodetector applications.

ZnO doped with various atoms can lead to new or enhanced functional properties with interesting

potential applications. As an electronic conductor, ZnO may be used as transparent and conducting
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electrodes for flat-panel displays and solar cells. For example, doping with Group III elements (Al,

Ga, In) or Si and H decreases its resistivity to below 10�4 � cm, while keeping the high optical

transparency of the intrinsic host ZnO material. Wide bandgap semiconductors are known as

interesting host matrices for rare-earth (RE) atoms leading to their high luminescence efficiency at

room temperature. Thus, Nd, Sm, Eu, and Er-doped ZnO thin films have been studied for potential

applications in optics and optoelectronics such as visible or infrared emitting devices, planar optical

waveguide amplifiers, while Li doping introduces ferroelectric properties in ZnO. In the new and

exciting field of dilute magnetic semiconductors, ZnO films have been doped with transition-metal

atoms (Mn, Co, Ni, etc.) that introduce local magnetic moments into the lattice, to obtain room

temperature ferromagnetic semiconductors that could be used as spin injectors in spintronics.

Last, but not least, the low toxicity of ZnO compared with other wide bandgap semiconductors has

to be emphasized. ZnO is used in pharmacy as a fungicide and ingredient in many medicines and

ointments. Thus the use of Zn and oxygen rather than more harmful elements reduces the toxicological

risks in the manufacturing of future devices. Moreover, ZnO is abundant and relatively inexpensive.

This large number of applications of ZnO are mainly based on thin films or multilayer structures

involving the functional properties of the bulk material. Thin films of ZnO and ZnO-related

compounds have been grown by a wide variety of chemical as well as physical methods:

metalorganic chemical vapor deposition (CVD), electrophoretic deposition, atmospheric pressure

vapor-phase epitaxy, spray pyrolysis, sol–gel, electron beam evaporation, direct current (DC) or

radio frequency (RF) sputtering, ion-beam-assisted deposition, plasma (electron cyclotron resonance

or RF)-assisted molecular beam epitaxy, and pulsed laser deposition (PLD). This last growth method

has attracted particularly widespread interest due to its intrinsic specificities as already presented in

Chapter 1. One specific advantage of the PLD technique for ZnO is the growth under a wide range of

oxygen-reactive gas pressures (from vacuum up to near atmospheric pressure) leading first to a

precise control of the oxygen incorporation in the films, tuning the electrical conduction over many

orders of magnitude, from highly conductive to highly insulating, and second, to the possible

formation of metastable phases with new properties.

As a result, ZnO thin-film growth by PLD with or without any dopants or alloyed atoms has been

intensively studied, and the physical functional properties of the films have been extensively

investigated as a function of the growth conditions such as laser wavelength, pulse duration,

repetition rate, fluence, substrate temperature, oxygen pressure, target–substrate distance, and nature

of the substrate. The epitaxial growth of ZnO and ZnO-related compounds on various single

crystalline substrates has been reported [Vispute et al., 1997; Narayan et al., 1998], as well as the

formation of multilayers and superlattices [Ohtomo et al., 1999a, 1999b; Sun et al., 2000].

In this chapter, we will first review the general features of ZnO thin films grown by PLD in order

to specify the optimum range of the parameters for the growth of dense, stoichiometric, and

crystalline ZnO layers. The most recent interesting applications of such films are also presented. In

a second section, the specific problems of epitaxial growth are reported and discussed. The

correlations between the structural defects in the epitaxial films and their physical properties are

analyzed, and the most important applications of ZnO epitaxial films are described. The formation of

nanocrystalline films is then considered. There have been two different ways to obtain such films:

PLD under ‘‘high-pressure’’ atmospheres and the use of ultrashort laser pulses (femtoseconds) are

presented as well as the very specific applications that can be envisaged for such nanocrystalline

films. Finally, we discuss some future research themes related to the PLD of ZnO films.

12.2 ZnO THIN-FILM GROWTH BY PLD: GENERAL FEATURES

12.2.1 Historical Background

Thin ZnO films have been deposited on a wide variety of substrates (amorphous to single

crystals), by PLD employing nanosecond or femtosecond lasers. The pulse duration plays an
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important role in the crystalline state of the PLD-grown ZnO films, and this will be presented

and discussed in Section 12.4. Here we will focus on the influence of the main experimental

growth conditions.

The first studies regarding laser ‘‘sputtering’’ of ZnO were performed using a tunable dye laser

[Nakayama et al., 1982; Nakayama, 1983]. Although the authors were not interested in growing thin

films, several important findings were reported that are still valid: (i) nonlinear dependence of

ablation yield on the laser fluence, (ii) laser ablation is a threshold process, (iii) the value of the

threshold depends on the laser wavelength, and (iv) non-Maxwellian velocity distribution of ejected

particles. Based on these characteristics, it was assumed that laser ablation is a nonthermal process,

related to the dense electron–hole plasma [Nakayama, 1983]. After many detailed studies, it is now

believed that laser ablation with nanosecond (ns) pulses is essentially a thermal process, although a

complex and not yet fully understood one.

The first report about PLD of ZnO films used a pulsed CO2 laser to ‘‘evaporate’’ a ZnO target

[Sankur and Cheung, 1983]. Regardless of the nature of the substrate, smooth and transparent

ZnO films were highly textured with the (0002) planes parallel to the substrate. The electrical

conductivity depended on the oxygen pressure used: Films deposited at low oxygen pressure were

conductive while those deposited under an oxygen glow discharge at about 10�2 mbar, as well as

annealed films, were found to be highly insulating. The deposited films also exhibited piezo-

electric properties with an insertion loss at 240MHz of 65 dB when measured in an interdigitated

transducer.

The next major step in the development of the PLD of ZnO was the use of nanosecond-pulsed

lasers, Nd : YAG and excimer, that offer many advantages with respect to pulsed CO2 lasers. The

quality of the deposited films was improved, more so for the films deposited using the KrF laser

(248 nm). Very detailed studies regarding the optimization of nanosecond-pulsed laser ablation

of ZnO [Ianno et al., 1992] showed that the optimum laser fluence is around 2–3 J/cm2, while

the oxygen pressure for conducting and highly textured and dense films should be around

2–3�10�3 mbar, depending on the target–substrate distance used. Using these conditions, as shown

in Figure 12.1, ZnO films that exhibited a full-width at half-maximum (FWHM) of the rocking curve

around 2� were deposited at 350�C [Craciun et al., 1994]. These films also exhibited a dense

columnar structure and a relatively smooth surface morphology.

Figure 12.1 XRD pattern of a ZnO film grown by PLD (KrF laser 248 nm, fluence 2.1 J/cm2) on a Si substrate

at 350�C under an oxygen pressure of 2:5� 10�3 mbar. From Craciun et al. [1994], used with permission from

the American Institute of Physics.
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12.2.2 Surface Morphology and Texture

It has been found experimentally that ZnO deposited by 248- or 266-nm lasers exhibited a far

superior morphology than films deposited with 532- or 1064-nm lasers, regardless of the

experimental conditions. As a matter of fact, scanning electron microscopy (SEM) of ZnO films

deposited with 1064 nm (Fig. 12.2a) presents a high density of particles, while the films deposited

with 248-nm laser radiation are essentially featureless (Fig. 12.2b) [Ianno et al., 1992]. It has been

suggested that a laser wavelength that is absorbed in a larger volume, such as 532 or 1064 nm, where

the optical absorption coefficient of the ZnO target is lower than 104 cm�1, results in volume heating

and the formation of a rather deep liquid pool that lasts for hundreds of nanoseconds. Under these

conditions it is possible to experience subsurface volume boiling that will result in the ejection of a

large quantity of micrometer-sized droplets [Craciun and Craciun, 1999]. In the case of 248- or

266-nm laser irradiation, because the optical absorption coefficient is much higher, above

5� 105 cm�1, the liquid pool that forms is very thin, and the heterogeneously or homogeneously

nucleated bubbles cannot reach the critical dimension and afterwards explode and splash the

substrate with droplets. Clear indication of volume boiling was found by SEM investigations of the

target surface after laser irradiation with different wavelengths [Craciun et al., 1995]. It is worth

mentioning that similar target morphologies exhibiting cavities created by subsurface volume

boiling have been found for a large number of oxide and semiconductor targets whenever the laser

wavelength used for ablation was poorly absorbed.

A further proof of the key role of the optical absorption coefficient in the subsurface volume

boiling effect as a source for droplets emission was evidenced by inducing changes in the optical

properties of the target at the laser wavelength used for ablation and monitoring the droplets density

[Guillot-Noel et al., 1996]. Owing to the energy bandgap of ZnO (3.3 eV), the optimum laser

wavelength must therefore be lower than 380 nm. Nowadays, by using such lasers the formation of

smooth, dense, optically transparent, electrically conductive, and crystalline hexagonal ZnO thin

films by PLD is widely reported.

ZnO thin films deposited by PLD at room temperature are found to be amorphous or poorly

crystalline, their X-ray diffraction diagrams only showing broad peaks that may be attributed to

some glasslike structure or very small crystallites. With increasing substrate temperatures (higher

than 200�C), rather well-defined peaks are observed in the diffraction patterns. The patterns

generally exhibit only the (0002) and (0004) lines indicating a textured growth: the ZnO films tend to

be c-axis oriented with their hexagonal basal plane parallel to the substrate, regardless of the nature

of the substrate. Indeed, on amorphous substrates or crystalline substrates having hexagonal

symmetry, the ZnO films generally grow with (000l) texture.

The texture in thin-film growth is classically explained by a minimization of the surface free

energy: gf , gs, gi, and ge being the free surface energy for the film–air, substrate–air, film–substrate

interfaces, and the epitaxial energy gain, respectively, the surface free energy increases due to

Figure 12.2 SEM images of ZnO films grown by PLD at (a) 1064 nm and (b) 248 nm wavelengths. From Ianno

et al. [1992] used with permission from Elsevier.
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the presence of the film as given by G ¼ ðgf � gsÞ þ gi � ge. The film will thus grow in the

orientation leading to a minimum value of G. In the case of an epitaxial thin-film growth, the ge term

can become predominant and impose a specific texture on the film. We have observed such a

situation for the growth of hexagonal ZnO films on some cubic substrates, otherwise the gf is

predominant and imposes a specific texture corresponding to the lower surface free energy. It is thus

tempting to conclude that the (000l) plane of the ZnO has a lower surface free energy. However, this

does not take into account the fact that ZnO is a polar crystal (alternate stacking of Zn and O planes)

with a net dipole moment on the (000l) basal plane. This causes the surface free energy to diverge,

while the other prismatic planes have a lower surface free energy [Tasker, 1979]. Therefore to

minimize the surface free energy, in the first step of the growth, ZnO islands with the (000l) texture

will nucleate [to minimize the (000l) plane area] [Goria et al., 1999], and the high growth rate along

this c-axis will lead to columnar growth that is classically observed in ZnO thin films (see Fig. 12.3).

Thin ZnO films therefore exhibit a rather smooth morphology. However, if the thickness is increased,

then submicron structures having a pyramidal shape with a hexagonal base start to appear [Vasco

et al., 2001].

With increasing temperature (from 300 to 750�C), the height of the diffraction peaks increases,
while the FWHM of the peaks decreases, indicating an improvement of the quality of crystalline

growth. This low temperature for crystalline thin-film formation is one of the advantages of the

PLD technique, which can be related to the kinetic energy of the species (in the 10- to 100-eV

range), which are emitted by the target at each laser pulse. This high kinetic energy enhances the

surface mobility of these species and enables the growth of crystalline films. The expansion of

the plume created for each laser pulse irradiation of a ZnO target has been studied by spatially

and temporally resolved optical spectroscopy [Claeyssens et al., 2002]. Such analytical methods

allow the determination of the nature and energy of the various species present in the plasma. The

plume produced by pulsed laser ablation of a ZnO target at 193 nm in vacuum is characterized

according to optical emission spectra with species assignable to electronically excited Znþ *

cations and Zn* and O* neutrals together with an accompanying subset of fast electrons

[Claeyssens et al., 2002].

12.2.3 Control of the Stoichiometry

The stoichiometry of ZnO films is an important parameter that plays a major role on their physical

properties. This point is important since the conductivity of ZnO thin films is, among other

parameters, a function of the oxygen vacancy concentration. In fact, oxygen vacancies create defect

states in the bandgap energy of ZnO that induce the green deep-level emission in photolumines-

cence. These defect states are responsible for an absorption in the visible region and for optical

Figure 12.3 SEM images of a ZnO film grown by PLD (KrF laser 248 nm, fluence 2.1 J/cm2) on a Si substrate

at 350�C under an oxygen pressure of 2:5� 10�3 mbar: (a) top view of the surface and (b) cross section. From

Craciun et al. [1994], used with permission from the American Institute of Physics.
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losses in waveguide configurations. Therefore, for electrical and optical applications, oxygen

deficiency in PLD-grown ZnO films has to be avoided.

The origin of a Zn-to-O ratio greater than unity in the ZnO films must be related to the optimized

growth conditions by PLD. On one hand, vacuum or very low oxygen pressures often used in PLD

correspond to growth conditions involving an unbalanced incorporation of zinc and oxygen atoms

in the films. On the other hand, ZnO being able to sublime when heated above 1200�C, Zn atoms

could recondense on the film surface after repeated laser irradiation while the oxygen is lost by

vacuum pumping. Indeed nonstoichiometric film growth is assumed to be the norm when PLD is

carried out under conditions leading to the formation of a sufficiently dense plasma to cause material

redeposition on the target [Claeyssens et al., 2002].

The various published papers reporting on the influence of oxygen pressure on the crystalline

state of ZnO films present some differences from the growth conditions considered to be optimum.

The reason behind this relates to the fact that the oxygen pressure P and target-to-substrate

distance d are not independent parameters, and the following relationship has been experimentally

determined: P� dg ¼ constant, g being a positive exponent depending upon the materials [Kwok

et al., 1997].

The growth process of ZnO thin films generally includes a cooling down step under high

oxygen pressure (about 100mbar), to incorporate oxygen in the films after the high-temperature

deposition [Pons Y Moll, 2003]. Such a procedure has been found efficient, according to the fact

that UV–visible absorption spectroscopy of such films shows a high transmittance followed by a

quite sharp absorption edge at 3.3 eV, the bandgap energy value of ZnO single-crystal material.

Another approach has been proposed to facilitate the incorporation of oxygen atoms in the

films. It has been known from the investigations of HTC (high temperature superconducting)

thin-film deposition that the use of a more reactive oxygen atmosphere such as N2O or ozone has

a beneficial effect on the quality of the deposited film. To obtain ozone and atomic oxygen inside

the deposition chamber, a low-pressure Hg lamp that emits 185 nm radiation, which can

photodissociate molecular oxygen, has been used in some experiments. Since UV photon

bombardment of the substrate during deposition has shown to increase the crystallinity of the

deposited film, the lamps were positioned to face the substrate [Craciun et al., 1999, 2000]. It has

been suggested that adatoms that absorb UV photons can have a higher surface mobility and

therefore can travel larger distances until they find lower energy lattice positions or are desorbed.

Although the enhanced mobility could explain the improved crystallinity measured from films

deposited under otherwise identical conditions, it has yet to be proved directly. The enhanced

desorption was confirmed by a relatively lower growth rate during UV-assisted PLD than

conventional PLD. The application of this UV-assisted PLD technique resulted in the growth of

epitaxial ZnO layers on sapphire substrates that exhibited similar quality to the ZnO layers

deposited at substrate temperatures at least 200�C higher [Craciun et al., 1999, 2000].

The use of a rather high oxygen pressure, of the order of 10�3–10�2mbar, during deposition

might cause an additional problem. Although the ZnO contains some oxygen vacancies and the films

are conductive, there are some oxygen atoms that are trapped inside the grown oxide layer. These

oxygen atoms give rise to a shoulder toward higher binding energy in the O1s X-ray photoelectron

spectroscopy (XPS) spectrum [Craciun et al., 2000] that has also been observed in RF-sputtered

films grown at similar oxygen pressures [Puchert et al., 1996; Chen et al., 2000c]. Several studies

attributed this shoulder to OH or H2O species absorbed in the film [Meng et al.,1994; Lu et al.,

2000]. However, it has been shown that the area of this shoulder depends on the oxygen pressure

used during ablation, and it was usually smaller for films deposited using UV-PLD because the

oxygen pressure is lower than that used during conventional PLD. Moreover, films deposited at very

low pressures or metallic films oxidized in situ did not exhibit this peak, thus ruling out the

explanation that this shoulder is due to hydroxides formed during atmospheric exposure. These

results seem to indicate that PLD of oxides deposited at relatively high oxygen pressures might

contain loosely bound oxygen or physisorbed oxygen species. Further investigations to clarify this

aspect are under way.
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12.2.4 Recent Applications and Developments

Due to its wide bandgap, ZnO is a material transparent both in the visible and near UV–visible

regions, and is electrically conductive (n-type). It has been used therefore for transparent conducting

electrodes in place of expensive Sn-doped In2O3, for flat-panel displays and solar cells [Hu and

Gordon, 1992]. Doping with various elements (Al, Ga, In) is a well-known route to increase the

electrical conductivity [Suzuki et al., 1996; Hiramatsu et al., 1998]. As a result, Al-doped zinc oxide

(AZO) thin films have been used as an anode contact for organic light-emitting diodes (OLED) [Kim

et al., 2000], and see Chapter 11. Figure 12.4 shows the characteristics of an OLED with an AZO

anode. The device structure used in this work is shown in the inset of Figure 12.4a. The external

quantum efficiency was about 0.3% at a current density of 100A/cm2, and this low efficiency is due

to the low work function of AZO. However, the low work function of AZO makes it an attractive

candidate for use as the cathode in OLEDs [Kim et al., 2000].

In another work, ZnO has been used as an active channel layer in a transparent thin-film transistor

(TFT) that can operate in the presence of visible light [Masuda et al., 2003]. In this device, a double

gate insulator consisting of SiO2 and SiNx was effective in suppressing leakage current and enabling

Figure 12.4 (a) Current density–voltage–luminance (J-V-L) and (b) luminance–current density (L-J)

characteristics of a heterostructure device schematically represented in the inset of (a). From Kim et al.

[2000], used with permission from the American Institute of Physics.

ZnO THIN-FILM GROWTH BY PLD: GENERAL FEATURES 267



the ZnO-TFT to operate successfully. The Ion=Ioff ratio was more than 105 for transistors fabricated

on Si wafers, while the optical transmittance of transistors fabricated on glass substrate was more

than 80%.

An interesting point relates to (000l)-oriented ZnO films grown by PLD on amorphous substrates.

Such textured films on fused silica substrates were used as alignment layers for the growth of c-axis-

oriented GaN films [Xiao et al., 1996]. Moreover, these semiconducting ZnO buffer layers can also

be used as transparent electrodes for GaN in the fabrication of photonic devices. ZnO luminescent

films have been prepared on indium-tin-oxide-(ITO)-coated glass substrates deposited by PLD at

room temperature [Wei et al., 2001]. A postdeposition annealing treatment was necessary to observe

luminescent characteristics. Similarly, ZnO films have been grown by PLD on GaAs [Ryu et al.,

2000a, 2000b]. Despite the fact that these textured ZnO films do not exhibit exceptional crystalline

quality, very strong emission features associated with exciton transitions were observed, making

ZnO films on GaAs a plausible system for short-wavelength visible or UV light-emitting diodes

(LEDs).

A great deal of work has been carried out on the photoluminescence properties at 1.54mm of

Er-doped low-bandgap semiconductors. However, the low efficiency of luminescence at room

temperature precludes any real applications. This thermal quenching was found to decrease with

increasing bandgap energy of the semiconducting material. ZnO appeared thus as an interesting

material to limit this thermal quenching. The optical properties of Er-doped ZnO have therefore been

investigated [Komuro et al., 1999, 2000a, 2000b] in view of lightwave communication devices such

as LEDs, laser diodes, or optical amplifiers. The results seem to be strongly dependent upon the

precise growth process [Komuro et al., 2000a, 2000b; Pons Y Moll, 2003].

For numerous applications, it is necessary to grow both p- and n-type ZnO films: n-type ZnO

films are easily obtained through various doping of elements such as Al, Ga or In, but the formation

of p-type ZnO presents some difficulties. Synthesis of p-type ZnO film by arsenic doping has been

reported on (00l) GaAs substrates [Ryu et al., 2000c]. During deposition at a sufficiently high

temperature (450�C), arsenic atoms from the GaAs substrate can diffuse into the growing ZnO layer.

This leads to As concentrations in ZnO in the 1017–1021 atoms/cm3 range, depending on the

conditions. Being a good acceptor, p-type films are obtained with an acceptor peak located at 3.2 eV

with a 100-meV binding energy. However, the problems related to the solubility of As in ZnO and

possible secondary phase formation have also to be considered [Pearton et al., 2003].

As nitrogen is an acceptor in ZnSe, it has also been considered to be a good acceptor candidate

for ZnO. Nitrogen incorporation can be improved by the use of atomic nitrogen created in a nitrogen

plasma [Basillais et al., 2000], but nitrogen plasma-assisted PLD of ZnO films does not lead to the

formation of p-type ZnO films despite nitrogen incorporation [Pearton et al., 2003]. Following

theoretical considerations, it has been proposed that co-doping of donor and acceptor dopants can

promote the formation of p-type ZnO [Yamamoto and Yoshida, 1999]. PLD of a Ga-doped ZnO

target in the presence of nitrogen atoms coming from an electron cyclotron resonance plasma source

has been used therefore to check this point [Joseph et al., 1999, 2000]. A poor reproducibility in the

results was obtained, but p-type films with a hole concentration of 4� 1019 cm�3 and a room

temperature resistivity of 2� cm have been formed with this process. Further studies were then

carried out to precisely determine the optimal conditions on the ratio of Ga and N concentrations for

the formation of p-type ZnO films [Sumya et al., 2003; Tsukazaki et al., 2002], but no clear

conclusions can be drawn since the results depend upon processing conditions and are very difficult

to reproduce [Pearton et al., 2003]. The formation of reliable p-type ZnO films by the co-doping

method is still an open problem.

12.3 ZnO EPITAXIAL THIN FILMS

Many applications of ZnO thin films only require polycrystalline material without a serious need for

films free from structural defects. However, when considering future applications dealing with
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optical devices such as lasers or LEDs, high-quality epitaxial thin films have to be obtained. In fact,

ultraviolet laser emission has been observed above room temperature in epitaxial ZnO thin films

[Ohtomo et al., 1998a; Bagnall et al., 1997], leading to a large number of publications devoted to the

formation of ZnO epitaxial layers.

12.3.1 ZnO Epitaxial Growth on Sapphire

A large volume of the work on the study of the growth of epitaxial ZnO thin films by PLD, used c-cut

Al2O3 single crystals as substrates. Despite the large lattice mismatch in their basal hexagonal planes

(the in-plane parameters are 0.3249 and 0.4758 nm, respectively, for ZnO and Al2O3), rather good

crystalline quality ZnO thin films have been obtained by PLD and reported by various groups

[Vispute et al., 1997; Narayan et al., 1998; Craciun et al., 1999], with FWHM rocking curves lower

than 0.05�. Complementary information on the presence of structural defects in the films can be

obtained by Rutherford backscattering (RBS) measurements in channeling geometry (Fig. 12.5), via

the ratio of channeling to random yield, that is, the wmin value. The wmin values as low as 2% have

been measured in the surface region of ZnO films, close to the value for ZnO single crystals,

indicating a low level of structural defects in such films at least in the surface region [Craciun et al.,

1999]. In fact the increase in backscattering yield toward lower energies in the RBS spectrum shown

in Figure 12.5 indicates an increasing concentration of defects toward the interface with the

substrate, a phenomenon that is classically observed in epitaxial thin films in the case of a large

lattice mismatch between film and substrate.

The in-plane orientation of the ZnO films on c-cut sapphire can be determined by asymmetrical

X-ray diffraction, and a typical pole figure of the (1011) ZnO plane is shown in Figure 12.6. The

presence of six poles for the (1011) ZnO demonstrates a sixfold symmetry with a rotation of 30� of
the ZnO axes with respect to the sapphire axes [Narayan et al., 1998; Craciun et al., 2000]. The

epitaxial relationship that can be deduced from this pole figure is the following: ZnO (0001) [1010] //

Al2O3 (000l) [1120], and this has also been reported for the growth of ZnO films on sapphire by other

deposition methods [Goria et al., 1999; Chen et al., 1998; Kang et al., 1998].

Such an epitaxial relationship is related to the fact that the direct stacking of ZnO hexagons on

Al2O3 hexagons would lead to a very large lattice mismatch (higher than 30%), which precludes the

Figure 12.5 RBS spectra in random (black line) and channeling (dots) geometries for a ZnO film epitaxially

grown on a c-cut sapphire substrate. From Craciun et al. [1999], used with permission from Springer-Verlag.
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existence of such an epitaxial orientation. A better situation is obtained by a 30� rotation of the ZnO
hexagons with respect to the sapphire unit cell as schematically illustrated in Figure 12.7, in which

the [21 10] orientation of ZnO aligns with the [1100] direction of Al2O3.

With this 30� rotation the lattice mismatch (18%) between film and substrate in this direction, can

be drastically reduced by considering the ‘‘domain matching epitaxy’’ [Narayan et al., 1998] in

which p ZnO unit cells match with m Al2O3 unit cells. In that case, by the coincidence of 6ZnO

distances with 7Al2O3 distances, the lattice match decreases toward 1.38%, leading therefore to a

low level of residual strain in the ZnO film. This situation means that the Zn atoms of the first ZnO

plane are bound with the oxygen atoms of the last plane of the sapphire substrate. It is presumed

in this case that the surface plane of the Al2O3 substrate is an oxygen plane, which is generally

observed for ionic oxides [Sun et al., 1994].

It is worth noting that heteroepitaxial thin films with a large lattice mismatch with the substrate

commonly exhibit a high concentration of structural defects near the interface, which lead to

Figure 12.6 (1011) ZnO pole figure recorded for a ZnO film epitaxially grown on a c-cut sapphire substrate.

From Craciun et al. [1999], used with permission from Springer-Verlag.

Figure 12.7 Schematic diagram showing the epitaxial relationship of ZnO (000l) grown on Al2O3 (000l). From

Chen et al. [1998], used with permission from the American Institute of Physics.
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dechanneling effects observed in Figure 12.5. Most of these defects are dislocations and planar

defects (stacking faults). High-resolution transmission electron microscopy has been used [Narayan

et al., 1998] to investigate the nature of the ZnO–sapphire interface and the defects that are present.

The TEMmicrograph presented in Figure 12.8a, clearly shows that this interface is atomically sharp,

without any interdiffusion layer between film and substrate. The dislocations are present at this

interface when every seventh (21 10) plane of sapphire terminates at this interface [Narayan et al.,

1998]. The domain lattice epitaxy governing this epitaxial growth is shown in Figure 12.8b, where

there is a missing plane in the film after every six to seven substrate planes.

The electrical and optical properties of ZnO provide a very sensitive indicator of the material

quality [Ashkenov et al., 2003; Bae et al., 2000; Washington et al., 1998; Zeng et al., 2002]. The

relatively low carrier mobility of the ZnO films is due to grain boundary scattering, the presence of a

high concentration of grain boundaries being related to the incoherent growth associated with the

large lattice mismatch. Moreover, structural defects, doping, impurity, and strain in the films broaden

or shift the exciton resonance and increase the broadband deep-level emission, which is observed in

photoluminescence experiments [Shim et al., 2002; Ong et al., 2002]. A typical photoluminescence

spectrum recorded for a ZnO epitaxial film is shown in Figure 12.9, with the exciton contribution at

370 nm and the broad luminescence centered around 600 nm [Sun and Kwok, 1999]. Numerous

papers have therefore reported that the physical properties of ZnO thin films grown by PLD were

found to show a strong correlation with their crystalline state (mosaicity, grain size, and residual

stresses) [Jin et al., 2001a; Bae et al., 2000, 2001]. As a matter of fact, the defects evidenced at the

film–substrate interface (see Fig. 12.8) have large consequences on the ZnO optical properties [Sun

and Kwok, 1999]. By using cathodoluminescence, it is possible to study the ZnO in-depth

luminescence, and it has been found that the deep-level emission intensity increases with depth, that

is, toward the film–substrate interface, due to the poor interfacial crystal quality [Ong et al., 2001].

Moreover, a strong dependence has been observed between the intensity ratios of this defect

Figure 12.8 (a) High-resolution TEM cross-sectional image of the ZnO film near the film–substrate interface.

The terminating planes corresponding to the misfit dislocations are indicated by small white arrows. (b) Fourier-

filtered image using opposite f1010gZnO==f1120gsapphire reflexes showing the match of the corresponding

planes. Misfit dislocations at the interface are indicated. From Narayan et al. [1998], used with permission from

the American Institute of Physics.
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emission to the excitonic emission and the structural imperfection of the epitaxial ZnO layers

[Ong et al., 2002].

To improve the physical properties of epitaxial ZnO films, various techniques have been

explored. For example, the effects of a postdeposition anneal in oxygen at an elevated temperature

(800�C) were studied, and it was found that such oxygen annealing improved the resistivity,

luminescence properties, and excitonic features. These improvements were likely due to the

reduction of excess zinc, removal of point defects, and better crystallinity [Muth et al., 1999].

Moreover, other results showing that the oxygen pressure during PLD mainly controls the growth

mode, degree of epitaxy, and defect density [Jin et al., 2000a, 2000b; Bae et al., 2001], led to the

definition of a two-step process in which a low oxygen pressure (10�4–10�3mbar) is used in the

initial stages of growth to control the epitaxy of the film, while a higher pressure (about 10�2 mbar)

is then used to obtain smooth films with high optical quality, high electron mobility, and low

background carrier concentration [Choopun et al., 1999].

To improve the crystalline quality of ZnO thin films on c-cut sapphire substrates, another method

is based on the use of buffer layers between film and substrate. Based on an approach already verified

for the growth of GaN epitaxial layers, the insertion of a low-temperature (about 500�C) deposited
ZnO layer has been used to optimize the film quality [Nakamura et al., 2002; Kaidashev et al., 2003].

Figure 12.9 (a) Photoluminescence spectrum of a ZnO film grown on c-cut sapphire measured at 10K. The

inset depicts the energy spectrum of the band-edge luminescence. (b) Photoluminescence spectrum measured at

room temperature. From Sun and Kwok [1999], used with permission from the American Institute of Physics.
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The ZnO films subsequently grown on such low-temperature buffer layers were found to be of higher

crystalline quality (a decrease of the FWHM rocking curve by more than 50%), with the surface

morphology and flatness being also improved. Photoluminescence spectra showed the intensity of

the deep-level green emission at 2.3 eV to be negligible compared to the excitonic emission.

Moreover, this excitonic emission presented a very narrow photoluminescence linewidth of 1.7meV

at low temperature [Kaidashev et al., 2003]. These results are believed to be due to the fact that the

low-temperature buffer layer relaxes the strain due to the lattice mismatch [Nakamura et al., 2002].

The use of a GaN buffer layer on sapphire to grow epitaxial ZnO thin films by PLD has been also

explored [Vispute et al., 1998]. RBS, ion channelling, and high-resolution TEM revealed that high-

quality epitaxial ZnO films have been grown by PLD on epitaxial GaN layers on sapphire (0001)

substrates. These ZnO on GaN heterostructures, which showed good luminescence properties,

demonstrate the feasibility of integrating ZnO/GaN optoelectronic devices [Vispute et al., 1998]. In

the same way, the use of a thin MgO buffer layer on Al2O3 substrates improves the surface

morphology of the ZnO films grown on such structures, leading to an atomically flat surface and

better crystallinity of the epitaxial ZnO layers [Chen et al., 2000a].

It is worth noting that the epitaxial growth of a film on a substrate with a large lattice mismatch

generally leads to the nucleation of isolated islands with a further lateral expansion and coalescence

of these islands during growth, that is, a columnar growth is observed as in the case of ZnO on

sapphire. However, if a regular step array is present on the substrate surface, these steps will act as

traps for the deposited species and will promote a rapid lateral growth suppressing the island

nucleation and as a result the columnar growth would be avoided. Such a process has been observed

during the ZnO film growth on MgAlO4 (111)-oriented substrates, presenting regular terraces

(450 nm width and 0.47 nm height), obtained by specific chemical pretreatment of the substrate

[Chen et al., 2000b]. Despite the 8% lattice mismatch, X-ray diffraction, photoluminescence, and

electrical measurements indicate that high-quality ZnO epitaxial layers were obtained in this way by

plasma-assisted molecular beam epitaxy [Chen et al., 2000b].

12.3.2 ZnO Epitaxial Growth on Other Substrates

To overcome all the structural defects induced in ZnO films by the lattice mismatch to sapphire,

other substrates have been considered for growth of epitaxial ZnO thin films. Hexagonal ScMgAlO4

(0001) with a lattice constant of a ¼ 3:246 Å leading to a lattice mismatch as low as 0.09% has

therefore been employed for the PLD growth of ZnO. The crystalline quality of such films grown on

ScMgAlO4 shows a drastic improvement with respect to sapphire substrates [Ohtomo et al., 1999b;

Makino et al., 2000a]. The films present the following epitaxial relationship ZnO(000l)[1120]//

ScMgAlO4(0001)[1120], that is, a perfect hexagon-on-hexagon growth. The FWHM of rocking

curves as low as 0.01� were routinely obtained, while the in-plane orientation fluctuations were

limited (50.02�). Such films presented a high surface smoothness with improved electrical

properties [Ohtomo et al., 1999a]: Indeed, room temperature Hall measurements indicate a high

electron mobility (100 cm2/Vs) and a low n-type residual carrier concentration (1015 cm�3).

ZnO films epitaxially grown on ScMgAlO4 also present improved optical properties, as indicated

by photoluminescence measurements [Makino et al., 2002; Koida et al., 2003]. An intense bound

exciton emission at 3.36 eV was observed in such films, while the green deep-level emission was

negligible. In addition, the linewidth of emission line due to excitons was claimed [Makino et al.,

2002] to achieve the smallest recorded value of less than 0.8meV, that is, a value six times lower than

that of the best ZnO films grown on c-cut sapphire substrates. Therefore, the use of lattice-matched

ScMgAlO4 substrates greatly improved not only the crystalline quality but also their optical

properties. As a result, such an improvement could lead to a reduction in the pumping threshold for

laser action, induced by the narrowed width of exciton states [Makino et al., 2002].

ZnO epitaxial films were also grown on LiNbO3 (0001) substrates by PLD. The smaller lattice

misfit (8.5%) between the [1010] ZnO direction and LiNbO3 along the [1120] direction, as compared

with that for the case of sapphire substrates favored the epitaxial growth of ZnO films [Yin et al., 2000].
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Although an overall characterization of the optical properties of the ZnO films was not reported,

the transmittance spectra of these ZnO films showed a sharp absorption edge at 375.6 nm. The

heteroepitaxial growth by PLD of ZnO films on yttria-stabilized zirconia (YSZ) single crystals has

also been considered [Ohta et al., 1999]. The (111)-oriented YSZ substrates were used and at a

800�C substrate temperature, epitaxial ZnO films presenting an atomically flat surface were obtained

with the following in-plane orientation: ZnO [1120]//YSZ [110], related to a specific domain

matching epitaxy. The influence of film thickness was evidenced through a correlated increase of

crystalline grain size and Hall mobility in the epitaxial ZnO layers [Ohta et al., 1999]. The epitaxial

growth of ZnO thin films was also studied on various single-crystals substrates such as (La,Sr)TiO3

[Sugiura et al., 2002], InP [Ramamoorthy et al., 2001], and NaCl [Henley et al., 2002].

Silicon has been also tested as a substrate for ZnO epitaxial growth. In that case, AlN and GaN

thin films were used [Tiwari et al., 2002a] as buffer layers to promote the epitaxial growth of ZnO

thin films on (111)-oriented Si single crystals. Such ZnO films grown on AlN or GaN layers were

found to be epitaxial with preferred in-plane orientation, while those directly grown on Si (111) only

showed a textured structure. These films possessed noticeable tensile strain that led to major effects

on the physical properties of the ZnO grown material [Tiwari et al., 2002a].

12.3.3 Epitaxial Growth of ZnO-Related Compounds

Among the doped or alloyed ZnO compounds, the most interesting case seems to be MgxZn1�xO

according to the very specific structural and physical properties [Ohtomo et al., 1998b; Sharma

et al.,1999; Teng et al., 2000a], which can be obtained as a function of the Mg concentration: By

changing the Mg concentration from x ¼ 0 to x ¼ 1, the bandgap of this compound can be tuned from

3.3 to 7.8 eV. Precise analyses reveal the evolution of MgxZn1�xO bandgap energy and crystal

structure with the composition, and this is schematically summarized in Figure 12.10 [Yang et al.,

2003]. For an Mg composition lower than 37%, MgxZn1�xO presents the classical hexagonal wurtzite

structure (h-MgZnO), and the bandgap varies from 3.3 to 4.28 eV in this composition range. A pure

cubic phase (c-MgZnO) is observed for Mg concentration higher than 62%, and the bandgap energy

varies from 5.4 to 7.8 eV in this region. For an Mg composition lying between 37 and 62%, a mixing of

the hexagonal and cubic phases is obtained, while the bandgap varies between the range of 4.3 to 5.4 eV.

Figure 12.10 Bandgap energy as a function of Mg content in MgxZn1�xO films. The films have the wurtzite

and cubic crystal structure for Mg composition 537% and 462%, respectively. From Yang et al. [2003], used

with permission from the American Institute of Physics.
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The epitaxial growth of MgxZn1�xO in these two phases was studied by PLD on different

substrates. Mg0.34Zn0.66O thin films with the hexagonal wurtzite structure were thus grown on

c-cut sapphire substrates [Ohtomo et al., 1998b; Yang et al., 2001], under experimental conditions

similar to the growth of ZnO on this substrate. Highly oriented c-axis films were obtained with

narrow rocking curves (FWHM ¼ 0.14�), and RBS ion channeling studies show a wmin value of

5%, characteristic of a rather good crystalline quality. The F scan measurements confirm the

epitaxial growth of the h-MgZnO films on sapphire substrates with the 30� rotation of the film axis

with respect to the substrate axis, which is also observed for the case of ZnO wurtzite growth on

c-cut sapphire.

The growth of c-MgZnO films was also reported [Yang et al., 2003]. In this case, Si (100) single-

crystal substrates were used, and to overcome the large lattice mismatch between film and substrate,

a SrTiO3 buffer layer was grown on Si before the c-MgZnO film formation. This buffer layer was

epitaxially grown on the Si substrate and leads to the formation of c-MgZnO films showing sharp

diffraction peaks, with a moderate mosaicity (FWHM ¼ 0.23�). RBS in channeling geometry

allowed the determination of the optimal conditions for high crystalline quality: A wmin value of 4%

for Zn in the near surface region was obtained for substrate temperatures in the 400–500�C range.

Higher temperatures lead to an increase in the wmin values, surface roughness, and mosaicity of

the films. The epitaxial relationships between the buffer layer and Si substrate and between the

c-MgZnO film and buffer layer were studied by F scan measurements. The c-MgZnO and SrTiO3

films follow a cube-on-cube alignment, with a 45� rotation of the unit cell with respect to the

in-plane Si axes [Yang et al., 2003].

12.3.4 Main Applications of Epitaxial ZnO Films

12.3.4.1 Buffer Layers

Due to their emerging applications in optoelectronics, GaN thin films have been grown on a variety

of substrates. Among them, sapphire appears as the most interesting as it can be obtained in large-

area wafers at a low cost. However, its poor structural and thermal match to GaN leads to nitride

films grown on Al2O3 containing a high density of defects, which affect the resultant electrical

properties of the GaN films. As the lattice mismatch between GaN and ZnO is quite small (2.2% in

their basal plane), ZnO has been considered as a promising substrate material for GaN growth.

However, the cost of ZnO substrates is very high and large-area ZnO single-crystal substrates are not

presently commercially available. An alternate approach is to use high-quality ZnO buffer layers on

other substrates, for example, c-cut sapphire [Ueda et al., 1998; Sun et al., 1998; Dinescu et al., 1998;

Wang et al., 2002b]. Epitaxial GaN thin films were thus grown by PLD on c-cut sapphire substrates

with a thin ZnO buffer layer. For an optimized temperature of 600�C, the GaN films show the

following in-plane epitaxial relationship: GaN [1010]//ZnO [1010]//Al2O3 [1120], while the

surface morphology of the GaN films was greatly improved in comparison to the direct growth on

sapphire substrates without a ZnO buffer layer [Sun et al., 1998].

ZnO thin films epitaxially grown by PLD on sapphire substrates have also been used as buffer

layers for the further growth of AlN thin films [Vispute et al., 1997]. These epitaxial nitride films

showed FWHM rocking curves lower by 50% than that of AlN films directly grown on sapphire. In

the future, it can be expected that this approach could be used for the epitaxial growth of other wide

bandgap nitride materials, like InN or III–V alloy nitride compounds.

12.3.4.2 Light Emission

As stated above, due to its specific properties, ZnO is a very promising material for use in the

manufacture of blue/green/white light-emitting diodes. In addition to a high crystalline quality for

the ZnO layers, the realization of such devices requires the control of the p doping of this material.

However, due to the difficulty of fabricating p-type ZnO, no UVemission based on a p-n junction has

yet been obtained. Another approach has been followed to realize a UV LED operating at room

temperature using a p-n heterojunction composed of transparent conductive oxides: p-type SrCu2O2

ZnO EPITAXIAL THIN FILMS 275



and n-type ZnO [Ohta et al., 2000; Hosono et al., 2002]. This LED structure was formed on YSZ

(111)-oriented single crystal, and an indium tin oxide (ITO) film was first epitaxially grown on this

substrate, followed by n-type ZnO and p-type SrCu2O2 films successive depositions. All these layers

were grown by PLD and X-ray diffraction analysis showed that high crystalline quality films were

epitaxially grown in each case with specific in-plane orientations. Finally a nickel metal layer used

as a p-electrode was deposited on top of the multilayered film.

Figure 12.11 shows the emission spectrum observed through the transparent ITO electrode for

various injection currents. The relatively sharp emission band centered at 382 nm could be due to the

transition associated with an electron–hole plasma in ZnO [Ohta et al., 2000]. This UVemission was

observed at room temperature for forward-bias voltages greater than 3V, and the efficiency was

estimated at a low value of 10�3 %. This low value was believed to be improved by avoiding the

spatial inhomogeneities at the ZnO–SrCu2O2 interface, which were observed by transmission

electron microscopy [Ohta et al., 2000].

Due to the large exciton binding energy (59meV), room temperature lasing in ZnO epitaxial

films on sapphire with a low threshold has been observed. An interesting improvement in this field

Figure 12.11 (a) UV emission spectra of the p-SrCu2O2=n-ZnO p-n junction LED for several currents.

(b) LED emission intensity as a function of bias voltage, the turn-on voltage is about 3V. From Ohta et al.

[2000], used with permission from the American Institute of Physics.
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has been obtained by the use of superlattices based on alternate layers of ZnO and MgxZn1�xO.

Such superlattices were grown by PLD on well-adapted ScMgAlO4 single crystals, and they were

found to possess a very high crystalline quality and atomically flat surfaces and interfaces

[Ohtomo et al., 1999b, 2000]. Improved optical properties were demonstrated via efficient

UV-stimulated emission up to 377K due to the combined effects of excitons and quantum

confinement in the ZnO/MgxZn1�xO multiquantum wells [Chia et al., 2003]. In fact the exciton

binding energies of these multiquantum wells were larger than that of epitaxial ZnO films, and

increased with a decrease of the well widths, reaching 86meV for a 1.75-nm-thick width [Sun

et al., 2000].

Such enhancement is thus very favorable for the preservation of excitons at higher

temperatures. Moreover, by varying the Mg composition of the MgxZnO1�x layers, a tunable

emission energy in the 3.2- to 3.4-eV range was possible. The measured threshold for stimulated

emission was 11 kW/cm2 [Ohtomo et al., 2000], far better than the best value (24 kW/cm2)

observed in epitaxial ZnO layers.

12.3.4.3 Light Detection

Due to their wide and direct bandgap and large photoresponse, ZnO films are very interesting for

UV photodetector applications. However, photodiodes based on polycrystalline material exhibited

slow operating speed and low quantum efficiency due to a large number of recombination centers.

An improvement is the use of epitaxial films, and a further great improvement in this field is the

use of epitaxial films of a ZnO-related compound. As a matter of fact, UV photodetectors based on

a metal–semiconductor–metal structure have been realized with the MgxZn1�xO compound [Yang

et al., 2001, 2003]. In the case of the cubic high Mg composition phase, c-MgZnO films were

epitaxially grown on Si substrates with a SrTiO3 buffer layer, and the interdigitated finger patterns,

250 mm long, 5 mm wide, with 5 mm spacing were patterned from a gold film [Yang et al., 2003].

This device shows a peak spectral response at 225 nm corresponding to the bandgap of the c-

MgZnO film (5.51 eV). The UV–visible rejection ratio was found to be more than one order of

magnitude for the device. By varying the Mg concentration, it could be possible to detect over a

wide range of the UV spectrum with a cut-off wavelength from 157 to 230 nm [Yang et al., 2003].

Moreover, the possibility of growing such cubic MgZnO films on substrates like Si or GaAs

demonstrates its promising interest for integration in microelectronics or optoelectronics.

Photodetectors for a different wavelength domain have been based on the hexagonal low Mg

concentration phase of the MgxZn1�xO compound [Yang et al., 2001]. In fact, metal–

semiconductor–metal photodetectors have been realized, based on Mg0.34Zn0.66O thin films

epitaxially grown on c-cut sapphire substrates. In that case, the peak response of the detector was

centred at 308 nm, in good agreement with the energy bandgap of the film. The visible rejection ratio

exceeded four orders of magnitude, indicating a high degree of visible blindness [Yang et al., 2001].

An 8-ns rise time, and 1.4-ms fall time were also reported for these photodetectors based on the

hexagonal MgZnO compound.

12.3.4.4 Spintronics

There is currently much interest in a new type of electronics: spin electronics or spintronics, for

which the spin of charge carriers provides novel functionalities for devices such as spin-based light-

emitting diodes, resonant tunneling diodes, and field-effect transistors. All these potential devices,

which combine spin and charge, need the injection of spins into semiconductor heterostructures.

In principle, this may be done by the use of ferromagnetic metals, but due to the decrease in

conductivity at the metal–semiconductor interface, the spin injection efficiency is too low for such

metals to be used in applications. Another approach is the use of so-called diluted magnetic

semiconductors (DMS) as spin injectors, like Mn-doped ZnSe which could be used at very low

temperatures (liquid He), this material presenting a low Curie temperature (i.e., transition to the

ferromagnetic state). However, if spintronics is to become practical, one needs spin injectors that can

function at and above room temperature, that is, ferromagnetic materials.
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Some doped wide bandgap semiconductors (GaN, ZnO) have been predicted [Dietl et al., 2000]

to be ferromagnetic at T 4300K. As a result, Mn, Ni, V, and Cr-doped ZnO films were grown by

PLD [Tiwari et al., 2002b; Wakano et al., 2001; Saeki et al., 2001], and high-quality epitaxial films

were generally produced on sapphire substrates [Fukumura et al., 1999; Pearton et al., 2003]. In the

particular case of Mn doping, the dopant concentration (0.35) is much higher than the equilibrium

value (0.13), a result that can be related to a specificity of the PLD process, that is, the growth occurs

out of equilibrium, leading to the formation of a metastable phase. However, in contradiction with

theoretical predictions, no signature of ferromagnetic ordering could be detected in these Mn-doped

ZnO films even down to liquid He temperature. DC magnetization data from SQUID measurements

showed a paramagnetic behavior for all the films whatever the Mn concentration. Therefore

Zn1�xMnxO films cannot be used as spin injectors, and the case of Co-doped ZnO has been

envisaged following some theoretical simulations [Dietl et al., 2000; Pearton et al., 2003].

Pulsed laser deposition has also been used to grow CoxZn1�xO films on c-cut sapphire substrates,

however, despite a high crystalline quality of the films, ferromagnetic features with a Curie

temperature higher than room temperature were observed in only some of the Co-doped ZnO films

with poor reproducibility [Ueda et al., 2001; Jin et al., 2001b]. Moreover the origin of the

ferromagnetism in the films was not clearly established and could be related to the presence of Co

clusters in the films [Kim et al., 2003a; Tabata et al., 2001b]. Recently, Co-doped ZnO films were

grown by reactive PLD of Zn and Co metallic targets under ambient oxygen [Prellier et al., 2003].

The M(T) curve presented in Figure 12.12 shows ferromagnetism in the films with a Curie

temperature around 300K. Moreover, the increase in the lattice parameter as the Co content

increases permits the exclusion of the hypothesis of the existence of Co clusters [Prellier et al., 2003]

in such films. The growth of these ferromagnetic films by PLD opens therefore the route for the

fabrication of spin-based electronics.

12.4 ZnO NANOCRYSTALLINE FILMS

The synthesis and study of nanocomposite (nanoparticles in a matrix) and nanocrystalline films

based on particles with a mean size in the range of 1–20 nm has become a major interdisciplinary

Figure 12.12 M(T) of a Co-doped (5%) ZnO film recorded under 2000G. The inset depicts the M(H) at 30 and

350K; the 350-K signal is due to the background component of the substrate. From Prellier et al. [2003], used

with permission from the American Institute of Physics.
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area of research over the past 10 years. In the case of semiconductor nanocrystalline materials, a

change of the electronic properties via the quantum confinement effect occurs as the size of the

nanocrystal decreases. In addition, surface effects play a major role in the properties of the

nanostructures due to the fact that the ratio of surface atoms to internal atoms increases with

decreasing nanoparticle size.

These points have given rise to studies on the formation of ZnO nanocrystals by various chemical

methods (mainly sol–gel process) and of nanocrystalline thin films produced by PVD-CVD

techniques. Laser ablation has been, of course, used to grow polycrystalline or epitaxial films

displaying grain sizes in the submicrometer (a few hundred nanometers) or nanometer (5–30 nm)

ranges. Actually, two distinct ways can be used to form nanocrystalline thin films. First, the so-called

high-pressure PLD that consists of performing laser ablation under oxygen pressures a little bit

higher (up to 1.33mbar) than that which is classically employed in reactive PLD (less than

0.5mbar). Second, for several years, lasers emitting pulses in the femtosecond (fs) temporal range

have been available leading to extensive studies on both the fundamental aspects of laser–matter

interactions and thin-film growth by PLD with such ultrashort laser sources. Indeed, ZnO was one of

the first oxide compounds whose growth by femtosecond PLD was studied, the first papers having

been published in 2000 [Okoshi et al., 2000; Millon et al., 2000].

12.4.1 Nanosecond PLD under High Oxygen Pressure

As reported in Section 12.2, high crystalline quality ZnO films may be grown under a rather wide

range of oxygen pressures. However, the pressure used in PLD for ZnO films and more generally

speaking for oxides cannot be arbitrarily increased due to the occurrence of new phenomena leading

to strong modifications in the surface morphology of the deposited layers. Indeed films grown under

pressures higher than several millibars resemble the random stacking of particles, produced by

gas-phase collisions between the ablated species and the background gas. However, experiments

performed in such pressure range (1–10mbar) have been judiciously used to synthesize semi-

conductor (GaAs) nanocrystals by using laser ablation in a nitrogen flowing gas [Perrière et al.,

2001]. At very high pressures (higher than 100mbar) the particles tend to aggregate in snowflake

structures [Lowndes et al., 1999], which cannot find application in the field of high-quality thin films,

but rather in chemistry (catalysts, sensors) as porous materials with a high surface reactivity.

It is therefore possible to grow ZnO films composed of nanometer-sized crystallites. The average

out-of-plane grain size estimated through the FWHM of the (0002) diffraction peak ranges from 5 to

20 nm as the oxygen pressure is increased from 10�5 to 1.33mbar [Dinh et al., 1999; Mitra et al.,

2001; Mitra and Thareja, 2001]. Nevertheless, the precise control of the crystal size in three

dimensions strongly depends upon the experimental growth conditions (target-to-substrate distance,

substrate temperature, laser wavelength). The in-plane grain size can be estimated by atomic force

microscopy (AFM) measurements and is found to vary from 20 to 200 nm, lower oxygen pressures

inducing smaller grain size. In addition, the surface roughness [root mean square (rms) value] is

increased abruptly when the oxygen pressure is higher than 0.33mbar. At around 1.33mbar, the film

becomes powdery with noticeable clustering of grains [Mitra et al., 2001]. Figure 12.13 depicts a

typical example of ZnO grain morphology observed in nanocrystalline films grown under two

different oxygen pressures. The corresponding out-of-plane grain size estimated from the Scherrer

equation (XRD analysis) is around 16 and 10 nm, respectively.

Another parameter that has to be taken into account for further properties and applications in the

field of spontaneous or stimulated emission is the thickness of the ZnO film related to the grain size.

It has been reported that ZnO films epitaxially grown on sapphire substrate at room temperature by

laser molecular beam epitaxy (MBE) displayed hexagonally shaped nanocrystals with an average

size of 257 and 45 nm for film thickness of 200 and 55 nm, respectively [Ohtomo et al., 1998a], and

stimulated emission was observed with very low pumping intensity when the crystal size is adjusted

to be optimum (about 50 nm). Finally, the control of oxygen pressure is needed for obtaining the

correct stoichiometry (Zn :O ratio close to 1). This is of prime importance for photo- or
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cathodoluminescent properties that require stoichiometric ZnO films [Jin et al., 2000a, 2000b; Im

et al., 2000]. As a result, Figure 12.14 shows the effect of oxygen pressure on the photoluminescence

spectra for ZnO films. The broad and intense peak centred at 395 nm corresponds to the deep blue

level due to interband transition [Mitra and Thareja 2001].

As a summary, PLD under high oxygen pressures allows the growth of epitaxial thin films

characterized by the stacking of crystallites of a few nanometer size in the main axis growth

Figure 12.13 AFM images of ZnO films deposited at (a) 0.066mbar and (b) 1.2mbar. From Mitra et al. [2001]

used with permission from Elsevier.

Figure 12.14 Photoluminescence spectra of ZnO films grown on glass substrate at room temperature under

various oxygen pressures (excitation source: 355 nm, 5 ns Nd:YAG laser). From Mitra and Thareja [2001], used

with permission from the American Institute of Physics.
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direction while the in-plane size is at least approximately tens of nanometers. It appears that the

precise control of the grain size and the structural defects in the crystallites are very sensitive to the

experimental growth conditions. The reproducible formation of ZnO films both displaying high

structural quality and crystallites with regular shape and homogeneous size in the nanometer range

requires additional studies in the future.

12.4.2 Femtosecond PLD

The first aim of the use of femtosecond pulses for growing thin films was to avoid the formation of

micrometer size droplets induced by thermal effects in the target, which generally occur during laser

ablation in the nanosecond regime. As nonthermal melting appears on a subpicosecond time scale, it

was therefore expected that ablation with ultrashort laser pulses would be the consequence of a

multiphoton ionization process with minimal thermal diffusion effects when the laser intensity was

not far above the ablation threshold. This new source should solve or at least reduce the limitations of

PLD films due to droplet formation. Nowadays, this subject is still a matter of discussion and no

precise answer can be given about the possible formation of droplets or clusters at the film surface.

Nevertheless, the use of femtosecond lasers for the growth of thin films leads to interesting and novel

results as determined by the structural and morphological properties of the deposited films. Since

2000, several compounds such as BN, AlN, DLC, AlCuFe quasicrystals, SnO2, BaTiO3, and ZnO

have therefore been studied for thin-film formation by femtosecond PLD.

Ti : sapphire lasers emitting around 100–150 fs pulses at 780–800 nm or colliding pulse mode

(CPM) locked dye lasers (620 nm, 100 fs) are generally used for PLD experiments. The laser

energy and the focused spot size on the target are smaller than those employed in nanosecond

PLD and the power density is higher than 1012W/cm2. One of the major differences observed in

femtosecond PLD compared with nanosecond is the range of oxygen pressures available for

growing femtosecond PLD films. Due to a strong clustering effect that is still not completely

understood, the upper oxygen pressure is around 10�2 mbar in femtosecond PLD. Experiments

performed at higher pressures lead to nonadhesive and snowflake deposits indicating that an

efficient coalescence process in the plume occurs in the femtosecond regime even at relatively low

pressures. This explains why all the ZnO films (and other oxides) are grown under vacuum (less

than 10�5 mbar). Crystalline ZnO films with good optical transparency can be grown on quartz

substrates [Okoshi et al., 2000]. Smooth, dense, stoichiometric and (00l)-textured ZnO films are

produced on sapphire substrates, and display the same epitaxial relationships to those observed

for nanosecond ZnO PLD films [Millon et al., 2000]. The surface of the femtosecond films is

free of droplets or particles, but the crystalline quality is lower than that of films grown in the

nanosecond regime [Perrière et al., 2002]. Table 12.1 summarizes the structural properties of both

nanosecond and femtosecond PLD ZnO films.

The rocking curve measurements performed to evaluate the mosaic spread of the crystallites

indicate rather large values (higher than 1�), meaning that the film mosaicity is not as good as that

obtained for nanosecond PLD films. Moreover, it is worth noting that such angular distributions of

the c-axis orientations are observed for ZnO films grown either on crystalline (sapphire, silicon) or

amorphous (SiO2) substrates. This fact is one of the major differences to films grown in the

nanosecond regime for which the use of single-crystal substrates leads to a decrease of the FWHM of

TABLE 12.1 Structural Properties of ZnO Films Grown by Femtosecond or Nanosecond PLD

Rocking Curve RBS FWHM Stresses Crystallite

FWHM (deg) wmin (%) f Scan (deg) (MPA) Size (nm)

Femtosecond films 1.3–2 60–80 1.39 �330 10–15

Nanosecond films 0.3 2 0.65 �550 50

From Perrière et al. [2002].
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the rocking curves. In addition, the high wmin values (60–80%) measured in RBS experiments in

channeling geometry indicate the presence of a large amount of defects in the crystallites. Though

the ZnO films grown by femtosecond PLD are also epitaxial on c-cut sapphire substrates, broader

in-plane angular distributions (about 1.4�—see Table 12.1) are measured for such films. The

crystallite sizes are rather different too, as the average out-of-plane grain size of ZnO films grown by

femtosecond PLD is smaller, highlighting the fact that the femtosecond films are formed by the

stacking of nanocrystallites (10–15 nm thick, 100–200 nm large) along the c-axis, while nanosecond

films are the result of a columnar growth.

The last point to be addressed concerns the residual stresses of the films [Perrière et al., 2002].

The thermal stresses due to the difference in the thermal expansion coefficients of the substrate and

ZnO films are expected to be the same in the nanosecond and femtosecond PLD processes. On the

contrary, the intrinsic component of the residual stresses, which are related to phenomena occurring

during the growth, can be different in the two cases. The lower absolute values of residual stresses

measured by XRD experiments (negative values correspond to compressive stresses) for

femtosecond films (Table 12.1) can only be explained by the dynamical aspect of the deposition

process. In fact, it has been observed by charge-coupled device (CCD) imaging and time-resolved

spectroscopy [Albert et al., 2003] that ions with a high kinetic energy are emitted by the target during

femtosecond laser ablation. In the case of ZnO, Zn ions were oberved with a kinetic energy close to

1KeV [Perrière et al., 2002], while the highest energy measured in nanosecond PLD does not exceed

a few hundred electron volts. The bombardment of the growing ZnO films by such energetic species

during femtosecond PLD is believed to produce a large structural disorder (atomic sputtering and

defect creation) allowing changes in microstructure and stress relaxation during the growth [Perrière

et al., 2002].

12.4.3 Applications of Nanocrystalline ZnO Films

Optical application and more specifically laser emission require materials with a high crystalline

quality such as bulk single crystals or heteroepitaxial films grown on lattice-matched substrates

displaying large domains in a near-single-crystal state. Due to its direct bandgap of 3.26 eVat room

temperature, and its large exciton binding energy (60meV), ZnO is a good candidate for UV laser

emission. The increasing search in the field of integrated photonic circuits gives rise to studies

involving ZnO thin films as microlasers. Two routes have been investigated for UV lasing with ZnO

films. The first one is based on the use of ZnO nanocrystalline thin films epitaxially grown on

sapphire substrates [Ohtomo et al., 1998a]. Such high crystalline quality films are expected to

achieve high-efficiency stimulated emission under optical pumping due to the recombination of

excitons at room temperature (kT ¼ 25meV). The excitonic emission is related to the confinement

of excitons in hexagonally shaped nanocrystals with a small size (50 nm). Laser action therefore

occurs in the cavities formed by two cleaved facets [Bagnall et al., 1997]. The stimulated emission at

3.2 eV recorded for epitaxial ZnO films grown on sapphire increases with increasing pumping

intensity and is the result of an exciton–exciton collision process that occurs even at room

temperature [Ohtomo et al., 1998a]. When the crystal size is adjusted around 50 nm, excitons are

confined in these nanocrystals and stimulated emission is observed with a pumping threshold

intensity of 24 kW/cm2 (pumped by a frequency-tripled Nd :YAG laser at 355 nm, 10Hz, 15 ps).

An alternative source of coherent light emission consists of lasing occurring in disordered and

random media. Such effects have been demonstrated in zinc oxide powder and polycrystalline ZnO

films [Cao et al., 1999] and are due to strong optical scattering within the micrometer size cavities.

Despite the fact that scattering induces optical losses, it helps laser emission by forming closed-loop

paths (Fig. 12.15) [Cao et al., 1998].

These closed-loop paths could serve as ring cavities for light and would be due to the emitted

light that might return to the scattering center from which it was previously scattered [Cao et al.,

1999]. In fact the refractive index of the grain boundary is lower than that of the grain itself due to the

lack of excitonic resonance [Ong et al., 2000]. This refractive index difference between the grain and
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grain boundary would be the origin of the formation of laser cavities by the strong optical scattering

in a highly disordered crystalline structure.

Laser emission can be observed in all directions and the pump intensity required to reach the

lasing threshold depends on the excitation area. The size and shape of such two-dimensional laser

resonators are determined by both the structural (grain boundary, crystallite size, film thickness) and

optical properties (scattering cross section, optical losses) of the ZnO films. As highlighted for

nanocrystalline ZnO films epitaxially grown on sapphire, the laser emission increases with film

thickness and depends upon laser power pumping [Mitra et al., 2001; Cao et al., 2000]. Figure 12.16

shows the laser emission for a 1.5-mm-thick ZnO film grown on a glass substrate at room temperature.

According to AFM and XRD data, the corresponding nanocrystallite size is around 50 and 10 nm for

the in-plane and out-of-plane directions, respectively.

Figure 12.15 Two-dimensional amplified image of the excitation area above the lasing threshold of a

polycrystalline ZnO film grown on an amorphous silica substrate. The excitation spot from a 355-nm, 15-ps laser

is around 35 mm and is located in the middle of the picture. From Cao et al. [1998], used with permission from

the American Institute of Physics.

Figure 12.16 Laser emission from a polycrystalline ZnO film grown on a glass substrate, as a function of the

laser pumping intensity (excitation source: 355 nm, 5 ns Nd:YAG laser); the inset shows the laser emission

spectrum. From Mitra et al. [2001] used with permission from Elsevier.
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Finally, some interesting results obtained for nanocrystalline undoped or Er-doped ZnO films must

be mentioned despite the fact that such layers have also been grown by other techniques such as sol–

gel, sputtering, and plasma enhanced chemical vapor deposition (PECVD). Er-doped nanocrystalline

ZnO layers obtained by chemical methods have been used as amplifying planar waveguide structures

at 1.54mm [Mais et al., 1999]. According to the rather good crystalline quality of ZnO thin films grown

by PLD, it could therefore be expected to improve the optical response of such systems.

Moreover, recently second-harmonic generation in nanocrystalline oxide thin films has been

reported [Shi et al., 2000], while the second-order susceptibilities observed in very thin (50 nm)

epitaxial ZnO films are enhanced and can be larger than that of single-crystal ZnO [Wang et al.,

2002a]. It would be therefore interesting to check the second-harmonic generation in nanocrystalline

ZnO films. More generally the nonlinear optical properties of nanocrystalline ZnO films could be

promising according to the measurements reported on the third-order optical nonlinearity (w(3)) in

ZnO microcrystallite thin films [Zhang et al., 1999; Makino et al., 2000b] and the enhancement of

the w(3) in semiconducting nanocrystallites [Lettieri and Maddalena, 2002], via quantum

confinement effects.

12.5 CONCLUSIONS AND FUTURE PERSPECTIVES

In this chapter, we have reviewed the main work devoted to the PLD growth of ZnO thin films during

the last decade. The large volume of original results and promising applications reported in the

literature for these ZnO films is a guarantee that this research theme will remain a hot topic in the

coming years. From the present state of the art that has been reported here, one can foresee several

important directions for future investigations.

For the epitaxial growth of ZnO films, sapphire will remain the substrate of choice due to its

relatively low price, high quality, and large size availability. It is therefore necessary to find the most

adequate buffer layer on such a substrate to reduce or even avoid the residual strain in ZnO epilayers

resulting from the large lattice mismatch. The first step to achieve this reduction will be to establish

the origin of the stresses in the films, that is, thermal, intrinsic, or extrinsic stresses, since this has not

been done yet and it could definitely help in the search for the ideal buffer layer. Up to now c-cut

sapphire substrates have usually been used for ZnO epitaxial growth, but other crystalline

orientations of Al2O3 have to be considered in the future, according to some specificities of ZnO. For

example, epitaxial ZnO films grown on R-cut sapphire substrates were found to possess a strong

optical anisotropy at near bandgap photon energies, which has been used to realize an optically

addressed ultraviolet light modulator [Wraback et al., 1999].

It is worth emphasizing that in the field of epitaxial growth, the pulsed laser deposition technique

offers ideal conditions to realize the synthesis and kinetic stabilization of metastable phases in thin

films. The bombardment of the growing film during PLD with energetic species (4100 eV) coming

from the target at each laser pulse leads to a high surface diffusion of adatoms, enabling the growth

of high-quality crystalline films at low or moderate substrate temperatures, whereas the bulk atomic

diffusion is low, and therefore precludes any phase transformation in the deposited films. This

suggests that if a metastable phase could be epitaxially grown by PLD on a well-suited substrate, it

might therefore be ‘‘stabilized.’’ This epitaxial stabilization by PLD could be used, for example, to

obtain cubic ZnO in thin-film form. Indeed, the thermodynamic stable phase of ZnO is the hexagonal

wurtzite structure, but a metastable zincblende structure has been theoretically predicted and even

reported using a ZnS buffer layer on a GaAs substrate [Ashrafi et al., 2000] or a multilayer structure

(Pt/Ti/SiO2/Si) [Kim et al., 2003b]. The formation of this cubic ZnO structure by PLD using well-

matched substrates is therefore a future challenge worth exploring due to the specific properties that

could be induced by the cubiclike structure.

To enhance some of its physical properties or induce new functional properties in devices, ZnO

films have been doped with various elements. This process will be further developed in the near

future. Two issues should be carefully examined, however: the respective valence of Zn and dopants
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and the difference in their ionic radii. The first step will be to find out the localization of the dopants

in the ZnO lattice. Some of them clearly substitute perfectly to Zn atom sites in the lattice, but due to

their large size or for charge equilibrium, others could segregate at grain boundaries, introduce

defects in the structure, or lead to the formation of new phases. These deleterious effects could be a

limitation for the incorporation of new elements in ZnO thin films. Studies on the localization of the

dopants and their effects on the lattice structure could help in the understanding of the change in ZnO

properties associated with given dopants.

Two examples of this approach should be mentioned: first, the increase in exciton binding energy

in multiquantum well structures would lead to studies on superlattices (ZnO/ZnO-related

compounds), in order to increase this exciton binding energy up to values allowing the fabrication

of UV emission devices working at high temperatures. In addition, the possibility of changing the

emission wavelength by the nature of the dopant could certainly be investigated in the future. On

the other hand, the formation of reliable p-type ZnO thin films is also an important challenge for the

coming years, and doping or co-doping of ZnO with well-chosen elements will certainly be a key

issue in the future.

Another interesting application area that is certain to develop further is the low-temperature

growth of ZnO films. There are already many high-tech areas such as displays, solar cells, and

sensors where the use of plastic substrates will not withstand temperatures in excess of 100–200�C.
The technique has already made several inroads in these areas, but further developments such as UV

or ion-assisted PLD could bring many interesting results.

Due to the potential applications of nanocrystalline ZnO thin films (UV lasers, second-harmonic

generation), the main future objectives of PLD research dealing with the formation of such films

should be the control of the size and the structural defects (nature and concentration) of the

nanocrystallites, their mosaicity and possible epitaxial relationships on well-suited substrates. To

reach these objectives, a clear understanding of the growth mechanisms of such films is necessary.

This means that the phenomena taking place during the gas-phase condensation in the high-pressure

nanosecond laser ablation process have to be elucidated, while the effects of the high-energy species

bombardment during the femtosecond pulsed laser deposition have to be analyzed and theoretically

described.

Finally, let us mention that the explosive development of studies dealing with nanosciences

and nanotechnologies will have, of course, noticeable consequences in the field of laser ablation

of ZnO. Indeed, laser ablation appears to be a well-suited technique for the formation of nano-

composite films, that is, nanocrystals in a host matrix [Teng et al., 2000b] or for the synthesis of

nanocrystals [Perrière et al., 2001; Nichols et al., 2001], which can be embedded afterwards in

various matrices (polymers or oxides). Studies of the properties of ZnO (and ZnO-related compounds)

nanocrystals and ZnO-based nanocomposites could thus be based in the future on films and

nanostructures synthesized by the laser ablation method.
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CHAPTER 13

Group III Nitride Growth

DONAGH O’MAHONY and JAMES G. LUNNEY

Physics Department, Trinity College, Dublin, Ireland

13.1 INTRODUCTION

AlN, GaN, and InN have long been considered as promising materials for high power electronics and

lighting applications. Nevertheless, difficulties associated with Group III nitride thin-film growth led

to a lengthy dormant period through most of the 1970s and 1980s for nitride research and

subsequently saw other materials, particularly the II–VI chalcogenides and SiC, come to the fore as

potential candidates for such device applications. Only AlN was of any significant interest during

this period, primarily as an electronically insulating thermal conductor [Slack and McNelly, 1976].

Eventually, it was the somewhat unexpected development of Group III nitride1 based LEDs and laser

diodes (LDs) in the early 1990s [Nakamura et al., 1993] that triggered the ‘‘blue’’ lighting revolution

of the last decade. For a review of some of the major developments in Group III nitride growth, see,

for example, Pankove and Moustakas [1998].

Today, most commercially available Group III nitride multilayer device structures are grown by

metal-organic chemical vapor deposition (MOCVD) or molecular beam epitaxy (MBE). These well-

established vapor deposition techniques have proved most practical for commercially realizing

device fabrication, but there are several reasons why it is of interest to explore pulsed laser

deposition (PLD) growth of nitrides [Lowndes, 1998]. These include a comparatively high degree of

stoichiometric material transfer from target film, flexible doping options for complex compositions,

and the capability for producing thin layers with sharp interfaces as may be required in lattice-

matching buffer layers, heterostructures, or quantum-well active layers, all of which are particularly

important for optoelectronic device fabrication. PLD of these nitrides may also indirectly provide

some useful information for the rapidly expanding Group III nitride laser machining industry, which

has recently emerged as an effective alternative to chemical or plasma etching techniques [Kim

et al., 2001; Fujii et al., 2004].

This chapter is presented as an overview of Group III nitride growth using PLD for those new to

the topic and aims to highlight aspects of the growth technique that require particular care and

attention. The chapter outline is broadly grouped as follows: relevant material properties,

characteristics of the deposition environment, and finally a selective overview of the properties of

PLD-grown nitrides and their potential for device fabrication.

Pulsed Laser Deposition of Thin Films: Applications-Led Growth of Functional Materials

Edited by Robert Eason Copyright # 2007 John Wiley & Sons, Inc.

1Although the term Group III nitrides is used throughout the text, here the discussion is limited to AlN, GaN, and InN.
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13.2 PROPERTIES OF GROUP III NITRIDES AND GROUP III METALS

13.2.1 Group III Nitrides

Group III nitrides are very stable compounds and can only be wet-etched with highly aggressive

agents such as hot NaOH or H2SO4 [Strite and Morkoc, 1992], but plasma (and more recently

laser) etching is the preferred technique in device fabrication. The nitrides are classified as

adamantine (diamond-like) compounds as their atoms have tetrahedral coordination, which

leads to excellent hardness and high thermal conductivities (41W cm�1 K�1) for device-grade

crystals [Slack, 1973]. The nitride bond is comparatively strong with bond energies of 2.88,

2.24, and 1.93 eV per bond for AlN, GaN, and InN, respectively, compared to 1.63 eV per bond

in GaAs [Harrison, 1989; Bhattacharya et al., 2002]. Group III nitrides crystallize in the wurtzite

(hexagonal) structure at typical film growth temperatures (51000�C) and nitriding pressures (up
to 105 Pa), however, the cubic zinc-blende phase can be obtained under carefully controlled

deposition conditions on cubic substrates [Okumura et al., 1997]. Bandgap energies for the

nitrides correspond to photon wavelengths in the ultraviolet (UV) for AlN, blue for GaN and red

for InN (see Table 13.1), and since UV excimer lasers commonly employed in PLD are well

above the bandgap of InN and GaN, strong absorption at the target surface is to be expected. For

AlN, the ArF (hn ¼ 6:4 eV) excimer laser should be an efficient ablation or machining tool.

Unintentionally doped nitride films and powders have a high n-concentration leading to yellow

luminescence, though there is still considerable debate whether this is due to impurities (e.g.,

oxygen), strain-induced defects at the film–substrate surface, or on-site vacancies (see, e.g.,

Pankove and Moustakas [1998]). Many properties of polycrystalline nitride powder pellets used

as laser ablation targets in PLD differ considerably from the properties of single crystals

[Kitanin et al., 1998]. It has been highlighted by several authors that nitride powders have

significant levels of impurities, especially oxygen but also silicon [Slack and McNelly, 1976;

Unland et al., 2003], and depending on the method of preparation, pressed powder pellets are

also likely to have a lower density and significant void fraction compared with bulk crystals (see

Section 13.2.4). These factors reduce both the mechanical strength and thermal conductivity of

the material [Slack, 1973; Krukowski et al., 1998]. Furthermore, defect and grain boundary-

related sub-band-edge absorption levels tends to broaden the optical absorption range of the

powders compared to single crystals [Cazzanelli et al., 1998].

13.2.2 Thermal Decomposition of Group III Nitrides

While the lack of reliable thermodynamic data for Group III nitrides, particularly GaN and

InN has been highlighted recently [Ranade et al., 2000; Onderka et al., 2002; Unland et al.,

2003], Group III nitrides are clearly characterized by high melting temperatures (42000 K)

and require very high nitrogen pressures (4kilobars) [Porowski and Grzegory, 1997] near

TABLE 13.1 Some Relevant Properties of AlN, GaN, and InNa

AlN GaN InN Units

Density 3.23–3.28 6.15b 6.81� 0.05 g cm�3

Bandgapc 6.2–6.3 3.4–3.5 1.9 eV

Melting point 43500 � 2800 � 2200 K

Thermal conductivity 2.85 1.30 1.76d

W cm�1 K�1

0.7e 0.3e 0.45e

aSingle-crystal values are taken from Edgar [1994], except for b[Chin et al., 1994], c[Strite and Morkoc, 1992], d[Krukowski

et al., 1998]. ePolycrystalline ceramic thermal conductivities were estimated using the result of Krukowski et al. [1998].

292 GROUP III NITRIDE GROWTH



their melting temperatures to prevent decomposition (Fig. 13.1). This renders industry

standard crystallization techniques such as Czochralski method impractical for bulk crystal

growth [Karpinski et al., 1984]. There has been considerable debate regarding the vapor

composition over heated nitrides, but the most recent experimental evidence suggests that

diatomic nitride molecules are absent from the vapor [Onderka et al., 2002; Bogdanov et al.,

2003; Unland et al., 2003]. Rather, the nitride decomposes yielding Group III liquid and/or

vapor (X) and molecular nitrogen:

XNðSolidÞ $ Xðliquid;gasÞ þ 1
2N2ðgasÞ ð13:1Þ

Newman [1997] has used Munir and Searcy’s [1965] total vapor pressure data to determine the

decomposition flux of GaN as a function of temperature (Fig.13.2). The calculated flux correlates

well with previously reported deposition data for MBE-grown GaN and may also serve as a guide

for PLD users. Typically in PLD, the growth rate is � 0.1 Å per laser shot, which for GaN

(density¼ 6:15 g cm�3) corresponds to a deposition flux of �1014 cm�2 s�1 at 10 Hz shot

repetition rate (note dashed line in Fig. 13.2b). Thus, it might be expected that above 800�C,
decomposition will compete with deposition and indeed this seems to be the case in PLD of GaN

[Cole and Lunney, 1997; Vispute et al., 1999]. Note that for growth in aggressive environments

such as NH3, the Gibbs free energy of the nitride-forming reaction is lowered and decomposition is

less problematic [Newman, 1997]. The considerable discrepancy between the N2 vapor pressure

required to prevent decomposition (Fig. 13.1) and the total vapor pressure over the nitrides (e.g.,

Fig. 13.2; see also the discussion in Unland et al. [2003]) has been attributed to strong surface

bonding that, fortunately from a film growth point of view, kinetically limits the decomposition

reaction rate [Averyanova et al., 1997]. However, the Group III metal can act as a catalyst

[Schoonmaker et al., 1965] for the decomposition reaction, thus the effective rate may be

conversely enhanced.
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Figure 13.1 Temperature variation of the equilibrium N2 vapor pressure over AlN, GaN, and InN [Porowski

and Grzegory, 1997]. The dotted lines indicate the maximum temperature and pressures used in the

measurements. Reprinted with permission from Elsevier and the authors (# 1997).
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13.2.3 Group III Elements: Al, Ga, and In

Group III metals, in particular gallium and indium, are characterized by low melting temperatures

but high boiling temperatures and correspondingly have some of the longest liquid ranges among the

elements (see Table 13.2). The rigid and directional bonds in the orthorhombic gallium crystal lead

to a rather inefficient packing structure and, unlike most metals, results in an increase in density on

melting [Wittenberg and DeWitt, 1972]. As in the case of the nitrides, there are several factors that

should be taken into account when using Group III metal targets in PLD or modeling laser ablation

of these metals. Gallium is classed as a semimetal, and is characterized by comparatively low

electrical and thermal conductivity [Jiemin and Lamvik, 1998], in particular when compared with

aluminum. Group III metals tend to oxidize quite easily; an exposure of (10–100) Langmuir

(1 Langmuir ¼ 10�4 Pa s � 10�6 mbar s) air is sufficient to form an oxide layer of a few nanometer

thickness [Regan et al., 1997; Do and McIntyre, 1999]. It is also worth noting that these metals,

when liquid, exhibit normal incidence reflectivity in excess of 90% at visible and near-visible

laser wavelengths (1–5 eV) [Kofman et al., 1979; Krishnan and Nordine, 1993]. The reflectivity of

Al in the solid state is also of this magnitude [Shiles et al., 1980], whereas for Ga and In [Bor

and Bartholomew, 1967] the values are somewhat lower and vary considerably depending on

TABLE 13.2 Properties of Al, Ga, and Ina

Aluminum Gallium Indium Units

Crystal structure Cubic Orthorhombic Tetragonal

Densityb 2.7 (2.4) 5.91 (6.1) 7.3(7.0) g cm�3

Melting pointb 933 303 429 K

Boiling pointb 2792 2500 2301 K

Heat of vaporization 294b 264c 241c kJ mol�1

Thermal conductivity 2.37b 0.436 (0.278)d 0.816b W cm�1 K�1

aValues in parentheses are for the liquid phase (taken fromb [Lide, 1998], c[Geiger et al., 1987], and d[Jiemin and Lamvik,

1998]).
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Figure 13.2 (a) Total vapor pressure (left) over a heated GaN pressed powder pellet, using the data tabulated

in Munir and Searcy [1965]. (b) Corresponding evaporation flux as calculated using the Hertz–Langmuir–

Knudsen equation (see also Newman [1997]). The dashed line indicates a decomposition flux of 1014 cm�2 s�1

at 850�C (1125K).
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the polarization of the incident light with Ga exhibiting considerable optical anisotropy [Kofman

et al., 1977].

13.2.4 Target Preparation

Group III metal targets are commercially available to 99.999999% purity, but pressed pellets

prepared from nitride powders (typically 99.99% purity) have, until recently, been the preferred

choice of target. To the best of our knowledge, hot-pressed or sintered GaN or InN targets are not

commercially available at present. Preparation of ceramic targets for laser ablation involves grinding

and pressing of the powders followed by calcination to remove volatile impurities such as Group III

oxides [Slack and McNelly, 1976]. This is followed by sintering of the pressed pellets, often

repeatedly [German, 1996], to obtain a high density and mechanically robust target [Hampshire,

1986]. A sintering temperature of approximately 0.5–0.7 Tmelt is generally recommended to promote

densification and to facilitate atomic diffusion throughout the target, but temperatures of this

magnitude (42000K) and the correspondingly enormous N2 pressures required to prevent

decomposition (Fig. 13.1) are beyond the capability of most sintering facilities. As such GaN and

InN targets used in PLD are likely to be highly porous and brittle [Cole and Lunney, 1997;

O’Mahony et al., 2003b]. AlN can withstand significantly higher temperatures without decomposing

at 1 bar N2, and high-density AlN ceramics have even been prepared at temperatures as high as

1800�C (1 h) in a N2 flow at atmospheric pressure [Cappelli et al., 2002].

Metal targets require comparatively little preparation aside from a predeposition ablation run to

remove any native oxide layer on the target surface. Target melting must be accounted for when using

gallium or indium; thus, the PLD apparatus may need to be reconfigured to prevent spillage of the

molten metal (see, e.g., Xiao et al. [1996]). Up to 10% Al is soluble in Ga at room temperature

[Jayaganthan and Hajra, 1996], making it an unsuitable target holding material for PLD of GaN.

Liquid targets tend to have considerable surface curvature, making the laser spot size and laser fluence

difficult to determine accurately. While heating the target will reduce the viscosity [Spells, 1936] and

subsequently the surface tension somewhat (�mN m�1 K�1 [Kolevzon, 1999]), but the problem of a

curved target surface is perhaps best tackled by use of a shallow large-diameter target holder

[Watanabe et al., 1996]. Liquid gallium also has a tendency to supercool easily [Borisov et al., 1999]

and its viscosity rises sharply below the melting temperature, thus any subsequent rapid solidification

will tend to freeze-in any surface structure [Kofman et al., 1977] and may crack glass target holders.

13.3 LASER ABLATION OF GROUP III NITRIDES AND GROUP III METALS

13.3.1 General Characteristics of the Ablation Process in PLD

Pusled laser deposition involves intense heating and material ablation, by evaporation or otherwise,

of the irradiated target surface; the degree of heating and depth of the heated layer being primarily

determined by the condition of the target surface and the characteristic optical and thermal diffusion

lengths of the ‘‘bulk’’ target material. For pulses of nanosecond duration, the ablated material exists

as a thin layer of partially ionized vapor at the end of the laser pulse, and the subsequent expansion of

this vapor plume is primarily driven by pressure gradients strongly peaked in a forward direction.

When the plume has propagated more than a few millimeters from the target surface, the major part

of the initial thermal energy in the vapor is converted to the directed kinetic energy of the atoms and

ions, which are considerably more massive than the electrons [Anisimov et al., 1996; Hansen et al.,

1999]. In the presence of a sufficiently dense background gas, coupling of this kinetic energy to the

gas becomes significant and its effects can be clearly identified at a few centimeters from the target

by time-of-flight techniques. From a PLD point of view, relevant growth parameters that affect the

ablation mechanism and subsequently the film quality can be generally categorized as follows:

choice of (i) laser type, that is, pulse duration, wavelength, and fluence, (ii) background gas type and
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pressure, and (iii) substrate type and temperature. This section deals with the first two parameters,

that is, laser and background gas characteristics, and how the choice of these parameters affects the

ablation mechanism and ultimately how it may influence film quality in PLD.

13.3.2 Characteristics of the Ablation Process in Vacuum

13.3.2.1 Nitride Target Ablation in Vacuum

Before considering some of the effects related to laser wavelength, pulse duration, and fluence, it is

important to note that decomposition or ‘‘metallization,’’ that is, preferential evaporation of nitrogen,

from the irradiated region of the target surface is invariably associated with nanosecond ablation of

Group III nitrides [Ichige et al., 1988]. This effect has been widely reported in the ablation of single-

crystal nitrides [Kelly et al., 1996; Wong et al., 1998; Tavernier and Clarke, 2001; Safadi et al., 2005]

and has been adapted to ‘‘write’’ conducting Al circuitry in AlN ceramics [Morita et al., 1989;

Hirayama et al., 2001]. For GaN, decomposition has even been identified in the desorption regime

(�10 mJ cm�2) [Namiki et al., 1991], and mass spectrometry revealed that the N2/Ga ratio may be

as high as �10 [Ichige et al., 1988].

While it clearly appears that a decomposition process is taking place in nanosecond ablation of

nitrides, the underlying ablation mechanisms are still unclear. Desorption studies have identified a

bond-breaking electronic mechanism that dimerizes both Group III and V species before being

ejected from the surface [Namiki et al., 1991], but how relevant this is to highly decomposed ceramic

target surfaces with high concentrations of defects and grain boundaries is debatable. Considering

that the optical absorption coefficients of the nitrides, especially GaN and AlN, vary strongly across

the commonly used excimer wavelengths, a clear influence of laser type on the ablation mechanism

might be expected, particularly for single-shot experiments. On the other hand, if, after several

pulses, the depth of the metal-rich layer is much greater than the optical penetration depth (which is

clearly the case when using microsecond pulses [Hirayama et al., 2001]), then the ablation

mechanism is likely to mimic that of a Group III metal. Making comparisons between ablation

studies using ceramic targets is unreasonable considering the presumably wide variation in target

quality (especially, GaN and InN, which are difficult to sinter). More conclusive agreement is

apparent from studies using single-crystal nitrides. For example, several groups have reported an

ablation threshold for GaN single-crystal films, with values of 0.3 J cm�2 [Wong et al., 1998; Akane

et al., 2000; Chu et al., 2001] and 0.42 J cm�2 observed for 248 nm [Kelly et al., 1996] (20 ns) and

355 nm (5 ns) laser pulses, respectively. The corresponding ablation depth per pulse just above the

threshold was 35 nm at l ¼ 248 nm and 70 nm at l ¼ 355 nm, which correlates well with the value

of 55 nmmeasured by Zhang et al. [1998] and optical absorption depth for GaN in this spectral range

[Muth et al., 1997]. For high-resolution laser machining of GaN, shorter laser wavelengths are

generally preferred, indicating that thermal damage can be limited accordingly. It also suggests a

process dominated by strong above band-edge absorption and direct photoionization of the irradiated

region [Zhang et al., 1998; Akane et al., 2000]. When using a fluence of a few J cm�2, the ablation

plume is considerably ionized (Fig. 13.3) and the dominant ions are Group III species [McKiernan

and Mosnier, 2002; Ristoscu et al., 2003]. Direct photoionization of the target material may be

significant as in the case of wide bandgap oxide dielectrics [Dickinson et al., 1994; Gilgenbach et al.,

1994]. It is also clear that for ablation in vacuum at moderate fluence (1–10 J cm�2), the mean

energy of metal ions in the plume can be of the order of 5–10 eV (see Fig. 13.3b).

The ablation threshold for ceramic targets is likely to be less than that of single crystals [Gunster

et al., 2001; O’Mahony, 2004] because of their inferior mechanical strength and high defect density,

but in any case the fluence used in PLD of GaN is typically 2–5 J cm�2 to obtain sufficient yields for

deposition.

While the ablation of ceramic AlN has been of considerable interest for some time now, only

recently has the ablation of single-crystal AlN been reported. Safadi et al. [2005] have observed an

incubatory effect in the ablation of single-crystal AlN using 248-nm (25-ns) pulses, where several

laser pulses were required for the ablation rate at near threshold fluence to stabilize. There may be
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unresolved issues relating to a theoretical description of ceramic target ablation, but from a practical

point of view, UV lasers are preferred for cleaner processing of commercial-grade AlN ceramics

[Lumpp and Allen, 1997], thus particulate production in films is also less likely in PLD when using

shorter wavelengths. Finally, a comment on recent progress in the area of femtosecond ablation of

nitrides that has given some clear insight into the effect of pulse duration on both the irradiated target

region and plume diagnostics. Target decomposition can be practically avoided when using

subpicosecond laser pulses [Hirayama et al., 2001; Liu et al., 2002; Ristoscu et al., 2003],

presumably because the thermally heated zone is very much limited compared with nanosecond

ablation. Furthermore, analysis of the plume has revealed AlNþ molecules are dominant in AlN

target ablation using femtosecond pulses, whereas for nanosecond ablation Al atoms and ions

dominate [Ristoscu et al., 2003]. Despite indications of congruent ablation in this study, significant

quantities of Al were subsequently identified in the plume, particularly when the number of shots on

the target increases to several hundred. Furthermore, Kim et al. [2001] reported a Ga residue

surrounding the ablation crater of a GaN target ablated in air with femtosecond pulses indicating that

the plume contains free Ga. Thus it remains to be seen whether there is a distinct advantage in using

femtosecond lasers for PLD of Group III nitrides.

13.3.2.2 Metal Target Ablation in Vacuum

The ablation characteristics of commonly used metals such as Al have received considerable

attention for several decades now (see, e.g., Dreyfus [1991] and references therein); here we limit the

discussion to some relevant aspects pertaining to Group III nitride PLD using Group III metals. For

Al, a fluence of �3 J cm�2 using nanosecond UV laser pulses yields sufficient ablation rates for PLD

(�10 nm per pulse) [Timm et al., 1996; Thestrup et al., 2002], although the threshold and yield

seems to be quite strongly wavelength dependent [Kelly et al., 1998; Torrisi et al., 2000].

Corresponding ablation data for In and Ga is limited; nevertheless, it was shown that the mass loss

for nanosecond ablation of In and Al targets at 355 nm scaled according to their melting

temperatures [Thestrup et al., 2002] and presumably such behavior may also hold for Ga. This work

also reports that for Al target ablation at a fluence of 2 J cm�2, the ionization fraction in the plume

was 0.6, so the ionic component of the plume is likely to play a major role in subsequent processes in

the gas phase or at the substrate.

In and particularly Ga have low melting temperatures; therefore, it is worth considering some

interesting behavior observed in fast-imaging studies of laser-ablated molten metal target surfaces.
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Toth et al. [1999] have studied the surface dynamics of liquid targets ablated at medium fluence

(5.5 J cm�2, l ¼ 193 nm) and observed that a rippled structure developed on the surface, as

illustrated in Figure 13.4a. They also noted that the relaxation time for these ripples could be of the

order of seconds, and a dramatic expulsion of liquid droplets occurred when ablating Bi targets with

a fluence of 5.5 J cm�2 (Fig. 13.4b). However, splashing ceased once the fluence was reduced to

�2 J cm�2. Similarly, in laser ablation of liquid AlGa alloy targets [Rupp et al., 2002], droplet

production was avoided by limiting the fluence to below 5 J cm�2. From the point of view of

avoiding particulate accumulation in PLD using liquid targets, it would be useful to establish some

criteria to identify thresholds for the onset of splashing. In this regard, the discussion by Von Allmen

[1976] on liquid expulsion in laser ablation may be worth considering.

13.3.3 Plume–Background Gas Interaction

For PLD in a background gas, there is a complicated interaction between the ablation plume and the gas,

which at low background pressures (typically 0.001–0.01mbar) involves scattering and broadening of

the angular distribution of the plume [Saenger, 1994] and subsequently a reduction of the number of

ablated particles reaching a substrate placed directly in front of the target. When the gas pressure is

increased such that the corresponding mean free path of the plume particles in the background gas is

Figure 13.4 Surface dynamics for liquid–metal targets ablated with a 10-ns 248-nm laser pulse [Toth et al.,

1999]: (a) wavelike formation on the surface of a molten Sn target and (b) droplet expulsion from a liquid Bi

target. In both cases, the fluence was 5.5 J cm�2 and the background gas pressure was 10�6 mbar. The frame

width is approximately 0.8mm. Reprinted with permission from Elsevier and the authors (# 1999).
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reduced to less than �1 cm, the plume particles undergo a significant number of collisions with the

background gas, which in turn leads to compression of the gas and the launch of a shock wave

[Zel’dovich and Raizer, 1965]. Much of the ablated material is contained in the volume inside the shock

front, and as the front slows, the kinetic energy of the initial ablation plume is thermalized. At

sufficiently high pressures and/or longer distances, the material is transported toward the substrate via

diffusion. The role and importance of the background gas pressure can vary considerably in PLD, from

subtle crystallographic effects to dramatic changes in composition, and this discussion is not intended to

be an exhaustive overview of the many areas of influence involving gases. Instead, the focus will be on

the influence on film composition, particularly in the case of growth using N2, since this is perhaps most

relevant to PLD and has been the major stumbling block for other Group III nitride growth techniques in

the past.

Evidence pointing to a strong interaction between the background gas and ablation plume can be

found in dynamical and compositional features of the plume and in the dependence of the film

properties on gas pressure. Studies of the plume dynamics using various time-of-flight (TOF)

techniques (e.g., Fig. 13.5) [Giardini Guidoni et al., 1997; McKiernan and Mosnier, 2002; O’Mahony

et al., 2003b] reveal an obvious deceleration of the plume species at pressures of the order of

�0.1mbar at a distance of a few centimeters from the target (it should be noted that the important

quantity is the pressure–distance product rather than pressure or distance separately; see, for example,

Koopman [1971]). As the pressure is increased, the interaction time of the plume material with the

substrate is also extended, which may benefit the growth of some materials. Both ions and neutrals

undergo significant scattering, though scattering cross-section estimates for both indicate that neutrals

may be more strongly scattered under typical PLD conditions [Koopman, 1972; Willmott et al., 1997].

Whether decoupling of the plume’s kinetic energy component leads to significant internal modification

of the plume species (e.g., excitation, ionization, or reactions between ablated species) is not clear for

Group III ablation but has been predicted for oxide ablation in O2 [Gordillo-Vazquez and Gonzalo,

2003]. Furthermore, the ionization fraction for Ti ablated in N2 increased two orders of magnitude by

optimizing the timing of the interaction using a pulsed N2 source [Willmott et al., 1997]. It is clear that

significant activation of the background gas can be achieved. Dissociation and ionization of a

comparatively inert gas such as molecular nitrogen (dissociation/ionization energy¼ 9:8 eV/15 eV)
has been predicted for Al and Ti ablation in N2 [Hermann and Dutouquet, 2002] and confirmed

experimentally for Ga [Rupp et al., 2002] and Ti [Willmott et al., 1997] ablation in N2. Other than

neutral and ionized atomic nitrogen, excited molecular species may also be present in significant
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quantities since it has a lower activation energy (�6 eV) compared with ionization or dissociation

[Newman, 1997] (refer to Section 13.4.3.2).

There is ongoing speculation as to whether the dominant nitridation reaction takes place during

the plume expansion, that is, before it reaches the substrate [Zhou and Andrews, 2000] or at the

substrate [Willmott et al., 1997; Hermann and Dutouquet, 2002] or indeed both. Evidence proposing

the existence of MN (M ¼ Al, Ga or In) in the gas phase before reaching the substrate is not

convincing [Giardini Guidoni et al., 1997], but several authors [Andrews et al., 2000; Li and Brenner,

2004] have proposed that this does not preclude the existence of other nitrides of the form

MxNy ðx; y > 1Þ. Indeed, it has been suggested that the diatomic nitride (MN) is the most unstable of

several possible gas-phase nitride compounds (e.g., M3N) and is insignificant with regard to the likely

makeup of either the gas-phase species or important film growth precursors in Group III nitride film

growth [Li and Brenner, 2004]. TOF mass spectroscopy for Al ablation in ammonia has revealed that

the plume contained clusters of the form AlðNH3Þn where n ¼ 3, 4, 5 [Giardini Guidoni et al., 1997],

and clusters of InðNH3Þn were identified when ablating indium in NH3 [Di Palma et al., 1997], thus

suggesting similar behavior for other nitrogen sources. Whatever the nitriding mechanism involved,

the beneficial effects of using an adequate background gas pressure for film growth is clearly illustrated

by the change in film properties following the introduction of the gas. For example, films grown in high

vacuum on unheated (room temperature) substrates by PLD using a GaN target show optical

absorption features typical of a semimetal (metal-rich GaN1�x), whereas this absorption characteristic

is absent in films deposited at (0.05) mbar N2 (Fig. 13.6). While the films grown in high vacuum were

metallic-like (mirror) in appearance, those grown in 0.05mbar N2 were transparent with a slightly

yellow coloring [O’Mahony et al., 2003a]. Even at higher substrate temperatures (900�C), Al metal has

been detected by X-ray diffraction (XRD) in films deposited using an AlN target in vacuum but a

background gas pressure of 5� 10�2 Pa N2 was sufficient to overcome the nitrogen deficiency.

13.4 GUIDELINES FOR FILM GROWTH

13.4.1 Setting the Growth Parameters

At first glance, a survey of the reported ‘‘optimum’’ deposition conditions might suggest that the

guidelines for Group III nitride growth by PLD might not be so clearly defined as deposition has
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Figure 13.6 Reflectivity vs. laser shot number at 635 nm and 25� incidence for deposition on sapphire at room

temperature using a GaN target ablated at 2.5 J cm�2. The solid line shows the variation of the s-polarized

reflectivity (Rs) with increasing film thickness in high vacuum (10�5mbar) while the dotted line shows the

reflectivity for deposition in 0.05mbar N2. Adapted from O’Mahony [2004].
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been carried out under quite a wide range of conditions. Target materials, laser fluence, background

gas types and pressures, as well as substrate types and temperatures used have all varied

considerably. However, some general trends have emerged, and these can be understood in terms of

the material properties and features of the plume–gas interaction discussed in the previous sections.

In particular, the type of target greatly influences the range of background gas pressure and laser

fluence that should be used. The following sections consider some basic guidelines for growth using

either a metal or ceramic target in various environments.

13.4.2 Film Growth in N2

In nitride film deposition, the growth rate is limited by competing deposition and decomposition

(i.e., thermal evaporation) processes at the substrate. For nanosecond ablation of ceramic nitride

targets at a fluence of a few J cm�2 and a background gas pressure of �0.1 mbar, the deposition rate

may be reduced slightly due to scattering of plume species by the gas, but at the same time

compensated by the nitriding effects associated with the plume gas interaction. In any case, an N2

background gas pressure of this magnitude at a fluence of 2–5 J cm�2 has proved suitable for

achieving sufficient growth rates (�5 nm/min at 10 Hz shot repetition rate) and obtaining

stoichiometric material [Norton et al., 1991; Feiler et al., 1997; O’Mahony et al., 2003a].

Stoichiometric nitride film growth has been achieved with metal targets using N2, but

comparatively high fluence, in the range 5–25 J cm�2, is required to achieve useful deposition rates

[Dinescu et al., 1998; Willmott and Antoni, 1998; Mah et al., 2002]. For these high fluences,

sputtering is to be expected [van de Riet et al., 1993; Dorneles et al., 2005] unless a sufficiently high

background gas pressure is used to moderate the directed energy of the ablated material. Indeed the

background gas pressures used are often an order of magnitude higher than those used in conjunction

with ceramic targets [Deiss et al., 2001; Mah et al., 2002], but growth rates are still significantly

lower compared with growth in N2 or indeed when using metal targets in ammonia [Willmott et al.,

2000]. Recall also that the use of high fluence also leads to droplet expulsion due to the ablation

of a modulated surface and splashing (Section 13.3.2.2). Selective deposition using an off-axis

deposition configuration [Mizuno et al., 2002] (and see Chapter 6), to avoid droplet accumulation

may also be necessary if high-grade material is to be obtained using N2 in conjunction with a Ga

target.

13.4.3 Film Growth in Other Atmospheres

13.4.3.1 Growth in Ammonia

Despite the fact that the reaction of ammonia with the Group III metals to form a nitride is

characterized by a lower heat of formation compared with that of N2 (e.g., see Newman [1998]), it

seems that there is still a requirement for relatively high fluence (45 J cm�2) when using it as a

background gas in PLD with metal targets [Xiao et al., 1996; Giardini Guidoni et al., 1997]. For GaN

film growth from a ceramic target, deposition in ammonia has yielded higher growth rates than in N2

and some high-quality material [Cole and Lunney, 1997; Willmott et al., 2000]. However, Willmott

et al. [2000] have shown that while GaN grown in NH3 by PLD contained less than 0.2 at %

hydrogen impurities, the optical quality of these films was considerably lower than that of films

grown in N2. They concluded that for growth in NH3, the surface mobility of Ga was hindered by

prompt reaction with the nitriding species. Postgrowth treatments are required to obtain p-type

conduction nitride films grown by other techniques using ammonia as the nitrogen source [Amano

et al., 1989] and nitride films deposited in ammonia by PLD have invariably been n-type (Section

13.5.2). Therefore, the use of NH3 for the effective growth of high-grade material is debatable.

13.4.3.2 Growth with Nitrogen Plasma Sources

Plasma sources provide considerable control of the flux and type (e.g., molecular, atomic, ionic, or

neutral, etc.) of excited nitrogen species delivered to the nitride growth environment. The ideal
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source should provide active species with low kinetic energies to limit film sputtering [van de Riet

et al., 1993]. Anders and co-workers have shown that in the small-anode direct current (DC)

discharge developed by Miljevic [1984], the ion energies are less than 20 eV, making it suitable for

MBE growth of GaN [Anders et al., 1996]. Since a low-pressure deposition environment (50.1mbar)

is required to operate this source, it should also be suitable for discharge-assisted PLD of nitrides. To

date, a range of discharge sources has been used in PLD with metal targets and yielded good control of

the III : V ratio in films [Fernandez et al., 2000; Deiss et al., 2001; Merel et al., 2001; Basillais et al.,

2005]. For discharge-assisted PLD, the laser fluence is usually somewhat lower, and the gas pressure

much lower, than the typical values for deposition in N2 or NH3. Further work is required to clarify

which nitrogen species, that is, atoms, excited molecules, or ions, are most suited to PLD growth of

Group III nitrides. The high GaN growth rates achieved with a source delivering ðA3Sþ
u Þ excited

molecular N2 to anMBE growth environment suggest that it is highly suited to nitride growth due to its

low reaction exothermicity with the Group III metal [Jordan et al., 2000]. In addition, Newman [1997]

has suggested that moderate ion energies (5–10 eV) may produce a substantial enhancement in surface

diffusion in GaN film growth, while the kinetic energies of the reacting species should not exceed

27 eV if sputtering of the film is to be avoided. Observations relating to GaN films grown by PLD

[Mizuno et al., 2002] and magnetron sputtering [Meng and Perry, 1994] indicate that the threshold

energy for significant sputtering is indeed of this magnitude.

13.4.4 Substrates and Growth Temperature

The most widely used substrate in Group III nitride film growth is sapphire because it has a

hexagonal structure, is stable at typical film growth temperatures (�1000 K) and in aggressive

environments, and is of relatively low cost compared with better lattice-matched substrates such as

SiC [Strite and Morkoc, 1992]. Typically in thin-film growth, the substrate temperature is chosen to

be 50–75% of the melting temperature of the film [Newman, 1997], whereas practical heating

equipment limitations and decomposition rules out using such high temperatures in Group III nitride

growth. Maximum substrate temperatures of �950, 850, and 450�C have been reported for PLD-

grown AlN, GaN, and InN, respectively, on sapphire. For deposition of Group III nitrides on

sapphire, epitaxial growth is observed only at temperatures above 500�C for GaN [Mah et al., 2002]

and AlN [Vispute et al., 1999]. Group III nitrides have also been grown on Si [Willmott and Antoni,

1998; Fernandez et al., 2000] since it seems to allow crystalline growth at considerably lower growth

temperatures (200–300�C). Crystalline AlN films have even been deposited on room temperature

substrates [Seki et al., 1992; Ren et al., 2000; Ohta et al., 2002]. Recently, large-area (50mm

diameter) freestanding GaN wafers, with excellent lattice and thermal matching properties have

become commercially available, obtained by separating or slicing thick (up to 1mm) GaN layers

from sapphire substrates, have become commercially available [Xu et al., 2003].

13.5 SELECTIVE REVIEW OF THE PROPERTIES OF AlN, GaN,

AND InN FILMS GROWN BY PLD

13.5.1 Structural Properties

Group III nitride thin films tend to have a high density of defects (106 cm�2) at the film–substrate

interface in comparison with other layered structures used in the fabrication of electronic and

optoelectronic devices. This is primarily due to the significant lattice mismatch between nitride films

and commonly used substrates, particularly in the case of sapphire. Somewhat surprisingly, the

effects of these defects on electrical and optical performance are not as detrimental as might be

expected, that is, as in GaAs or Si, but it remains one of the main challenges facing Group III nitride

film growers. For MOCVD-grown layers, lattice mismatch was greatly reduced by incorporating a

low-temperature (�400�C) amorphous buffer layer in the film growth stage [Nakamura et al., 1993].
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Buffer layer growth can be achieved in a number of ways; for example, a nitride layer may be

deposited at a lower temperature than the main growth value [Henn et al., 2002] or it may be formed

by exposing the heated substrate, typically at temperatures 41000�C, to a reactive atmosphere

such as NH3 or nitrogen plasma [Deiss et al., 2001; Merel et al., 2001]. It also seems that an

unintentionally grown buffer layer may form during the early stages of film growth on bare sapphire

[Vispute et al., 1999]. Alternatively, a non-nitride layer, for example, ZnO, with lattice parameters

intermediate between the nitride and the substrate, can be used [Xiao et al., 1996].

Figure 13.7a shows the y-2yXRD scan for a GaN film grown in NH3 at 750
�C on (0001) sapphire

[Vispute et al., 1999], where the authors noted the existence of an unintentionally grown buffer layer.

Clearly the film is highly oriented, with the c-axis normal to the substrate. The in-plane orientation

of these films was determined using XRD f-scan (Fig. 13.7b), which revealed a 30� in-plane rotation
of the film with respect to the substrate such that GaN[1�100� k Al2O3½11�20]. These authors reported
the same epitaxial relationship for AlN on sapphire. Feiler et al. [1997] also observed this alignment

for AlN and GaN films grown on (0001) sapphire. However, for InN growth, they reported a 60�

in-plane rotation of the film with respect to the substrate, such that InN[1�100� k Al2O3 ½10�10]. High
structural quality GaN has also been grown using a cooled Ga target with the aid of an atomic

Figure 13.7 X-ray diffraction spectra for a 0.5-mm GaN film grown by PLD from a GaN target on (0001)

sapphire (no intentional buffer layer growth) (Vispute et al., 1999). (a) y-2y pattern indicating strong c-axis

growth. (b) f-scans showing the {1011} GaN film and {1014} sapphire substrate reflections indicating a 30�

in-plane rotation of the film with respect to the substrate. Reprinted with permission from the Minerals, Metals

and Materials Society and the authors (# 1999).
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nitrogen source [Merel et al., 2001], thus it seems that single-crystal epitaxial growth of Group III

nitrides can be achieved with PLD. While sapphire is the most commonly used substrate for Group

III nitride PLD, there is considerable interest in exploring the potential of using Si as a substrate

since this would facilitate the integration of nitride devices with conventional Si microcircuitry.

Willmott and Antoni [1998] have used pulsed reactive crossed-beam laser ablation (PRCLA) with a

Ga target in N2 to grow films of GaN on Si (001). They found that crystalline growth can be achieved

at lower temperatures on Si than on sapphire, but the cubic structure of Si may not facilitate single-

crystal epitaxy. Rather, the authors have identified a locked-twinned growth mode for GaN on Si

(001) where the sides of GaN hexagonal crystallites tend to align along both of the equivalent

Sih110i azimuths. As a result, the regions between the crystallites are likely to contain a high density

of defects and possibly amorphous material.

Whereas most of the interest to date has been directed toward crystalline growth of nitrides, there

are possible applications for amorphous material. For example, amorphous GaN prepared by

reactive sputtering was shown to have a larger bandgap (3.9 eV) than hexagonal wurtzite GaN

[Nonomura et al., 1996]. Considering the difficulties associated with thermal decomposition, this

may be an area of interest in the future, and recently room temperature luminescence was observed at

�2.8 eV in amorphous GaN grown by off-axis PLD on unheated quartz substrates [Shim et al.,

2005].

13.5.2 Electronic Properties

Group III nitride films grown by techniques other than PLD are, in general, intrinsically n-doped and

require postgrowth treatments, such as annealing [Nakamura et al., 1993] or electron-beam

irradiation [Amano et al., 1989], to enhance film quality. For PLD, GaN films grown in NH3 [Xiao

et al., 1998] and ultra-high vacuum (UHV) [Feiler et al., 1997] were n-type, whereas growth in N2

has yielded p-type films. Feiler et al. [1997] measured a room temperature Hall mobility of 300 cm2

V�1 s�1 for n-type GaN films grown under UHV conditions, whereas p-type films deposited in

0.013mbar N2 had a mobility of 150 cm2 V�1 s�1. These values compare well with GaN films

deposited by other techniques [Chin et al., 1994]. For InN, p-type films grown in N2 showed

considerably higher mobility (240 cm2 V�1 s�1) compared to those grown under UHV conditions

(30 cm2 V�1 s�1). In both cases, the target used was a pressed InN powder pellet. Rupp et al. [2002]

observed n-type conduction for InN films grown from an In metal target in 0.13mbar N2 and

measured an electron mobility of 350 cm2 V�1 s�1. Similarly, their GaN films grown from a liquid

gallium target in a nitrogen background were n-type. The p-type doping of GaN has been attempted

using MgGa alloy targets, containing up to 10% Mg [Rupp et al., 2002]. At low doping fraction

(�0.01), a hole concentration of �1019 cm�3 was measured, but the films became highly resistive

when the Mg composition in the target was increased above 8%.

13.5.3 Optical Properties

Several groups have measured the bandgap of PLD-grown nitride films using photoluminescence

(PL) and optical transmission techniques [Cole and Lunney, 1997; Huang et al., 1999; Vispute

et al., 1999]. Cazzanelli et al. [1998] have measured the temperature dependence of the PL decay

time for a PLD-grown GaN film and observed room temperature radiative lifetimes of the order of

tens of nanoseconds. While strong band-edge emission has been reported at room temperature

[Huang et al., 1999], yellow-green luminescence (indicating defects) is also usually observed for

both AlN and GaN [Vispute et al., 1999]. GaN films deposited in high vacuum (10�6 mbar)

showed considerably stronger yellow-green emission than those grown in 0.1 mbar N2 [Cole and

Lunney, 1997]. A comparison of the luminescence properties of GaN films grown in N2 and NH3

atmospheres revealed considerably stronger yellow-green luminescence for those grown in NH3

[Willmott et al., 2000]. This was attributed to antisite defects, that is, Ga atoms in N sites and vice

versa, resulting from limited Ga surface mobility associated with growth in NH3. The benefits of
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incorporating a buffer layer were noted by Vispute et al. [1999] who observed that GaN films

grown with an AlN buffer had considerably fewer structural defects and significantly intensified

band-edge emission than those grown on bare sapphire substrates. Figure 13.8 shows the

temperature dependence of the photoluminescence (PL) for a GaN film deposited on sapphire in

0.3mbar N2 with the yellow-green PL virtually absent for temperatures up to 150 K [Mah et al.,

2001]. Indicated in the figure are some of the luminescence peaks that are generally observed at

low temperature in GaN thin films. The donor-bound exciton (D-X) was observed at 3.471 eV,

with a full-width at half-maximum (FWHM) of 15meV, which is comparable to GaN grown by

MOCVD and MBE. The neutral donor-to-acceptor (D-A) transition is observed at 3.278 eV, with

a transition corresponding to a longitudinal optical (LO) phonon replica at 3.186 eV. The origin of

the 3.41-eV peak is still unclear, though it may be due to oxygen impurities [Huang et al., 1999]

or cubic inclusions in the predominantly wurtzite structure [O’Donnell et al., 1997].

13.6 NOVEL AREAS OF RESEARCH

13.6.1 Composites for Electronic and Optoelectronic Applications

Although the commercial potential of electronic devices from PLD-grown nitride films has yet to be

fully explored, PLD has been used to fabricate devices for microelectronic applications ranging from

insulating layers in Josephson device heterostructures [Orgiani et al., 2005] and piezoelectric

actuation in MEMS resonator devices [Wickenden et al., 2003]. PLD-grown AlN/BN has also been

identified as a suitable capping layer combination for ion-implanted SiC [Ruppalt et al., 2003].

Vispute et al. [2000] have fabricated metal–insulator–semiconductor (MIS) capacitors composed of

TiN-AlN-SiC. The current–voltage characteristics showed comparatively low leakage currents

(�10�3 A/cm2) even at 450�C in a field of 2 MV/cm2. Similar structures, incorporating 100-nm Pt

layers and 200-nm AlN on SiC substrates, have been developed as sensors for combustible gas

detection [Samman et al., 2000]. Attaching low-resistance electrode contacts with adequate

adhesion is especially challenging in the fabrication of nitride-based LEDs [Strite and Morkoc,

1992], and in this regard PLD may prove an effective alternative for depositing suitable conductors,

such as TiGaN [Ren et al., 1998].

Figure 13.8 Temperature variation in the photoluminescence spectra for a GaN film grown on (0001) sapphire

[Mah et al., 2001]. The film was grown at 700�C in 0.3mbar N2 from a ceramic GaN target. Reprinted with

permission from Elsevier (# 2001).
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Ternary compounds of the form AxB1�xN (where A and B are Group III elements) could facilitate

tuning of the bandgap over the full spectral range of the nitrides, from the near UV to red wavelengths

(200–650 nm). Furthermore, it has been shown that In-doped GaN quantum layers greatly enhance the

internal quantum efficiency of LEDs and LDs, so from a device engineering point of view, it is

important to have capabilities in this area of compositional control [Bhuiyan et al., 2003].

Fernandez et al. [2000] have grown InxGa1�xN films by laser ablation of a liquid In–Ga mixture

comprised of 29% Ga in a radio frequency (RF) nitrogen discharge. Films grown at higher

temperatures had a smaller lattice constant and larger bandgap, indicating a lower indium fraction,

presumably due to the preferential evaporation of In from the film surface. This behavior may

provide a simple method for tuning the In : Ga ratio and subsequently the bandgap. AlxGa1�xN thin

films have also been grown from liquid metal Al : Ga targets [Willmott et al., 2000]. The films were

grown in both N2 and NH3 background gases, and the Al concentration was varied from 0 to 100%.

Figure 13.9 shows how the c-lattice parameter of these films varies with Al concentration in the

target. While growth in NH3 generally resulted in films with Al concentrations that were very close

to the target preparations, films grown in N2 had consistently higher Al concentrations than in the

target, due to a higher Ga evaporation rate in N2where the nitriding reaction is slower than in NH3. A

similar substrate temperature dependence was observed in the Group III metal ratio for AlxGa1�xN

films grown from metal alloy targets [Rupp et al., 2002].

Alternatively, ceramic targets, prepared by mixing nitride powders, have been used for PLD

of single-phase AlxGa1�xN with up to 0.6 mol fraction Al [Huang and Harris, 1998]. However,

the films were heavily n-doped, most probably due to the limited purity of the target powders.

Otherwise, ternary nitrides can also be prepared by alternating the ablation between two targets;

the composition can be varied by changing the relative number of shots on each target [Vispute

et al., 2000].

13.6.2 Magnetic Doping: Diluted Magnetic Semiconductors for Spin Electronics

Diluted magnetic semiconductor (DMS) growth has recently become an area of intense research

with the aim of developing room temperature semiconductor-based spin-transport electronic devices

for regulating the flow of spin-polarized current [Ball, 2000; Liu et al., 2005]. The growth of DMS

Figure 13.9 Variation of (0002) lattice plane spacing for AlxGa1�xN films grown in N2 (solid circles) and in

NH3 (open circles) as a function of the Al percentage in the liquid alloy target [Willmott et al., 2000]. Reprinted

with permission from the American Institute of Physics and the authors (# 2000).

306 GROUP III NITRIDE GROWTH



materials involves doping a semiconductor such as GaAs or GaN with small concentrations of a

transition metal (e.g., Mn or Fe). However, the thermal equilibrium solubility of Mn in III–V

semiconductors is limited to about 2% [Szyszko et al., 2001], whereas higher concentrations (�5%)

are predicted to be necessary to obtain above-room temperature ferromagnetic transition (Curie)

temperatures in GaMnN and AlMnN [Dietl et al., 2000; Litvinov and Dugaev, 2001]. Reed et al.

[2001] succeeded in obtaining room temperature ferromagnetic GaMnN films; they used PLD to

deposit a Mn layer on MOCVD-grown GaN and annealed the sample at 250–800�C to obtain �1%

Mn films that showed hysteresis at 300K. Much interest has been generated by reports of high-

temperature ferromagnetism in various doped wide bandgap oxides grown by PLD, in particular, the

observation of a giant Co moment in Co-doped tin oxide [Ogale et al., 2003; Venkatesan et al.,

2004]. Recently (Ga,Mn)N films, exhibiting room temperature ferromagnetic behavior, have been

grown on (0001) sapphire by PLD using a Mn-doped GaN target [O’Mahony et al., 2004; Dorneles

et al., 2005]. The films, which seem to require higher growth temperatures than undoped GaN to

maintain epitaxy, exhibit hysteresis at room temperature and the estimated moment per Mn dopant

was as high as 1.6 mB (Fig. 13.10). These results are promising, but further characterization is

necessary to establish the dopant solubility, the nature of the ferromagnetic coupling, and the spin

coherence length.

13.7 SUMMARY AND OUTLOOK

Since PLD was first used to grow Group III nitride films in the early 1990s, interest in both the

ablation and deposition processes has increased steadily, often opening up new areas of broadly

applicable research. For example, before the growth of GaN and InN from their respective Group III

metals, liquid target ablation was seldom used for compound material film growth in PLD. Laser

ablation of single-crystal and ceramic nitride materials have revealed that for nanosecond pulses

there is significant decomposition at the surface after ablation. Though it is not clear if laser

decomposition is a problem for nitride PLD, it is a topic that requires further study in order to

optimize the potential of UV laser etching and laser lift-off processes in device fabrication. The
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Figure 13.10 Room temperature magnetization for (Ga,Mn)N films grown at 800�C (film I: 26% Mn) and

900�C (film II: 21% Mn) on (0001) sapphire measured in a SQUID magnetometer [O’Mahony et al., 2004]. The

films were grown in a N2 background (0.1mbar) using a Ga1�xMnxN target with Mn concentration, x ¼ 0:1. The

diamagnetic contribution of the sapphire substrate has been subtracted from the data. Reprinted with permission

from Elsevier (# 2004).
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existing literature on the thermodynamics of nitride reactions has provided some understanding of

laser decomposition and the necessary conditions for nitride growth. In particular, these

considerations have drawn attention to the possible benefits of using plasma discharge sources of

excited nitrogen for assisted PLD of nitrides. However, while the general features of PLD of Group

III nitrides are quite well understood, the details of the rather complex chemistry in the plume and at

the plume–film interface have yet to be clarified.

Keeping in mind the recent success of MOCVD and MBE techniques for the fabrication of GaN-

based multilayer structures for optoelectronic applications, PLD does not appear to be a

commercially competitive film growth process in this technology area. Nevertheless, it is likely

that PLD will continue to have a role for the deposition of novel nitride materials for research (e.g.,

DMS and nanostructures [Goodwin et al., 1997]), where exploration of a wide range of target

compositions and doping combinations is often required. Discharge sources of excited nitrogen have

accommodated the use of the high-purity metal targets, and it seems likely that this combination will

be the preferred choice for the PLD of electronic-grade material, if sufficient growth rates and film

stoichiometry can be obtained at low laser fluence to avoid droplet contamination. Indeed, it is the

stoichiometry control of complex film structures and the extended solubility limits for bandgap

tuning or magnetic doping that, perhaps, offer the best opportunity for establishing PLD as a niche

area in nitride film growth.
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CHAPTER 14

Pulsed Laser Deposition of
High-Temperature Superconducting
Thin Films and Their Applications

BERND SCHEY

AxynTeC Thin Film Technology GmbH, Augsburg, Germany

14.1 INTRODUCTION

In a challenging decade, after the discovery of the first high-temperature superconductor (HTS)

La1.85Ba0.15CuO4 with a transition temperature (Tc) of 35K in 1986 [Bednorz and Müller, 1986]

many new superconducting oxide materials were found, increasing the maximum Tc up to 135K

(HgBa2Ca2Cu3O8þy) [Putilin et al., 1993]. The hallmarks in history of superconductors and HTS are

schematically summarized in Figure 14.1. The newly found HTS materials caused great interest

among many groups of scientists, inducing three main directions of worldwide researching activities

that are still developing: the first was the fundamental physical understanding of the mechanism of

superconductivity in these new ceramic materials, the second the search for novel HTS materials

with higher Tc’s, and the third is the design and the realization of HTS devices utilizing the

promising advantages of high-temperature superconductivity. The initial euphoria concerning a fast

evolution and production of HTS devices for industrial application was damped by the occurrence of

various complications during the development of such devices. These complications were due to the

incomplete understanding of the physical correlations and interactions inside the new super-

conducting materials and with other integrated materials, respectively. Based on the fundamental

research on HTS materials, most of these initial difficulties are nearly overcome, and the first HTS

devices are now entering the market. According to the excellent physical properties of the HTS

materials, a great number of applications of HTS thin films exists.

The ceramic nature of HTS materials rules out the fabrication of bulk wires; therefore, most of

the applications are based on thin films that are deposited on various substrates. An ideal deposition

technique for producing such ceramic HTS thin films is pulsed laser deposition (PLD). There are two

major benefits of the PLD technique in contrast to other thin-film technologies (thermal and e-beam

evaporation, sputtering, chemical vapor deposition, etc). First of all, the simple and exact transfer of

the complex target stoichiometry to the substrate. The second benefit of PLD is the small number of

parameters that have to be controlled during deposition. Both of these make PLD one of the most

powerful tools for HTS thin-film development and production as well as for basic research. The

following section concentrates on HTS thin films developed by PLD for electronic and medical

Pulsed Laser Deposition of Thin Films: Applications-Led Growth of Functional Materials
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applications as well as for promising electric power applications. The last section gives an

assessment of the potential of PLD in the commercialization of HTS in large-scale applications.

14.2 HIGH-TEMPERATURE SUPERCONDUCTOR DEVICES FOR

ELECTRONIC AND MEDICAL APPLICATIONS

One of the most important and actually realized applications of HTS thin films is in the field of

communication technology where HTS films are used either as active or passive devices. Other

applications based on thin-film Josephson Junctions (JJ) are junction arrays for digital electronics or

systems based on superconducting quantum interference devices (SQUIDs) to measure very small

magnetic fields. This is, for example, very interesting for quality control of metals or semiconductors

in industry. This extraordinary magnetic sensitivity also enables the SQUID to be used in medical

diagnostic systems in magnetocardiography (MCG), the magnetic equivalent to electrocardiography

(ECG). It has also been tried to use superconducting coherence for building so-called qubits, which

may be the central point in developing future superconducting computer architectures.

14.2.1 High-Temperature Superconductor Communication

In comparison to conventional microwave materials (Cu, Au), high-temperature superconductors

exhibit very small surface resistance Rs(f, H) resulting in high-unloaded quality factors Q (103–105)

leading to low insertion loss in transmission devices and sharp skirt characteristics in resonant

devices. These excellent properties of HTS are utilized to apply HTS thin films to the manufacturing

of various microwave devices for mobile and satellite communications [Mansour et al., 2001] with

an additional reduction in size and weight.

14.2.1.1 Microwave Devices

Typical units made of planar HTS films are filters with special resonator designs (Fig. 14.2) and

multiplexers consisting of several filter systems (Fig. 14.3). The use of HTS transmission or

Figure 14.1 Hallmarks in the history of low-temperature superconductors since 1911 and the CuO-based HTS

since 1986.
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delay lines allow the realization of compact microwave filter devices with low dispersion due to

their frequency-independent penetration depth and low insertion loss. Using the appropriate

design (Fig. 14.4), the HTS microwave devices can be adapted to the desired frequency band

(Table 14.1).

High-temperature superconductor thin films have to meet certain requirements to be used as

filters that are the basic components integrated in passive devices for wireless communication. First

of all these films must provide a minimal surface resistance Rs with a high-quality factor Q

especially at high microwave power. Second, homogeneous and large-area HTS layers are necessary

to realize special filter designs. Typical substrates used for microwave applications are MgO,

Figure 14.2 Five-pole elliptic HTS filter (www.conectus.org).

Figure 14.3 Installed HTS filter system (www.conectus.org).
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LaAlO3, sapphire (Al2O3), and (La0.3Sr0.7)(Al0.65Ta0.35)O3 (LSAT) because of their low dielectric

losses.

Surface Resistance Rs Bollmeier et al. [1997] have prepared homogeneous YBa2Cu3O7�x

(YBCO) thin films by PLD on 2-inch LaAlO3 substrates with Rs of about 150 m� at 19GHz and

T ¼ 4.2K. Lorenz et al. [2001] achieved the HTS deposition via PLD on 3-inch sapphire substrates

providing Rs (77K) values of 500–600 m� at 10GHz and 40–60m� at 145GHz. The microwave

performance of these films was comparable to that of high-quality films deposited by other

techniques such as sputtering [Aidam et al., 2001] and thermal coevaporation [Kinder et al., 1997].

Due to the importance of providing low surface resistance Rs, much effort has been put into the

understanding of the mechanism leading to microwave loss in HTS films and finding solutions to

reduce it. The total microwave loss is divided into two parts: the extrinsic loss that was mostly

induced by grain boundaries [Halbritter, 1990] and the intrinsic loss depending on the quasi-particle

number density, scattering time, impurities, and so forth [Hardy et al., 1994]. One way to influence

the intrinsic loss is by doping the HTS films with other metal elements. Zhang et al. [1993] observed

a reduction of Rs in YBCO films by adding small amounts of Zn impurities, which in dilute

quantities strongly alter the inelastic scattering. Lorenz et al. [1999] found that Ag doping of YBCO

lowers and improves the homogeneity of Rs. The doping also affects the temperature dependence of

Rs, which is crucial for designing HTS devices. For example, doping LuBa2Cu3O7�x with Pr leads to

TABLE 14.1 Microwave Frequency Bands

Band Frequency (GHz) Wavelength (cm)

P-band 0.225–0.39 133–77

L-band 0.39–1.55 77–19

S-band 1.55–3.90 19–7.7

C-band 3.90–6.20 7.7–4.8

X-band 5.75–10.9 5.2–2.8

Ku-band 10.9–18.0 2.8–1.7

Ka-band 18.0–36.0 1.7–0.8

Figure 14.4 HTS channelized X-band receiver with four 100-MHz contiguous channels.
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anomalous peaks in Rs vs. T curves, whereas these peaks are absent in the undoped film [Srinivasu

et al., 1997]. Compared with the best YBCO films, thallium-based HTS [Tl2Ba2CaCu2O8 (Tl-2212),

Tl2Ba2Ca2Cu3O10 (Tl-2223), TlBa2Ca2Cu3O9 (Tl-1223)] exhibit the highest transition temperature,

the lowest microwave surface resistance Rs, and are robust in humid atmosphere [Li, 2000].

However, the high vapor pressure and the toxicity of thallium may be a limiting factor in the

application of these HTS materials in microwave devices.

Filter Designs The resonators in the design of HTS filters mostly consist of lumped or

distributed elements. Microstrip half-wavelength [Vargas et al., 2001] or quarter-wavelength

resonators are the elements of planar HTS filters using hairpin-shaped [Kim et al., 2001], ‘‘H’’-

type [Chung and Han, 2001], ‘‘T’’-type [Vlasov et al., 2001], and meander or comb line designs

[Marcilhac et al., 2001]. To reduce the filter size lumped elements are favored, however, the Q

factor in lumped elements is lower than in distributed elements. The Q of lumped elements

based on HTS materials is much higher than in normal metals. This high unloaded quality factor

Q of the HTS filters, which is determined by

Q ¼ f0

�f 1� S21 f0ð Þj jð Þ

where f0 is the center frequency, Df is the bandwidth of the resonance curve, and S21 is the insertion

loss, provides very sharp skirt characteristics and therefore an efficient frequency utilization in

mobile communication systems. Besides these, sharply defined filtering properties generate greater

demands on fabrication tolerances and design procedure. The resonance frequency of the HTS filter

is very sensitive to film properties and substrate dimensions. As a result there is a great effort to

realize tunable HTS filters adjusting the device characteristics after assembly or to compensate

temperature fluctuation or degradation over time due to aging effects.

Tunable Filters Besides mechanical tuning [Xu et al., 2001] the most common method to tune the

resonance frequency is to integrate ferroelectric and ferromagnetic materials into the filter design

and to change their nonlinear dielectric constant by electric and magnetic methods, respectively. To

grow epitaxial ferroelectric/ferromagnetic and superconducting layers on one substrate these two

materials must have closely matched lattice constants and must not show any interdiffusion or

chemical reactions at the interfaces. An ideal ferroelectric material that meets these requirements is

SrTiO3 (STO). Woodall et al. [2001] reported a 580-MHz agility range of a comb-type resonator

[YBCO (400 nm)/STO (400 nm)/LAO(001)] at 5.8GHz induced by a bias of 500V. In this case the

unloaded Q is higher than 600 over 75% of the agility range. The problems of a ferroelectric STO

layer are the dielectric constant and dielectric loss tan d, which are usually an order of magnitude

lower and higher, respectively, than in single crystals. To reduce the dielectric loss, Moeckly and

Zhang [2001] tried doping of STO with different elements, including Ce, Ca, Cr, Mo, Mn, W, Co, Y,

Ga, and Ir, but in each case they found an increase in tan d. In optimized undoped STO layers, they

realized a minimum loss tangent of 0.0025 at 60K.

Using HTS/ferri- or ferromagnetic heterostructures for tunable microwave devices, there are

additional demands for the magnetic material: narrow ferri- or ferromagnetic resonance linewidth

and a large saturation magnetization that is necessary for a high operation frequency. Ferrimagnetic

materials used in combination with HTS layers are based on rare-earth iron garnet (RE3Fe5O12,

REIG). However, the lattice mismatch between YBCO and REIG is high and chemical reactions are

observed at the interface [Hontsu et al., 2001]. Typical ferromagnetic materials are the perovskite-

type manganite RE1�xCaxMnO3 (RE ¼ La, Pr). Terakago et al. [2001] reported the deposition of

epitaxial YBCO (100 nm)/Pr1-xCaxMnO3 (x ¼ 0.15 and 0.25) (100 nm)/LSAT with a super-

conducting transition temperature of 87K and a loss tangent of 0.008 for x ¼ 0.25 and 0.006 for

x ¼ 0.15 measured at T ¼ 30K. Applying direct current (DC) magnetic fields of 70 and 320 Oe on a

filter based on this heterostructure, the filtered frequency can be adjusted between 2.2 and 3.1GHz.
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14.2.1.2 Commercialization of HTS Microwave Devices

The application of superconductivity in wireless and satellite communication was expected to be

the first area to enter the global market and this proved to be the case. HTS filter subsystems with

much better performance than conventional wireless systems are manufactured in especially large

scale. Up until 2002, nearly 2000 of these HTS subsystems have been working worldwide with

many millions of hours of cumulative operations. According to the Cellular Telecommunications

& Internet Association (CTIA) in December 2002 nearly 1 million base stations worldwide (about

150,000 being in the United States alone) were connecting more than 1 billion wireless customers.

The number of customers in the United States has grown up to nearly 140 million by December 2002

(an average growth rate per year of 14%), and the monthly minutes of use per person increases about

26% each year and has exceeded 400min in 2002 resulting in an exponential increase of total

wireless traffic. This vast increase in traffic additionally leads to increased interference effects

negatively influencing the communication by dropped or blocked calls, for example. Even these

negative effects can be avoided using HTS-based microwave subsystems with much better

performance than conventional microwave components. Therefore, the evolution of the wireless

(3G, UMTS) as well as the satellite communication market and the upcoming demands on

microwave devices (interference protection, high sensitivity, weight reduction, size reduction)

promote the deployment of microwave HTS components worldwide.

14.2.2 Digital Electronics

In the last few years semiconductor digital electronics have progressed very fast and have already

reached clock frequencies over 3GHz in microprocessing units (MPUs). These MPUs are based on

very small transistor structures. The physical limit of miniaturization will be reached in the near

future where scaling limits and atomic level fluctuations become a real problem. Superconducting

devices characterized by their low energy dissipation that is about two or three orders of magnitude

lower than in semiconductors and by their high switching speed are becoming promising candidates

in high-performance digital electronics. Tahara et al. [2001] reported some possible applications of

superconducting electronic devices for which they are vastly superior over semiconductors: these

include digital samplers, analog/digital (A/D) or digital/analog (D/A) converters, high-speed

switches, and digital signal processors (DSP).

14.2.2.1 Josephson Junction (JJ)

One of the basic components of superconducting electronic devices is the Josephson Junction (JJ),

where two superconductors are separated by a thin insulating layer. In developing thin-film JJs there

are two geometrical constraints that have to be considered: first, the junction must be large enough to

avoid thermal fluctuations, and, second, the junction should be smaller than the Josephson

penetration depth [Kadin et al., 2001]. In order to deposit thin films for production of JJs the

deposition method should produce epitaxial thin films with a flatness of nanometer dimension and

only a small number of particles whose sizes are smaller than the precision of the junction structures

[Kusumori and Muto, 1999]. Additionally the thin-film JJ must provide critical currents (Ic) of

100–500mAwith a weak temperature dependence, normal resistance (Rn) in the range of several �,

inductance of a few pH, uniformity of these parameters with a s spread less than 10%, stability

under multilayer process conditions, and flexibility of junction placement on the chip [Sung and

Kim, 2001]. The most common kind of electronic circuits are based on rapid single-flux quantum

(RSFQ) logic, developed by Likharev and Semenov [1991]. In the RSFQ the information is

carried by the absence or presence of single-flux quantum (SFQ) voltage pulses generated by

damped JJ. Up to now most logic circuits have been developed using low-temperature

superconductors (LTS) as thin-film materials. These complex digital circuits consisting of thousands

of homogeneous JJ are based on Nb with an operational temperature of liquid helium. The LTS-JJ

with the simplest fabrication technology is the Nb-trilayer (Nb/AlOx/Nb, superconductor/insulator/

superconductor, SIS-type JJ) invented by Gurvitch et al. [1983]. Five years later Kupriyanov and
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Lukichev [1988] proposed a SINIS (N: normal conductor) type JJ to realize damped JJ elements

where no external shunt is needed in contrast to SNS-type JJ. Using SINIS-type JJ, the circuit can be

scaled down to the size of the junction, thus increasing the junction density on the chip [Balashov

et al., 2001], decreasing the probability of unwanted flux trapping, and avoiding parasitic shunt

inductances [Khabipov et al., 2001]. These SINIS-based RSFQ circuits were first tested by Khabipov

et al. up to 200GHz in T-flip-flops (TFF). SNS-based RSFQ circuits using 68-submicron junctions

based on a Nb trilayer created by Chen et al. [1999] exhibit the fastest digital circuits with speeds up

to 770GHz.

14.2.2.2 High-Temperature Superconductor Josephson Junctions

In the case of LTS-JJ, the resistive shunt layer reduces the IcRn product that acts as a limiting factor

for the maximal usable operation frequency of the digital circuit. On the other hand HTS devices

provide higher IcRn products and energy gaps leading to much better switching behavior than LTS

junctions. Furthermore the HTS-JJ can be operated by a more compact cryocooler because of the

higher operating temperature. This is a big advantage especially for applications where small units

are crucial. There are quite a few kinds of implementation of HTS-JJ devices using step-edge

structures, bicrystals, planar multilayer systems, c-axis microbridge (CAM), or ramp-edge junctions.

The most common type of HTS-JJ fabricated so far was realized by ramp-edge-type junctions due to

their high IcRn product, their great flexibility in designing electronic devices, and the controllability

of junction parameters, which are determined by the thickness and conductivity of the barrier

material [Park et al., 2001a]. The main problem in developing these junctions is the required

reproducibility of the JJ properties, for example, the Ic spread. The main reason for the high scatter in

the JJ properties is the film roughness typically induced by the steplike growth of the oxide barriers

[Verhoeven et al., 1996]. In 1997 Moeckly and Char [1997] succeeded in developing highly

reproducible HTS-JJ using ramp-edge junctions without any artificial barrier layer, by modifying the

superconducting bottom layer. The systematic modification of the HTS bottom layer surface to that

of an insulator can be achieved by plasma treatment [Moeckly and Char, 1997], ion beam treatment

[Heinsohn et al., 1999], chemical treatment [Hunt et al., 1999], or doping [Schneider et al., 1999].

Such modified junctions are called interface-engineered junctions (IEJ, Fig. 14.5).

Satoh et al. [1998, 1999] fabricated ramp-edge HT-JJs with modified interfaces (IEJ) by PLD and

obtained a tiny spread in the junction parameters of s less than 8% for 100 JJ and 10% for 1000 JJ at

4.2K. Park et al. [2001b] investigated the effect of ion beam damage and heat treatment on PLD-IEJ.

They deposited a YBCO (200 nm)/STO (150 nm) bilayer on a single-crystal STO substrate that was

covered with a YBCO top layer after the formation of the ramp edge by Ar milling, ion beam

damage of the YBCO ground layer, and heat treatment of the bilayer. They found that the best

junction properties with RSJ-like behavior and Ic 4 100mA and Rn 4 1� at 77K can be achieved

for an Ar ion beam energy of 700 eVand followed by annealing at 450�C under a 75-mTorr oxygen

flow. Soutome et al. [2001] reported that the IEJ technology increases the IcRn products up to 3mVat

4.2K with a s spread of 10% for 200 JJ of ramp-edge junctions deposited by PLD. Controlling the

annealing temperature TA between 710 and 770
�C after ion milling, the critical current density (jc) of

the YBCO/CeO2/YBCO/LSAT device can be varied from 2 � 103A/cm2 to 7 � 105A/cm2, and the

IcRn product can be adjusted from 0.6 to 3mV, respectively. To increase the IcRn product for higher

operation frequencies Schneider et al. [1999] and Sonnenberg et al. [2001] tried to locally increase

Figure 14.5 Schematic illustration of an interface-engineered junction (IEJ) based on YBCO and CeO2.
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the critical current Ic in the ramp-edge junction by doping the interface or the superconducting

electrode. Additionally an increased Ic allows thicker barrier layers that reduces the spread of the JJ

properties. Sonnenberg et al. [2001] observed more than doubling of the Ic at 4.2K for different

barrier thickness by doping the DyBa2Cu3O7�x (DBCO) ground plane with 20% Ca.

Another important point that should be considered in the fabrication of ‘‘low spread’’ IEJ is the

reduction of roughness of the modified layer. NdBa2Cu3O7�x (NBCO) known as the 123-HTS

material with the highest Tc (96K) and jc, provides much smoother surfaces than the best quality

YBCO thin films grown by PLD and shows a higher decomposition temperature with lower chemical

reactivity than YBCO. Li and Tanabe [1998] found that high-quality NBCO films can be grown with

a smooth surface (51 nm) using a slightly Ba-rich target under optimized deposition parameters.

The droplet density could be reduced from 106 to 102 droplets/cm2 and the critical current densities

increased up to 6.7 � 106 A/cm2 (77K) by ablating from a single-crystal NBCO—target [Li et al.,

1998]. Based on a NBCO/YBCO system, Makita et al. [2001] realized ramp-edge junctions with a

roughness of 0.5 nm and an IcRn product of 1.6mV at 4.2K.

14.2.2.3 High-Temperature Superconductor Digital Devices

Analog/digital converters that allow direct digital conversion of analog signals will become the key

elements of the next generation of digital receivers. For example, Sonnenberg et al. [2001] reported

the successful test of an HTS-based A/D converter by using a 3.4-kHz input signal that is sampled at

different clock frequencies from 20GHz up to 174GHz at 10K. Tahara et al. [2001] fabricated a

HTS SFQ sampler that consists of 5 ramp-edge JJs for observation of ultrafast signals with high time

resolution. They measured signals with dI/dt ¼ 12mA/ps and a 2.5-mA sensitivity at 25K. Toggle

flip-flop (TFF) devices are able to transfer a high data rate to a lower one allowing further processing

by conventional technology. A TFF circuit based on 9 HTS ramp edge JJ shows a correct voltage-

divider operation up to 155GHz at 15K and 19GHz at 27K [Saitoh et al., 2001]. In the near future,

computer systems based on HTS will be hybrid computers that consist of superconductor and

semiconductor logic devices. To combine these two materials, the difference of their device

operation voltage has to be adjusted by amplifying the SFQ signal (�1mV) up to several millivolts.

One possibility to amplify the SFQ signal is the use of quasi-particle injection devices that have

already been investigated in the late 1980s [Kobayashi et al., 1989]. Shiga and Okabe [2001] realized

a three-terminal quasi-particle injection device without an insulating layer between the injection

electrode and the YBCO bridge, whereas the contact resistance between the Au top layer and the

YBCO bridge still has to be reduced to get the needed amplification factor of 1000.

14.2.3 SQUID Systems

The measurement of very small magnetic fields is a challenging factor in many disciplines such as

material science, physics, medical science, and geophysics. A powerful device to detect magnetic

fields down to about 10�14 Tesla is the superconducting quantum interference device (SQUID).

SQUIDs also enable the measurement of small electrical currents produced by electrochemical

corrosion [Bellingham et al., 1987], during solid combustion processes or liquid–solid reactions

[Nersesyan et al., 1999].

There are two main types of SQUIDs, named according to the applied bias, that is, DC and

alternating current (AC) [or radio frequency (RF)]. A DC SQUID consists of a superconducting loop

interrupted by two JJs. The principle of the DC SQUID is based on a constant current flowing across

the JJ. The resulting voltage drop across the junction will be modulated by the magnetic flux through

the superconducting loop. An RF SQUID needs only one Josephson Junction, which makes this type

of device more popular for production reasons. The stimulation of the RF SQUID and the extraction

of the signal is realized by a resonant circuit working in the MHz regime. The evolution of RF

SQUID designs has been reported by Zhang [2001]. Most of the planar SQUIDs are fabricated using

bicrystals or step-edge junctions (SEJ). For many years the properties of LTS SQUIDs were superior

to HTS-based SQUIDs concerning field resolution, but with optimization of the deposition
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processes, planar SQUID designs and read-out electronics now produce field resolutions of several

fT/
p
Hz at 1 kHz and 77K, which are comparable to LTS devices at 4.2K (�1fT/

p
Hz). Drung et al.

[1996] reported a field resolution of a PLD multilayer SQUID of 9.7 fT/
p
Hz at 1 kHz.

14.2.3.1 Low-Frequency Noise

A further increase of the field resolution that is necessary for applications in unshielded

environments can only be realized by improving the low-frequency noise that limits the field

resolution. The low-frequency noise itself is influenced by several factors. Random weak links or

defects and imperfections in the superconducting thin films induced by the deposition process

negatively affect the noise properties of the HTS-JJ as well as the effect of thermally activated flux

motion and the degradation of the Ic. One way to provide a high field resolution in unshielded

environments is to incorporate the SQUID into a gradiometer. The first HTS SQUID gradiometer

was based on a SEJ deposited by laser ablation [Eidelloth et al.,1991]. Three of the most common

kinds of gradiometer are flip-chip gradiometers [Dantsker et al., 1997], where the HTS SQUID is

localized on a small chip and the flux transformer on a bigger chip, direct-coupled one-chip

gradiometers [Tian et al., 1999], which consist of a SQUID and at least one larger pick-up coil that is

directly connected to the SQUID, and electronic gradiometers based on two or more magnetometers

[Vrba, 1996]. There are two different approaches to build an electronic gradiometer [Matlashov

et al., 2001]: first, the signals from the primary and the background sensors are subtracted by a

differential amplifier, or second, the signal from the background sensor is inverted and converted to a

magnetic field at the primary SQUID sensor. The best gradient field resolution of a directly coupled

single-layer SQUID gradiometer, which was fabricated on a 24� SrTiO3 bicrystal substrate by PLD,

was 50 fT/(cm
p
Hz) and 260 fT/(cm

p
Hz) in a shielded and unshielded environment, respectively.

Eulenburg et al. [1999] measured these values at 77K and 1 kHz. Another phenomenon that causes

an increase of low-frequency noise is the thermal motion of trapped flux. This flux motion can be

avoided using structures with slots and dams. In 1995 Koch et al. [1995] introduced the dam design

on laser-ablated YBCO SEJ to prevent the flux lines entering the magnetometer in an external

magnetic field up to 50mT. Beneath these optimization processes based on the design of

gradiometers, the low-frequency noise can additionally be reduced by applying special software

tools calculating the real signal without noise from the measured one [Adachi et al., 2001; Bick et al.,

2001].

14.2.3.2 SQUID Applications

The fundamental application of SQUIDs is the measurement of magnetic fields with an unrivaled

sensitivity. The challenge in developing SQUID magnetometers is keeping the high field resolution

in unshielded environments that is very important in geophysics, for nondestructive evaluation

(NDE) in material science, or in medical diagnostics. Schultze et al. [2001], who use YBCO

SQUIDs deposited by PLD on bicrystal SrTiO3 substrates, favor directly coupled magnetometers

with pick-up coils consisting of several narrow parallel loops (dam design) for operation in

unshielded environments (Fig. 14.6). In geophysics there are various electromagnetic methods used

to explore ore, petroleum, or geological structures: transient electromagnetic (TEM), magneto-

tellurics (MT), and controlled source audio magnetotellurics (CSAMT). In these geophysical

methods the exploration via a HTS SQUID magnetometer has significant advantages over the

common large induction coil systems. Bick et al. [1999], for example, presented a highly sensitive

RF SQUID vector (x,y,z) magnetometer system that is able to operate stably in long-term operation

without any magnetic shielding. This system, which meets the requirement for TEM, was based on

YBCO SEJ deposited by PLD providing a white noise level of 40 fT/
p
Hz above 100–300Hz in the

earth’s magnetic field.

Another application of SQUIDs is the quality control of materials and devices based on

nondestructive evaluation (NDE). The NDE technique can be divided into two types: (a)

measurement of weak permanent magnetic fields (e.g., induced by magnetic impurities) and (b)

measurement of AC-magnetic fields (e.g., induced by currents). The second type combined with an
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eddy current (EC) excitation can be used for testing conducting samples (e.g., aircraft parts, wires) to

find very small or deep defects like cracks or flaws. Hohmann et al. [2001] developed a testing

system for aircraft wheels that consists of a HTS SQUID sensor (made by Jülicher SQUID GmbH

based on a PLD-YBCO film) with a differential EC excitation. This system proved to be reliable due

to the stability of operation in unshielded environments. The SQUID NDE system of von

Kreutzbruck et al. [2001] applied on riveted aircraft multilayer samples was able to detect defects

with a size that is one order of magnitude smaller than can be detected by conventional eddy current

technique. To investigate the local magnetic field near a sample surface HTS SQUID scanning

microscopes (SSM) have been developed [Black et al., 1993; Vu et al., 1993] to provide magnetic

images with very high magnetic sensitivity and spatial resolution. The main application of SSM is

the imaging of defects in conducting films and wires, superconducting and magnetic films, or

semiconducting circuits integrated on wafers.

In medical diagnostics, magnetocardiography (MCG), the magnetic equivalent to electrocardio-

graphy (ECG), is one of the most promising applications of SQUID systems [Koch, 2001] especially

in fetal cardiology where the ECG cannot be applied. The electrically active cells of the heart muscle

induce detectable biosignals. Another diagnostic method is the measurement of neural activity inside

brains [magnetoencephalography (MEG)]. Because SQUIDs can operate at acquisition rates much

higher than the highest frequency of interest in the signals emitted by the brain (kilohertz), MEG

achieves excellent temporal resolution. These biomagnetic diagnostic methods require simultaneous

detection of biosignals over large areas and therefore a multichannel SQUID magnetometer system

was introduced. Barthelmess et al. [2001] developed an 8-channel DC-SQUID array system based

on YBCO thin films deposited by PLD on SrTiO3 bicrystals that achieved a noise level550 fT/
p
Hz

at 10Hz and 77K. This system shows the same quality of the detected signal compared with a LTS

multichannel system and identified magnetic signals of the heart with an amplitude of about 25 pT.

Figure 14.6 SQUID magnetometer consisting of a large pickup coil loop with an integrated multiturn input

coil, thus forming a flux transformer, and a washer SQUID. The input coil is placed against a washer-type

SQUID in a flip-chip configuration (IPHT Jena, Department of Quantum Electronics).
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Also MEG measurements of electrically invoked magnetic signals in the brain have been

demonstrated. In the fetal MCG a magnetic resolution of about 2 pT and a noise below 20 fT/
p
Hz in

a bandwidth of 100Hz is required [Faley et al., 2001]. This is already achieved by PLD-SQUIDs

[Drung et al., 1996]. Another medical application of SQUID systems is the detection of biological

antigen–antibody reactions (biological immunoassays) where the antibody is labeled with a

magnetic marker, for example, magnetic nanoparticles [Enpuku et al., 2001]. The experiment of

Enpuku et al. [2001] show that the sensitivity of the SQUID system is 10 times better than that of

conventional methods that use optical markers.

14.3 ELECTRIC POWER AND ENERGY

Based on the dramatic development of electrical power demand worldwide, which has grown

relentlessly from 1 � 1012 kWh in 1950 to 13 � 1012 kWh in 2000 and is predicted to reach

60 � 1012 kWh in 2050 [Rosner, 2001], there is a great effort to replace conventional conductor (Cu,

Al) technology with HTS. In contrast to LTS the fabrication of HTS wires is really a technological

challenge because of their ceramic nature. The first generation of HTS cables were made by the OPIT

(oxide-powder-in-tube) technique where generally BiSrCaCuO (BSCCO) is used as the oxide powder

that is filled in silver tubes and subsequently rolled and annealed creating a multifilament flexible

wire. Such cables are already produced commercially in lengths more than 100m, providing

electrical currents over 100 A at 77K in zero magnetic field. However, these superconducting tapes

have poor properties in higher magnetic fields resulting in a strongly reduced Ic. The second

generation of HTS tapes overcomes this problem and shows critical currents in magnetic fields two

orders of magnitude higher than the OPIT tapes. This second generation is based on thin-film

deposition of REBa2Cu3O7 (RE ¼ rare-earth element) compounds on flexible substrates: the coated

conductors (CC). Moreover the CC show an AC loss that is a factor 75 smaller than that of an OPIT

tape at power frequencies and in AC fields perpendicular to the tape plane. But the most important

incentive for developing high-quality CC lies in achieving significantly lower production costs than

for OPIT tapes [Malozemoff et al., 2003] and see also Chapter 9.

14.3.1 Applications of Coated Conductors

These coated conductors enable the important field of high current and power applications. The most

common applications where coated conductors are the key technology are transmission lines (TL),

magnets, motors and generators, transformers, fault current limiters (FCL), and superconducting

magnetic energy storage (SMES).

Using superconducting transmission lines generates higher efficiency due to the reduced resistive

losses resulting in a much higher power density. The TL can easily be integrated in the existing

tunnel networks or pipelines by simply replacing the ‘‘old’’ and conventional underground cables

that will soon reach their capacity limit in congested areas around the world. So the expense of

digging new underground tunnels becomes unnecessary.

In HTS magnets, motors, generators, as well as transformers, the coils are made of CC to create

the magnetic fields. Besides their low losses, the high critical current increases the efficiency of these

components up to 99.5%, whereas conventional generators operate at 97–98%, motors at 90–96%,

and the Cu-based transformers exhibit losses of about 3–6%. Additionally their sizes and weights

will be reduced by even more than 50%. On the other hand HTS transformers exhibit much lower

risk of fire or environmental hazards because the oil required for insulation is no longer needed

[Donnier-Valentin et al., 2001].

The purpose of FCL is to protect the utility grid against current spikes within a very short time.

The advantage of HTS-based FCL are: first, the strong reduction of the fault current by phase

transition within milliseconds down to a few percent of the original value, and second, the automatic

recovery of the FCL in contrast to conventional circuit breakers.
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Superconducting magnetic energy storage systems allow the direct storage of electricity only by

circulating electrical current without loss in a superconducting coil made by CC providing an energy

efficiency of more than 90%. Using such systems occasional excessive requirements of electric

energy can be covered without the ineffective step of starting additional generators for short terms

only.

The above-mentioned applications of HTS, which actually cannot be realized with this efficiency

by conventional conductors, motivate great efforts and activities in material science in the last

decade to fabricate coated conductors based on REBa2Cu3O7 (RBCO) providing high jc over long

lengths (kilometers) even in high magnetic fields. This means that if high-quality CC can be

fabricated over long lengths the described power applications will become reality and revolutionize

the electricity market.

14.3.2 Coated Conductors: State of Development

14.3.2.1 Substrates and Buffer Layers

The requirement for high jc HTS thin films are c-axis-oriented layers with small grain boundary

angles [Dimos et al., 1990; Hilgenkamp and Mannhart, 2002], that is, good biaxial texture. Using

single crystalline substrates with small lattice mismatch, the fabrication process of high-quality HTS

films with jc of a few MA/cm2 at 77K is well known. The deposition of HTS thin films on technical,

noncrystalline and nonexpensive substrates is still a challenge, however. The most important point is

to create a substrate surface with a highly biaxially texture with good lattice match where the HTS

film can be deposited. Today there are three approaches to provide these textured surfaces:

1. Ion-beam-assisted deposition (IBAD)

2. Inclined substrate deposition (ISD)

3. Rolled assisted biaxially textured substrates (RABiTS)

The IBAD process uses an ion beam (mainly noble gas ions) that is focused on the substrate under

a defined angle during the film deposition. This ion beam induces a preferential sputtering so

creating textured growth of the buffer layer on a nontextured substrate. The deposition methods used

in combination with the IBAD process are e-beam or thermal evaporation [Wang et al., 1997],

sputtering [Iijima et al., 1992], or PLD [Reade et al., 1991; Schey, 1998]. The typical buffer material

deposited by IBAD is Y2O3-stabilized ZrO2 (YSZ) [Iijima et al., 1992], where the in-plane

orientation of the YSZ layer is improved with increasing layer thickness. However, deposition rate of

IBAD-YSZ (0.08 nm/s) [Garcı́a-Moreno et al., 1999] is too low for commercial production of CC.

Therefore, there is considerable effort to find buffer materials that evolve high in-plane orientation at

much smaller film thickness. Iijima et al. [2001] found a Zr-based oxide buffer material that

generally has a 5� sharper in-plane orientation than YSZ so reducing deposition time by a factor of

about 2. At the European Conference on Applied Superconductivity (EUCAS) 2003 Iijima et al.

[2003] and Yamada et al. [2003] presented the deposition of a ‘‘self-epitaxial’’ CeO2–buffer layer on

IBAD–Gd2Zr2O7 (GZO), which improves the texture and decreases the deposition time once more

so that tape deposition speeds of 5m/h can be achieved. Wang et al. [1997] reported the IBAD of

MgO on amorphous Si3N4 providing an in-plane alignment of 7� at 10 nm in contrast to 13�

alignment of YSZ at 500 nm. Using the MgO system for YBCO-CC an additional diffusion barrier

layer has to be deposited to prevent contamination of the YBCO layer. Based on the IBAD-MgO,

Kreiskott et al. [2003] optimized the buffer multilayer system: STO or LaMnO3/epitaxial MgO/

IBAD–MgO/Y–seed layer/Hastelloy, which yields an inplane orientation of 3� in the top

PLD-YBCO layer.

The ISD process produces the in-plane orientation of the buffer layer by inclining the substrate

with respect to the incoming deposition material. This means the incoming material acts as the

coating material as well as the ion beam of the IBAD process. Sato et al. [2001] uses PLD to create

biaxially textured YSZ buffer layers on a metallic tape obtaining in-plane alignments of 25�–30�
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over a length of 6m. The subsequent deposition of YBCO by PLD results in a 6-m-long CC with a

critical current of 62.4 A at 77K. The disadvantage of the ISD–buffer layer is their columnar growth

that cannot prevent the diffusion processes during the deposition of YBCO at higher temperatures.

The third approach, the RABiTS method has proved to be very successful and cost effective. The

advantage of this technique is the possibility to fabricate long metal tapes that possess a biaxially

textured surface [Goyal et al., 1996]. This texture develops by heavy rolling of the face-centered

cubic (fcc) metals and a subsequent recrystallization process at high temperatures (up to 1000�C). Ni
or Ni-based alloys are favored for RABiTS because of their improved recrystallization and the good

lattice match (aNi ¼ 3.52 Å) with YBCO. Additionally the tape material must be nonmagnetic at the

superconductor’s operation temperature and must provide high mechanical stability to realize very

thin tapes (550 mm) for high engineering current density (note: the engineering current denstiy is

the current density due to the complete substrate cross section) [Goldacker et al., 1997]. To meet

these requirements Ni is alloyed with other metal components such as Cr, Fe, Cu, Al, V, Mn, Mo, or

W [Nekkanti et al., 2001; Thieme et al., 2001; de Boer et al., 2001; Petrisor et al., 1999]. Thieme

et al. [2001], for example, reported a grain alignment angle of 7�–8� and 8�–9� in Ni-13wt%Cr and

Cu-48wt%Ni-1.5wt%Al, respectively, which is sufficient for the growth of high-quality YBCO.

The problem of Ni-based substrates is the diffusion of Ni at high temperatures during the growth

of YBCO and subsequent deterioration of superconductivity. To prevent this Ni diffusion into

YBCO, a buffer layer has to be deposited. The demands on the buffer material are chemical stability

due to the Ni alloy and YBCO, good lattice and thermal expansion match with YBCO, as well as

perfect barrier properties to suppress Ni diffusion and epitaxial growth on the RABiT substrates.

These requirements emphasize the important role of the buffer system in fabrication of coated

conductors. Therefore the majority of research is concentrated on buffer layer development

generally using PLD as the deposition method. The most common buffer systems are based on YSZ

and rare-earth oxides, for example, CeO2, Y2O3, Gd2O3 [Rupich et al., 2001], or perovskites like

LaAlO3 and SrTiO3 [Carlson et al., 1998] deposited by PLD leading to critical currents of the YBCO

layers on small substrates up to 1–2MA/cm2 at 77K. These buffer materials are deposited at high

temperatures (600–900�C) in an oxygen atmosphere leading to an undesired oxidation of the Ni

resulting in a NiO (111) surface that negatively influences the epitaxial quality of the buffer system.

To avoid this oxidation the buffer layer deposition was carried out in a reducing atmosphere for the

initial growth and then changed to oxygen working gas. Another solution is a selective oxidation of

the Ni surface at temperatures of 1000–1200�C producing a NiO (100) texture with a better lattice

match than pure Ni (aNiO ¼ 4.17 Å). This process is called surface oxidation epitaxy (SOE)

[Matsumoto et al., 1998]. Additionally, this NiO layer between the Ni tape and the buffer layer acts

as a diffusion barrier. Matsumoto et al. [2001] reported an average in-plane alignment of the SOE

NiO of about 16� over a length of 50m. On this textured NiO layer the other oxide buffers can easily

be deposited without using a two-step process with a reducing atmosphere. However, Matsumoto

et al. [1999] found that due to the high oxidation temperatures the grain boundaries were separated

by grooves with a depth of 30–150 nm, whereas these grooves can be flattened by deposition of the

buffer layer (CeO2, MgO, YSZ). Using this technique critical currents of 0.3MA/cm2 at 77K were

found in short YBCO/MgO/NiO/Ni tape [Matsumoto et al., 2001].

14.3.2.2 Coated Conductors

The deposition of YBCO on buffered Ni or Ni-alloy tapes is achieved by various coating methods,

namely thermal coevaporation (TE) [Knauf et al., 2001: 1.2MA/cm2 at 77K along a 10 cm tape],

e-beam [Peng et al., 2001: 5KA/cm2 at 77K], liquid-phase epitaxy (LPE) [Izumi et al., 2001:

0.1MA/cm2 at 77K], metal organic deposition (MOD) [Araki et al., 2001: 0.8MA/cm2 at 77K;

Goyal et al., 2001: 0.1MA/cm2 at 77K along a 1-m tape], and sol–gel [Dawley et al., 2001: 2MA/

cm2 at 77K on a single crystalline substrate]. On small single crystalline substrates nearly every

deposition method results in superconducting films with critical current densities on the order of

MA/cm2 at 77K. But on technical (non-single-crystalline) substrates only a few techniques (TE and

PLD) are able to realize high jc values on longer tapes. However, the longest CC combined with the
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highest critical currents per tape width at 77K up to now were realized by PLD and IBAD buffered

substrates. At the EUCAS 2003 Usoskin et al. [2003] presented a 10-m-long PLD-YBCO/IBAD-

YSZ/stainless steel tape with a critical current density of 480 A/cm � width, Iijima et al. [2003]

introduced a PLD-YBCO/PLD-MgO/IBAD-GZO/Hastelloy-CC, which shows a critical current of

38 A over a length of 100m corresponding to jc ¼ 0.8MA/cm2, and Kreiskott et al. [2003] measured

an Ic of over 150 A along a 1-m-long tape based on PLD-YBCO/PLD-LaMnO3/MgO/IBAD-MgO/

Y-seed layer/Hastelloy system, which can be fabricated at a rate of 36m/h.

Due to the progress in the laser technology, excimer lasers are available providing repetition rates

up to 300Hz at a laser energy of 1 J/pulse. Using this type of laser Usoskin et al. [2003] realized an

integral deposition rate of 435 nmm2/h, which is higher than the highest rates reported for TE

(30 nmm2/h) making PLD very attractive for the production of CC.

14.3.3 Future Trends

To realize even higher critical currents there are two main directions in fabricating CC: first, the

deposition of thick HTS films while keeping the jc constant, or second, the improvement of jc itself.

In the first approach the limiting factor is the crack formation for thicker films due to the different

thermal expansion coefficients of the HTS film and buffer–substrate system. The second approach is

still a challenge where the problem of the exponential jc reduction by large-angle grain boundaries

that originates from the noncrystalline substrates used has to be overcome. If there is a possibility to

enhance the intergrain critical currents without improving the texture of the buffer layer the result

will be shorter deposition times and lower production costs. Schmehl et al. [1999] found a way to

increase the intergrain critical current by homogeneous Ca doping of YBCO. The Ca-doped PLD-

YBCO films provide jc, which exceed the values of undoped materials by a factor of seven and a

misorientation angle of 24� but only at 4.2K. Hammerl et al. [2000] found a way to increase jc also at

77K by growing multilayers of undoped and doped layers utilizing grain boundary diffusion of Ca

along the grain boundary. The grain boundaries are optimized therefore while the bulk properties are

left untouched, also resulting in an enhancement of jc by a factor of 7 over the whole temperature

range. Based on these results, Weber et al. [2003] deposited via PLD a 20-nm Y0.7Ca0.3Ba2Cu3O7�x

top layer on a PLD-YBCO/IBAD-YSZ/poly-YSZ and measured an improvement of jc (77K) by a

factor of 1.4–2.2 compared to the undoped film. Calculating the current percolation through a

disordered network of grain boundaries with different inplane textures, Hammerl et al. [2002] found

that the critical current can additionally be improved up to the intragrain jc values by elongating the

grains to get large grain boundary areas. To reduce the production costs there are many efforts to use

cheaper nonvacuum techniques for fabrication of CC, but up to now there are no results that are able

to compete with superconducting properties of PLD-CC, espescially CC where all layers are

deposited by nonvacuum methods.

14.4 POTENTIAL OF PLD IN THE COMMERCIALIZATION OF HTS

Superconducting Technologies Inc., which is the largest of the HTS wireless companies, uses

PLD as the deposition method for the production of Tl-2212 thin-film filters. The success of

commercialization of PLD microwave HTS devices is reflected by the number of different HTS

systems offered by Superconducting Technologies Inc. and by the number of about 2000 HTS

subsystems sold up to January 2003. For the development of HTS digital electronic circuit devices

and SQUIDs, laser ablation is the most common thin-film deposition process as judges by the high

number of scientific publications. However, the potential of PLD in the commercialization of HTS

digital electronics depends on the success and the performance of the electronic devices that still

must be further developed. The HTS-SQUID-based characterization methods for material

investigations such as nondestructive evaluation (NDE) [Hohmann et al., 2001] or the scanning

SQUID microscope (SSM, www.neocera.com) have already proved their reliability and stability and
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have now come to market. This is reflected by several companies (Jülicher SQUID GmbH, Neocera

Inc.) that use PLD for SQUID production.

The success of HTS-SQUID systems in medical diagnostics depends on the improvement of

sensitivity and low-frequency noise reduction to be able to operate in unshielded environments that

drastically reduce the investment costs. To be competitive with conventional techniques (e.g., ECG)

the diagnostic system for MCG or MEG should provide multichannel measurement to achieve

large-area detection, whereas the data acquisition, analysis, and visualization take place in real time

[Koch, 2001]. Based on the developments up to now, these requirements will be met in the near

future, so that the MCG and MEG techniques will become standard diagnostic methods in medical

science.

The HTS cables of the second generation (CC) whose production costs will be decreased down to

10 US$/kAm, even with the PLD technique [Usoskin et al., 2003], in the next 10 years [Freyhardt,

2003, Tsukamoto, 2003], which is much cheaper than the OPIT cables (first generation, today:

150US$/kAm [Kellers and Masur, 2003]), have a good chance to break into the big market

of electric power applications. Additionally, the environmental needs, which include the ever-

increasing level of global electrification resulting from increased population growth, the

environmental protection, the climate-change conditions, and the limited fossil fuel resources

[Rosner, 2001], all indicate an increasing acceptance of HTS CC. Especially in the United States

where the electrical power grid has to be renewed in the near future [Chu, 2003] and based on a study

conducted by the EPRI (Electric Power Research Institute), which predicts savings of over 18 billion

US$ annually in the United States alone using HTS CC, there is a great chance to achieve this radical

level of modernization using the baseline technology of CC.

Even if nonvacuum methods improve for fabrication of CC, the potential of PLD in the

production of CC will maintain its position due to the decreasing operating costs of the modern

excimer lasers and the ideal deposition geometry for the inline production of buffer and YBCO

layers on tapes. This potential is also utilized in Japan where a new project has started in 2003 to

produce 500-m-long CC based on the system: PLD-YBCO/PLD-CeO2/IBAD-GZO/Hastelloy. The

aim is to realize critical currents of 300A/cm � width with a fabrication speed of 5m/h until 2007

[Tsukamoto, 2003].

Although there have been many doubts in past years if there is a realistic chance for HTS

materials and devices to enter the market, the commercialization of HTS thin films is becoming more

and more a reality. Especially for such a complex material the large number of publications in

fabrication of HTS thin films up to now shows the enormous potential of PLD as a technique for thin-

film development of highly sophisticated materials. Additionally many large-area PLD systems have

been developed and successfully tested in the last years [Greer et al., 1992; and see Chapter 9;

Lorenz et al., 1999; Schey et al., 1999; Usoskin et al., 2003] and already proven for production

(Supercondcuting Technologies Inc.). Based on these achievements PLD will play a decisive role

among the vacuum techniques concerning the commercial production of HTS thin films on wafers

and tapes.

REFERENCES

Adachi, Y., M. Shimogawara, M. Higuchi, Y. Haruta, and M. Ochiai (2001), IEEE Trans. Appl. Supercond.

11(1), 669.

Aidam, R., J. Geerk, G. Linker, F. Ratzel, J. Reiner, R. Schneider, R. Smithey, A. G. Zaitsev, E. Gaganidze, and

R. Schwab (2001), IEEE Trans. Appl. Supercond. 11(1), 357.

Araki, T., Y. Takahashi, K. Yamagiwa, T. Yuasa, Y. Iijima, K. Takeda, S. B. Kim, Y. Yamada, and I. Hirabayashi

(2001), IEEE Trans. Appl. Supercond. 11(1), 2869.

Balashov, D., M. Khabipov, F.-I. Buchholz, and J. Niemeyer (2001), IEEE Trans. Appl. Supercond. 11(1), 1070.
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CHAPTER 15

Diamond-Like Carbon: Medical and
Mechanical Applications

ROGER J. NARAYAN

Joint Department of Biomedical Engineering, University of North Carolina at Chapel Hill,

Chapel Hill, North Carolina

15.1 INTRODUCTION

Synthesis of diamond-like carbon (DLC) thin films by pulsed laser deposition is a leading area in

advanced materials research, and this chapter will describe pulsed laser deposition of DLC thin

films. A brief review of the history of DLC processing will be presented, followed by a review of

methods to improve the adhesion of DLC thin films, a discussion of DLC thin-film applications in

medical and mechanical devices. Finally, directions in DLC thin-film research will be discussed.

15.2 PHYSICAL AND CHEMICAL PROPERTIES OF CARBON

Carbon is a unique element. It is able to form tetrahedral (sp3), trigonal (sp2), and linear (sp1) bond

coordinations. Diamond, graphite, fullerenes, nanotubes, and DLC are among the large variety of

natural and synthetic forms of carbon [Kroto et al., 1985]. Diamond and graphite are the two major

crystalline allotropes of carbon. At low pressures or temperatures, diamond is thermodynamically

unstable with respect to graphite; however, extremely slow kinetics allows diamond and graphite to

coexist at room temperature and atmospheric pressure.

In diamond, each carbon atom is covalently bonded to its four carbon neighbors, in what is

referred to as sp3 hybridization. These s bonds are directional and quite strong. As a result, diamond

possesses a modified face-centered cubic (fcc) structure of tetrahedrally coordinated atoms. This

diamond cubic lattice consists of two interpenetrating fcc lattices displaced by one-quarter of the

cube diagonal. The diamond cubic lattice can also be considered as a three-dimensional array of

six-membered carbon rings in the ‘‘chair’’ conformation. These ring layers are stacked in an ABC/

ABC/ABC sequence along 51114 directions. This cubic lattice is sometimes referred to as the

‘‘ultimately cross-linked crystalline carbon polymer’’ because it possesses the highest atomic

number density of any material.

The properties of diamond derive from this unique structure. Diamond is the hardest known

material (80–104GPa) and has the largest bulk modulus of any solid. It is an electrical insulator, with

an indirect gap of 5.5 eV and a direct gap of 6 eV. Diamond possesses the largest room temperature
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thermal conductivity (900–2100Wm�1 K�1, which is approximately five times that of copper). In

addition, it exhibits a large optical bandgap, transparency from the ultraviolet to the infrared, and a

high refractive index (2.42). Diamond is chemically inert and is essentially nonreactive up to 800�C.
Finally, diamond possesses excellent friction and wear properties. In fact, dangling carbon bonds on

the surface of diamond can react to form hydrocarbon or graphite lubrication films.

Diamond has many industrial applications, including use in heat sinks, grinding wheels, and

optics. Needless to say, large crystals of natural diamond are very expensive. Polycrystalline

diamond thin films are a low-cost alternative to bulk diamond. These coatings can be prepared using

a variety of plasma, microwave, hot filament, ion beam, and electron beam chemical vapor

deposition (CVD) processes. Polycrystalline diamond coatings are created from strongly activated

hydrocarbon gases in a hydrogen atmosphere. There are several limitations to polycrystalline

diamond coatings.

First, these CVD processes require toxic and hazardous precursor materials. Second, these

processes produce films with large grains. In addition, adhesion of diamond thin films is generally

poor because there is a large thermal expansion mismatch between diamond and most substrate

materials. Also, diamond thin-film processing requires high substrate temperatures of at least 800�C.
Films grown at lower temperature contain hydrogen and graphite impurities that reduce film

properties. This requirement restricts deposition on polymers and many metals. For example, high-

temperature processes may lead to dimensional changes, phase transformations, or overtempering.

Finally, diamond thin films are polycrystalline and contain open corrosion paths to the substrate. As

a result, these coatings cannot be considered for use in corrosive environments. CVD diamond film

technology has yet to overcome these major shortcomings.

Carbon can also exist in an amorphous state that does not possess long-range order. Micro- or

nanocrystalline graphite domains may be observed in the amorphous matrix. This metastable

material contains a mixture of sp3- and sp2-hybridized carbon atoms. These materials demonstrate

properties intermediate between those of graphite and those of diamond.

The first hard amorphous carbon coatings were deposited by Aisenberg and Chabot at the

former NASA Electronics Research Center in 1971 [Aisenberg and Chabot, 1971]. They created

amorphous, transparent, hard, insulating carbon films using a beam of carbon ions produced in an

argon plasma on room temperature substrates.

They initially coined the term ‘‘diamond-like’’ to signify that the properties of this material are

similar to those of diamond. Since that time, the term ‘‘diamond-like’’ has been indiscriminately

used to refer to several types of noncrystalline, hard carbonaceous films. Although no universally

accepted nomenclature has been agreed upon, DLC often refers to amorphous carbon with

some sp3 component. These carbon-based solids exhibit atomic number densities greater than

3.19 g atom/cm3. DLC films have been observed with densities closer to that of diamond (3.51 g/cm3)

than that of graphite (2.26 g/cm3) [Moravec et al., 1980]. Many researchers refer to a predominantly

sp3-hybridized carbon film (sp3 > 70%) with a tetrahedral local carbon configuration as tetra-

hedral amorphous carbon, or ta-C. This term may more accurately reflect the fact that the

reduced density function and the electron scattering data for highly sp3-hybridized amorphous

carbon films appear very similar to those for amorphous germanium or amorphous silicon. The

terms amorphous diamond (AD) and amorphic diamond have also been used to describe this

material [Santavirta et al., 1999].

When sp3 fraction in the DLC film exceeds 70%, the sp3-hybridized atoms form a continuous

matrix that is linked together by conjugated chains. This structure has been modeled by the reverse

Monte Carlo technique [Siegal et al., 2000a]. Tetrahedrally coordinated carbon atoms are located

in distorted ring structures that range in size from 3 to 9 units, with 5- and 6-membered rings

dominating. A smaller number of 3- and 4-membered rings may also be observed [Marks et al.,

1996]. In this matrix, sp2-hybridized atoms may be clustered in pairs, chains, or rings. These clusters

of trigonally coordinated carbon atoms contain an even number of atoms [Ferrari and Robertson,

2000]. This clustering phenomenon has been observed using high-resolution transmission electron

microscopy and Raman spectroscopy [Ravi et al., 1996].
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15.3 PULSED LASER DEPOSITION OF DLC

The DLC thin films have been prepared by a variety of deposition techniques. Deposition of DLC

requires (1) a carbon source and (2) an energy source to create excited carbon species. The energy

source for the carbon species can involve one of these four processes: (1) momentum transfer

during collision with energetic species (sputtering), (2) bombardment with energetic species (ion-

assisted deposition), (3) electrostatic acceleration of carbon ions, or (4) energy transfer during

laser ablation or arc discharge. These processes produce carbon species with kinetic energies on

the order of 100–1000 kT (2.5–25 eV), whereas thermal processes (e.g., evaporation) generate

species with energies on the order of kT (0.025 eVat ambient temperature) [Rohlfing, 1988]. Such

high energies are necessary to promote the 2s electron to the 2p orbital and create the

sp3-hybridized carbon bond. Cathodic arc deposition, pulsed laser deposition, direct ion beam

deposition, plasma-enhanced chemical vapor deposition, ion beam sputtering, and direct current/

radio frequency (DC/RF) sputtering are common DLC deposition processes. Of these, only

ultraviolet (UV) pulsed laser deposition, filtered vacuum cathodic arc deposition, and mass-

selected ion beam deposition are able to produce hydrogen-free DLC thin films with a high

fraction of sp3-hybridized carbon atoms [Chhowalla et al., 1997]. Upon optimization, pulsed laser

deposition produces DLC films superior to those produced using filtered cathodic vacuum arc

(FCVA) deposition and mass-selected ion beam (MSIB) deposition techniques.

Pulsed laser deposition of DLC is a straightforward process, that involves ablation of a carbon-

containing target, which results in the formation of a film with some fraction of sp3-hybridized

carbon atoms. The most commonly used target is high purity graphite; other target materials have

included pressed diamond powder, glassy carbon, and polycarbonate [Guseva et al., 1994; Kikuchi

et al., 1993; Voevodin et al., 1995a]. Nonhydrogenated carbon sources lead to hydrogen-free DLC

films, whereas hydrocarbon sources lead to DLC films with significant hydrogen and/or hydrocarbon

incorporation. The reported growth rates of DLC films deposited using a 248-nm excimer laser is

on the order of 0.01 nm/pulse [Voevodin et al., 1996]. The laser processing of DLC thin films

involves several interdependent factors, including: (1) the kinetic energy of the carbon species, (2)

background environment, (3) substrate temperature, (4) the use of hybrid deposition techniques (e.g.,

substrate biasing), and (5) the presence or absence of a significant amount of hydrogen within the

film. These parameters have tremendous bearing on the film properties, including the sp3=sp2 ratio,
the presence of sp2 clustering, and the adhesion of the film to the substrate [Voevodin et al., 1995b].

15.3.1 Effect of Wavelength and Fluence

Laser fluence and wavelength critically influence the film microstructure. The first attempt to

synthesize hydrogen-free DLC films by laser ablation was reported by Fujimoro et al. in 1982. They

used a continuous-wave CO2 laser (l ¼ 10:6mm) to ablate powdered graphite and powdered

diamond source materials. Films prepared from powdered diamond exhibited high electrical

resistivity (�103 � cm) and high optical transmittance. On the other hand, films synthesized from

powdered graphite demonstrated a predominantly graphitic structure.

The majority of early investigations used Nd : YAG lasers (l ¼ 1064 nm). In 1985, Davanloo

et al. reported deposition of DLC films by ablating a rotating solid carbon rod with the

primary line of a Q-switched Nd : YAG laser. They suggested a ‘‘shock synthesis model’’ based on

‘‘preferential sputtering of the more weakly bonded carbon atoms’’ as a mechanism of hard

carbon formation. Using this model, they determined that a threshold fluence of 5� 1011 W/cm2

must be exceeded to produce DLC with � 75% sp3, which corresponds to the soft (4 on the

Moh-scale scratch hardness tests) to hard (47 on the Moh-scale scratch hardness tests) transi-

tion threshold. Collins and co-workers subsequently termed this threshold energy density for

obtaining good quality DLC films the ‘‘Nagel criterion’’ [Collins et al., 1991]. Although the

Nagel criterion appears valid for the 1064-nm laser wavelength, it does not hold for other laser

wavelengths.
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In 1987, Sato and co-workers demonstrated ultraviolet pulsed laser deposition of DLC films

by ablating a graphite target with a XeCl excimer laser (l ¼ 308 nm). They demonstrated the

formation of DLC at fluences�3� 108 Wcm�2. These films were amorphous, with refractive index

� 2.1; bandgap � 1.4 eV; and electrical resistivity �108 � cm [Sato et al., 1987, 1988].

In 1989, Narayan and co-workers produced hydrogen-free high-quality DLC films using a KrF

pulsed excimer laser (l ¼ 248 nm, fluence �5� 108 Wcm�2) to ablate a graphite target (Narayan

et al., 1995). Narayan’s group pioneered UV laser ablation of carbon to produce hydrogen-free DLC

films. The films obtained were extremely smooth, hard, adherent, hydrogen free, and infrared

transparent. They proposed a detailed model to account for the physical phenomena involved in the

interaction of high-powered nanosecond excimer laser pulses with graphite, including evaporation,

plasma formation, and deposition processes.

Karpman and co-workers and Xiong and co-workers reported the pulsed laser deposition of

DLC films with an ArF laser (l ¼ 193 nm) at fluences of 5� 108 Wcm�2. From electron energy loss

spectroscopy studies, they determined that the fraction of sp3 hybridized carbon atoms was between

84 and 95% [Karpman et al., 1994; Xiong et al., 1993].

Perhaps the best comparison study detailing the influence of wavelength on graphite ablation was

performed by Peeler and Murray [1994]. Nd : YAG and excimer lasers were used at wavelengths of

1064, and 532 nm and 248 and 193 nm, respectively. These lasers were tuned to produce pulses

of the same duration (15 ns) and fluence range (�2� 108 Wcm�2), and the resulting plumes were

analyzed with a time-of-flight (TOF) mass spectrometer. Films grown with the 1064-nm laser appear

graphitic, while amorphous films with significant sp3 bonding were produced at shorter wavelengths.

Interestingly, the difference in sp3 content between DLC films produced using KrF (248 nm) and

ArF (193 nm) beams was small, 68% for KrF versus 72% for ArF. Ultraviolet wavelengths are

critical to reach the minimum kinetic energy needed for DLC film growth. The trend toward using

shorter wavelengths for pulsed laser deposition of DLC can be seen in current publications in which

193- and 248-nm wavelengths are most commonly used.

Visible plume luminescence reveals a great deal of information on the kinetic energy of the

carbon species [Germain et al., 1995]. At low laser intensities, only a slowly propagating component

of luminescence is seen. This component of luminescence contains low kinetic energy carbon dimers

(C2), trimers (C3), and higher carbon clusters (Cn). A broader ball of luminescence explodes from the

slow-moving clusters at intermediate laser intensities. This ball contains atomic carbon neutrals. A

very fast ball of luminescence containing Cþ ions forms at high laser intensities. These Cþ species

are considered to be critical in forming sp3-hybridized bonds. Time evolution of the three

components demonstrates 193- and 248-nm UV photons are more efficient than other photons in

breaking up clusters and ionizing atoms. Strong absorption of short-wavelength photons converts the

slow cluster component of the plume into the fast ion component.

As noted above, shorter wavelength lasers require smaller fluences to reach the threshold for

DLC formation. For infrared (IR) lasers with 1064-nm wavelength, the threshold level is about

1011W/cm2, while for UV lasers with 193-, 248-, or 308-nmwavelength, this threshold level is about

108W/cm2 [Jelinek et al., 1994].

An increase in laser intensity results in increased luminescence of the energetic Cþ component

relative to the atomic cluster component. There is a general tendency that higher fluences provide

higher ionization rates and higher energy depositing species. However, there is an upper limit to

carbon ion energy. Detailed plasma plume diagnostic studies indicate that a kinetic energy of about

90 eV produces a maximum fraction of sp3-bonded carbon [Yamagata et al., 1999]. Above this limit,

surface heating and displacement damage processes lead to graphitic phase formation.

15.3.2 Effect of Substrate Temperature and Vacuum

Another important parameter is substrate temperature. Researchers have performed pulsed laser

deposition at substrate temperatures between �196 and 400�C. The typical deposition temperature

is between 20 and 75�C. More specifically, room temperature is most commonly used.
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Diamond-like carbon is only formed if the deposition is carried out below a critical temperature

of around 150–200�C, which is known as T1. The value of T1 is variable and decreases with

increasing energy fluence. Oriented nanocrystalline graphite films are produced at deposition

temperatures above T1 [Lifshitz et al., 1995]. In these films, the basal plane is perpendicular to the

film surface.

The microstructure of DLC can be evaluated using Raman spectroscopy. Disordered graphite

has a peak at around 1350 cm�1 of A1g symmetry labeled D for disorder. This peak can be

correlated with the amount of aromatic clusters in the DLC film. DLC thin films deposited at

room temperature have no D peak in their Raman spectra. The D peak appears at deposition

temperatures immediately below T1. As the deposition temperature is raised, the D peak increases

in size (Fig. 15.1).

Cuomo and co-workers have deposited films using low-energy deposition (�10–20 eV) on

substrates held at 77K (�196�C) [Cuomo et al., 1991]. These films possessed 470% sp3 fraction,

which was significantly higher than that observed in films deposited at 300K. They concluded two

conditions are necessary for the formation of DLC thin films. These include (1) high energies are

necessary to initiate strong sp3 interatomic bonds and (2) low substrate temperatures are necessary to

maintain low adatom mobility.

Vacuum conditions are another requirement for growing hard (60–70GPa) DLC coatings. At a

pressure of about 10�6 Pa vacuum, the plume leading edge contains ions and excited atoms with

energies up to 1.5 keV. This leading edge is followed by a tail of lower energy atoms and multiatom

clusters. When background pressures of about 10�4 Pa are used, the plume energy is reduced by

collisional losses, which causes a reduction in coating hardness to 40–50GPa. At pressures higher

then 10 Pa, only graphite-like coatings are deposited.

Figure 15.1 Visible Raman spectra of hydrogen-free DLC thin films on silicon (100) substrates deposited as

a function of temperature. The presence of a D peak in the films deposited at 200 and 400�C is readily

observed.
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15.4 MODIFICATIONS TO THE PULSED LASER DEPOSITION TECHNIQUE

A number of independently controllable modifications, including sample biasing, ion beams, and

electrodes, have sought to increase the energy of deposited carbon species. More energetic ionic

species thus produced have been found to be useful for achieving high growth rates and better quality

films. Formation of ‘‘nanophase diamond’’ is the significant development achieved through these

hybrid techniques.

Early researchers applied negative bias to the substrate using a hybrid ‘‘L-PVD’’ technique, in

which an electric field of 150–500V was applied between the grounded graphite target and the

substrate during the laser ablation process [Wagal et al., 1988]. This Faraday cage was able to create

a large ratio of ions to neutrals as compared to the conventional setup. High growth rates on the order

of 20 mmh�1 were observed. Film uniformity and coverage were found to be significantly enhanced

due to the spreading of the plasma.

Krishnaswamy and co-workers also employed a capacitive discharge laser ablation deposition

hybrid [Krishnaswamy et al., 1990]. In their ‘‘plasma hybrid’’ technique, a ring electrode between

the graphite target and the substrate was capacitively coupled with the target. An XeCl excimer

laser (308 nm) at a power density of 1:25� 105 W/cm2 was used to ablate a graphite target. These

films demonstrated better optical properties, hardness, and uniformity than films produced by

conventional pulsed laser deposition.

Davanloo et al. [1990] published results of their experiments with a rod electrode placed

between the substrate and target. This electrode provided a positive or negative DC bias of 2000V

across the plasma in order to ionize the laser plume. In this experiment, the laser source was a

Nd : YAG laser, operating at l ¼ 1064 nm with fluence �5� 1011 Wcm�2. The high current

discharge considerably increased the energy of depositing species. These films were distinguished

by a characteristic nodular ‘‘nanophase diamond’’ structure, which consists of 10–100 nm cubic

and hexagonal diamond nodules as well as sp2=sp3-hybridized carbon voids [Gruen, 1999].

Nanophase diamond can also be prepared by laser ablation of pure carbon at high-energy densities

(1011 Wcm�2). Nanophase diamond is much smoother than polycrystalline diamond and is

adherent to aluminum, silver, gold, copper, titanium, stainless steel, quartz, glass, and polyimide

substrates. In addition, this material exhibits relatively low compressive stress values (0.8 GPa in

micron-thick films). Friction coefficients as low as 0.1 have been observed in nanophase diamond.

It should be noted that these plasma-enhancing processes may also increase target erosion.

Karpman et al. [1994] developed a discharge-enhanced 193-nm laser pulsed laser deposition (PLD)

process. They observed extensive film contamination by ejected graphite fragments. These

micrometer-sized graphite inclusions affected overall film properties.

Another modification to the PLD process is the laser-induced vacuum arc (laser arc) technique,

which was advanced by Schultrich et al. [1998]. This technique combines the advantages of laser

processing with the energy efficiency of an arc source. In the laser arc technique, plasma is generated

by pulsed vacuum arc erosion of the cathode (target) material. The laser pulse is focused on the

cathode surface. A small plasma cloud is produced, which ignites the vacuum arc. The laser-induced

vacuum arc deposition process provides better control over cathode erosion than the continuous arc

technique. As a result, microparticle emission is significantly reduced.

Plasma diagnostics reveal that the laser arc process creates a nearly fully ionized plasma. Optical

emission spectroscopy has demonstrated a very high degree of ionization (100% Cþ ions) in the laser

arc plasma at a peak arc current of 1 kA. These films possess Young’s moduli up to 400GPa and gap

energies up to 2.0 eV. Average deposition rates greater than 10mmh�1 have been achieved using the

laser-induced vacuum arc deposition technique. This growth rate is significantly higher than can be

achieved using filtered vacuum cathodic arc deposition, mass-selected ion beam deposition, or

conventional PLD techniques.

Several modifications to the pulsed laser deposition technique have been attempted to reduce

particulate generation. Sato et al. [1988] first described the presence of particulates in carbon

plumes. Target fragmentation and fragment ejection lead to � 0.1- to � 10-mm graphitic
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microparticles (inclusions) that are embedded within the DLC film. These particulates, which result

from local heating and melting of the target, degrade the mechanical, optical, and electronic

properties of the film and prevent lithographic patterning. This process is worse in target materials

with low melting points and low thermal conductivities and for long laser wavelengths, and high

laser intensities [Gyorgy et al., 2004].

Both passive and active techniques are able to minimize the size and number of particulate

generated during the ablation process. The passive techniques for minimizing particulate generation

include using short-wavelength (e.g., ultraviolet) lasers and conditioning the target prior to

deposition. Short-wavelength lasers reduce particulates by enhancing ablation through photon

sputtering. This process reduces the target surface area exposed to overheating. Conditioning the

target involves maintaining a smooth surface by laser beam scanning over the target surface. Active

methods for reducing particulate generation include plume filtration and novel target ablation

techniques. The plume can be mechanically filtered using a rotating vane. This process intercepts

many large particulates and transmits the high-velocity component of the plume. Off-axis ablation,

two laser depositions, laser beam scanning, and target rotation all serve to prevent target overheating.

15.5 GROWTH OF DLC FILMS

The pulsed laser deposition process itself is responsible for several features observed in DLC thin

films. The region of the film closest to the substrate may demonstrate chemical interaction with the

substrate; for example, DLC films on titanium alloys often possess a carbide layer at the film–

substrate interface. The outermost surface layer of the DLC film can be best described as defective,

graphitic, and porous. This film morphology may result from ‘‘subplantation’’ of carbon species

during film growth, and we discuss this process in detail below. The surface layer of the growing

DLC film is damaged by the incoming flux of energetic carbon species [Lifshitz et al., 1997]. Cross-

section electron energy loss spectroscopy and angular resolved surface analysis have demonstrated

that the defective layer thickness is proportional to the carbon ion energy [Uhlmann et al., 1998].

Steffen et al. [1991] examined this phenomenon using Auger electron spectroscopy.

Internal compressive stress is observed regardless of the processing technique used. There are

several schools of thought on the origin of stress within DLC thin films. One of the earliest theories

on stress development in DLC thin films was proposed by Bewilogua et al. [1982]. He suggested that

an ion cascade leads to a shock wave, which in turn promotes the formation of sp3-hybridized carbon

atoms. This theory has some similarities to later models but inadequately describes processes that

occur at higher ion energies.

McKenzie et al. [1994] have proposed that ion bombardment leads to compressive stress, which

in turn forms and stabilizes the sp3-hybridized phase [McCulloch et al., 2000]. They also suggest

that a phase transition from an sp2-rich to an sp3-rich phase occurs at a critical value of compressive

stress (� 4GPa), which is related to the graphite–diamond transition in the pressure–temperature

phase diagram of carbon. Specifically, it is thought that the stability of sp2 and sp3 bonding in

amorphous carbon follows the phase diagram of crystalline carbon. It is believed that some

component of sp3-hybridized carbon formation can be described by thermodynamics, even though

the pulsed laser deposition process clearly produces nonequilibrium carbon species.

Cuomo and co-workers [1991] have described a ‘‘quenching’’ model for DLC film deposition.

Essentially, this theory states that atoms cannot completely change from sp3 hybridization to sp2

hybridization after deposition on cold substrates. Cuomo et al. [1991] observed increased densities

and sp3 fraction in films prepared at lower substrate temperatures. Incidentally, his group also

successfully demonstrated DLC deposition down to 77K (described above) [Cuomo et al., 1991;

Pappas et al., 1992]. This theory is supported by the observation that films with a high fraction of

sp3-hybridized atoms are not obtained at relatively high substrate temperatures (e.g., 4300�C).
Relaxation processes occur at these higher substrate temperatures, which lead to formation of a

graphitic structure. Huai et al. [1994] have subsequently described this process in greater detail.

GROWTH OF DLC FILMS 339



Kelires [2000] has proposed a similar process in which internal compressive stress in DLC films

originates from stressed nonequilibrium local structures that are frozen during the growth process.

He suggests that the local structures do not have sufficient energy to overcome the potential barrier to

form a stress-free structure.

Lifshitz has described a low-energy subsurface implantation process that is known as

subplantation [Kasi et al., 1988; Lifshitz, 1996]. They suggested the shallow implantation of

energetic carbon ions with energies between 10 and 1000 eV to depths of 1–10 nm during film

growth. The surface layer is quenched when deposition takes place at room temperature. Carbon

species are trapped in subsurface sites due to restricted carbon species mobility, and this process

induces the creation of internal compressive stress. Energetic carbon species penetrate to subsurface

positions, where they are trapped and incorporated into the densifying film. As a result, the density of

the carbon species increases during film growth. They demonstrated subsurface growth of DLC thin

films using Auger electron spectroscopy. Molecular dynamics simulation has confirmed that DLC

film growth is indeed an internal growth process for energies greater than 40 eV [Uhlmann et al.,

1998].

They also suggested that sp3-hybridized carbon sites accumulate from the preferential

displacement of sp2-hybridized carbon sites. A pure carbon layer evolves and grows upon

successive bombardment. On the other hand, thermal migration and radiation damage may reduce

local carbon species density and relax the structure. Lifshitz et al. [1995] have also proposed a

diffusion-activated process for sp3 ! sp2 phase transformation in films deposited at substrate

temperatures above 150�C.
Robertson has proposed a similar theory in which the subplantation process creates a metastable

increase in density. This process in turn allows local carbon species to form sp3-hybridized bonds

[Robertson, 2002]. Roberston’s model suggests film relaxation may occur through formation of

clusters or microcrystallinity, which may potentially lead to zero stress films.

15.6 REDUCING INTERNAL COMPRESSIVE STRESS IN DLC THIN FILMS

Adhesion of DLC thin films is dependent on several factors, including film stress, film–substrate

chemical bonding, and substrate topology [Koski et al., 1996; Morshed et al., 2003]. One major

limitation preventing the practical application of DLC films is large internal compressive stress,

which has been observed as high as 10GPa [Schwan et al., 1997]. Unfortunately, these very high

stress values limit the maximum film thickness to 0.1–0.2 mm. Delamination of the DLC film can

occur when the internal stress exceeds a critical value, which sets the upper limit on film thickness.

Delamination of DLC often occurs in a characteristic sinusoidal buckling pattern that can be

correlated with compressive stress release. This pattern can be modeled using the thin-shell theory.

The Stoney formula can be used to calculate internal stress in the DLC thin-film system. This

equation can be written as

sðf Þ ¼ ð6RÞ�1 EðsÞdðsÞ2
1� nðsÞ

" #
dðf Þ ð15:1Þ

where R is the radius of curvature of the system due to stress, EðsÞ is the Young’s modulus of the

substrate, modulus, d is the substrate thickness, nðsÞ is Poisson’s ratio of the substrate, and dðf Þ is the
thickness of the film. Values of sðf Þ are established through determination of R using interference

fringe or beam deflection techniques [Dekempeneer et al., 1992]. An alternative technique for

measuring the internal stress involves measuring the shift in the Raman G peak that occurs in DLC

thin films under compressive stress. This value is compared against a stress-free reference material.

Raman spectroscopy evaluates the atomic vibration frequency, which is a stress-dependent property.

When a material is stressed, the equilibrium separation between atoms and the atomic vibrational
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frequency are distorted. The magnitude of the Raman shift can be related to the residual stress s

using the following relation:

s ¼ 2G
1þ n

1� n

� �
�o

oð0Þ

� �
ð15:2Þ

where �o is the shift in the Raman wavenumber, o(0) is the Raman wavenumber of a reference

state, G is the shear modulus of the material, and n is Poisson’s ratio of the material. Wei and

co-workers have demonstrated the relationship between intrinsic compressive stress and the Raman

spectra of pulsed laser deposited DLC films. They demonstrated that compressive stress shifts the G

peak higher by as much as 45 cm�1 [Wei et al., 1998, 1999].

Traditional approaches for creating DLC films with low internal compressive stress levels involve

increasing the deposition temperature or decreasing the energies of carbon species arriving at the

substrate surface. These approaches inevitably produce DLC thin films with low amounts of sp3-

hybridized carbon atoms. As a result, thin-film researchers have continually attempted novel

approaches for reducing internal compressive stress in DLC films, and several of these techniques

are described below.

McCulloch et al. [1997] demonstrated internal compressive stress reduction using room

temperature irradiation with a 200-keVXeþ ion beam. This process transformed DLC into

conducting amorphous carbon with a sp3 fraction of 40%. At higher temperatures, the same

irradiation process created a highly graphitic material with a sp3 fraction of 20%. Anttila et al.

[1997] achieved considerably improved adhesion of DLC on silicon by treating the silicon substrate

with 140-eV argon ions prior to DLC film deposition. In addition, higher energies were imparted to

the carbon species during the first stage of deposition to ensure a mixed interface. They also

attempted to improve adhesion by coating the silicon substrate with a thick soft metal. These metals

were chosen based on their ability to promote relaxation (copper, aluminum) or adhesion (titanium).

Thick films with Vickers hardness values under 3GPa were produced, but, unfortunately, compressive

stress introduced during the preparation process caused the silicon substrate layer to delaminate.

Another method for improving the adhesion of DLC thin films is by increasing the energy

imparted to the depositing carbon species. At higher energies, these energetic carbon species are

implanted deeper within the substrate. As a result, a thicker interfacial carbide transition layer

between the DLC film and the substrate may be formed. For example, Collins et al. [1992a]

introduced additional energy to the ablated plumes and demonstrated the formation of a 10- to

20-nm-thick titanium carbide interfacial layer between a titanium substrate and a DLC film. This

titanium carbide interfacial layer provided chemical bonding of the DLC film to the substrate and

improved resistance against abrasive erosion.

Siegal and co-workers have developed layered high-density/low-density DLC films. They

obtained a periodic layer sequence by periodically changing the bias (carbon energy), and these films

demonstrate reduced stress [Siegal et al., 1998].

Ugolini et al. [1990] and others have discussed the deposition of interlayers prior to the growth of

DLC thin films. They specifically mentioned the advantages of promoting adhesion using a carbide-

forming interlayer, such as iron, silicon, chromium, tantalum, or tungsten. This intermediate layer

should also yield locally into the substrate in order to absorb the compressive stress. Bentzon et al.

[1994] found that copper–chromium interlayers provided the best improvement in adhesion for DLC

thin films on steel. Although copper does not form a chemical bond with carbon, it does serve as a

compliant layer that provides stress relief.

Silicon has been used as an interlayer material by Anders et al. [1997b] for hydrogen-free DLC

films and by Meneve et al. [1996] for hydrogenated DLC films. In addition, a 2- to 4-nm-thick

amorphous silicon interlayer is especially useful for glass and silicide-forming substrates [Grill

et al., 1988].

Voevodin et al. [1995c] have successfully used multitarget ablation schemes to deposit

multiple supporting interlayers. They have demonstrated combined magnetron sputtering of
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titanium and laser ablation of graphite to create functionally gradient crystalline titanium, titanium

carbide, and DLC composite coatings [Voevodin et al., 1995a]. Gradual transitions of chemistry

and structure between metal, metal carbide, and amorphous carbon were achieved using this

technique. These functionally graded DLC coatings contain an adhesive thin-metal layer, a load-

supporting carbide layer, a metal-doped DLC layer, and/or multiple pairs of metal–DLC or

carbide–DLC layers. As such, no sharp interfaces that could serve as crack initiation sites are

formed. These films demonstrated total thickness values of 2–3 mm and hardness values around

� 65GPa. In addition, scratch adhesion studies of these films demonstrated neither adhesion

failure nor peripheral cracking. Quite high loads (nearly 50 N) were required for substrate

penetration and film delamination. Functionally gradient Ti–TiC–DLC coatings remained intact

for over 105 cycles, and multilayer Ti–TiC–DLC–[Ti–DLC] coatings maintained a friction

coefficient of 0.1 for over 106 cycles. On the other hand, single-layer DLC coatings failed by

delamination after the first few cycles and composite DLC/H:DLC coatings were worn after

several thousand cycles.

Other researchers have demonstrated the incorporation of modifying elements within diamond-

like carbon films using a conventional PLD system. For example, modifying element targets and

graphite targets can be co-ablated during the PLD process. Several modifying elements, including

gold, chromium, copper, silicon, oxygen, tungsten, titanium, iron, platinum, niobium, nickel, silicon,

tin, and tantalum, have been incorporated within DLC thin films [Amaratunga et al., 1995; Amir

et al., 1991; Donnet et al., 1997; Grill and Patel, 1996; Grill et al., 1998; Grischke et al., 1998; Wei

et al., 1998, 1999].

Narayan et al. [1995] have developed a variant of the conventional PLD process to incorporate

modifying elements into growing DLC films [Wei et al., 1998, 1999]. Briefly, a single multi-

component target is loaded into the pulsed laser deposition chamber; this target contains pure

graphite covered by a piece of the desired modifying element target. The focused laser beam

sequentially ablates the graphite target component and the modifying element target component

to form composite layers. They observed that the presence of metal causes the visible Raman

spectrum G peak to shift to smaller wavenumbers. As mentioned above, these results suggest that

internal compressive stress is decreased. Furthermore, the modifying element can be incorporated in

a controlled manner during the PLD process. For example, functionally gradient films have been

created by gradually decreasing the modifying element concentration from the coating–substrate

interface to the surface. Adherent, 1-mm thick DLC–titanium and DLC–silver films have been demon-

strated using this technique.

These DLC–metal composite films demonstrate two different microstructures. Carbide-forming

elements (e.g., titanium) demonstrate segregation of the carbide layers within the DLC matrix at

high metal concentrations. On the other hand, non-carbide-forming modifying elements form

uniformly distributed nanoparticles within the DLC matrix. A cross-sectional transmission electron

micrograph of a DLC–silver nanocomposite film is shown in Figure 15.2. The size of these

nanoparticles depends on the ratio of modifying element/graphite ablated, the type of modifying

element, and the deposition parameters.

The electrical and mechanical properties of these DLC composites are dependent on the size and

density of the modifying element component. Chemical reactivity, elasticity, electrical conductivity,

hardness, internal stress, oxidation behavior, thermal expansion coefficient, and other material

properties can be effectively tuned by controlling the concentration of the modifying element within

the DLC composite film. For example, increasing the fraction of metal within a DLC composite film

may increase electrical conductivity by 12 orders of magnitude. DLC–metal composite films

generally have a reduced sp3 content; however, hardness and Young’s modulus may remain

essentially intact. Hardness values, ranging from 5 to 20GPa, and Young’s moduli, ranging from

50 to 200GPa, have been reported for different DLC–metal composite thin films [Benndorf et al.,

1991a, 1991b; Bewilogua and Dimigen, 1993; Dimigen and Klages, 1991; Wang et al., 1992]. Many

of these DLC–metal composites are opaque. DLC–silicon composites, on the other hand, are

transparent and can be used in optical applications.
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There are several new applications for DLC–metal composite films [Chen et al., 2001a, 2001b,

2001c; Fiaccabrino et al., 1996; Wachter et al., 1998]. For example, DLC–metal composites can be

used as emitters in advanced field emission devices. In fact, DLC–metal composite films may have

better field emission performance than DLC films [Tay and Zhang, 2002]. DLC–silicon composite

thin films exhibit lower oxygen plasma etching rates than DLC thin films, and can serve as an

etch stop. Modified DLC films may possess improved friction and tribological properties. For

example, DLC–silicon films may possess lower friction coefficients than DLC films. Similarly,

fluorinated DLC films possess lower surface energies and lower friction coefficients than DLC

films.

Dorfman has described the properties of diamond-like nanocomposites (DLN), which consist of

atomic-scale carbon and silicon composite random networks [Dorfman, 1992]. The carbon within

this network is stabilized by the presence of hydrogen and the silicon within this network

is stabilized by the presence of oxygen. This network structure prevents growth of a graphitic

phase, enhances adhesion, and reduces internal stress. Metals can also be introduced into these

diamond-like nanocomposite films, and the metal component may either form a disordered network

or remain as separate atoms within the diamond-like nanocomposite matrix. The amorphous carbon,

amorphous silicon, and amorphous metal networks are interwoven together. They have shown that

diamond-like bonding and properties are preserved within this composite material.

Postdeposition annealing is yet another technique for reducing internal compressive stress in

DLC thin films. Highly tetrahedral DLC thin films can be annealed at temperatures up to 1000–

1100�C in vacuum. It should be noted, however, that films with a lower sp3 content or films

containing nitrogen are less stable [Anders et al., 1997b].

This high-temperature postdeposition annealing process has been described extensively in the

literature. Friedman et al. [1996] described a process that involves depositing a 100- to 200-nm DLC

film at room temperature. This film is then annealed at 600�C for 2min, since annealing at lower

temperatures (up to 300�C) causes roughening. Additional DLC deposition can be performed once

Figure 15.2 Bright-field transmission electron micrograph of DLC-silver nanocomposite film.
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the film is cooled to room temperature. These annealed films demonstrate large sp3 fractions,

exceptional hardness values, large elastic moduli, good adhesion to the underlying substrates, and

either reduced residual compressive stress (less than 0.2GPa) or tensile stress. DLC films with

thicknesses of 1.2 mm have been demonstrated using this technique.

The thermal annealing process has been modeled, and stress reduction has been correlated with

the diffusion of sp2-hybridized carbon sites into larger clusters [Chhowalla et al., 2000; Ferrari et

al., 1999; Ferrari and Robertson, 2000; Friedmann et al., 1997; Kalish et al., 1999; Sullivan et al.,

1997]. The sp3 fraction remains essentially constant during this process. The sp2-hybridized

carbon sites diffuse within the sp3-hybridized carbon matrix at lower energies/temperatures than

are required for the conversion of sp3-hybridized carbon sites to sp2-hybridized carbon sites. The

activation energy for the diffusion of sp2 sites is estimated to be in the range of 2.5 eV. On the other

hand, the activation energy for the conversion of sp3-hybridized carbon to sp2-hybridized carbon is

estimated to be in the range of �3.5 eV. Annealing allows the lower energy sp2 site diffusion

process to occur. This clustering process is also noted during high-temperature deposition of DLC

thin films.

Sullivan et al. [1997] have suggested that the p planes within these graphitic clusters align in the

plane of compression to remove compressive stress. The graphite c axis orients perpendicular to the

film surface, and the graphite basal plane orients parallel to the film surface. Nearly 2% of sp3 sites

need to convert to sp2 sites for this strain relaxation process to occur.

Annealed DLC films have been characterized using a variety of techniques [Siegal et al., 2000b;

Martinez-Miranda et al., 2001]. Electron energy loss spectroscopy studies suggest the total number

of sp3 sites remains essentially unchanged. On the other hand, the clustering of sp2-hybridized

carbon atoms does alter the visible Raman spectrum. The D peak appears, and the G peak becomes

increasingly skewed. The appearance of a D peak suggests that the sp2-hybridized carbon atoms

rearrangewithin the sp3-hybridized carbonmatrix, segregating into large aromatic clusters. Siegal et al.

[2000b] have demonstrated the presence of these nanophase clusters in annealed films using cross-

section transmission electron microscopy. More dense amorphous carbon clusters are observed

within a less dense amorphous carbon matrix. The clusters are estimated to be between 3–5 nm in

size, and possess 5–10% greater density than the surrounding matrix. It appears that these

inclusions grow on existing nuclei that are already present in as-deposited films. The sp2 clusters in

as-deposited films may arise from a stress reduction mechanism during film growth. The annealed

films were studied using nanoindentation and exhibit 15% greater hardness than as-deposited films.

Hardness and modulus values determined from an Oliver–Pharr analysis were 80.2 and 552GPa,

respectively [Friedmann et al., 1997]. Annealing also causes resistivity to decrease and optical gap

to drop to zero [Ferrari et al., 1999; Siegal et al., 2000b].

The advantage of the thermal annealing process for stress reduction in DLC thin films is that pure

films can be prepared. Unfortunately, one of the disadvantages of the thermal annealing process is

that film throughput may be decreased. In addition, the thermal budget for a microelectronic device

undergoing this annealing process may be sharply reduced [Nir, 1987; Wagner et al., 1989]. Polymer

substrates are precluded from thermal annealing, and some metal substrates may undergo

overtempering during thermal cycling. There is no current mechanism for significantly reducing or

eliminating internal compressive stress in DLC thin films that can be applied to any substrate

material and allows for continuous growth of pure, thick films. Thin-film researchers are continuing

to develop novel methods for overcoming this major obstacle.

15.7 HYDROGENATED AND HYDROGEN-FREE DLC

‘‘Hydrogen-free’’ DLC films are produced by ablating a high-purity graphite target in 10�5 Pa

vacuum, and these films contain very low amounts of hydrogen (between 0.01 and 0.1 atom%).

Structurally, these films are best described as amorphous networks containing large amounts of
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sp3-hybridized carbon atoms and they exhibit densities at or exceeding 3.0 g/cm3. In addition, these

films possess a high level of residual compressive stress.

Hydrogenated DLC can be described as an exceptionally dense polymer. These films contain up

to 30 atom% hydrogen and up to 10 atom% oxygen within an amorphous carbon matrix. The

hydrogen and oxygen are contained within CH3 and O–CH3 inclusions; the density of hydrogenated

DLC is approximately 2.2 g/cm3. Hydrogenated DLC (HDLC) may also be referred to as amorphous

carbon hydrogenated (a-C:H) or diamond-like hydrocarbon (DLHC).

These films may be produced by pulsed laser deposition of polymer targets [Voevodin et al.,

1995a] and often contain polymer fragments due to target splashing. In addition, HDLC films can be

prepared by ablation of a graphite target in a hydrogen atmosphere. For example, Malshe et al.

[1990] created a HDLC thin film by ablating a graphite target with a 694-nm ruby laser in a 60-Pa

hydrogen atmosphere at a substrate temperature of 50�C. The laser wavelength is a critical

parameter for pulsed laser deposition of hydrogenated DLC, as the absorption coefficient for the

hydrogen (H2) molecule exhibits a pronounced wavelength dependence. As a result, the amount of

chemically active hydrogen atoms within the hydrogenated DLC film can vary widely based on

laser wavelength.

Under certain conditions, pulsed laser deposition growth of hydrogenated DLC films is similar

to chemical vapor deposition growth of diamond films. Rengen et al. [1992] were able to deposit

micron-sized diamond crystals with dominant diamond octahedral faceting using a modified pulsed

laser deposition process in which a graphite target was ablated using a KrF laser. The laser plume

was extended and heated using a ring electrode. During these depositions, a hydrogen background

pressure of 13 Pa was maintained. Depositions at substrate temperatures between 100 and 860�C
provided microcrystalline diamond films. Polo et al. [1995] demonstrated conventional pulsed

laser deposition of microcrystalline diamond thin films on diamond powder-treated substrates.

For example, they deposited 20-mm diamond crystals on silicon substrates by ArF laser ablation

of a graphite target at a substrate temperature of 450�C. These depositions were performed in

hydrogen atmosphere of 100 Pa. Tetrahedral bonding in these films was demonstrated using Raman

spectroscopy.

Early thin-film researchers believed that the incorporation of hydrogen into DLC films

promoted sp3 stabilization and increased the sp3 fraction. As a result, the development of

hydrogenated DLC films exceeded that of hydrogen-free DLC films during the early and mid-

1980s. Hydrogenated DLC–metal films demonstrated adequate adhesion, mechanical, optical, and

tribological properties in many environments, and, as a result, these coatings made their way into

many industrial applications. By the late 1980s, several factors led to a general preference of

hydrogen-free DLC films over hydrogenated DLC films. By that time, hydrogen-free DLC films

were created at similar or higher deposition rates than hydrogenated DLC films. In addition,

hydrogen-free DLC films possess better adhesion, mechanical, optical, and tribological properties

than hydrogenated DLC films. For example, hydrogen-free DLC films demonstrate higher

densities, elastic moduli, and hardness values than unhydrogenated diamond-like films. Hydrogen-

free diamond-like films may possess hardness values over 50GPa, whereas unhydrogenated

diamond-like films typically possess hardness values around 10GPa. In addition, hydrogenated

DLC films are often rougher than their hydrogen-free counterparts. As a result, hydrogenated DLC

films were found to possess higher wear rates than hydrogen-free DLC films. Hydrogen-free films

were also found to exhibit better adhesion than hydrogenated films. In addition, the friction

coefficients of hydrogenated DLC films were found to be much higher than those of hydrogen-free

diamond carbon films, especially in humid environments. In fact, the coefficient of friction for

hydrogenated DLC can approach � 0.3 in humid test environments [Voevodin et al., 1995b]. It

should be noted that several researchers have recently demonstrated that the friction coefficient of

hydrogenated DLC can be made impervious to humidity through the incorporation of 4 atom%

hydrogen [Gilmore and Hauert, 2000, 2001; Oguri and Arai, 1990; Wu et al., 1998] or silicon

[Gangopadhyay et al., 1997]. Finally, hydrogen-free DLC demonstrates much better thermal

stability than hydrogenated DLC. Hydrogen-free DLC converts to nanocrystalline graphite at
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800�C in vacuum, and at 550�C in an oxygen atmosphere. On the other hand, hydrogenated DLC

converts to graphite at 300�C in vacuum, and 250�C in an oxygen atmosphere [Friedmann et al.,

1996]. As a result, high-temperature annealing cannot be used to remove compressive stress in

hydrogenated films. Finally, carbon–hydrogen bonds create interference in infrared transmission.

As a result, hydrogen-free DLC is considered a more satisfactory material than hydrogenated

DLC for a wide variety of devices, including hard disk coatings, tape coatings, antireflective

infrared coatings, medical coatings, and tribological coatings.

15.8 PROPERTIES OF DLC

Cohen [1985] has used a semiempirical approach to determine the mechanical properties for

tetrahedrally bonded materials. The hardness of materials in the absence of major defects is found to

scale with bulk modulus (B), as given by B ¼ �Vdp=dv ¼ Vd2u=dV2, where V is the volume, P is

the pressure and U is the energy. The bulk modulus can be approximated by Nc=4� ð1972–
220 IÞ=d3:5 (GPa), where Nc is the coordination number, d is the bond length, and I is the ionicity

parameter. The ionicity parameter accounts for charge transfer; this value is 0 for Group IVelements,

1 for Group IV and V elements, and 2 for Group II and VI elements. For tetrahedrally bonded

materials, Nc ¼ 4, and in this case, the relation for B can be simplified as (3263–3641)N1:167. Based

on this equation, the hardest materials contain either boron (covalent radius ¼ 0.88 Å), carbon

(covalent radius ¼ 0.77 Å), or nitrogen (covalent radius ¼ 0.70 Å), which exhibit covalent bonding

with minimum charge transfer. Using the above formulas, crystalline diamond (d ¼ 1.54 Å, I ¼ 0,

and Nc ¼ 4) should possess a Young’s modulus of 435GPa. This value is in agreement with the

experimental value of 443GPa. Based on the above equation, DLC should possess a very high

Young’s modulus. The sp3=sp2 ratio in DLC films determines the mechanical properties of the

film. In fact, the elastic modulus (5900GPa), mechanical hardness (580GPa), and density

(43.0 g/cm3) of DLC films demonstrate a range of values [Donnet and Grill, 1997; Enke et al.,

1980; Ronkainen et al., 2001], which are correlated with the sp3=sp2 ratio. Coefficient of friction
values under 0.05 have been obtained by several groups, depending on the counterface material,

the testing apparatus, and the testing environment [Bull, 1995].

On the other hand, the electrical and optical properties of DLC thin films depend primarily on

the presence of the sp2-bonded carbon clusters. Local bandgaps are dependent on the local

configuration and size of these clusters; in general, smaller clusters lead to larger bandgaps

[Robertson et al., 1987; Robertson et al., 1995]. The amount of distortion of p bonding in the sp2

clusters by the sp3 matrix also determines bandgap. Dangling bonds or single sp2 atoms do not

occur in substantial numbers; instead, these atoms pair up to form p-bonding states outside the

bandgap. Undoped DLC is a p-type semiconductor in which the Fermi level is located 0–22 eV

higher than the effective valence band edge [Veerasamy et al., 1994]. Although it demonstrates a

poor doping response, it can be doped with boron, nitrogen, phosphorus, or other impurities to

exhibit n- or p-type semiconducting behavior [McKenzie et al., 1994]. DLC exhibits a relatively

wide bandgap and a high hole mobility. Unfortunately, low carrier mobility, wide-band tails, and a

large density of midgap states have slowed large-scale application of DLC thin films in electronic

applications [Milne, 1996]. DLC is transparent in the infrared region and visible region. The

optical gap increases with sp3 fraction; a Tauc gap up to 2.0 eV is observed in samples with a high

(�90%) sp3 fraction [McKenzie et al., 1994]. Hydrogen-free DLC exhibits relatively high thermal

conductivities on the order of 10W/m K (nearly five times greater than that of copper). On the

other hand, hydrogenated DLC demonstrates thermal conductivities on the order of �1W/mK

[Bullen et al., 2000; Morath et al., 1994]. Finally, DLC is essentially chemically inert below

800�C. These unique characteristics have led many researchers to propose a wide variety of

applications for DLC thin films. Some of these potential applications are listed in Table 15.1. The

following sections will detail potential and current applications for DLC thin films in medical and

mechanical devices.

346 DIAMOND-LIKE CARBON: MEDICAL AND MECHANICAL APPLICATIONS



15.9 DLC APPLICATIONS

15.9.1 Medical Applications

The majority of adverse host responses to implantation of a medical implant are related to poor

surface properties. Corrosion, fatigue, friction, and wear are only some of the factors that must be

eliminated or minimized to promote healing and long-term function of a prosthesis, biosensor, or

drug delivery device.

Most biomaterials were originally adopted from unrelated technical areas. Stainless steel, cobalt–

chromium–molybdenum alloy (ASTM F75), titanium–aluminum–vanadium alloy (ASTM F316),

polyurethane, polycarbonate, and ultra-high-molecular-weight polyethylene were originally

developed for aerospace, chemical, or other industries, and were slowly absorbed into the medical

armamentarium. The time delay between material innovation and medical acceptance is slowly

narrowing, but many hurdles remain.

There are several requirements for implantable biomaterial surfaces and coatings. First

of all, they must not be toxic when in contact with the host environment. Second, the surface

must be corrosion resistant in the 1% NaCl environment of the human body, in order to prevent

release of allergenic, carcinogenic, or toxic metal ions, monomers, or plasticizers from the bulk

metal, ceramic, composite, or polymer [Grill, 2003]. Cobalt, chromium, nickel, aluminum, and

vanadium ions have been cited for carcinogenic or toxic interactions with human tissues

[Swierenga et al., 1987]. Third, the surface must have sufficient fatigue properties to resist

an environment that includes considerable stresses and an extremely large number of cycles per

year (up to 106–109). Many medical biomaterials perform a ‘‘structural’’ function; structural

integrity is essentially for long-term performance. Fourth, the material surface must be wear

resistant. Fifth, the coating must have good adhesion to the bulk biomaterial surface, and

sixth, a well-controlled surface finish is necessary, especially in low friction or tissue-bonding

environments.

Carbon biomaterials have been used for over 30 years, and the first of these were low-temperature

isotropic (LTI) pyrolytic carbons. These dense, isotropic materials are deposited from a hydrocarbon

gas (e.g., methane) in a fluidized-bed reactor at temperatures below 1500�C. In 1969 De Bakey

introduced a pyrolytic carbon-coated aortic valve prosthesis that incorporated carbon-coated

metal struts and a carbon-coated hollow ball [DeWall et al., 2000]. These valves demonstrated

biocompatibility, inertness, and immunity to fatigue. Pyrolytic carbon remains a common valve

prosthesis biomaterial, but more recently, DLC has been considered for use in medical prostheses

and surgical instruments.

TABLE 15.1 Possible Applications for DLC Thin Films

Property Applications

High thermal conductivity Electronic device heat sink

Biological inertness Medical prosthesis, biosensor, medical instrument coating

Chemical inertness Chemical reactor vessel, fuel cell anode coating,

nuclear reactor wall coating

Low electron affinity Cold cathode for flat-panel display, Schottky diode

Optical transparency Lens, optical fiber coating, laser bar code scanner coating,

infrared window antireflective coating

Electrical conductivity (n or p type) Radiation- and temperature-resistant devices

Hardness, wear resistance, and low friction Cutting tool coating, abrasive, microelectromechanical

system coating, ball bearing coating, wear protection

of sliding part, magnetic recording coating,

engine injection pump coating, gear coating

High sound propagation velocity Speaker tweeter, speaker diaphragm
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Diamond-like carbon thin films have also been shown to possess excellent biocompatibility. For

example, in vitro studies of DLC involving mouse peritoneal macrophages, mouse fibroblasts,

human myeloblastic ML-1 cells, osteoblast-like cells, and human embryo kidney 293 cells have

demonstrated the absence of an inflammatory response [Allen et al., 1994; Linder et al., 2002; Lu

et al., 1993; Thomson et al., 1991]. Morphological examination and biochemical data suggest that

DLC-exposed cells undergo no cellular damage. For example, osteoblast-like cell lines exposed to

DLC coatings did not demonstrate any change in creation of proteins, including alkaline

phosphatase, type I collagen, and osteocalcin [Allen et al., 2001]. In addition, neuronal growth

readily occurs on DLC surfaces [Ignatius et al., 1998].

Diamond-like carbon has been considered for use in a variety of vascular medical devices

[Dion et al., 1993; Thomson et al., 1991; Tran et al., 1999], including coronary artery stents

[De Scheerder et al., 2000; Gutensohn et al., 2000], synthetic heart valves [Jones et al., 2000;

Yin et al., 1999; Yu et al., 2000], left ventricular assist devices [Alanazi et al., 2000], and artificial

hearts [Yamazaki et al., 1998]. A common problem with artificial heart valves and cardiac stents

is thrombus formation and blood vessel closure [Allen et al., 2001; Jones et al., 1999, 2000;

Parker et al., 1994; Schroeder et al., 2000; Tiainen, 2001]. Thrombus formation is a multi-

step process that occurs on the biomaterial surface and involves plasma protein adsorption,

platelet adhesion and activation, and clotting factor activation [Courtney et al., 1994; Lyman et al.,

1972]. The clotting process is dependent on fluid flow and device surface properties and is

initiated by platelet activation. These blood clots can break loose and cause damage in the brain,

kidneys, or lungs.

Diamond-like carbon thin films demonstrate outstanding hemocompatibility. These films exhibit

decreased platelet activation and reduced thrombus formation [Monties et al., 1997]. Furthermore,

DLC possesses an extremely low coefficient of friction. This feature may increase the rate of blood

flow and improve other hemodynamic properties.

Several studies have shown that DLC can greatly improve the hemocompatibility of a medical

device. Measurements of in vitro platelet adhesion involving I-125-labeled platelets demonstrate a

larger number of platelets adhere to titanium than to DLC-coated titanium [Krishnan et al., 2002].

Also, in vitro studies demonstrate platelet activation and platelet adhesion occur less often on DLC-

coated surfaces than on titanium, titanium carbide, titanium nitride, and stainless steel surfaces [Chu

et al., 2001; Jones et al., 1999, 2000; Yu et al., 2000]. The albumin adhesion–fibrinogen adhesion

ratio is an important hemocompatiblity factor; this value is inversely correlated with the amount of

platelet adhesion. Cui and Li [2000] found that the albumin adhesion–fibrinogen adhesion ratios for

DLC-coated surfaces were higher than those for poly(methyl methacrylate) (PMMA). In addition,

Gutensohn et al. [2000] demonstrated that a DLC coating on 316L stainless steel reduces the

generation of platelet activation antigens and the proliferation of smooth muscle cells. Uncoated

stainless steel and nickel–titanium alloy stents release a significant amount of nickel and/or

chromium metal ions when exposed to human plasma, while on the other hand, DLC-coated stents

release negligible amounts of these ions. These factors suggest thrombus formation should be

reduced on DLC-coated surfaces, and, in fact, one in vitro study suggests DLC coatings may resist

platelet adhesion and thrombus formation better than pyrolytic carbon coatings [Tran et al., 1999].

It is interesting to note that Chen et al. [2002] found a correlation between the fraction of sp3-bonded

carbon, and the number of adherent platelets [De Scheerder et al., 2000]. Cell adhesion to DLC

films has also been correlated with surface energy [Jones et al., 2000] and surface texture

[McLaughlin et al., 1996].

Medical devices coated with DLC have been demonstrated in a number of in vivo (animal)

studies. For example, De Scheerder et al. [2000] found coronary artery stents coated with Si:O

containing DLC were biocompatible. These coated stents demonstrated reduced inflammation and

decreased thrombus formation [Neerinck et al., 1998]. The number of inflammatory cells was lower

on the Si:O DLC stent surface than on the DLC stent surface. A DLC-coated ventricular assist

device, intended to assist blood pumping, demonstrated minimal thrombosis during implantation

studies involving calves [Yamazaki et al., 1998].
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Another medical application for DLC thin films is use on the surface of hip or knee joint

prostheses. It is believed that approximately 25 million people have a partial or total joint

replacement prosthesis [Goldring et al., 1993], and these are now being implanted in more active,

younger patients, who are placing additional requirements on these devices. A cobalt–chromium–

molybdenum alloy, cobalt–nickel–chromium–molybdenum alloy, or a titanium–aluminum–vanadium

alloy surface articulates against an ultra-high-molecular-weight polyethylene surface in a total joint

prosthesis. These components are fixed in place using PMMA bone cement. Current devices have

exceedingly short lifetimes, however, and it is believed that 10–20% of the implants have to be

replaced after 10 years, with some needing replacement in as little as 5 years [Malchau et al., 1993].

Loosening, wear, corrosion, uneven stress distributions, and tissue inflammation contribute to these

short lifetimes [Witt et al., 1991].

Stress shielding, another phenomenon that affects joint prostheses, refers to an uneven load

distribution at the bone–prosthesis interface that can lead to prosthesis loosening [Head et al.,

1995], and this problem affects every current metal prosthesis component. For example, cobalt–

chromium–molybdenum alloy exhibits a modulus of elasticity of 220GPa. This value is 10 times

higher than that of the surrounding bone (17GPa), and as a result stress shielding is quite

significant. An alternative metal component material is titanium–aluminum–vanadium alloy. This

biocompatible, highly corrosion-resistant alloy exhibits a modulus of elasticity of 110GPa

[Williams, 1977]. Unfortunately, titanium–aluminum–vanadium alloy demonstrates poor wear

resistance and exhibits crevice corrosion when fixed using PMMA bone cement [Peters et al.,

1992; Scales, 1991].

Wear of orthopedic implant materials is another serious issue. A cobalt–chromium–

molybdenum alloy/polyethylene implant generates a large number of polyethylene wear particles

[Santavirta et al., 1998]. Polyethylene wear is estimated at 0.10–0.20mm/year; in fact, some

investigators have suggested 100,000 polyethylene particles are released with each step [Doorn

et al., 1996; Goodman et al., 1990]. Wear of the metal component of the joint prosthesis

also occurs. For example, cobalt–chromium–molybdenum alloy degrades at an average rate of

0.02–0.06mm in 10 years. Titanium–aluminum–vanadium alloy is more prone to mechanical

wear, especially at the titanium–aluminum–vanadium alloy/polyethylene interface. On the other

hand, cobalt–chromium–molybdenum alloy particles cause greater tissue toxicity than polyethylene

particles or titanium–aluminum–vanadium alloy particles.

In addition, the PMMA bone cement presents many problems. Bone cement assists in distributing

stresses between bone and metal and can be loaded with antibiotics. Unfortunately, micromotion at

the implant–bone interface may lead to the release of a large amount of bone cement particles [Jones

and Hungerford, 1987; Santavirta et al., 1991, 1998]. Also, stress concentrations at the implant–

PMMA interface may lead to microfracture of PMMA. Metal, polymer, and bone cement debris can

generate third-body wear of the metal and polymer prosthesis components [Santavirta et al., 1999].

Finally, these wear particles induce inflammation in the surrounding tissues, bone breakdown

(osteolysis), and implant loosening [Rae, 1981].

Several ceramic–ceramic total joint prostheses have been available since 1969; however, the

success of these devices has been mixed because ceramic microstructure and prosthesis geometry

have not been well controlled [Boutin et al., 1988]. As a result, many orthopedic biomaterials

researchers have sought to combine a bulk material possessing a modulus of elasticity close to that of

bone with a wear-resistant, low-friction, hard, biocompatible coating. Titanium nitride coating,

nitrogen ion implantation, nitrogen diffusion hardening, and oxygen diffusion hardening are current

techniques for surface modification of total joint replacement materials [Williams et al., 1989].

Unfortunately, abrasion and oxidative wear may allow removal of these layers.

Diamond-like carbon is an ideal surface coating for prosthetic joints because it is atomically

smooth, low friction, wear resistant, inert, and immune to scratching by third-body wear particles

[Santavirta et al., 1999]. Furthermore, it prevents the release of metal ions into the surrounding

tissues. Hydrogen-free DLC is greatly preferred over hydrogenated DLC thin films for joint

prosthesis applications in which a low-friction surface under humid conditions is required.
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Investigators have also compared the wear and corrosion behavior of DLC-coated materials to

uncoated materials [Tiainen, 2001]. The friction and wear properties of DLC-coated metal hip

prostheses against DLC-coated cups have been determined by multiple investigators using pin-on-

disk and hip joint simulators. For example, Tiainen [2001] demonstrated extremely low

coefficients of friction for hydrogen-free DLC coatings created using a pulsed arc discharge

method. The coefficients of friction for DLC-coated, metal–polyethylene and metal–metal pairs

were 0.05, 0.05, and 0.14, respectively. In addition, they demonstrated that the wear in the

DLC-coated metal/DLC-coated metal wear couple is 105–106 times lower than in conventional

metal–polyethylene and metal–metal wear couples. Furthermore, DLC can reduce the wear of

polyethylene in a DLC-coated metal/ultra-high-molecular-weight polyethylene wear couple by

10–600. Santavirta et al. [1999] also demonstrated the wear resistance of pulsed plasma-

arc-deposited DLC using a commercial hip simulator. Similarly, Davidson and Mishra [1995]

found DLC-coated titanium–aluminum–vanadium alloy samples exhibited no discernible wear at

the one million cycle mark. On the other hand, nitrogen ion implanted samples demonstrated

significant wear. Onate et al. [2001] and Dong et al. [1999] demonstrated significant reductions in

wear of polyethylene against DLC coatings using a pin-on-disk instrument and a knee wear

simulator, respectively.

On the other hand, some investigators have found little difference between DLC-coated materials

and conventional materials. For example, Sheeja et al. [2001] performed wear testing of the cobalt–

chromium–molybdenum/ultra-high-molecular-weight polyethylene and multilayer DLC/ultra-high-

molecular-weight polyethylene wear couples, and found little difference in wear between the DLC

and cobalt–chromium–molybdenum couples. These contradicting results suggest other factors,

including choice of lubricant, may play a significant role in determining overall wear rates. For

example, investigators who found decreased wear of the ultra-high-molecular-weight polyethylene

component of a DLC/ultra-high-molecular-weight polyethylene wear couple generally used distilled

water or saline solution as a testing lubricant [Ahlroos et al., 1997; Saikko et al., 1997]. Conversely,

investigators using a simulated body fluid (e.g., bovine serum) as a lubricant generally found no

difference in wear between DLC/ultra-high-molecular-weight polyethylene and metal/ultra-high-

molecular-weight polyethylene wear couples [Affatato et al., 2000; Scholes et al., 2000; Sheeja

et al., 2001;]. It is believed that some physiological lubricants do not allow graphitic surface layers

to form on the wear couple components [Hauert et al., 2003]. In addition, DLC coatings containing

particulates and pits may demonstrate much higher wear rates [Dong et al., 1999]. Finally, surface

defects (e.g., scratches) may significantly affect the wear rate of DLC-coated prostheses;

for example, the wear rate of ultra-high-molecular-weight polyethylene against DLC containing

2-mm-deep scratches was found to be seven times larger than that against intact DLC [Firkins et al.,

1998].

Fortunately, the data regarding the corrosion properties of DLC-coated metals is far more

uniform in its conclusions. For example, hydrogen-free DLC-coated cobalt–chromium–molybdenum

alloy and cobalt–chromium–molybdenum alloy were placed in saline solution equivalent to

placement in body fluid for 2 years at a temperature of 37�C. The DLC-coated cobalt–chromium–

molybdenum alloy had a 105 lower corrosion rate than cobalt–chromium–molybdenum alloy

[Tiainen et al., 2001]. Similarly, the corrosion rate of DLC-coated titanium–aluminum–vanadium

alloy in saline solution was extremely low [Franks et al., 1989].

Furthermore, no histopathological changes have been seen during in vivo studies in which DLC-

coated metals have been implanted in animals [Dowling et al., 1997]. Allen et al. [2001] implanted

DLC-coated cobalt–chromium alloy into the femur of sheep for up to 90 days and demonstrated

good biocompatibility. Mohanty et al. [2002] implanted DLC-coated titanium alloy into the skeletal

muscle of rabbits for up to 1 year and confirmed the biocompatibility of DLC. Dowling et al. [1997]

implanted hydrogenated DLC-coated stainless steel cylinders into sheep cortical bone and muscular

tissue for between 4 and 12 weeks. They also found that the DLC coatings did not induce

inflammation or toxicity in adjacent bone or muscle tissue. Santavirta et al. [1998] implanted DLC-

coated titanium alloy into the femur of rats and observed a thin fibrous layer around the implants.
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The absence of a thick implant capsule suggests cement-free implant fixation (direct bonding of

tissue to implant) may be possible [Santavirta et al., 1998]. Guglielmotti et al. [1999] implanted

zirconium, titanium, aluminum, and DLC-coated zirconium in Wistar rats for a 30-day period. They

found DLC-coated zirconium and zirconium implants exhibited better tissue responses than titanium

or aluminum implants. Finally, DLC-coated steel fracture fixation rods implanted in a human body

for 7 months were found to prevent rod corrosion and metal ion release [Zolynski et al., 1996]. This

case study suggests more rapid wound healing times and improved wound healing properties may be

possible using DLC-coated orthopedic implants.

Diamond-like carbon can also serve as an interlayer material between a bioactive ceramic surface

coating and a bulk biomaterial. The DLC interlayer can serve to prevent degradation of the bulk

biomaterial and improve adhesion of bioactive surface layer. The surface layer could include

hydroxyapatite, Bioglass, fluoroapatite, or other bioactive ceramics. An example of this bioactive

ceramic/DLC structure is shown in Figure 15.3. No in vitro or in vivo studies have been performed

on these hybrid coatings, but this design may prove useful in next-generation orthopedic prostheses.

Biomedical polymers have been coated with DLC to provide chemical inertness and increase

device rigidity. It has been claimed that DLC can increase polymer stability in biological fluid

by 10- to 15-fold [Elinson et al., 1999]. DLC coatings also prevent diffusion of oxygen, wear, and

degradation. Furthermore, the surface properties of the diamond-like coating can be modified to

provide a variety of contact wetting angles and/or antibacterial activity. Specifically, carbon films

containing a positive charge may be deposited. These coatings are surrounded by cationic media,

which create barriers to microbial biofilm growth. DLC coatings have also been suggested for use on

poly(vinyl chloride) and PMMA-based devices, such as hard contact lenses, implantable catheters,

and drainage tubes. In addition, DLC coatings on contact lenses provide optical transparency and

UV protection. Due to their high index of refraction (n ¼ 2:4–2:5), DLC coatings may allow device

thickness to be reduced.

Some investigators have found that DLC coatings on polyethylene and polyurethane demonstrate

a ‘‘woven’’ structure. It is believed that this woven structure results from plastic deformation of the

substrate [Evans et al., 1991]. These DLC films on the polymers remain adherent, with bonding

strengths in the range of �150 kg cm2. As a result, these DLC films can bend with the substrate

(within certain limits).

Microporous polycarbonate membranes coated with DLC have been studied for use as

implantable sensor coatings. There are several factors that account for the enhanced enzyme

electrode performance of DLC-coated polymer membranes. As mentioned earlier, pulsed laser

Figure 15.3 Cross-section transmission electron micrograph of hydroxyapatite–DLC nanocomposite. These

interlayers may serve to prevent degradation of the bulk biomaterial and improve adhesion of the bioactive

ceramic thin film. Both nanocrystalline hydroxyapatite and DLC layers were deposited at room temperature

using pulsed laser deposition.
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deposition is often performed at room temperature. As a result, it is an ideal technique for

temperature-sensitive and charge-sensitive polymers. Coating thickness and permeability can be

more easily controlled using pulsed laser deposition processes than using solution deposition

processes [Mullen et al., 1986]. Finally, DLC exhibits blood, protein, and tissue interaction

properties that minimize biofouling (protein and cell adhesion) to the sensor surface. For example,

DLC-coated microporous polycarbonate membranes for hydrogen-peroxide-based glucose enzyme

electrodes demonstrated increased enzyme electrode stability during in vivo studies involving

exposure to whole blood [Higson et al., 1993]. It was also found that glucose and oxygen transport

across DLC-coated membranes can be easily tuned to enhance detection of low-molecular-weight

solutes. Scanning electron micrographs of these membranes demonstrated reduced protein and red

blood cell adhesion. In addition, membranes with lower glucose/oxygen permeability coefficient

ratios were found to possess extended linearities.

The DLC films can be doped with a variety of elements to promote specific cellular responses.

For example, the addition of SiOx to DLC reduces the generation of inflammatory processes. In

addition, silver, copper, and platinum can be employed separately or in combination to create an

antimicrobial surface. DLC can be doped with fluorine to create a hydrophobic surface. DLC–

vanadium coatings have been created to introduce cytotoxic vanadium ions to tissues surrounding an

implant [Francz et al., 1999]. These coatings have been designed to prevent cell attachment and cell

proliferation. Such cytotoxic coatings may be beneficial for temporary implants (e.g., implantable

sensors and implantable drug delivery devices) in which cell attachment to the implant is not desired.

DLC films have been doped with calcium oxide compounds to promote the formation and growth of

bone [Dorner-Reisel et al., 2002]. Proliferation and morphology studies involving L929 mouse

fibroblasts reveal improved biocompatibility. Increased cell proliferation and healthy cell

morphology were observed for the DLC–calcium oxide films. In addition, wetting angle was

decreased. It is believed that calcium carbonate, a bioactive molecule, is somehow incorporated

within these films. Unfortunately, the addition of calcium oxide also decreased the fraction of

sp3=sp2-bonded carbon and the film hardness. Schroeder et al. [2000] studied DLC films containing

7–13% titanium. They demonstrated DLC–titanium films had a positive effect on cell proliferation.

The titanium content in a DLC–titanium film determines the extent and type of protein adsorption.

These processes influence cell attachment and cell proliferation. Bone fixation by osteointegration

increases through increased osteoblast differentiation and reduced (osteoclast bone-destroying cell)

activity [Francz et al., 1999; Hauert et al., 1997, 1999].

15.9.2 Mechanical and Tribological Applications

The DLC tribological coatings are also used for a variety of applications, including magnetic disks,

engine components, satellite direction mechanisms, chemical plants, and cutting tools. As

mentioned above, the mechanical properties of DLC films (e.g., elastic modulus, hardness, internal

stress, wear resistance, coefficient of friction) depend on the sp3 fraction. As a result, films deposited

at shorter wavelengths and/or higher fluences exhibit higher hardness values [Holmberg et al., 1994].

DLC thin films with the highest hardness values have been obtained using the hybrid PLD

techniques mentioned above. Nanophase diamond films created using hybrid techniques have

demonstrated nanohardness values of 80–100GPa and elastic moduli of 300–400GPa [Collins et al.,

1991b]. On the other hand, amorphous DLC thin films obtained through conventional pulsed laser

deposition exhibit hardness values of 50–60GPa and elastic moduli of 500GPa [Pharr et al., 1996].

Hirvonen et al. [1997] studied the hardness of hydrogen-free DLC films obtained using mass

selected ion beam deposition (MSIBD), and demonstrated hardness values as high as 120 � 20GPa

at a load of 200 g. Several experimentally derived relations between sp3 fraction and mechanical

properties have been developed. For example, Collins et al. [1993] have developed a linear relation

between sp3 fraction and Vickers hardness values. For hydrogen-free DLC films, 10% sp3 fraction

corresponds to 2000–3000Hv, 50% sp3 fraction corresponds to 7000–8000Hv, and 100% sp3

fraction corresponds to 10,000Hv. More recently, Schneider et al. have developed a relation between

352 DIAMOND-LIKE CARBON: MEDICAL AND MECHANICAL APPLICATIONS



sp3 fraction and elastic modulus. For hydrogen-free DLC films, sp3 fractions between 0 and 90%

correspond to elastic moduli between 300 and 800GPa. In contrast, typical hardness and elastic

moduli values for hydrogenated DLC films are 17 GPa and 50–200GPa, respectively [Dean et al.,

2000; Schneider et al., 1997]. Chemical composition (e.g., the type and concentration of

noncarbon atoms) also plays a significant role [Wei et al., 1998, 1999]. In general, hardness and

noncarbon element concentration are inversely related.

Diamond-like carbon also provides a low friction sliding surface. The friction coefficient

value depends on ambient atmosphere (e.g., humidity), topology, and the sliding partner [Tsai

et al., 1997]. Perhaps the most important parameter determining the coefficient of friction for

hydrogenated DLC is relative humidity. Friction values for hydrogenated DLC can be as low as

0.01–0.3 in vacuum but greatly increase with humidity [Dean et al., 2000]. Hydrogenated DLC

forms a graphitic transfer layer on a non-DLC partner surface. This contact asperity graphitization

process is driven by a combination of local contact stresses and local temperatures that can

reach 41000�C [Erdemir et al., 1995; Liu et al., 1996]. Under low-humidity conditions, these

hydrophobic hydrogenated DLC layers contact one another and form weak van der Waals

interactions. As a result, a low friction coefficient is generally observed. Hydrogen may be

desorbed by annealing, increasing sliding velocity, and increasing applied load; this process may

increase lubricity [Liu et al., 1996]. Under high-humidity conditions, this transfer layer may be

inadequately formed. In addition, the transfer surface may be hydrated or oxidized by ambient

gaseous species (e.g., oxygen or water). As a result, the friction coefficient is much higher. This

variation can be correlated with hydrogen/carbon ratio in the precursor material. As the hydrogen

content in the precursor material increases, the friction coefficient demonstrates a greater positive

correlation with ambient humidity. As such, hydrogenated DLC films produced from hydrogen-

diluted methane demonstrate lower friction coefficients than other hydrogenated DLC films

in ambient humidity. Erdemir et al. ascribes this relation to the fact that hydrogenated DLC

produced from hydrogen-diluted methane contains fewer dangling carbon bonds than other

hydrogenated DLC films.

On the other hand, hydrogenated DLC–silicon coatings maintain low friction coefficients

regardless of humidity [Oguri et al., 1992; Voevodin et al., 1996]. Voevodin et al. found hydrogen-

free DLC possesses a slightly higher friction coefficient than hydrogenated DLC in vacuum (0.1–

0.15). The friction coefficient of hydrogen-free DLC slightly decreases with increasing humidity.

Hydrogen-free DLC is transformed into graphite at the contact area, which serves as a solid lubricant

during sliding. Micro Raman studies have shown that several thousand cycles are required to cause

sp3 ! sp2 transformation and form these graphite-like transfer films. Moreover, this graphitic

material can form a transfer layer on the partner surface. As a result, friction and wear at the contact

site are reduced. Under high-humidity conditions, water enters these graphitic layers and lowers the

friction coefficient. The kinetics of this graphitization process is determined by the load applied and

the sliding rate [Ronkainen et al., 2001]. Deposition parameters may be modified to further improve

friction properties; for example, Lempert et al. [1993] found increased graphitization and increased

surface roughness led to improved friction properties for hydrogen-free DLC films. In all of these

cases, the unusual friction properties of DLC are dependent on the development of a transfer film

that allows shear at the interface.

This combination of hardness and friction properties allows DLC to provide ideal wear

protection to a sliding material [Homberg et al., 1994]. Hirvonen et al. [1990] found that the wear

resistance of DLC is better than that of SiC, WC–Co, silicon nitride, or alumina by factors of 40,

60, 230, and 290, respectively. Hydrogen-free DLC has a wear rate of 10�9mm3N�1m�1, which is

100 times lower than that of hydrogenated DLC (10�7mm3N�1m�1) [Voevodin et al., 1995b].

As mentioned earlier, DLC films typically suffer from poor adhesion due to compressive stresses.

As a result, high local contact pressures initiate DLC cracking and delamination. In addition, many

DLC substrate materials are significantly softer than DLC. High contact pressures can lead to

substrate deformation and coating failure. Substrate hardening by surface nitriding leads to reduced

subsurface deformation and longer DLC film lifetimes [Voevodin et al., 1996].
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Diamond-like carbon is a hydrophobic material. Low surface energies (40–44mNm�1) and

large contact angles (75�–80�with water) are typically observed [Grischke et al., 1998; Han et al.,

1999]. Many practical applications for DLC require a hydrophobic surface that is less likely to

demonstrate stiction (stickiness and friction). Grischke et al. [1996] have modified the surface

energy of DLC by incorporating fluorine, nitrogen, oxygen, or silicon. They found fluorine, silicon,

and silicon–oxygen decrease surface energy by reducing dangling bonds, sp2-hybridized surface

carbon atoms, and other polarized species. Incorporation of iron or aluminum may also reduce the

surface energy [Chen et al., 2001, 2001c].

Microelectromechanical Systems (MEMS) require inert, wear-resistant, low stiction, rigid thin

films that can be integrated with current electronic device processing technology, and DLC meets all

of these requirements. Most importantly, DLC exhibits wear resistance up to 10,000 times greater

than polysilicon, the most common current MEMS material [Sullivan et al., 2001]. Moreover,

hydrogen-free DLC is deposited at room temperature, which allows for deposition on temperature-

sensitive substrates. MEMS require extremely low friction surfaces because the friction force term in

movement equations decreases as the second power of the scale, but the inertia term decreases as the

third power of the scale. DLC exhibits one of the lowest friction coefficients of any material. The

major disadvantage of hydrogen-free DLC films is their intrinsic stress; an ideal MEMS material

should have residual stress values under 10 MPa. Sullivan et al. [2001] have overcome this problem

and demonstrated several hydrogen-free DLC-based MEMS using pulsed laser deposition. They

developed an electrostatic comb-drive motor from stress-free DLC films using pulsed laser

deposition. In particular, they relieved internal stresses by postdeposition thermal annealing for

several minutes at a temperature of 600�C in a process described earlier.

Magnetic disks have been used for over a decade in the magnetic recording industry, and DLC

coatings have been applied to evaporated metal tapes, magnetic coatings on disks, and disk heads.

The continuous demand for increased hard-disk storage capacity has required a gradual decrease in

the distance between the magnetic recording head and the disk [also known as the head–disk

interface (HDI)]. As a result, the protective coating on the head and disk surface must be

continuously decreased. Current HDI materials must meet a number of requirements, including

thickness under 25 nm, low coefficient of friction, wear resistance, corrosion resistance, and low

surface roughness [Lappalainen et al., 1998].

The disk is a multilayer structure: a plated or sputtered magnetic thin layer stores the data, a DLC

protective layer prevents corrosion and wear, and a thin (10 Å) liquid perfluoropolyether (PFPE) layer

serves as a lubricant. The PFPE lubricant must not only adhere to the DLC film, but also move on the

continuously spinning DLC film to prevent local lubricant depletion. This confinement of the PFPE

layer on the hydrogenated DLC layer occurs through van der Waals interactions.

Originally, magnetron sputtered sp2-hybridized carbon coatings were employed to simply

prevent corrosion [Marchon et al., 1990]. Currently, hydrogenated DLC films on the disk and head

surfaces eliminate magnetic disk–head adhesion during stop–start cycles [Robertson et al., 2001].

Although these DLC layers are currently deposited by an ion beam technique, pulsed laser

deposition and cathodic arc may be considered for the deposition of even thinner films.

Hydrogenated DLC coatings containing fluorine, nitrogen, oxygen, or silicon have been

developed to reduce stiction (interfacial adhesion between head and disk surfaces) [Endo et al.,

1999; Donnet et al., 1997; Grill et al., 1996; Labelle et al., 1997; Miyake et al., 1993]. In particular,

surface fluorination has been reported to reduce the friction and microwear of these films [Trojan

et al., 1994], but the effect of fluorination on hydrogenated DLC films is controversial. Grill et al.

[1996] have demonstrated that fluorinated hydrogenated DLC films deposited using plasma-

activated chemical vapor deposition from pure difluorobenzene (DFB) exhibited similar wear

resistance to nonfluorinated hydrogenated DLC films. Other investigators have obtained only

scratchable, soft films [Seth et al., 1993]. In addition, hydrogen released from HDLC thin films can

interact with fluorine emitted from degrading PFPE lubricant or fluorinated DLC films to create

hydrogen fluoride. These hydrogen fluoride molecules can catalyze a variety of decomposition

reactions, including breakdown of the PFPE lubricant. As a result, amorphous carbon nitride

354 DIAMOND-LIKE CARBON: MEDICAL AND MECHANICAL APPLICATIONS



(a-CNx) and hydrogen-free DLC have been considered as replacement hard-disk coating materials

[Bhatia et al., 1999; Cutiongco et al., 1996]. Finally, it is unclear if these coatings have any

long-term effect on device performance. Patton et al. [1998] demonstrated that DLC coatings on

hard-disk components prevented head–disk contact and abrasive wear but did not significantly

improve overall tape durability.

Diamond-like carbon is also a suitable coating for engine parts, including gears, piston rings,

cylinders, and fuel injectors. Enke et al. [1999] have described DLC coatings on SiC to reduce

the friction observed in chemical pumps. DLC coatings have also been considered for use in

satellite pointing mechanisms that must undergo tens of millions of oscillation cycles with little

or no wear. Although it is degraded by oxidation at high temperatures, DLC is acceptable for

low-temperature cutting environments. For example, Djouadi et al. [1999] have demonstrated

DLC-coated knife blades for pulp and paper applications.

15.10 CLOSING REMARKS

Pulsed laser deposition of DLC thin films remains an area of active research. The history of work in

this area can be divided into three distinct eras. The 1980s saw the development of several hydrogen-

free and hydrogenated DLC thin films. Hydrogen-free DLC films with properties close to those of

diamond were demonstrated. In the 1990s, work concentrated on overcoming many of the problems

seen in as-grown DLC thin films. Development of over 1-mm-thick DLC thin films was clearly the

crowning achievement of this era. Furthermore, the unique hardness, wear resistance, low friction,

and biological properties of DLC were more fully understood. This decade will see the widespread

commercialization of DLC thin films in medical, mechanical, and other applications.

Pulsed laser deposition offers great advantages for processing DLC thin films, allowing precise

control of DLC growth parameters at low deposition temperatures. There are several technological

hurdles that must be overcome, however. First, compressive stress remains the major stumbling

block preventing widespread application of these films, and newer technologies to control

compressive stress in DLC films must be found. In addition, new techniques for creating films with

greater uniformity from deposition to deposition must be developed. Splashing of particulates onto

growing films during PLD remains a serious problem. In addition, new pulsed laser deposition

techniques need to be developed that allow complex geometries (e.g., holes, curved surfaces) to be

coated, and it remains a challenge to scale the current laboratory-based pulsed laser deposition

process up to an industrial scale (see Chapter 9). Finally, pulsed laser deposition of DLC needs to be

cost competitive with direct ion beam deposition, plasma-enhanced chemical vapor deposition, ion

beam sputtering, and other techniques. If these obstacles can be overcome, pulsed laser deposition of

DLC may become a significant industrial process in the coming decades.
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CHAPTER 16

Pulsed Laser Deposition of Metals

HANS-ULRICH KREBS

Institut für Materialphysik, University of Göttingen, Göttingen, Germany

16.1 INTRODUCTION

Since Buckel and Hilsch [1954] it has been known that the condensation of metallic alloys from

the vapor phase often leads to the formation of solids far from thermal equilibrium. Metallic

supersaturated solid solutions and metastable crystalline or amorphous phases have been mainly

prepared by techniques such as thermal evaporation or sputtering. In the case of metallic multilayers,

the interphase roughness and mixing strongly depends on the growth mode, the kinetic energy of the

deposited particles and the heat of mixing between the different constituents.

In 1969, elemental metals were deposited for the first time by pulsed laser deposition (PLD)

[Schwartz and Tourtellotte, 1969]. By 1978, PLD had been tried out for more than half the metals in

the periodic table [Boyakov et al., 1978]. Nevertheless, it was not until some years later that PLD

was systematically applied to the deposition of metallic alloys and multilayers [Gavigan et al., 1991;

Singh et al., 1992; Krebs and Bremert, 1993]. By now, a further 10 years of intense work in this field

have been accomplished since the introduction of PLD of metals by Kools in the book of Chrisey

and Hubler [1994]. Many interesting experiments show that PLD is a versatile technique for the

growth of metallic alloys and multilayers in ultrahigh vacuum (UHV) with features different from

conventional deposition techniques such as evaporation or sputtering. Deposition in an inert gas

environment is also of special interest because it provides an additional parameter to systematically

vary the properties of metal films.

The aim of this chapter is to briefly give an overview on the growth and properties of metallic

systems prepared by PLD, on the specific mechanisms leading to the particular properties, and on

their potential for applications.

16.2 DEPOSITION TECHNIQUE

16.2.1 Typical Setup

A typical setup for the deposition of metallic alloys and multilayers consists of a UHV chamber

with a base pressure of at least �10�8 mbar in which elemental foils or alloy targets are ablated at

an angle of 45� by a pulsed and focused laser (in many cases an excimer laser with KrF radiation,

wavelength 248 nm, pulse duration 30 ns is used). The atoms and ions ablated from the target(s)
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are deposited on substrates (e.g., Si or Al2O3) clamped on a heater with the surface parallel to the

target surface with a target-to-substrate distance of typically 2–10 cm. To obtain a steady ablation

rate (see Section 16.4.1) from the target, the laser is scanned (e.g., by an eccentric rotation of the

focusing lens and by additionally sweeping the target under the laser pulses) over a sufficiently

large target area.

Although the target preparation of alloys is relatively simple because the small quantities needed

(about 1 cm2) of most alloys can be homogeneously prepared by arc melting, it is often more

convenient to use elementary targets. Then, during preparation of alloys, the average composition

of the film obtained can be varied by the number of pulses on each target. However, to get

homogeneous alloys, one has to take care that the thicknesses obtained are always less than one

monolayer for each element. In the case of multilayers, the single-layer thicknesses and the period

can also be controlled by the number of pulses on each target.

16.2.2 Droplet Reduction

Additional to the deposition of atoms and ions, some spherical droplets (typically less than 1% of

the deposited material) with two characteristic sizes of50.5 and about 1–3mm, respectively [Krebs

and Bremert, 1993], are found on the metal film surface (see Fig. 16.1). The number of droplets

depends on the laser fluence, target material, and surface roughness and strongly increases with the

number of pulses on the same target location [van de Riet et al., 1993b; Weaver and Lewis, 1996;

Spindler et al., 1996; Fähler et al., 1997].

For some applications, the occurrence of these droplets on the film surface is a limitation of the

PLD method, as their formation is in principle unavoidable during deposition in UHV from solid

targets (hydrodynamic sputtering). Because conelike structures pointing in the direction of the laser

beam gradually develop on the target surface when illuminated under a constant angle, scanning the

laser beam over variable angles of incidence is an advantage. With increasing laser fluence, the

average droplet diameter increases, but the actual number of particulates is reduced [Leuchtner et al.,

1998]. To reduce the droplet number, the laser fluence used and position of the substrate can be

optimized, and the target surface has to be as smooth (and dense) as possible. Completely droplet-

free films can be obtained by using mechanical velocity filters between target and substrate [Barr,

1969; Dubowski, 1986; Cherief et al., 1993], which allow the fast atoms and ions to reach the

substrate but remove the slower droplets with velocities of 5200m/s [Dupendant et al., 1989;

Spindler et al., 1996; Fähler et al., 1997] during their transit to the substrate. Another interesting

technique to avoid droplets is to use a dual-beam ablation geometry, where the line-of-sight direction

to the substrate is obscured by shutters [Pechen et al., 1992; Gorbunov et al., 1996], and also see

Chapter 6.

Figure 16.1 Scanning electron micrographs of (a) a Fe–Nb target surface after 1000 shots at 7 J/cm2 and (b) of

the film surface with droplets viewed at an angle of 20�, see also Krebs and Bremert [1993].
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16.3 ENERGETIC PARTICLES

Most metallic systems studied so far have been deposited under UHV conditions, although the film

properties can be tuned by using an inert background gas, as will be discussed in Section 16.5. In

UHV, more or less energetic particles are formed depending on the laser fluence, which influences

the film growth and the properties obtained.

16.3.1 Formation of Energetic Particles

The typical brightness of metals originates from the high reflectivity, typically more than 90%, of a

(visible) electromagnetic wave at a metal surface. But above the Langmuir frequency op (plasmon

frequency), this high reflectivity of metals is lost. For ultraviolet (UV) radiation (and at 248 nm in

particular) the reflectivity R of most metals is in the range of only between 10 and 50% (Al is a

special case with a reflectivity of 90% even at 248 nm) [von Allmen, 1987]. The energy of an

incident UV wave is therefore partially coupled into the electronic system, distributed to many

electrons or plasmons and then shared with the lattice on a time scale of typically a few picoseconds.

Therefore, the surface of metallic targets is heated up by a nanosecond duration laser pulse almost

immediately (with respect to the relevant nanosecond time scale). The absorption depth of a metallic

target is in the range of about 10–20 nm. During a 30-ns laser pulse, the temperature of the surface

layer is affected to a depth of more than 1mm due to the large heat conductance of metals. Although

the target heating takes place in a few nanoseconds with a heating rate of the order of 1012K/s, the

ablation process is usually (see, e.g., Kelly and Rothenberg [1985]) thermodynamically described by

an equilibrium evaporation rate JðTÞ by the so-called Hertz–Knudsen equation (which originally

described thermal evaporation from a Knudsen cell):

JðTÞ ¼ peðTÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pmAkT

p ð16:1Þ

with a temperature-dependent equilibrium pressure peðTÞ, given by the Clausius–Clapeyron equation,
the Boltzmann constant k, and the mass of the target atomsmA. For such a thermal process, the number

of ions ni compared to the number of neutrals nn per cubic centimeter depends on the temperature T

and the ionization energy Ei according to the Eggert–Saha equation [von Allmen, 1987]:

n2i
nn

¼ 2pmekT

h2

� �3=2

� exp
�Ei

kT

� �
ð16:2Þ

with the mass of the electron me and the Planck constant h. Due to the absorption of the incoming

laser energy (e.g., by inverse bremsstrahlung) by the ablated particles forming a dense so-called

Knudsen layer in front of the target, a highly ionized plasma is formed close to the target surface.

The absorption coefficient ap of the inverse bremsstrahlung process is given by Phipps et al. [1988] as

ap ¼
4
3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2p=3kTe

p
� Zn2ee6gff ½1� expð�hn=kTeÞ�

hcm
3=2
e n3

ð16:3Þ

with the frequency of the laser radiation n, the degree of ionization Z, the electron density ne, and

temperature Te, and quantum mechanical correction term gff (with a value close to 1). Lunney and

Jordan [1998] argued that the plasma absorption is even stronger than indicated by inverse

bremsstrahlung, probably due to bound–bound and photoionization processes. Due to the absorption

of the laser energy, the plasma is further heated up (up to temperatures of the order of 10,000K and

more), while the metal target itself is partially screened by the plasma and is already cooling down

during the pulse. This screening effect is seen in calculations of Fähler and Krebs [1996] at higher
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laser fluence (Fig. 16.2). The expansion of the plasma (with velocities vz perpendicular to the target

surface) is normally described under the assumption that thermodynamics and hydrodynamics can

be applied [Kelly and Dreyfus, 1988; Kools et al., 1992] and the number of collisions within the

Knudsen layer is sufficiently high to produce a shifted Maxwell–Boltzmann center-of-mass velocity

distribution f ðvzÞ with a center-of-mass velocity ucm of the form

f ðvzÞ / v3z � exp
�mAðvz � ucmÞ2

2kTeff

" #
ð16:4Þ

with an effective temperature Teff . An adiabatic collisionless expansion then occurs. In Figure 16.3,

time-of-flight (TOF) measurements at different laser fluences are shown for the ablation of Fe

[see also Fähler and Krebs, 1996]. Indeed, the velocity distributions of the ablated ions are well

represented by the above equation. Ion fractions within the evaporated material of 50% and more,
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Figure 16.2 Time dependence of the calculated surface temperatures at different laser fluences. At high

fluences the absorption in the evaporated material causes target shielding and a decrease of surface temperature

after about 5 ns. Details of the calculations are described in Fähler and Krebs [1996].
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Figure 16.3 Time-of-flight spectra of Fe taken at 73 cm distance from the target at different laser fluences, see

also Fähler and Krebs [1996].
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and ion velocities of up to a few 106 cm/s are obtained for different metals [Lunney, 1995; Duffey et

al., 1995]. These velocities correspond to average kinetic energies of the ablated ions of about

100 eV [Geohegan, 1992; Kools and Dieleman, 1993]. Nevertheless, at the deposition threshold

fluence (about 1 J/cm2) the average ion energy only lies in the range of 10–20 eV comparable to the

particle energy during sputtering, but it increases linearly with increasing laser fluence up to 150 eV

at 12 J/cm2 [Fähler and Krebs, 1996]. The high kinetic energy of the ablated ions results from an

acceleration of the ions in the strongly increasing space-charge field produced by the more mobile

electrons, collectively moving away from the ions [Demtröder and Jantz, 1970]. Measurements of

the angular-resolved energy distribution of laser-ablated Ag ions even showed ion energies

exceeding 500 eV for angles close to the normal, while the energy distributions are shifted strongly

toward lower energies with increasing angle [Hansen et al., 1998].

In most cases, the average kinetic energy of the neutral component was measured to be lower, on

the order of 5–10 eV [Dyer, 1989; von Gutfeld and Dreyfus, 1989; Dieleman et al., 1992]. The

angular distribution of the electron density and temperature in the laser ablation plume was

experimentally determined by Toftmann et al. [2000] using TOF spectroscopy with ion probes. For

Ag, values of kTe of between 0.1 and 0.5 eV were measured at 0.8 J/cm2.

16.3.2 Influence on Film Growth

Molecular dynamics (MD) simulations indicate that kinetic energies of less than about 10 eV (as

exist for atoms during deposition) lead to an enhanced adatom mobility without formation of

defects. From this, films with a strong fiber texture or epitaxy are expected. At higher particle

energies, MD simulations predict defect formation in the films during deposition. At about 15 eV,

defects occur only in the surface layer, as shown in MD simulations for the case of a deposition of

Cr atoms on body-centered cubic (bcc) CrTi [Krebs et al., 1997]. The displacement threshold

of bulk atoms is on the order of 15–25 eV for most metals [Ullmaier, 1997]. Thus, at higher

particle energies, surface atoms are resputtered and energetic ions are implanted a few layers deep

(and more, if channeling processes occur) below the film surface leading to ballistic displacements

of atoms within the film and to the formation of bulk defects. Additionally, atomic mixing in alloys

and interface mixing in multilayers are expected. From sputtering it is known that the deposition of

energetic ions induces shot-peening effects [Windischmann, 1987; Thornton and Hoffman, 1989]

combined with a densification of the deposited material, stress formation, and relaxation into

dislocations. In Figure 16.4, all these expected effects are schematically summarized. They are

Atoms 5-10 eV                               Ions 100 eV

Dislocation
       Loop  

Interstitials

Substrate

Vacancy

Dislocation

       Deposition                                       Implantation         Resputtering

Stress 
Formation

Film

Surface Diffusion              Nucleation

Figure 16.4 Atomic processes occurring during laser deposition of ablated particles in ultrahigh vacuum.

While the atoms are deposited on the film surface, the energetic ions lead to implantation below the film surface,

resputtering and compressive stress due to shot-peening. Vacancies, interstitials, agglomeration of point defects,

and large numbers of dislocations are formed.
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indeed observed in laser-deposited metallic systems grown in UHV, as will be discussed in the

following section.

16.4 DEPOSITION IN ULTRAHIGH VACUUM

In this section, at first, those characteristic properties of metallic alloys are described, which occur in

UHV and are more or less independent of the metallic material investigated (and are even mainly

observed—at different laser fluences—for oxides, carbides, nitrides, or other materials during PLD,

too). Although the phases formed by PLD are usually similar to those of conventional deposition

techniques, some characteristic features occur, which are summarized below.

16.4.1 Deposition Rate and Angular Distribution

Significant growth rates of the order of 0.01–0.05 nm per pulse are observed for metals above a

fluence threshold of about 0.5–5 J/cm2, depending on the material used [Krebs and Bremert, 1993;

Svendsen et al., 1996]. Therefore, with a repetition rate of 10Hz an average deposition rate of a few

angstroms per second similar to a typical evaporation or sputtering rate is obtained. But, before a

steady deposition rate is obtained, a reduction of the ablated flux by a factor of about 2 is observed

due to roughening of the target surface.

Pulsed laser deposition of metals with a focused laser beam leads to a strong angular dependence

of the deposition rate. The angular distribution can be described by cosn j functions with exponents

of between 8 and 40, with j being the angle toward the normal of the target surface [Fähler et al.,

1999a]. For comparison, in the case of thermal evaporation from a Knudsen cell, a cos4 j function is

expected for the film thickness on a substrate parallel to the target surface.

The dynamics and lateral shape of the plume produced by PLD and the so-called flip-over effect

produced by an elliptical or rectangular laser spot was investigated in detail by Toftmann et al.

[2003]; see also Figure 16.5. For this, an ensemble of quartz crystal microbalances were used to

Figure 16.5 Experimental setup and absolute deposition rate as a function of angle for different values of the

aspect ratio b=a of an elliptical laser spot (2 J/cm2 at 355 nm). Fits based on the Anisimov’s model [Anisimov

et al., 1993] are shown. For more details see Toftmann et al. [2003].
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quantitatively study how the shape of the plume varies as the aspect ratio (a=b) of an elliptical laser

spot is varied by about a factor of 10. The results were fitted by using the adiabatic expansion model

of Asinimov et al. [1993].

In practice, films with uniform thickness can be obtained, for instance, by scanning the laser

beam spot over a large target area, by increasing the target-to-substrate distance, by moving or

rotating the substrate during deposition, and by an asymmetric deposition on a rotating substrate.

16.4.2 Stoichiometry Transfer

In most cases, the stoichiometry of deposited alloy films is close to that of the metallic targets used,

as studied for a series of Fe0.5M0.5 (M ¼ metal) alloys by Krebs and Bremert [1993]. Deviations

from the film stoichiometry [van de Riet et al., 1993a] can be explained by unusually high vapor

pressures of one component, different angular distributions of the elements, and especially by

preferential resputtering induced by energetic ions (see Section 16.4.11).

16.4.3 Homogeneity of Alloy Films

Laser-deposited films are often much more homogeneous than sputtered or evaporated films.

For instance, in the case of PLD, a decomposition of Fe–Nb is not present at all, as observed

by Störmer and Krebs [1995]. In contrast to sputtered films, laser-deposited samples are either

completely amorphous or supersaturated solid solutions (see Fig. 16.6). For other systems like

Co–Cr, the homogeneity of the deposited alloys was confirmed on an atomic scale by field-ion

microscopy combined with an atomic probe (FIM/AP) by Krebs et al. [1997a], while sputtered films

decompose during deposition [Pundt et al., 1994]. Nevertheless, in demixing systems like Co–Cu,

Fe–Ag, Ni–Ag, or Fe–In, the decomposition could not be prevented at medium concentrations as

confirmed by FIM/AP by Färber [1995], transmission electron microscopy (TEM), and X-ray

diffraction [Störmer and Krebs, 1995; Krebs and Störmer, 1995; see also Fig. 16.7]. Atomic mixing

processes induced by deposition and implantation of energetic particles seem to be responsible for

the better film homogeneity.

16.4.4 Improved Film Growth

Due to an enhanced surface mobility, improved crystallographic textures have been observed

in PLD films in comparison to sputtered samples by Störmer and Krebs [1995]. For instance, in

Figure 16.6 Concentration dependence of the lattice spacings d110 of the Fe(Nb) solid solution and region of

the amorphous phase of Fe–Nb films, & laser deposited at 9 J/cm2 and * sputtered at room temperature,

respectively. More results are described in Störmer and Krebs [1995].
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laser-deposited Ag films a (111) texture was observed on different substrates, while sputtered films

were untextured. In alloys, rocking curves of films often show a much sharper texture in the

case of PLD. Epitaxial growth at room temperature has been observed for Pt films on MgO by

Cillessen et al. [1993] or Mo on Al2O3 by Malikov and Mikhailov [1997]. Epitaxial growth at

room temperature was also observed for Cu or Fe on Ag (and vice versa) by in situ reflection/

transmission high energy electron diffraction (RHEED/THEED) by Fähler et al. [2000]. In

comparison to thermal deposition, improved layer-by-layer growth (see Fig. 16.8) has been

observed for Fe and Fe–Cu on Cu(111) using scanning tunneling microscopy and RHEED

[Jenniches et al., 1996; Sundar Manoharan et al., 1998; Shen et al. 1998]. Also Zheng et al. [1999]

reported that Co films can be grown on Cu (111) with good layer-by-layer morphology and

significantly fewer stacking faults by PLD in contrast to thermal deposition.
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Figure 16.7 Concentration dependence of the lattice spacings d111 of the Ni(Ag) and Ag(Ni) solid solution of

laser deposited Ni–Ag films (&: van Ingen et al. [1994]; *: Krebs and Störmer [1995]) in comparison to

thermally evaporated samples (D: Weigang et al. [1995]). The Vegard’s line of a substitutional solution is

included.

Figure 16.8 Fe on Cu(111) deposited by thermal deposition (0.37 monolayer) and PLD (0.22 monolayer) at

300K. The different characteristic features are: decoration of the Cu terrace edges and 2- or 3-monolayer-high

islands during thermal deposition, and layer-by-layer growth during PLD, see also Jenniches et al. [1996].
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16.4.5 Small Grain Size

Most metallic alloys grown by PLD are either amorphous or nanocrystalline with a typical grain

size of only about 5 nm over wide concentration ranges [e.g., Ni–Ag: 50–80 at% Ni, Fe–Ag:

40–90 at% Fe). This is deduced from the broadness of the X-ray reflections by using the Scherrer

formula [Cullity, 1978] and was confirmed by TEM. The cause of this seems to be the 105–106 times

higher momentary deposition rate of the pulsed laser deposition process, leading to smaller grains.

During PLD, the conditions for film growth are similar to when reduced substrate temperatures are

used, as discussed by Krebs et al. [1995a].

16.4.6 Internal Stress

In all laser-deposited metallic elements and alloys investigated so far (e.g., Ni–Ag, Fe–Ag, Fe–In,

Fe–Zr, Fe–Nb, Cu–Co, and more), a larger lattice expansion in the growth direction (of up to about

1%) is observed compared to films grown by other deposition techniques (see Fig. 16.6 and 16.7). It

increases with rising laser fluence during deposition (see Fig. 16.6) and is much larger than expected

for a substitutional solid solution from King’s table [King, 1966]. The expansion of the in-plane

lattice parameters is much smaller, as confirmed by grazing incidence diffraction experiments using

synchrotron radiation and four-circle diffractometry by Störmer et al. [1999]. These measurements

are an indication of high compressive stress of the order of 1–2GPa in PLD metallic films.

Detailed in situ stress measurements were performed on polycrystalline Permalloy and Ag thin

films. For small film thicknesses, interface stress, capillarity-induced stress, and island zipping stress

dominates the measurements, while for thicker films (45 nm) stress due to shot-peening and

implantation is dominant [Sturm et al., 2000; Scharf et al., 2003]. The compressive stress caused by

shot-peening effects is produced by the deposition and implantation of energetic particles,

influencing a region of about 3 nm below the surface of the already grown film. As described in

Section 16.3.2, such shot-peening effects leading to intrinsic compressive stress are known from

sputtered films.

16.4.7 Defect Formation

High-resolution transmission electron microscopy (HRTEM) and FIM measurements [Störmer

et al., 1999; Borchers et al., 2000] show that a large number of bulk defects exist in metallic films

laser deposited in UHV (see Fig. 16.9). HRTEM investigations in cross section give clear evidence

Figure 16.9 High-resolution transmission electron microscopy (HRTEM) and field ion microscope (FIM)

images of a Pd/Nb multilayer, deposited by PLD on a Si substrate and on a W tip, respectively. Point defects,

dislocations, and grain boundaries can be seen. These structures are marked to guide the eye. The defect

structure of laser deposited films is described in more detail by Borchers et al. [2000] and Störmer et al. [1999].
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for different types of structural defects. Many dislocations on (110) planes were observed in Fe films

on Si, probably formed during a partial release of high compressive stress. In Fe, Fe–Ag and Pd–Nb

films dislocation densities of up to 1012/cm2were measured. Columnar growth with a typical column

diameter of about 20 nm was observed in supersaturated Fe–Ag samples. In FIM images, grain

boundaries, screw dislocations, and point defects (probably vacancies) have been directly observed

with atomic resolution.

16.4.8 Interface Mixing

In metallic systems, many experiments show interface mixing. For instance, in Co/Pd multilayers, a

depth of mixing at the interfaces was determined to be 0.6 nm by simulation of X-ray diffraction

patterns [Enrech et al., 1994]. In situ resistance measurements [Fähler et al., 2000] give indications

that in Fe/Zr, Cu/Ag, and Fe/Ag multilayers the thickness of intermixing is in the range of about

1–2 nm. This was also confirmed by X-ray diffraction (XRD), Rutherford backscattering (RBS),

Auger electron spectroscopy (AES), and conversion electron Mößbauer spectroscopy (CEMS) [Luo

and Krebs, 1995; Gupta et al., 2003]. Due to interface mixing, at bilayer periodicities of less

than about 4 nm, laser-deposited Fe/Nb multilayers are completely amorphous, while in sputtered

multilayers only a small fraction of an amorphous phase occurs. In Fe/Ag and Cu/Ag, a continuous

concentration change is measured at the interface over a few nanometer thickness. For Co/Cr

multilayers grown on W, an interface mixing was directly observed by Krebs et al. [1997] on a

nanometer scale by FIM in combination with an atom probe. In Fe/Al multilayers, the intermixing of

adjacent layers was described by Noetzel et al. [1999] in terms of ballistic mixing followed by

chemical mixing. By using negative bias voltages of up to 10 kV, a 7.6-nm depth of damage below

the Si surface was observed by Qi et al. [2001] during implantation of laser-ablated Fe ions into Si.

16.4.9 Interface Roughness

As proved by different experimental techniques, multilayers with sharp interfaces can be grown by

PLD at least in systems with a positive heat of mixing. Simultaneously, in most cases, the

morphology of the films is improved remarkably in comparison to thermal evaporation or sputtering.

In the case of Co/Pd, Fe/Ag, and Pd/Nb, satellite reflections occur in wide-angle X-ray diffraction

patterns indicating sharp interfaces [Enrech et al., 1994; Luo and Krebs, 1995; Krebs et al., 1995b;

Yang et al., 1996]. HRTEM investigations were performed on Ni/C multilayers to determine the

interface roughness [Dietsch et al., 1998]. Also X-ray reflectivity measurements in the Permalloy/Ag,

Cu/Ag, Fe/Ag, Fe/MgO, Ti/MgO, and Permalloy/MgO systems were analyzed in detail by structural

simulations including surface and interface roughnesses [Faupel et al., 2002; Fuhse et al., 2004]. All

these experiments indicate a typical interface roughness of only about one or two monolayers,

depending only slightly on the number of deposited bilayers.

16.4.10 Metastable Phase Formation at Interfaces

As discussed above, the formation of amorphous interlayers is observed in laser-deposited

multilayers of systems with negative heat of mixing. But also the formation of crystalline metastable

phases at interfaces of multilayers is typical for the PLD process. For instance, in Fe/Ag, Cr/Ag, and

Co/Cr multilayers, the formation of metastable phases over 2–4 nm was studied in situ by

transmission high-energy electron diffraction (THEED) experiments [Fähler et al., 1999a; Störmer

et al., 1999]. At larger layer thicknesses, face-centered cubic (fcc)–bcc phase transformations occur,

which can be described via Bain transformations. It is assumed that the metastable phase formation

is induced by the implantation of energetic particles a few monolayers deep below the substrate

surface. This causes the formation of an alloy within the topmost few monolayers with a continuous

concentration change up to a final concentration, where a transformation into the equilibrium phase

takes place.
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Layer-by-layer growth was observed by Shen et al. [1998] during growth of ultrathin

nonequilibrium fcc Fe on Cu (111) at room temperature. These films exhibit a high magnetic

moment of more than 2 mB, which is much larger than that obtained during thermal evaporation.

Sundar Manoharan et al. [1998] prepared artificial metastable fcc Fe–Cu alloys by stacking one

monolayer of Fe and one monolayer of Cu alternately onto a Cu(001) substrate using PLD. In this

case, a nearly layer-by-layer growth was observed and alloys up to 22 bilayers obey fcc structure,

which for larger thicknesses changes to bcc structure.

16.4.11 Resputtering Effects

Resputtering effects caused by energetic particles exist during PLD in UHV. The first indications

were, for instance, differences in the numbers of ablated and deposited particles as measured during

deposition of Cu [Jordan et al., 1995], a reduced Pb concentration during PLD of Pb–Zr–Ti–O in low

oxygen pressure [Hau et al., 1995], a reduced Ga content in Fe–Si–Ga–Ru thin films [van de Riet

et al., 1993a], and stoichiometry changes during PLD of Cu–Ni and Ag–Ni [van Ingen et al., 1994].

To quantify resputtering, measurements of deposition rates on tilted substrates and at inter-

faces of multilayers were performed. At 4.5 J/cm2 sputter yields YFe!Fe ¼ 0:17, YAg!Ag ¼ 0:55,
YFe!Ag ¼ 0:67, and YAg!Fe ¼ 0:02, respectively, were determined by Fähler et al. [1999b] and

Sturm and Krebs [2001]. This means that especially in the case of the deposition on Ag resputtering

effects are significant. In an A� B system, the experimental results are described by a model, which

includes atom deposition on the film surface, implantation of energetic ions below the surface, and

resputtering of atoms from the top monolayer. The assumption is then plausible that the mass

increase rate R½cAðpÞ� mainly depends on the actual concentration cAðpÞ of A atoms in the surface

monolayer, which continuously changes with increasing number of pulses p, and on the individual

sputter yields. The rate is given by

R½cAðpÞ� ¼ nAmA � nAfYA!AcAðpÞmA þ YA!B½1� cAðpÞ�mBg ð16:5Þ

It was further shown that preferential resputtering and composition deviations of alloy films can be

reduced at laser fluences close to the ablation threshold, where the kinetic energy of the deposited

particles is lower.

16.5 DEPOSITION IN INERT GAS ATMOSPHERE

Depositing in inert gas atmospheres is easy to achieve to reduce the kinetic energy of the deposited

particles because the expanding plasma plume interacts with the surrounding gas by scattering of

ablated ions and atoms by gas atoms. As expected, the reduction of kinetic energy is combined with

strong changes of the film properties.

16.5.1 Reduction of Implantation and Resputtering

With increasing Ar gas pressure, the reduction of particle energy is accompanied by a decrease of

implantation and resputtering. This is combined with a decrease of interface mixing and decreasing

sputtering yields. As studied by in situ rate measurements [Sturm et al., 2000; Scharf and Krebs,

2002], in the case of Ag, the sputter yield YAg!Ag, which is 0.55 in UHV, continuously changes with

increasing gas pressure and is reduced to 0.10 at 0.04mbar Ar.

16.5.2 Changes in the Deposition Rate

In all metallic systems, at high pressures, scattering of ablated material out of the deposition path

between target and substrate leads to a decrease of the deposition rate. But in systems with a high
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sputtering yield like Ag, the reduction of resputtering first leads to an increase and a maximum of

the deposition rate with increasing gas pressure [Sturm et al., 2000; Scharf and Krebs, 2002] (see

Fig. 16.10). For the background gases Xe and Ar these processes strongly overlap but are separated

in He because of the lower atomic mass and hence lower capability to scatter heavier ions. At an Ar

pressure of 0.04mbar or a He pressure of about 0.4mbar, the kinetic energy of the deposited

particles is so far reduced (to about 10–20 eV) that the maximum deposition rate is reached and

implantation of particles is avoided.

16.5.3 Changes of Film Properties

Under these conditions (0.04mbar in Ar, 0.4mbar in He) stoichiometric metallic alloy films and

multilayers with sharp interfaces are obtained. With increasing gas pressure, the intrinsic stress

changes from compressive to tensile (see Fig. 16.11 and Scharf et al., 2003). This is accompanied

Figure 16.10 Rates of Ag deposited in different inert gas atmospheres, see also Scharf and Krebs [2002].
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Figure 16.11 Intrinsic stress of Permalloy and Ag deposited in different inert gas atmospheres, for details see

Scharf et al. [2003].
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with a change of film texture (as shown for Permalloy in Fig. 16.12) and microstructure. While the

compressive stress at low Ar pressure is combined with a high density of the film caused by shot-

peening effects, the tensile stress obtained at high pressures is a sign for an open structure as often

observed in evaporated films or during sputtering in high background gas pressures [Vink and van

Zon, 1991].

For low pressures, the experimental results are explained by a model of scattering of a dense

cloud of ablated material in a dilute surrounding gas [Kools, 1993; Itina et al., 1997; Sturm and

Krebs, 2001]. As soon as the particle energy and associated resputtering effects decrease, the

deposition rate increases. At high gas pressures, the interaction cannot be explained by single

scattering events, as the number of gas atoms in the deposition channel is much higher than

the number of ablated particles. In this case, the plasma expansion leads to a shock front between

the plasma plume and the surrounding gas [Chrisey and Hubler, 1994; Gusarov et al., 2000; Scharf

and Krebs, 2002].

16.6 POTENTIAL FOR APPLICATIONS

Despite the potentially large expense of laser-based facilities, PLD has good potential for special

applications because it allows the preparation of films with specialist properties difficult to achieve

with more conventional deposition techniques. Laser-deposited alloys and multilayers possess

potential for applications, especially due to energetic particles supporting the deposition process

and the difficulty of preparing complex systems with accurate stoichiometry by other thin-film

techniques. Potential for applications lies mainly in the formation of nonequilibrium alloys, systems

with pronounced giant magnetoresistance, soft and hard magnetic thin films, and multilayers useful

as X-ray mirrors.

16.6.1 Nonequilibrium Phases

In most metallic alloys investigated so far (Fe–Nb, Fe–Cu, Co–Cr, Cu–Co, Fe–Ag, Ni–Ag, Fe–In), a

higher supersaturation of the solid solutions (see Fig. 16.6 and 16.7) is observed than from

conventional deposition techniques. This has already been discussed by Krebs [1997]. In the Fe–Nb

system with negative heat of mixing, a single-phase bcc Fe(Ag) solid solution up to 13 at% Ag is

obtained, while during sputtering a lower solid solubility (up to 11 at% Ag) is reached and a two-

phase region between the Fe(Nb) phase and the amorphous Fe–Nb phase exists. Also in systems with

a large positive heat of mixing such as Ni–Ag and Fe–Ag, where almost no solubility exists

in thermodynamic equilibrium, the solid solutions can be supersaturated up to 20 at% Ag and 14

at% Ag, respectively, but are decomposed at higher concentrations during deposition at room

temperature. At lower substrate temperatures (150K), nanocrystalline and homogeneous bcc Fe(Ag)

Figure 16.12 Change of the Permalloy thin-film texture, depending on the Ar gas pressure during PLD at room

temperature: strong (111)-texture in UHV, increasing (200)-texture, and (321)-texture in 0.01mbar Ar and

0.25mbar Ar, respectively. Additional results are given in Scharf et al. [2003].
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films with much higher Ag content (of 40 at%) are achieved [Kahl and Krebs, 2001]. Amorphous

Fe–Zr, Cu–Zr, Pd–Si, and Fe–Nb alloys were grown at room temperature over wide concentration

regions [Krebs et al., 1996; Störmer et al., 1999]. Al–Pd–Mn quasi-crystal thin films have been

obtained by lowering the substrate temperature to that of liquid nitrogen [Ichikawa et al., 1994].

16.6.2 Giant Magnetoresistance

Giant magnetoresistance (GMR) of up to 9.5% in 1.5 Tesla was observed at 14K in granular

Co19Cu81 thin films prepared by PLD [Jackson et al., 1996]. The as-grown films show a small GMR

effect of only 2.5% at room temperature as well as at low temperatures, but this can be enhanced by a

factor of 4 by appropriate annealing. Phase segregation and GMR behavior (27% at 4.2K under a

magnetic field of 4.7 Tesla) was also observed in as-deposited Co–Ag granular films grown by PLD,

unlike with films deposited by sputtering, where a postannealing step is required to achieve the phase

segregation [Zhang et al., 1997].

In as-prepared laser-deposited Ni80Fe20/Ag (Permalloy/Ag) multilayers a GMR value of 3.5%

in low fields of about 0.001 Tesla was observed at room temperature by Faupel et al. [2002], as

depicted in Figure 16.13. Strong columnar growth in combination with preferential sputtering

of Ag from the film surface during deposition of the Ni80Fe20 layer helps to directly create a

discontinuous multilayer structure necessary for high GMR values without postannealing. In

contrast, such multilayers prepared at room temperature by sputtering [Hylton et al., 1994] or

molecular beam epitaxy (MBE) [Farrow et al., 1994] show negligible GMR in the as-prepared

state. In all cases, during annealing the GMR effect increases to about 5%. Here, only PLD appears

to be a suitable technique for the preparation of Permalloy/Ag films with considerable GMR in a

one-step process.

16.6.3 Soft and Hard Magnetic Materials

Soft magnetic materials require the combination of high remanence and low coercivity to conduct

alternating magnetic flux with low losses. Besides the selection of a material with appropriate

intrinsic magnetic properties (high saturation magnetization, low magnetic anisotropy, and

magnetostriction), it is necessary to tailor an appropriate microstructure (a small grain size down

to the amorphous state, low stress, and an induced anisotropy along the application direction). Soft
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details are described by Faupel et al. [2002].
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magnetic films are used in writing heads for magnetic data storage, audio and video applications,

and have prospective applications in magnetic sensors, switches, and concentrators. Complex

CoCr(Ta,Pt) alloys [Ishikawa et al., 1994] prepared by PLD combine coercivities (m0Hc) of

0.013–0.025 Tesla with a film smoothness improved over that of sputtered samples. Amorphous

magnetic FeCoNiSiB films have been produced by laser ablation from amorphous magnetic

ribbons [Nikitin et al., 1997]. They possess well-defined uniaxial anisotropy and demonstrate

coercivity and anisotropy field values comparable to those of the initial ribbon. In soft magnetic

FeBSiC metallic glasses the orientation of the magnetic moment can be changed from in-plane to

out-of-plane by increasing the laser fluence during deposition [Sorescu et al., 1999].

Pulsed laser deposition can also be applied to the deposition of hard magnetic films. Permanent

magnets are intended as a storage medium for magnetic fields and as such they combine a high

remanence with a high coercivity. The optimal microstructure exhibits a uniaxial texture of the

easy axis parallel to the application direction and a multiphase microstructure, which contains

small but crystalline grains of the highly anisotropic magnetic phase. The key application areas for

hard magnetic films are media for magnetic data storage and microelectromechanical systems

(MEMS). SmCo-based films with a small grain size prepared on moderately heated substrates

(100�C) exhibit high coercivities of 1.1 Tesla and smooth hysteresis loops [Cadieu et al., 1998].

At higher temperatures crystalline SmCo films can be prepared, which achieve a coercivity up to

2.25 Tesla when deposited with a shadow technique [Cadieu et al. 1999]. The effect of rare-earth

content on the microstructure and magnetic properties has been studied by Neu et al. [2002]. The

alternate ablation from elemental Sm and Co targets allows a simple variation of composition and

the study of different hard magnetic phases existing in this system. While in Sm–Co films the easy

axis predominantly lies within the film plane, it can be perpendicular to the substrate in NdFeB

films, and such NdFeB thin films with the desired phase were grown by Geurtsen et al. [1996],

Yang et al. [1998], Neu et al. [2002], and Hannemann et al. [2002]. These films typically have a

perpendicular magnetic anisotropy and coercivities up to 1 Tesla. PLD was the first method

successfully applied to the deposition of epitaxial Nd2Fe14B films [Hannemann et al., 2003]. The

epitaxial growth results in a perfect alignment of the easy axis perpendicular to the substrate and

the formation of a regular rectangular grain shape (Fig. 16.14). Due to the deposition of surplus

Nd, the grains are magnetically isolated resulting in a high coercivity up to 2 Tesla. Recent

experiments by Weisheit et al. [2004] show that PLD can be used to prepare granular epitaxial FePt

films on MgO (100). These films exhibit out-of-plane coercivities up to 5.6 Tesla, values that have

not been reached with other deposition methods.

Figure 16.14 Hysteresis of an epitaxial NdFeB film deposited by PLD on Al2O3(0001) using a Ta(110)

buffer, and granular microstructure consisting of isolated rectangular Nd2Fe14B grains. More details on the

microstructure and magnetic properties of NdFeB are given by Hannemann et al. [2003].
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16.6.4 X-ray Mirrors

The PLD growth of Ni/C multilayers leads to a very low level of interface roughness as shown by

Mai and Pompe [1992]. High precision, large-area PLD of X-ray optical Ni/C multilayers was

realized by double-beam PLD on cylindrical targets by Dietsch et al. [1998]. The result of optimized

deposition parameters for Ni/C multilayer synthesis is demonstrated by the high-resolution electron

microscopy (HRTEM) micrograph of Figure 16.15. Multilayer interface roughnesses of the order of

0.1 nm are deduced from these measurements at fluences close to the deposition threshold. With

higher laser fluences the interface roughness increases.

Amorphous Ni50Nb50/C multilayers for soft X-ray mirrors with sharp interfaces and lateral

correlation length on the order of 180 nm were laser-deposited by Vitta et al. [1995]. Amorphous

alloy/ceramic oxide multilayers of metal/MgO (metal ¼ Fe, Ti, Ni80Nb20) with periods of less than

4 nm have been made by PLD and characterized by means of grazing-incidence X-ray reflectivity

[Vitta et al., 2001, 2003; Fuhse et al., 2004]. The interface roughness was found to be50.4 nm at the

two interfaces leading to a peak reflectivity of �38% (for hard X-rays). These multilayers are

promising candidates as soft X-ray mirrors in the water-window region, as was proved by reflectivity

measurements using a laser-plasma-based soft X-ray reflectometer (at l ¼ 3:374 nm). Their thermal

stability is suitable for applications up to 300�C.

16.6.5 Compound Materials

Because PLD is a versatile technique, which in most cases ensures stoichiometric transfer, it

allows the formation of complex compound materials, as discussed by Krebs et al. [2003]. As

described above, complex metal/ceramic multilayers with sharp interfaces for X-ray mirrors can

be grown. But, due to the pulsed nature of PLD, other complex systems such as polymer–metal

films can also be produced. For instance, Sn clusters embedded in polyamide (PA) matrix were

Figure 16.15 Morphology of total layer stack of 75-period Ni/C graded multilayer (HRTEM image) with mean

period thickness of 3.65 nm, for details see Dietsch et al. [1998].
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prepared by Gitay et al. [1991]. Ag grains were embedded in polycarbonate (PC) by Faupel

et al. [2004] and in poly(methyl methacrylate) (PMMA) by Röder and Krebs [2006]; see

Figure 16.16. In the case of PC and Ag, completely different laser fluences are necessary for

the deposition of the polymer and metal, respectively. PC has to be prepared at low laser fluences

of about 60mJ/cm2 to optimize the chemical structure, while the Ag clusters are deposited at a

fluence of 2 J/cm2, which is � 30 times higher. By this technique, even PC/Ag multilayers were

grown for the first time with low interface roughness [Faupel et al., 2004].

Metal nanocomposite thin films formed by Cu and Ag nanocrystals embedded in an amorphous

Al2O3 host have been synthesized in UHV and in a buffer gas (Ar) by PLD [Afonso et al, 1999;

Ballesteros et al., 1999; Serna et al., 2001; de Sande, 2002]. These composites show interesting

linear and nonlinear optical properties, which are partially caused by quantum confinement effects in

which the major contribution is associated with electronic interband transitions. Furthermore, Yang

et al. [2002] have demonstrated that films consisting of Ag nanoclusters embedded in BaTiO3 show

large optical nonlinearities.

16.7 CONCLUSIONS

Pulsed laser deposition is a versatile technique for the preparation of metallic systems for many

reasons. Because the energy source is outside the deposition chamber, the use of UHVand inert gas

pressure is possible. In UHV, the kinetic energy of the ions of about 100 eV lies well above the

displacement threshold of bulk atoms. Therefore, implantation and intermixing effects lead to the

formation of metastable phases, for instance, nanocrystalline highly supersaturated solid solutions

and amorphous alloys. On the other hand, preparation in inert gas atmospheres makes it possible to

tune the film properties such as stress, texture, magnetic properties, and the like by varying the

kinetic energy of the deposited particles.

For metallic systems, two different interesting growth regimes exist during PLD. The first is

just above the deposition threshold (2–5 J/cm2) or in an appropriate inert gas pressure (0.04mbar

in Ar or 0.4mbar in He), where the kinetic energy is so far reduced that the particle energies lie

in the range of 10–20 eV, similar to sputtering. In this case, surface processes are activated

promoting the formation of textures and epitaxial growth, but the damage of the films is

minimized. For the case of multilayers, this leads to films with sharp interfaces, but scarcely any

intermixing or resputtering effects. On the other hand, laser fluences above 8 J/cm2 favor the

production of metastable phases and strongly supersaturated solid solutions because at such

high fluences the probability of ballistic mixing by energetic ions increases and decomposition

processes can be prevented. The film growth can then be described by a subsurface growth

Figure 16.16 TEM images of Ag grains embedded in polycarbonate (left side, see also Faupel and Krebs

[2004]) and poly(methyl methacrylate) (right side, for details see Röder and Krebs [2006]).

CONCLUSIONS 379



mode, characterized by implantation and mixing processes in which the material does not grow on

top, but rather within the topmost few monolayers of the already deposited film.

In summary, the combination of stoichiometry transfer with the possibility of easily varying

the particle energy in the range of 10–100 eV makes PLD very interesting for the deposition of

metallic systems.
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CHAPTER 17

Optical Waveguide Growth
and Applications

ROBERT W. EASON, STEPHEN J. BARRINGTON, CHRISTOS GRIVAS,

TIMOTHY C. MAY-SMITH, and DAVID P. SHEPHERD

Optoelectronics Research Centre, University of Southampton, Southampton, United Kingdom

17.1 INTRODUCTION

Optical waveguide fabrication is the essential technology that powers today’s worldwide

communications network. From the active waveguides within the laser diodes that generate the

light, to the lithium niobate integrated waveguide modulators that encode the light, to the passive

optical fibers that carry and distribute the light, waveguide fabrication is the uniquely important

enabling process technology. An immediate and impressive comparison can be made here, however,

between the optical properties of fibers and of devices such as modulators. Whereas modulators may

have lengths of a few centimeters with typical transmission losses of perhaps 10%, optical fiber has a

loss of � 4% (0.2 dB) per kilometer. It is very easy to appreciate, therefore, that optical waveguides

and their associated fabrication technology are a prerequisite not only to the field of optical

communications but to the far wider context of optical and material science, laser devices,

amplifiers, fluorescent sources, and much more.

Waveguides have many intrinsic advantages over their bulk media counterparts. Confinement

of light in a guided-wave geometry produces an intensity–length product that can be many orders

of magnitude higher than for bulk materials that are in general restricted to the use of focused

laser light only. While the intensity in the focal region of a laser beam can be high, the more

tightly a beam is focused, the faster it will subsequently diverge. As many nonlinear optical

effects have an intensity dependence that can be quadratic (or even higher order), maintaining a

high intensity over distances that can vary from the approximately millimeter dimensions for

laser diodes to tens of meters for doped fiber lasers is an enormous advantage. Lasing power

thresholds can be considerably lower in waveguide geometries, enabling specific lasing transitions

that would require impractically high pump powers in nonwaveguide format [Mackenzie et al.,

2003]. Nonlinear effects such as harmonic generation, parametric frequency conversion, or

four-wave mixing all similarly benefit from the enhanced efficiency or faster response time

afforded by waveguide geometries.

The key factors that relate to waveguide implementation, however, are the costs of production,

the sizes achievable, the optical quality and propagation losses, and the ease of growth of doped,

graded, or integrated structures that lead to highly functional compact and efficient optical devices.
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We need, therefore, to briefly review established, and hence rival, methods of optical waveguide

growth before addressing the benefits and uses of pulsed laser deposition (PLD) grown waveguides.

17.2 THIN-FILM WAVEGUIDE FABRICATION METHODS

Each waveguide fabrication technique may not be universally applicable to every class of material

(glasses, crystals, polymers, semiconductors, etc.). Some techniques, for example, in-diffusion, have

reached a stage of routine implementation that produces waveguides with extremely high quality and

very low propagation loss (50.1 dB cm�1) but are in general restricted to specific well-tested

diffusion couples. Other techniques, such as proton exchange, produce guiding for one polarization

state only. Ion beam implantation requires extremely expensive capital equipment and can require

postprocessing of the guides to reduce propagation loss. For all these techniques, the important

parameters are fabrication cost, the degree of complexity or number of separate processing steps

required, the flexibility to produce variable waveguide dimensions or formats such as planar or

channel guides, and, finally, of relevance to this chapter, the ability to include dopants to achieve

lasing or amplification.

Fabrication techniques can be classified into two broad categories: those that grow a waveguide

onto a substrate producing, in general, a step change in the refractive index and those that define

a waveguiding region inside an existing material, and usually produce a graded-index guided

structure. Many texts exist that describe these processes in considerable detail [Ohring, 1992], so a

brief and of necessity selective summary only is given below.

17.2.1 Waveguide Growth on an Existing Substrate

Physical vapor transport techniques are the simplest methods of producing layers or coatings on a

substrate. Well-established methods exist such as evaporation, which involves the heating and

vaporization of a material, or sputtering, which requires the impact from high-energy ions inside a

vacuum chamber. The main drawback of both techniques is that the incongruent evaporation or lack

of stoichiometric transfer for materials other than simple elements leads in general to amorphous or

polycrystalline film growth that does not reproduce that of the original starting material. More

involved techniques such as ‘‘grain-by-grain’’ evaporation can grow polycrystalline films [Muller

et al., 1963], and sputtering can lead to active film growth [Wada andMiyazaki, 1994]. Under careful

optimization, epitaxial films of ternary oxides have also been grown with acceptably low propagation

losses of 1 dBcm�1 [Schwyn-Thony et al., 1992].

More sophisticated techniques such as chemical vapor deposition (CVD) and its many variants

such as low-pressure, plasma-, and laser-enhanced CVD, involve the decomposition at high

temperatures of chemical vapors or gases, termed precursors, which contain the elements required

for incorporation into the final film. Deposition rates can be low (51 mm per hour) when

attempting to grow crystalline films [Studebaker et al., 1997], and the elements that can be

deposited are restricted by the often toxic or undesirable precursor gases required. Molecular beam

epitaxy (MBE) is perhaps the most precise technique used to grow ultra-high-purity epitaxial

single-crystal, primarily semiconductor layers, and is the deposition technique of choice when

control of layer thickness is required at the single-atom level. This level of precision comes at a

price, however, and MBE machines are neither cheap (� $1 million) nor capable of growth rates

that exceed �1 mm per hour. The ultra-high-vacuum ultraclean requirements restrict the flexibility

of MBE growth, and machines are routinely dedicated to growth of a single material such as GaAs.

Complex ternary oxides such as LiNbO3 [Betts and Pitt, 1985] and BaTiO3 [McKee et al., 1991]

have been grown, as have rare-earth doped materials [McFarlane et al., 1995], but propagation

losses, an unequivocal method of assessing growth quality, are not always reported. Liquid phase

epitaxy (LPE) involves dipping a substrate into a supersaturated melt of oxides and can produce

epitaxial crystalline waveguides of high quality and low propagation loss (50.05 dB cm�1)
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[Chartier et al., 1992], but thickness control can be difficult and surface quality can also be a

problem.

17.2.2 Waveguide Definition in an Existing Host

An alternative approach for waveguide fabrication involves the modification of the refractive index

profile inside a host material using a range of techniques such as in- or out-diffusion, ion exchange,

or implantation or direct writing using beams of photons, electrons, or ions. All of these techniques

require an existing host, and each technique has its own advantages and shortfalls. In-diffusion is

perhaps the most widely adopted technique and is used extensively to fabricate waveguides in a

range of optical and nonlinear crystalline materials. High temperatures (�1000�C) and accurate

temperature control must be achieved over extended processing times of tens of hours.

Photolithography is required to define the waveguide location and width, and the diffusant (usually

an element such as Ti, Zn, or Mg) creates a localized region of increased refractive index. Proton

exchange [Jackel et al., 1982] or ion exchange [Ramaswamy and Najafi, 1986] are alternative

techniques that require immersion in heated baths of acids or molten salts, respectively, but such

techniques do not necessarily permit waveguide performance that is polarization independent,

and the intrinsic material properties, such as electrooptic coefficients, may be severely reduced by

this treatment.

Two final techniques that should be mentioned are ion beam implantation [Townsend, 1976;

Field et al., 1991] and direct writing [Mailis et al., 2003]. The former involves the incidence on the

waveguide host of a stream of energetic light ions (approximately a few MeV volts) that penetrate

some few microns before coming to rest. Material modification occurs at the end of the ion

range leading ideally to a damage layer of lower refractive index. Multiple implants may be required,

and the waveguide can show fairly high (a few dB per cm) residual losses. Direct writing is a

somewhat newer technique, utilizing a scanned laser beam of an appropriate wavelength to

permanently modify the local refractive index and shows great promise for fast waveguide writing.

This last method requires no photolithographic patterning or clean-room facilities, which should

make the unit cost of waveguide devices appreciably lower. More sophisticated implementations

involving multiphoton absorption or femtosecond laser pulses have also been demonstrated, and this

area is set to expand considerably.

17.2.3 Pulsed Laser Deposition Waveguide Growth

Pulsed laser deposition is a relatively new technique for the growth of optical waveguides but has

many advantages compared to those techniques discussed earlier. The only real constraint is that the

material being deposited has a higher refractive index than the substrate to allow waveguiding to

occur. Deposition rates can be high, of order 25mm per hour for growth of materials such as Al2O3,

permitting fast growth and rapid systematic investigation of optimum waveguide fabrication

parameters. Multilayer, capped, or clad waveguides (see Section 17.6) are easy to fabricate, and

doping can be included via step or graded structures. The targets used can be single crystal if the

material already exists in this form or prepared as sintered pellets with a stoichiometry that can

compensate for loss of volatile elements such as lithium, sodium, or potassium in the deposition

process [Zaldo et al., 1994]. Lastly, crystal structures can be grown that are difficult or impossible to

source commercially as bulk samples, and one-off growth runs can yield results in a matter of days,

compared to months or even longer for conventional bulk crystal growth techniques.

One problem that must be addressed in waveguide growth via PLD is that of the particulates that

are an inherent and seemingly unavoidable part of the PLD process. As we shall describe in Section

17.5, the presence of particulates need not be an overwhelming problem, however, and waveguides

have recently been grown that exhibit losses of only two to three times that of the bulk crystal

material, yielding values of �0.1 dB cm�1 for the final waveguide device [May-Smith et al., 2004;

Grivas et al., 2004].
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17.3 WAVEGUIDE STRUCTURES

Pulsed laser deposition of materials with a higher refractive index than the substrate forms a planar

waveguide with an asymmetric refractive index profile as shown in Figure 17.1. Light is confined in

the deposited film (the waveguide core) due to total internal reflection at the upper boundary with the

surrounding air and at the lower boundary with the substrate.

As the index difference between the core and the air is normally much greater than that between

the core and the substrate, the mode intensity falls to zero very quickly at the upper boundary,

whereas it can penetrate a significant distance into the substrate region. Thus the asymmetry in the

refractive index profile leads to an asymmetry in the intensity profile of the guided modes. The large

refractive index difference at the upper boundary can also lead to high scattering losses from

imperfections in the surface. It can therefore be advantageous to deposit a cladding layer on top of

the core region that has a refractive index more closely matched to, but still lower than, the core. If

the cladding layer has the same refractive index as the substrate, as shown in Figure 17.2, then a

symmetric index profile is obtained, leading to symmetric mode profiles, which can be advantageous

for certain applications such as coupling light into optical fibers.

One of the attractive features of PLD for making optical waveguides is that it allows a great

freedom of choice over the fundamental waveguide design parameters of core thickness, d, and

numerical aperture, NA ¼ ðn21 � n22Þ
1=2

, which together govern the size and number of propagation

modes, p, at a given wavelength, l. For a symmetric waveguide this is given by

p ¼ 2dNA

l
þ 1 ð17:1Þ

For example, waveguides with NAvalues as high as 0.73 have been achieved by epitaxial growth of

GGG (Gd3Ga5O12), on YAG (Y3Al5O12), and the same combination has been used to demonstrate

air
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core
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substrate 

core n1
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Figure 17.1 Basic planar waveguide structure with asymmetric refractive index profile and associated optical

mode intensity profile within each region.
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Figure 17.2 Symmetric planar waveguide structure where the core region is surrounded by cladding and

substrate materials of the same refractive index. Note the symmetric optical mode intensity profile in this case.
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core depths as large as 135 mm [May-Smith et al., 2004]. For such a high NA, even a 1 mm thick

guide is multimode at a wavelength l ¼ 1mm. If, however, a guide were fabricated by growing

Nd-doped GGG on undoped GGG, leading to an NA of 0.04, single-mode propagation would occur

for waveguide depths up to 13mm.

One of the main areas of interest for planar waveguides of the type described so far is for high-

power diode-pumped lasers [Shepherd et al., 2001; Lee et al., 2002], as the planar film can be seen as

an ultrathin slab with all of the associated good thermal management properties. Another attractive

feature is that the asymmetry of the output of high-power diode pump sources can be matched to that

of the planar waveguide, especially in side-pumped configurations, leading to simple and efficient

coupling designs. High values of NA, such as those described above, can even allow simple

direct proximity coupling of diode bars without the requirement for any in-coupling optics. PLD also

allows the possibility of fabricating multilayered structures, which can be thought of as the analog

of large-mode-area and double-clad designs used in high-power fiber lasers. Figure 17.3 shows a

typical design that can act as a large-mode-area or double-clad waveguide depending on the

parameters used.

In both cases the inner cladding waveguide parameters [depth D, NA ¼ ðn22 � n23Þ
1=2

] are

chosen to produce a highly multimode guide that can easily be coupled to one or more high-power

diode pump lasers, with consequent absorption of the pump light in the doped core region. In the

cladding-pumping case the parameters of the doped core are chosen such that it forms an

independent single-mode waveguide that delivers diffraction-limited output laser power. The

pump absorption length, however, will be increased by the ratio D/d, which may be too large for

practical planar devices. For the large-mode-area design the size and index difference of the core is

kept at a level where it does not act as an independent waveguide but rather simply acts to select

fundamental mode laser operation from the multimode cladding guide, due to the better spatial

overlap of the gain with this mode. It has been shown [Bhutta et al., 2002] that such a design can

robustly select fundamental mode operation even under conditions of high gain saturation and

with D/d ratios of just 1.7.

For many applications a channel structure giving guidance in two dimensions is preferred.

Such waveguides can be fabricated by a variety of techniques, depending upon the materials

used, once the initial layers have been grown by PLD. Figure 17.4 shows various options for

the channel structures where n1 > n2; n3. In all cases lateral confinement occurs because the

average index under the raised regions is higher than the surroundings (assuming the structures

are surrounded by air). The strip-loaded guide (a) can be formed by etching of a cladding

layer deposited over a core layer, while the ridge (b) and rib (c) are fabricated by directly

etching the core layer. Techniques such as ion exchange, ion diffusion, or optical writing may

also be used to create channel structures if the deposited layers are compatible with such

techniques.
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Figure 17.3 Five-layer symmetric waveguide structure that can be used as a large-mode-area or double-clad

waveguide.
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17.4 OPTICAL QUALITY AND WAVEGUIDE LOSS

One of the most important aspects of waveguide fabrication is that the technique used should not

introduce any additional propagation losses over those present in the bulk material or alter properties

such as nonlinearity, electrooptic coefficients, or the valence state of dopants required for subsequent

laser action, for example. As described in Section 17.1, this goal is not met for all techniques,

however, and any such increase in propagation loss or modification of material parameters may

result in unwanted effects such as reduction of gain or efficiency, increased values of threshold or

time response, and many other deleterious effects that reduce the intrinsic benefit to be obtained

from such waveguide geometries. It is very important, therefore, when growing films by PLD, to be

able to accurately quantify propagation losses and to undertake detailed spectroscopic studies of the

films produced to determine parameters such as the concentration, valence state, lifetime, and spatial

distribution of any dopant that is intended for inclusion within the waveguide region. As will be

discussed in Section 17.5, spectroscopy can readily reveal the correlation of these properties with the

quality of the host material itself.

Clearly, if the waveguide host is of poor crystal quality, then dopant inclusion that is

intended to be substitutional can no longer be so readily achieved, leading to spectral broadening

of absorption and emission processes, which in turn leads to increased pump laser thresholds

and reduced gain. In this sense, optimization of host quality and dopant inclusion must be

addressed together, a difficult task in some cases, as growth parameters such as background

chamber pressure, laser fluence, or target stoichiometry can be quite different for each process.

The solution we have adopted is to grow waveguides from materials such as garnets, which

grow relatively easily and are readily available as single-crystal targets that can be sourced

commercially with a range of initial dopant concentrations. For waveguide growth of materials

such as Ti : Al2O3, the situation is more complicated still, as single-crystal sapphire (a-alumina)

does not grow below a substrate temperature of �950�C [Yu and Nastasi, 1994; Lucuta et al.,

1992], while the concentration of the Ti dopant, present in the desired Ti3þ valence state,

progressively decreases above �1000�C [Anderson et al., 1997a]. We have chosen, therefore,

to focus on a limited range of host–dopant combinations and have concentrated on optimized

growth of low-loss, high crystalline quality active waveguide devices, reporting values of waveguide

loss as a matter of routine.

The final aspect of PLD growth of waveguides concerns the issue of particulates within the film.

It is an unfortunate coincidence that the average size of such particulates (0.1–1.0mm) is an almost

perfect match to the size of particle that contributes most to the increase of optical propagation loss,

being roughly equal to the value of the wavelength of light used in the waveguide. Our solution to

this, detailed in Section 17.4.3, has been twofold: first, to attempt to remove the particulate inclusion

in the film by use of a synchronized pulsed gas-jet and, second, to bury those particulates that are

present within the film by a second capping layer, thus producing a more symmetric waveguide

structure.
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Figure 17.4 Three examples of routes to channel structures from planar guides: (a) strip-loaded guide, (b)

ridge guide, and (c) rib guide.
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17.4.1 Waveguide Loss

It is unfortunate that accurate and routine measurement of propagation loss for millimeter–

centimeter length samples is extremely difficult, unlike the case for an optical fiber, for example,

where loss measurement is comparatively straightforward when many kilometers of fiber are

available and the simple cut-back technique is used. Propagation losses are perhaps the most

important factor in judging the quality of PLD waveguides, and publications that do not quote this

value are of little use in assessing the utility of guides where waveguide action is stated or implied as

the prime motivation for growth.

Loss is conventionally measured in decibels per centimeter (dB cm�1), where the decibel is

defined as:

dB ¼ �10 log
Pout

Pin

� �
ð17:2Þ

and Pin and Pout are defined as the optical power that is in-coupled and out-coupled at the waveguide

entrance and exit faces, respectively. The minus sign is often omitted in Eq. (17.2) when it is clear

that the decibel value relates to optical loss. Care must be taken when using Eq. (17.2), however, as

factors such as the Fresnel intensity reflection coefficients from the waveguide end faces and

reflection losses that occur from all coupling optics must be taken into account when quoting

absolute values of waveguide loss. Even relatively high losses of order 10 dB cm�1, equivalent to an

intensity transmission of 10%, may be acceptable, if, for example, the device length used is only

1mm. As stated earlier, it is imperative to faithfully report all values of waveguide loss when these

have been measured.

There are three main processes that contribute to loss in a normal straight optical waveguide. In

order of importance for PLD waveguides, these are:

1. Scattering Scattering loss is normally the dominant form of loss in dielectric waveguides.

Imperfections or defects in the guide structure or the presence of surface particulates can cause out-

of-plane scattering, which can lead to large (10’s of dB cm�1) values of propagation loss. Poor

crystallinity, mixed growth phases, or incorrect stoichiometry can all contribute to scattering loss,

and tools such as X-ray diffraction (XRD) analysis are poor at providing an insight into what is, or

is not, a low-loss PLD waveguide. In our experience, films that are highly nonuniform or uneven

and, therefore, unsuitable for waveguide applications can still show reasonable XRD spectra, for

example. The only way to evaluate PLD waveguides is to measure their loss using methods

described below. Growth of complex uniaxial or biaxial films can be particularly prone to scattering

loss, as any polycrystalline or mosaic growth will introduce refractive index inhomogeneity, which

renders the film effectively useless for waveguide device applications. For this reason we have

optimized the growth of garnet hosts, such as YAG, YGG (Y3Ga5O12), and GGG, which are cubic

materials and hence suffer much less from this form of refractive index nonuniformity.

2. Mode Conversion This is also a form of scattering, but the light is retained within the

guide, rather than being scattered to the outside medium. Mode conversion can occur from guided

modes to radiation modes that are no longer confined to the waveguide core region, from a mode of

one order to a higher order, or between modes of the same order but different polarization states,

that is, from transverse electric (TE) to transverse magnetic (TM), for example.

3. Optical Absorption As in bulk materials, this occurs from the presence of either

intentionally incorporated dopant atoms or unintentionally incorporated impurities. For lasing

waveguides, dopant inclusion is a prerequisite, but there is the additional consideration of the

correct valence state required for these atoms. In studies of the growth of Ti : Al2O3, ourselves and

other groups [Anderson et al., 1997a; Dyer et al., 1997] have sought to maintain the correct Ti3þ

valence state, while minimizing the highly absorbing Ti4þ alternative. Control of these valence

states in PLD-grown films is possible through the normal deposition parameters such as laser
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fluence and background gas pressures used, but such precision is not always achievable for all

host–dopant combinations. The incorporation of unintentional impurities can also be minimized

through optimized substrate heating techniques. We routinely use a raster-scanned CO2 laser for

substrate heating [Barrington and Eason, 2000], rather than more conventional hot filament heaters,

as the latter invariably heats the entire deposition chamber to excessive temperatures, where out-

gassing of previously deposited materials can introduce unwanted impurities, and hence loss into

the growing film.

17.4.2 Loss Measurement Techniques

Accurate determination of propagation loss is always complicated when nondestructive methods are

required, and the waveguide is intended for some future application. If the reverse is true, and the

sole purpose is to evaluate the loss, then the method of cut-back can be used as applied routinely for

optical fibers. Several methods exist for estimation, or ideally, precise measurement of waveguide

loss, and while it is comparatively easy to tell if the guide is either extremely good (low loss) or

extremely poor (high loss), obtaining accurate measurements for guides where the loss falls in the

�0.1–1.0 dB cm�1 region is often frustratingly difficult. We have resorted to loss evaluation, for our

best guides, via the Findlay–Clay method [Findlay and Clay, 1966], which requires laser action

within the guide using a range of different reflectivity output coupling mirrors. Using this technique,

losses of order 0.1 dB cm�1 are relatively easily determined.

17.4.2.1 Cut-back Technique

As the name suggests, the cut-back technique relies on repeated measurement of the out-coupled

power from a waveguide whose length is progressively reduced following each measurement of

output power. The in-coupled power is assumed or arranged to be constant for each measurement, so

the only unknown, the waveguide transmission, is readily determined from the gradient of a plot of

out-coupled power versus guide length. If the guide is, for example, 1 cm in length, then this

technique may be implemented using an angled-polished sample, as illustrated in Figure 17.5.

Light is launched into, and out-coupled from, the guide using two microscope objective lenses,

whose transmissions have been measured to be T1 and T2, respectively. Taking account of the Fresnel

intensity reflection coefficients R1 and R2, for the waveguide’s input and output faces, the in-

coupling and out-coupling efficiencies C1 and C2, and the values of input power P1, and output

power P2, measured before and after the two microscope objectives respectively, the powers present

in the guide at the input and output faces, Pin and Pout, are therefore given by:

Pin ¼ P1T1ð1� R1ÞC1 ð17:3Þ

Pout ¼
P2

T2ð1� R2ÞC2

ð17:4Þ

Length

log P2
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Figure 17.5 Implementation of cut-back technique to evaluate optical waveguide loss in a single planar

waveguide sample.
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Although the values of T1, T2, R1, and R2 are known or calculable, values of C1 and C2 always

remain uncertain. Using Eqs. 17.3 and 17.4, measurements of P1 and P2 for several different lengths

of guide allows the values of C1 and C2 to be eliminated, and the loss can be determined from the

gradient of the graph of log P2 versus guide length. With reference to Figure 17.5, sequential

measurements of P2 across the guide width yield a good estimate of propagation loss. The one

assumption here, which may not always be rigorously true, is that C1 and C2 do not vary between

each measurement.

17.4.2.2 Sliding Prism Technique

This method is a nominally nondestructive technique that uses prisms instead of microscope

objectives to couple light into and out of the top face of the waveguide instead of the ends [Weber

et al., 1973]. As shown in Figure 17.6, two prisms are clamped onto the surface of the waveguide

and, as with the cut-back method, incident and exit powers, P1 and P2, are measured. The unknown

coupling efficiencies can again be eliminated by measuring P2 as a function of the separation

between the two prisms, and a plot of log P2 versus separation yields a value of propagation loss.

This technique has several drawbacks, however. First, the out-coupling prism must have the same

out-coupling efficiency for each measurement, a requirement that can be hard to fulfill if the

waveguide surface is uneven or has defects or large numbers of particulates. Second, the prisms are

usually made from rutile, TiO2, a material that is extremely hard and can easily damage the

waveguide during the measurements. The best procedure is to move the out-coupling prism toward

the input prism, thereby eliminating spurious measurements from any previously damaged sections

of waveguide.

17.4.2.3 Streak Imaging

This is a more recent method that uses a charge-coupled device (CCD) camera to image, capture, and

analyze the streak of light that is visible from a waveguide whose loss is high enough to show some

measurable scattering [Okamura et al., 1983]. Although it is easy to perform, calibration of the CCD

camera is all-important, and the technique is somewhat self-defeating. If the loss is high enough to

produce a visible and measurable streak of light, it is probably much higher than the value you would

like. If, however, the loss is low, the precision of the technique is also low, and hence an accurate loss

evaluation is hard to obtain. Other variants that can be usefully implemented use an optical fiber to

collect the light instead of a CCD camera [Nourshargh et al., 1985].

substrate

core

input prism output prism
input beam

output beam

Figure 17.6 Sliding prism technique for loss measurement in a planar waveguide.

OPTICAL QUALITY AND WAVEGUIDE LOSS 393



17.4.2.4 Findlay–Clay Method

Propagation losses calculated using the Findlay–Clay method give a ‘‘worst-case scenario’’

estimation for loss and are the preferred method for lasing waveguide samples. For a four-level laser

transition, significant depopulation of the ground state does not occur, and the absorbed pump power

threshold for lasing is then only dependent upon the propagation loss and the value of output

coupling, as given in Eq. (17.5):

Pth ¼ C 2aPLlð Þ � ln R1R2ð Þ½ � ð17:5Þ

where Pth is the incident power threshold for lasing, C is a constant containing material and

waveguide parameters and the launch and absorption efficiencies, aPL is the propagation loss

coefficient, l is the laser cavity length, R1 is the intensity reflectivity of the input coupling mirror, and

R2 is the intensity reflectivity of the output coupling mirror.

The threshold power for lasing must be measured using output coupling mirrors with various

different values of reflectivity. A plot of absorbed power threshold for lasing versus � ln(R1R2)/2l

should then give a straight-line trend. The intercept corresponding to the value Pth ¼ 0 yields a

value of the propagation loss coefficient aPL, from which the loss in dB per cm is obtained via

Eq. (17.6):

Propagation loss ðdB cm�1Þ ¼ 10 log10ðe�aPLÞ ð17:6Þ

To date, as will be discussed in Section 17.5, our lowest value of waveguide loss has been measured

as 50.1 dB cm�1 for Nd:GGG, a value that is close to the bulk value for this material.

17.4.3 Particulates on the Waveguide Surface

Particulates are extremely undesirable for waveguide applications of PLD films, and much effort

has been expended to both reduce the particulate density and the effect of their presence on lasing

performance. After consideration of the full range of particulate removal schemes, which include

cross plumes, spinning targets, mechanical shutters, and velocity selectors, we have investigated

the use of a synchronized pulsed gas-jet, achieving a reduction in the number of particles by at least

one order of magnitude. Given the fact that total removal is almost impossible, we have also grown

lasing waveguides over a range of thicknesses and investigated the effect of overgrowing capping

layers on existing lasing guides. We observe a significant improvement in lasing performance by

these means and have investigated the reduction in absolute particle number as a function of gas-jet

operating parameters. Although the gas-jet is useful for particle reduction, it must be stated that the

technique is still not entirely systematic, and further work is required to optimize this method. We

show here the best, rather than the typical, results we have obtained.

The trials with the pulsed oxygen gas-jet followed the earlier work of Murakami [1992]. The gas

valve used was a piezoelectric device (highly modified Maxtek, MV-112, USA) with an opening

time of �200ms, positioned with the nozzle 2mm below the ablated target area. Typical time delays

between gas valve and laser pulse triggering were 1ms. The backing pressure of the oxygen was 2

bar, and the valve was kept open for a duration of 3ms, to achieve an oxygen chamber pressure of

�5� 10�2 mbar. Figure 17.7 shows optical microscope pictures of two films of GGG grown on

(100) YAG substrates, without (a) and with (b) the gas-jet directed into the plume.

It is clear that the film grown with gas-jet assist has a substantially lower particulate density. A

study was performed of total particulate count for various gas-jet parameters, and films were

grown with densities of between 104 and 107 particulates cm�2. It is difficult to state that this

reduction is entirely due to the gas-jet, as some variability in particulate density is an intrinsic

part of all PLD growth and depends on target degradation and other factors. A comparison was

made, however, between particulate size distributions with and without gas-jet assist, and this is

shown in Figure 17.8 [Barrington et al., 2000].
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Figure 17.7 Optical microscope pictures of two films of GGG grown on (100) YAG substrates, without (a) and

with (b) the gas-jet directed into the plume.

Figure 17.8 Particulate size distributions with and without gas-jet assist.
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It is seen therefore that there is an approximate order of magnitude reduction in particulate

density at particle sizes of order 1 mm, and this translates into correspondingly lower waveguide loss,

and hence laser threshold. A final comparison was made between the XRD spectra for films grown

with a fairly high particulate density between 3� 106 and 1.1� 107 cm�2, and the results are shown

in Figure 17.9. The XRD peak was the (400) reflection from a 4-mm-thick GGG film, and the full-

width at half-maximum (FWHM) value is seen to increase in proportion to the particulate density

indicating the progressive degradation of crystalline quality.

17.5 WAVEGUIDES GROWN BY PLD

A wide range of optically waveguiding materials have been grown by PLD. Only a selection of

these materials has been chosen, however, for further discussion within this chapter. The rationale

behind this decision concerns the difference between publications that refer to waveguide end

goals on the one hand (we have found more than 500 references to date) and those that report

quantitative performance in terms of optical loss, gain, lasing, amplification, or other functional

performance.

17.5.1 Garnets

Garnet crystals (possessing the generic formula A3B2C3O12 or often A3B5O12) have been used as

bulk laser host materials for almost 30 years [Singh et al., 1974] and are still perhaps the most useful

and adaptable solid-state laser hosts available. Doped garnets have the unique combination required

for laser materials: good spectral and stimulated emission properties, a high degree of mechanical

strength and hardness, broad-band transparency, considerable thermal conductivity, and can be

grown to large sizes for comparatively modest costs. In thin-film form, all these desirable properties

are combined with the waveguide advantages discussed previously, and therefore PLD growth of

these lasing films is a logical and technologically useful research goal.

Figure 17.9 FWHM for the (400) GGG XRD peak as a function of the measured particulate density.
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The range of alternative fabrication techniques suitable for thin-film growth of such ternary

compounds is rather limited, however, and hence PLD presents itself as perhaps the ideal

process. To date most of PLD growth of garnets has focused on YAG and GGG, due to both their

relative ease of growth, and their closely matched lattice constants (YAG: 12.006 Å, GGG:

12.383 Å), which results in a 3.1% overall lattice mismatch. All these crystals are cubic, and

hence optically isotropic, leading to potentially very low values of waveguide loss for epitaxial

thin-film growth.

The growth of undoped GGG was first reported in 1995 [Gill et al., 1995a], and since then, the

successful growth of Nd-doped GGG on YAG substrates has been reported several times, with losses

that have fallen from initial values of � 5.7 dB cm�1 [Gill et al., 1996] to � 0.5 dB cm�1 [Bonner

et al., 1997, Anderson et al., 1997b]. Other dopants such as Cr [Fukaya et al., 2001a], and co-doping

with Nd and Cr [Fukaya et al., 2001b] have also been incorporated into GGG. More recently, a

40-mm-thick film of Nd : GGG has been grown and successfully operated as a laser [May-Smith

et al., 2004; Grivas et al., 2004], allowing a Findlay–Clay loss measurement of 0.1 dB cm�1 to be

deduced; this extremely low level of loss is very encouraging for further integrated optical

PLD laser designs. The laser performance of such Nd:doped GGG waveguide lasers is discussed in

Section 17.6.

In general, the structure of the GGG on YAG films show properties that are similar but not exactly

equivalent to their bulk counterparts. Rutherford backscattering (RBS) analysis of all GGG on YAG

films grown to date reveals a slight Ga deficiency, and this translates into a fluorescence spectrum

that is broadened and reduced in peak height when normalized to the spectrum obtained from the

target GGG crystal used. This broadening in fluorescence spectrum is mirrored by a broadening of

the absorption spectrum from the Nd dopant; in fact this turns out to be a useful consequence in

terms of a higher absorption efficiency when pumping the waveguide laser with diode laser sources,

whose spectral bandwidth can be broader than the intrinsic absorption bandwidth for perfect GGG

crystal samples. Attempts to correct the Ga deficiency have not so far been made through the use of a

secondary Ga source or nonstoichiometric GGG targets.

Rare-earth and transition-metal-ion-doped YAG films have also been grown by PLD, but to date

YAG-based films have not successfully been operated as laser media. Growth of Nd : YAG on

various substrates [Ezaki et al., 1995, 1996; Kumagai et al., 1997; Vainos et al., 1998] has been

reported by many groups, while other dopants such as Cr [Fukaya et al., 2001a], Tb [Hirata et al.,

1996], Yb [Shimoda et al., 2001], and Er [Jelinek et al., 2002a] have received less attention. YAG

film thicknesses up to 5mm only have been grown by PLD, and, as before, the fluorescence

properties are a close match to existing bulk YAG samples. The drawback of growing YAG thin

films, however, is that there is no convenient garnet substrate that would enable subsequent

waveguide action to occur, as YAG has the lowest refractive index of the commonly available garnet

family, as shown in Table 17.1. Other substrate materials with common mechanical and thermal

properties and a refractive index of � 1.8 or less would therefore be required.

Aside from lasing thin-film materials, YIG (Y3Fe5O12), a magneto-optic host material has

also been successfully grown via PLD for applications in magnetic field sensing. The first report

of YIG growth was in 1991 [Kidoh et al., 1991], and since then buried single-mode waveguides

with losses of �1 dB cm�1 have also been grown [Katoh et al., 1992, 1993]. More recently, YIG

planar waveguide magneto-optic devices have been developed for applications in areas such

as optical current transformers [Hayashi et al., 2002a] and electric current sensors [Hayashi

et al., 2002b].

Other ternary garnets such as Y3Ga5O12 (YGG) and Gd3Al5O12 (GAG), as well as quaternary

garnets such as Y3Sc2Ga3O12 (YSGG), Y3Sc2Al3O12 (YSAG), Gd3Sc2Ga3O12 (GSGG), and

Gd3Sc2Al3O12 (GSAG) present themselves as an attractive way for PLD to achieve epitaxial

multilayer structures suitable for cladding pumped laser designs because of the good lattice match

and most importantly slightly different refractive indices of these alternative garnets. So far,

however, there has been only one report of the growth of such a material by PLD, namely Nd,Cr :

GSGG [Willmott et al., 2000]. We have recently conducted feasibility experiments for several of
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these alternative garnets, including YGG, YSAG, GSAG, and GSGG, and have found that they all

grow very successfully with similar optimal conditions as were used for GGG films previously. The

possibility of growing alternative garnets such as these appears to only be limited by the availability

of suitable targets. Table 17.1 summarizes the available data on materials within the garnet family

showing their respective refractive indices and lattice constants.

17.5.2 Oxide Materials

Binary compounds such as sapphire (Al2O3) and yttria (Y2O3) are frequently used laser hosts, owing

to their excellent transparency range (� 0.2 to 46.0 mm), low thermal expansion, high mechanical

strength, and good thermal conductivity. Their relatively simple stoichiometry (A2O3) make them

ideal materials for PLD growth, and when grown as a doped homoepitaxial layer, for example,

Ti-doped Al2O3 on Al2O3, excellent film quality can result [Anderson et al., 1997a].

Sapphire, (a-Al2O3), is only one of a range of at least seven structural phases that have been

identified for the Al2O3 crystalline family, and the structure can be classified as either rhombohedral

or hexagonal. This anisotropy, which is not present, for example, in the garnet family of laser hosts,

makes the growth of high-quality single-crystal material a very important factor when waveguide

applications are the intended goal. Below a temperature of � 950�C, PLD growth leads to the

presence of other Al2O3 phases, and this will inevitably lead to unacceptably high levels of scattering

and hence waveguide loss.

Thin sapphire films have been grown with the inclusion of various dopants, although the most

widely reported element has been titanium. Commercial Ti : sapphire is available with moderate

dopant levels of � 0.1% only, as the titanium ion has limited solubility within the sapphire lattice.

Lasing thin films of Ti : sapphire have been grown with thicknesses exceeding 10 mm [Anderson

et al., 1997c; Vainos et al., 1998] and losses as low as 1.5 dB cm�1. Er has also been used as a dopant

in sapphire thin films [Serna and Afonso, 1996], but to date no lasing action has been observed. Such

planar waveguides can be further processed to fabricate ridge or rib waveguides that can be

optimized for single-mode propagation, using the techniques of lithography followed by reactive ion

beam etching or Arþ beam milling. Such ribs have been successfully etched on Ti : sapphire PLD

films [Crunteanu et al., 2002; Grivas et al., 2003], and the resulting measured values of loss of

1.7 dB cm�1 indicate that such postprocessing does not contribute any significant extra loss. The

excellent optical confinement properties within these rib guides and measured beam propagation

factorsM2
x andM

2
y of 1.12 and 1.16 for the in-plane and out-of plane axes, respectively, show that the

formation of channel waveguides in existing PLD planar thin films is an extremely useful secondary

processing step. Laser operation of such Ti : sapphire ribs has recently been performed and will be

discussed in detail later in this chapter.

Yttria thin films have been grown by PLD [Craciun et al., 1999], and good results have also been

achieved for Er-doped yttria using (0001)-oriented sapphire substrates [Korzenski et al., 2001;

TABLE 17.1 Material Properties of a Range of Garnet Hosts a

Refractive Index Thermal Expansion Lattice Lattice Mismatch

Material (at l ¼ 1.06mm) Coefficient (� 10�6 K�1) Constant (Å) to YAG (%)

YAG 1.82 6.9 12.006 —

YGG 1.91 — 12.273 2.2

YSAG 1.86 — 12.271 2.2

YSGG 1.93 8.1 12.446 3.7

GAG — — 12.113 0.89

GGG 1.95 8.3 12.383 3.1

GSAG 1.89 7.7 12.389 3.2

GSGG 1.94 8.0 12.544 4.5

aAll values from an extended literature and web search.
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Lecoeur et al., 2002] where single-crystal growth of (222)-oriented yttria has been observed.

Sapphire is a good choice of substrate material for yttria films because it has the required lower

refractive index (yttria: n ¼ 1.78; sapphire: n ¼ 1.75 at l ¼ 1.06 mm), making optical waveguiding

possible for this combination. For Er-doped films, optical losses have been reported as � 1 dB cm�1

[Korzenski et al., 2001; Pons-Y-Moll et al., 2002]. Nd-doped YAP films (yttrium aluminum

perovskite) have also been grown with similar � 1 dB cm�1 reported loss values, with thicknesses

up to 11.2 mm, and good fluorescence properties in agreement with their bulk material counterparts

[Lancok et al., 1999].

17.5.3 Ferroelectrics

There is a continuing interest in ferroelectric thin-film materials because of their unique

combination of material properties and applications. Their nonlinear, electrooptic, piezoelectric,

acoustooptic, photoelastic, photorefractive, and pyroelectric properties make them ideal for use in

optical devices for a range of applications such as switches, sensors, microelectromechanical

systems (MEMS), and integrated optoelectronic components. Planar and subsequent channel or

waveguide devices can be fabricated from PLD-grown films with suitable further processing.

Problems can be experienced with ferroelectric films due to both their physical fragility, and also

due to their susceptibility to optical damage (via the photorefractive effect). Ferroelectric

materials are optically anisotropic, so thin films must be single crystal to be of any significant use

for optical or nonlinear optical applications. Furthermore, these single-crystal films must also

be oriented as single domain materials for any application that is dependent on those tensorial

coefficients that determine nonlinear, piezoelectric, pyroelectric, or other properties. Initially

multidomain samples can be converted into single domain films by repoling after growth, but this

process relies on electric field postprocessing and hence electrodes are required above and below

the PLD-grown film.

Lithium niobate is perhaps the archetypal ferroelectric material that is currently in widespread

use in integrated waveguide modulators. Although its range of coefficients is not as large as some

ferroelectric hosts, it is a well-understood material, and, in bulk crystal form, is readily available

with consistent material properties. Thin films have been grown on sapphire by many groups [Noh et

al., 1998; Kim et al., 1998; Tomov et al., 2000], with reported losses as low as 3 dB cm�1 [Kim et al.,

1998], and also on silicon with a SiO2 buffer layer [Guo et al., 1996], for which films of 2mm

thickness have been grown. The most important point, however, is to grow and demonstrate active

ferroelectric films, and this has been done with both undoped lithium niobate where second-

harmonic generation was observed [Chaos et al., 2000], and doped films, where fluorescence

properties of Nd-doped films [Alfonso et al., 1997], and enhanced second-harmonic generation in

Er-doped films has been reported [Gonzalo et al., 2002].

Other ferroelectric thin films grown by PLD include potassium niobate on MgO substrates

[Zaldo et al., 1994; Beckers et al., 1998a], with thicknesses up to 1 mm, intended for nonlinear and

electrooptic applications, and strontium barium niobate (SBN) films on MgO and fused silica

substrates [Schwyn-Thony et al., 1994; Fernandez et al., 2002] with thicknesses up to 6 mm. For

these amorphous substrate materials partially crystalline films only were obtained, which would

severely limit any subsequent optical application. Lithium tantalate thin films have been grown on

sapphire substrates [Agostinelli et al., 1993; Shibata et al., 1993] with reported losses of order

� 1.0 dB cm�1, and have been successfully used as surface acoustic wave (SAW) filters.

Thin-film ferroelectric materials are perhaps one of the most important examples of PLD

waveguide devices due to their potential for real end applications, as has been indicated above.

With this in mind, it is very important that authors report on the optical quality of films produced

where waveguide action is required and devices such as modulators or frequency conversion are

intended. Barium titanate (BaTiO3), a material with the largest known value of electrooptic

coefficient (1600 pmV�1) among inorganic crystals, is just such a material. The first report of PLD

growth of BaTiO3 [Davis and Gower, 1989] did not, of necessity, address issues such as optical

WAVEGUIDES GROWN BY PLD 399



losses, domain orientation, or applications. The most recent reports [Beckers et al., 1998b; Petraru

et al., 2002; Wang et al., 2002] show that factors such as losses, buffer layers, domain orientation,

and device performance are the criteria by which successful growth is to be judged. Twin target

techniques have also been used for growth of cobalt-doped BaTiO3 films in an attempt to

simultaneously improve the photorefractive gain coefficient and decrease the response time

[Ito et al., 1997].

Thin waveguide ferroelectrics have also been grown for applications such as second-harmonic

generation. Beta barium borate (BBO) is a highly suitable material for this application due to its

wide transparency range, large second-harmonic generation (SHG) coefficients, and high damage

threshold, and thin-film BBO has been grown on Si, SiO2, and Al2O3 substrates [Liao et al., 1997].

Potassium titanyl phosphate (KTP) displays similar properties to BBO, and both undoped [Xiong

et al., 1994] and Er-doped film growth [Wang et al., 1998; Wang et al., 2001] have been reported. A

third material is barium sodium niobate (BNN), which in its bulk form is difficult to grow. Optical

quality films of BNN grown on KTP substrates have been reported with losses at the � 1.0 dB cm�1

level [Liu et al., 1996; Zhang et al., 1999].

17.5.4 Glasses

Thin-film glass deposition might be considered as a natural and straightforward application area

for PLD. Glass is an optically isotropic material, with a wide and controllable transparency range,

and deposition should not require any considerations of epitaxy and hence single-crystal substrate

materials. In fact, the losses associated with PLD glass films appear to be considerable, and are up

to a factor of � 10 times higher than the typical best values for crystalline material growth. Er–Yb

co-doped glass films have been reported with losses at the � 11 dB cm�1 level [Serna et al., 1998],

while chalcogenide (nonoxide) glasses have been deposited to thicknesses of a few microns with

measured losses of � 6 dB cm�1 [Youden et al., 1993; Gill et al., 1995b]. PLD-grown chalcogenide

films have been used for studies of photobleaching, photodarkening, photodoping, and the writing of

gratings using both laser and electron beam irradiation [Gill et al., 1995b]. The lowest losses

reported for glass films, to the best of our knowledge, is 2.1 dB cm�1 for lead germinate glasses

[Mailis et al., 1998, 1999], which were grown to explore their photosensitivity and applications in

waveguide grating devices.

Further work is clearly needed to develop glass deposition to the point where losses of order

5 1 dB cm�1 can be achieved. Atomic force microscopy (AFM) examination of films grown to date

[Mailis et al., 1999] reveals a surface that is formed from 50- to 100-nm-diameter particles, rather

than a continuous smooth and glassy surface. We do not believe this is an intrinsic characteristic of

PLD glass deposition, however, and further work is in progress in this area. Interestingly enough,

there was a distinct difference between film deposition using the excimer laser wavelengths of 248

and 193 nm. At 248 nm, the films displayed particulate growth but were highly photosensitive,

displaying induced refractive index changes of � 1%, while the 193 nm grown films were

considerably smoother but appeared to be nonphotosensitive.

17.5.5 Semiconductors

This topic is covered in several other chapters and hence we will not explore the area in any detail

here. In passing, we note that CdS and CdSe films have been grown and examined for their

photoluminescence and lasing properties [Perna et al., 2001; Bagnall et al., 2000]. The resultant in-

plane hexagonal periodic structures can form microcavities, and lasing has been observed in

particular from CdS films. ZnO, which is the subject of Chapter 12, has also been observed to lase in

this fashion, producing ultraviolet laser emission via such self-assembled microcrystallite structures

[Tang et al., 1998].

A summary of a representative range of PLD grown waveguide materials as discussed in section

17.5 is presented in Table 17.2.
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17.6 WAVEGUIDE LASING DEVICES

17.6.1 Introduction to PLD Waveguide Lasers and Active Optical Devices

Although there have been a considerable number of reports on PLD growth of high-quality active

waveguide films of laser materials in the past few years, lasing action itself has so far been

TABLE 17.2 Representative Range of PLD Waveguide Materials and Their Thickness,

Optical Loss, and End Use

Material Max Film Thickness (mm) Lowest Loss (dB cm�1) Most Significant Results

Garnet Crystals

GGG 135 [May-Smith 0.1 [May-Smith et al., 2004; Lasing

et al., 2004] Grivas et al., 2004]

YAG 5 [Fukaya et al., 2001a; — Fluorescence

Shimoda et al., 2001]

YIG 4.5 [Higuchi et al., 2001] 1 [Katoh et al., 1993] Waveguiding

and MO effect

GSGG — — Fluorescence

Oxides

Al2O3 12.3 [Vainos et al., 1998; 1.5 [Vainos et al., 1998] Lasing of planar

Anderson et al., 1997c] and rib waveguides

Y2O3 1.5 [Lancok et al., 2004] 1 [Korzenski et al., 2001; Fluorescence

Lecoeur et al., 2002;

Pons-Y-Moll et al., 2002;

Lancok et al., 2004]

YAP 11.2 [Lancok et al., 1999] 51 [Lancok et al., 1999] Fluorescence

Ferroelectrics

LiNbO3 2 [Guo et al., 1996] 3 [Kim et al., 1998] Waveguiding, SHG, EO

effect, and fluorescence

KNbO3 1 [Zaldo et al., 1994] — —

SBN 6 [Fernández et al., 2002] — Fluorescence

LiTaO3 0.8 [Agostinelli et al., 1993] 0.6 [Agostinelli et al., 1993] Waveguiding

BaTiO3 9 [Ito et al., 1997] 3 [Beckers et al., 1998b; Waveguiding and

Buchal et al., 1998; EO effect

Petraru et al., 2002]

LaTiO3 — — Waveguiding

BBO — — SHG

KTP 1 [Xiong et al., 1994] — Waveguiding, SHG,

and fluorescence

BNN — 1 [Liu et al., 1994] Waveguiding

Glasses

Doped glass 1.5 [Serna et al., 1998] 11 [Afonso et al., 1996] Waveguiding

GaLaS 1.5 [Youden et al., 1993] 7 [Gill et al., 1995b] Waveguiding

Lead germanate 2.7 [Mailis et al., 1999] 2.1 [Mailis et al., 1999] Waveguiding and

photosensitivity

Semiconductors

CdS 2 [Bagnall et al., 2000] — Lasing

ZnO 1 [Hu et al., 1996; 2.8 [Hu et al., 1997] Lasing

Ryu et al., 2000;

Bae et al., 2000]

Others

Nd :KGW — 5 [Jelinek et al., 2002b] Waveguiding and

fluorescence

WAVEGUIDE LASING DEVICES 401



demonstrated in a relatively few PLD-grown films such as Ti : sapphire [Anderson et al., 1997c] and

Nd :GGG, both as thin films [Gill et al., 1996; Bonner et al., 1997] and thick film planar devices

[Grivas et al., 2004]. The majority of these studies concerned growth from single-crystal laser hosts

and materials that have attracted perhaps the most attention were garnets, for reasons that are

detailed in Section 17.4.1. In this final section, therefore, we discuss only those materials where

lasing has been reported and discuss material parameters that lead to both low-loss and high-optical-

quality waveguide performance.

17.6.2 Pulsed Laser Deposition Grown Waveguide Lasers

The discussion is limited to the development of waveguide lasers based on Ti : sapphire and

Nd : GGG PLD-grown layers, which represent the two basic classes of oxide and garnet laser

hosts.

17.6.2.1 Ti : Sapphire Waveguide Lasers

Ti : sapphire is a particularly interesting laser material because it offers the most widely tunable output

of all current lasers (650–1100 nm), and is characterized by a wide absorption band (400–650 nm).

Unfortunately though, an adverse side effect of this wide tunability is a low peak emission cross

section and a short fluorescence lifetime that in turn imposes the requirement for use of high pump

power densities to achieve efficient continuous wave (CW) lasing. This prerequisite for high pump

power densities is the reason for adopting a waveguide geometry.

The first reports on the PLD fabrication of Ti : sapphire films appeared relatively recently

[Dyer et al., 1996, 1997]. The main problem encountered by all the research groups working

with PLD-grown Ti : sapphire was the poor optical quality of the guides produced due to the

presence of particulates on the film surface, which induce high propagation losses [Jelinek

et al., 1998; Uetsuhara et al., 1999], restricting the suitability of the films for development of

planar waveguide devices. An approach adopted to minimize this deleterious effect involved

growth from molten Al–Ti alloy targets [Willmott et al., 1999; Manoravi et al., 1999], a

technique that has previously proven suitable for tailoring the concentration and type of dopant

in PLD films. Dopant control is of particular importance for the growth of Ti : sapphire layers

in order to avoid parasitic absorption and subsequent limitation in the laser performance due

to the presence of tetravalent titanium (Ti4þ ). Neither report, however, discussed the effect of

this innovative method on the level of the waveguide propagation losses. Another approach

toward fabrication of films with smooth features involves the use of a high-speed rotating

target [Uetsuhara et al., 1999], which can lead in principle to a significant decrease in the

concentration of the surface particulates that had initially contributed to a propagation loss as

high as � 8.7 dB cm�1.

To date, however, there are only two reports, both from our research group, on the realization of

PLD-grown Ti : sapphire waveguide lasers in planar [Anderson et al., 1997c] and rib [Grivas et al.,

2005] geometries. As detailed in an earlier work from the same group [Anderson et al., 1997a],

growth was performed on undoped sapphire substrates at a temperature of � 975�C, in an argon

atmosphere, from single-crystal Ti : sapphire targets with a doping level of 0.12wt% Ti2O3. The

films had a degree of crystal perfection and dopant levels comparable with commercial bulk

targets, and the titanium was incorporated substitutionally for the Al3þ in the correct lattice

position. This latter point was confirmed by the presence of the (0003) and (0009) XRD peaks that

are forbidden reflections for the sapphire space group. The difference in scattering factors,

however, for Al and Ti results in nonzero structure factors for all (000l) l ¼ 3n reflections, where n

is an integer.

Figure 17.10 shows a comparison of the fluorescence spectra obtained from a Ti : sapphire

waveguide and the bulk crystal target, revealing similar traces for both polarization states. CW
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laser operation was demonstrated at room temperature at an absorbed pump power threshold of

0.72W, and the spectra obtained were centered at 808 nm, as shown in Figure 17.11. The comblike

spectral output is due to the presence of an etalon effect within the output coupling mirror and

some instability (mode-hopping) was observed in the spectral output obtained. The waveguide

loss was deduced to be 1.8 dB cm�1 and was determined via a Findlay–Clay plot as described

in Section 17.4.2.4; this loss was assumed to be due to surface scattering originating from

particulates that were present on the film. The maximum recorded output was 357mW for 3.44W

of absorbed power using an output coupler with a transmission of 35% at the lasing wavelength,

corresponding to a slope efficiency of 26%. The output characteristics as a function of absorbed

pump power are summarized in Figure 17.12, for two different values of output coupler

transmission.

Figure 17.10 Fluorescence spectra for a PLD Ti : sapphire planar waveguide (full lines) and the bulk target

(dotted lines) for (a) s and (b) p polarizations.
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Single-mode channel waveguide laser geometries show a number of advantages over their

unstructured planar film counterparts such as lower thresholds, due to the enhanced lateral

confinement of both the pump and laser modes in the formerly unguided plane, as well as

improved efficiency provided that the fabrication process does not itself introduce any additional

loss. Furthermore, they are capable of providing a fully diffraction-limited, near circular, single-

transverse-mode output beam. Recently, rib waveguides based on PLD-grown Ti : sapphire thin
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Figure 17.12 Output power characteristics from a Ti : sapphire planar waveguide laser for two output couplers

with transmission T of 5% and 35% at the lasing wavelength.

Figure 17.11 Lasing spectrum from a Ti : sapphire planar waveguide laser, showing modulation due to etalon

effects associated with the output coupling mirror.
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films have been developed using photolithographic patterning and subsequent Arþ beam milling

[Grivas et al., 2003] or reactive ion beam etching (RIE) [Crunteanu et al., 2002]. Figure 17.13

shows scanning electron micrographs (SEM) of these rib structures, produced by PLD and Arþ

beam milling, from which it can be seen that the ridge structuring is a well-controlled process that

does not contribute any significant surface roughness. This postprocessing approach has proven

quite efficient, since nondestructive loss measurements using the self-pumped phase conjugation

technique (SPPC) [Brülisauer et al., 1995] have shown that the rib fabrication steps do not increase

the value of propagation loss by more than � 0.2 dB cm�1 compared to the background loss level

of other PLD-grown Ti : sapphire thin films. Fluorescence intensity profiles from ribs of three

different transverse dimensions are shown in Figure 17.14, and it is clear that high optical

confinement has been achieved by this method. The measured values for the beam

propagation factors M2
x and M2

y were 1.12 and 1.16, respectively, indicating single transverse

mode emission.

Laser action for structures of this type has recently been demonstrated at the Optoelectronics

Research Centre, University of Southampton, United Kingdom [Grivas et al., 2005]. The device

contained multiple arrays of rib waveguides with depth 3.5 mm, widths varying from 10 to 24 mm,

and rib-to-rib separations ranging from 20 to 60 mm. The sample was covered with a 5-mm-thick

sapphire cladding layer to reduce scattering losses. For a 10-mm rib, the absorbed pump power

threshold for laser operation was 265mW, which was more than a factor of 2 lower in comparison

to their planar counterparts [Anderson et al., 1997c]. The lasing spectrum, as recorded by a

spectrum analyzer at an absorbed pump power of 350mW is shown in Figure 17.15. Measured

beam propagation factors M2
x and M2

y of 1.3 and 1.2, respectively, indicated single-transverse-

mode laser emission at the wavelength of 792.5 nm. The inset in Figure 17.15 shows the laser

mode profile obtained using an output coupler with 4.6% transmission at the lasing wavelength.

Figure 17.13 SEM micrographs of a Ti : sapphire rib waveguide: (a) detail of waveguide end face and (b)

angled view to show overall uniformity of the structure.
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For 1W of absorbed pump power, the rib waveguide laser emitted 27mW and, as shown in

Figure 17.16, a slope efficiency of 5.3% was achieved. This value is higher than the one obtained

from the planar version of this waveguide (4%).

Compact fluorescence, amplified spontaneous emission, and laser devices based on Ti : sapphire

in channel geometries are particularly interesting for applications in optical coherence tomography

(OCT) due to their high brightness and their emission in the near infrared, which ensures adequate

penetration of the light in the tissue, as well as their potential to provide fully diffraction-limited,

near circular, single-mode beams that would allow integration with OCT fiber interferometric

arrangements. Recent preliminary results using the arrays of Ti : sapphire rib waveguides reported in

Grivas et al. [2005] showed that it is possible to develop parallel emitting fluorescence sources from

the same miniature sample, and there is a clear potential for the integration of such devices in

parallel OCT configurations [Bourquin et al., 2005]. Such a system with 16 parallel Ti : sapphire ribs

separated by a distance of 60mm, generated a bandwidth of 174 nm, and provided a depth resolution

of 1.9 mm, which corresponds to 1.5 mm in the tissue.

A future direction of the research in this area would be to combine the Ti : sapphire channel

waveguides with semiconductor saturable absorber mirrors (SESAM) and saturable Bragg reflector

Figure 17.14 Fluorescence emission profiles measured at the exit face of a Ti : sapphire rib waveguide with a

depth of 5 mm and width w of (a) 10, (b) 14, and (c) 16 mm.
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Figure 17.15 Lasing spectrum originating from a Ti : sapphire rib waveguide 3.5 and 10 mm in height

and width, respectively, for an absorbed power of 350mW. The corresponding laser mode profile, which

was obtained using an output coupler with 4.6% transmission at the lasing wavelength, is shown in the inset.
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(SBR) technologies, and therefore open up the possibility of developing a compact and portable

broadly tunable laser with the potential to produce high-repetition-rate mode-locked pulses. Such a

source would be ideal for use in a range of applications such as photobiology, photomedicine,

communications, and particularly in OCT because the attributes of high-intensity pulses combined

with the low average power and large bandwidth allow the study of live cells/tissues with high

longitudinal resolution.

17.6.2.2 Nd :GGG Waveguide Lasers

The first successful operation of a waveguide laser fabricated by PLD was reported for Nd :GGG

layers deposited on YAG (111) substrates [Gill et al., 1996]. Single-crystal film growth was observed

and films had a thickness between 2.5 and 3mm. Lasing action was demonstrated at an absorbed

pump power threshold of 91mW at 1059 and 1062 nm simultaneously, or at 1060 and 1063 nm,

which corresponds to the 4F3/2 ! 4I11/2 transition of Nd3þ . Growth was performed by pulsed laser

deposition from a 1 at % Nd-doped GGG ceramic target as, at the time, Nd-doped single-crystal

targets could not be obtained. Consequently, the deposited films were characterized by a high

propagation loss, typically on the order of 6 dB cm�1, which in turn resulted in particularly low

output power levels.

Subsequent experiments were directed at improvements in the fabrication techniques primarily

involving the use of a scanned CO2 laser beam for substrate heating, and of single-crystal Nd : GGG

target material, which lead to films with a thickness of around 10mm [Anderson et al., 1997b].

The scanned laser method enabled highly localized heating of the substrate and minimized

contamination through desorption from the walls of the chamber. The substitution of a single-crystal

target for the previous ceramic one led to a significant decrease in the number of particulates on the

film surface by a factor of �20. Additional minor changes adopted in the deposition procedure,

which also reduced the particulate density, were the use of longer substrate–target distances as

well as lower energy densities and repetition rates for the excimer laser [Bonner et al., 1997]. The

second set of waveguides possessed essentially identical crystalline and spectroscopic properties,

however.

The fluorescence spectra of the Nd : GGG waveguides in the spectral regions around 1060

and 940 nm, which correspond to the 4F3/2 ! 4I11/2 and
4F3/2 ! 4I9/2 transitions, respectively,

are shown in Figure 17.17. It is clear that the main features are similar for bulk and waveguide

samples, although there is a broadening and a slight shift of a few nanometers of some of the

spectral lines. The shape of the fluorescence spectra for the �1060-nm region was identical for a

range of films produced, implying a very systematic growth process. One of the main features

of the waveguides obtained at this stage was their capability to demonstrate lasing not only at

the normal 1060-nm four-level laser transition for Nd3þ , but also, as seen for the first time in

Nd : GGG, laser action on the quasi-three-level 4F3/2 ! 4I9/2 transition at 937 nm. Figures 17.18a

and 17.18b show typical lasing spectra for these two spectral regions. A plot of output power

versus absorbed pump power is shown in Figure 17.19, from which it can be seen that the threshold

pump power for the 1060-nm transition is of order 2mW. The slope efficiency for both transitions

was measured to be the same, at 20%.

It is clear that these new guides had a much reduced value of waveguide loss. A Findlay–Clay

measurement shown in Figure 17.20 yielded a value of loss of order 0.3–0.5 dB cm�1, a reduction

by an order of magnitude over the previous guides grown from a ceramic target.

Considerable effort has gone into routes to reduce the particle density on the surface of

these lasing waveguides. The first approach via a synchronized pulsed gas-jet has been described

in Section 17.4.3. The second approach involved the growth of capping layers on top of the

existing waveguide layer, effectively burying the particles within an outer cladding layer. The

waveguide layer was Nd-doped GGG grown on YAG, and the outer capping layer was also YAG

[Barrington et al., 2000]. For an uncapped waveguide of 2 mm thickness, an increase in particulate

density from 3.5� 104 to 106 cm�2 led to an increase in the absorbed pump power threshold
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from 2.5 to 167mW. This effect was much less marked for a 4-mm-thick guide, however, as a

guide with a particulate density of 3.6� 106 cm�2 lased easily at a threshold of 19mW, while

at this particulate density, a 2-mm guide would have been unable to reach threshold. Finally,

an 8-mm-thick guide showed good lasing performance almost irrespective of surface parti-

culate density, lasing at a threshold value of 12.2mW for a very high particulate count of

6.6� 106 cm�2.

These guides were then selectively capped with YAG overlayers to evaluate the reduction in

lasing threshold for guides with particularly high initial particulate densities. A 4-mm-thick guide

was chosen with a particulate density of 1.5� 107 cm�2, a value that precluded any lasing action

prior to cladding. After the YAG overcladding layer was deposited, a lasing threshold of 15mW

was obtained, comparable to the value measured for an unclad guide with a particulate density

four orders of magnitude lower. This somewhat surprising, but technologically useful, result points

the way to further experiments in multilayer growth of such guides. The overcladding has shown

itself as a dramatic and easy method to radically improve the optical quality of all such PLD-

grown waveguides.
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Figure 17.17 Fluorescence spectra from a Nd :GGG planar waveguide (full line) and the bulk crystal target

(dotted line) for the 4
F3/2 ! 4

I9/2 transition at 937 nm and the 4
F3/2 ! 4

I11/2 transition at 1060 nm.

WAVEGUIDE LASING DEVICES 409



Figure 17.18 Typical lasing spectra from the Nd :GGG waveguide for the (a) 4F3/2 ! 4I9/2 and (b)
4
F3/2 ! 4

I11/2 transition showing operation on several longitudinal modes.
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Figure 17.19 Output power versus absorbed pump power for the (*) 937 nm and (&) 1060 nm spectral regions

for a thin (8mm) Nd :GGG waveguide laser.
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17.6.2.3 Thick (>25 lm) Nd :GGG Waveguide Lasers

The final part of this section concerns the growth and application of what must be considered thick

PLD-grown optical films. We are not aware of the current record concerning the maximum thickness

grown for any PLD material, but layers of thickness425 mm are rarely, if ever, reported. Thick layer

growth has been performed here for Nd :GGG on YAG with the goal of developing waveguides with

optimized multilayer structures that incorporate a double cladding layer, an ideal geometry for high-

power diode pumping. The high values of NA obtainable for PLDmultilayers open up the possibility

for the development of large-mode-area (LMA) and cladding-pumped LMAwaveguide designs, for

which it is essential to have layers with a thickness of several tens of microns. Such schemes

combine the potential for high-power diode pumping with the possibility to control the spatial output

of the waveguide and should be capable of delivering tens of watts (or even more) of output power of

near-diffraction-limited beam quality.

In recent experiments we have grown epitaxial single-crystal thick Nd :GGG films with

thicknesses of up to 40 and 135 mm, when grown in single and multiple deposition runs, respectively.

Laser action has been demonstrated in a 40-mm-thick guide grown in a single deposition run, and in a

50-mm-thick guide that was grown using multiple deposition runs. The performance of the two

guides was investigated in terms of threshold pump power requirement, output slope efficiencies,

and propagation losses; the results from the 40-mm-thick film have been reported previously [Grivas

et al., 2004].

Figure 17.21 shows the dependence of the laser output from the 40-mm-thick waveguide on the

absorbed pump power for two output couplers with transmissions of 2.2 and 4.5% at the lasing

wavelength, from which slope efficiency values of 12.5 and 17.5% have been deduced. These values

are slightly lower than those obtained for thinner Nd :GGG films [Bonner et al., 1997], due to the

inherent multimode output from such a thick guide, which has led to a poor overlap between the

pump and lasing modes. Evaluation of the propagation losses has been performed for the 40-mm-

thick waveguide using the Findlay–Clay method, and as shown in Figure 17.22, the very low-loss

value of 0.1 dB cm�1 has been deduced for this thick guide. We believe this is the lowest loss ever

reported for any PLD-grown film and represents perhaps a benchmark in the optical quality of PLD

lasing waveguide films.

As a prelude toward the ultimate goal of diode-pumped multilayer waveguide structures, a

50-mm-thick single-layer waveguide was fabricated by PLD to perform initial tests with launching
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of diode light. The waveguide was grown using several deposition runs and the target position was

reset between runs; this was found to prevent the frequency of particulates increasing as the target

surface degrades throughout a long deposition run (42 h). Side pumping with diodes could not

be performed, however, because of problems with cracking at the polishing stage of waveguide

preparation. However, end pumping with a diode stack was successful and the 50-mm-thick
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Figure 17.21 Dependence of the output power from a 40-mm-thick Nd :GGG waveguide laser as a function of

the absorbed power for two output couplers with transmissions of (&) 2.2% and (*) 4.5%. Slope efficiencies of

12.3 and 17% have been obtained using these two output couplers, respectively.
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waveguide lased with a minimum absorbed power threshold of 7.44W. End pumping through the

cavity mirrors was not ideal, and a lower threshold may have been obtained if side pumping would

have been possible. Figure 17.23 shows a plot of the output power from the 50-mm-thick guide

against the absorbed diode pump power. An output coupler of 12.86% transmittance yielded a slope

efficiency of 11.2%. This is lower than the slope efficiencies obtained using Ti : sapphire pumping,

but this is expected because of the poorer overlap of the pump and laser beams. The downside of end

pumping with such high power levels is also shown in Figure 17.23. Note the highest point in the

graph is not in line as would be expected. This is because the fluid used to attach the cavity mirrors

was prone to boiling when the power incident on the input face was 4100W.

17.6.3 Future Directions

It is now well established that PLD growth of optical waveguide materials can produce high-optical-

quality guides with losses that compare very favorably with any other technique currently available.

Low loss is the key to success, and we now have the knowledge to achieve this in a systematic

manner. High-power devices are imminent with diode pumping at the 100s of watts level. We believe

the two types of devices most likely to break the laser output records for PLD films are multilayer

cladding-pumped structures that can be pumped by high-power diode arrays and highly doped films

that may be suitable for operation as thin-disk lasers. The next two subsections detail our latest

advances toward these two types of devices. Arguably, the most significant challenge that needs to be

addressed in the future to allow such devices to survive the polishing process more easily is the

relaxation of stresses that build up to self-destructive levels in films greater than 50mm in thickness.

The third subsection here provides a discussion on the possible causes of the problem and how one

might go about trying to reduce its effect.

17.6.3.1 Multilayer Structures and Alternative Garnets

We have yet to achieve a lasing example of the vertical multilayered (five-layer) growth that

we require for high-power diode-pumped structures, but an example of such a structure using
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Figure 17.23 Dependence of the output power from a 50-mm-thick Nd :GGG waveguide laser end-pumped by

a diode stack as a function of the absorbed power using an output coupler with a transmission of 12.86%.

A slope efficiency of 11.2% was obtained for this device.
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thin layers (1–2 mm) has been grown as a proof of principle that layers will accept overgrowth of

further layers without a significant deterioration in quality occurring. The multilayer sample

consisted of a Nd,Cr : GSGG core layer surrounded by two YGG cladding layers on a YAG

substrate with a YAG capping layer deposited on top. Figure 17.24 shows an SEM micrograph of

the sample cross section and the separate layers can be seen clearly. Figure 17.25 shows an XRD

spectrum of the multilayer sample. The peaks corresponding to the different layers and crystal

orientations are labeled. The YAG capping layer and substrate peaks do not overlap because the

PLD-grown crystal does not have a perfectly stoichiometric composition. The peaks have small

full-width half-maxima and there are no other peaks present other than those for the expected

(100)-oriented crystal layers. This proves that the film layers are high-quality textured crystal. The

growth of this trial multilayer film has shown how compatible the range of garnets are for these

sort of experiments with PLD. We are now closer than ever to a designer multilayer structure of

garnet crystal layers by PLD.

YAG substrate

YGG

Nd,Cr:GSGG

YGG

YAG

film
layers

Magnification = 10,000 × 5 m

Figure 17.24 SEM micrograph of a multilayer garnet crystal sample cross section.

Figure 17.25 XRD spectrum of the multilayer garnet crystal sample.
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17.6.3.2 Films Used as Thin-Disk Lasers

The thin-disk laser has been a focus of attention in recent years due to the advantages of such a

system over bulk lasers. Efficient cooling is possible because of the large surface-area-to-volume

ratio, and the effect of thermal lensing is small because the temperature gradient is in line with the

laser axis. By using multiple passes of the pump beam and increasing the pumped area, the output

power of the thin-disk laser is highly scalable and can reach kilowatt levels [Stewen et al., 2000]. To

achieve efficient operation of a thin-disk laser, it is desirable to have a very high dopant

concentration. YAG can be doped with very high concentrations of ytterbium (up to 100%) because

the ionic radii of Yb3þ and Y3þ are so similar. The optical efficiency is ultimately optimal for a

ytterbium concentration of 100%, but the optimal thickness for such a high dopant concentration is

5100 mm [Stewen et al., 2000], and a disk this thin would be very fragile. Films of Yb :YAG solve

the problem of fragility that arises as the disk thickness decreases below 100 mm, and the substrate

can be used to dissipate heat from the film. PLD is an ideal technique for the fabrication of Yb :YAG

films that will fulfill the necessary requirement of a thin-disk laser material, which is to have a very

low loss, and the possibility of depositing layers additional to the laser film allow specialist devices

to be made. For example, a Q-switched Yb :YAG thin-disk laser film may be fabricated by the

addition of a layer doped with the saturable absorber ion Cr4þ [Buryy et al., 2004].

We have grown a 100%-doped Yb :YAG film of 18mm in thickness for use as a thin-disk laser

device. The substrate was polished parallel flat prior to the film deposition, and the film surface was

also polished parallel flat to the substrate faces. The film appeared to be of a similar quality to

previously grown thick Nd :GGG films, in terms of propagation loss and crystallinity; however, no

success has been experienced so far with laser operation of the device. The relative peak heights of

the absorption spectrum for the Yb :YAG film did not match a bulk piece of crystal, and we therefore

believe that all of the Ybmay not be in the desired Yb3þ valence state, and as a result of this the device

did not lase. This serves as a reminder of a critical condition for PLD films to be successfully operated

as laser devices; the growth conditions must be controlled so that the dopant is in the correct valence

state. Nd-doped films have been very successful, due to the Yb3þ valence state assumed in garnet

hosts. When using dopants such as Yb, Cr, and Ti, either the growth conditions must be suitable for the

desired valence state or postannealing may be necessary to correct the film afterwards.

17.6.3.3 Pushing the Thickness Limit of Films

Since particluates no longer pose a significant problem for thick and capped films, perhaps the most

critical current problem to be solved is the occurrence of high levels of stress in the PLD grown films

that arises due to thermal expansion mismatch and deficiencies in the crystal structure. It is no longer

enough to fabricate a crystal film with narrow XRD peaks. Even if the crystal is of high quality and

mostly free of deficiencies with a lattice-matched substrate, when going above a thickness of about

40 mm, we have found that stresses in the film can make the sample impossible to polish without the

vibrations involved in the process causing it to crack. Thicker substrates can be used, and we have

found that this stops the whole sample from breaking up, but the film faces are still prone to cracking

off, making it impossible to achieve a usable polished face. We know from previous RBS and EDX

(energy dispersive X-ray) compositional analysis of our films that they are not fully stoichiometric,

and XRD peaks are slightly shifted. Also, the stress that we see in our samples is opposite to what we

would expect from thermal expansion mismatch. It therefore seems that thick films are less tolerant

of poor compositional quality, and the only way to prevent future films from cracking due to built-up

stresses is to try and grow them with a composition closer to bulk crystal.

17.7 CONCLUSIONS AND CLOSING REMARKS: TIPS FOR SUCCESSFUL

WAVEGUIDE GROWTH

We can now set out some general advice and guidelines concerning the optimum procedures

to ensure high-quality waveguide growth by PLD. Many of these points may seem obvious, but
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it is important to bear in mind the fact that the number of publications in the PLD area

that report optical waveguide growth far exceeds the number that report on actual or useful

devices. The area has moved on from growing material X on substrate Y: Unless the wave-

guide exhibits high optical quality, and hence low loss, it is of little value as a practical

optical device.

1. Adopt a film–substrate combination that is well matched in terms of lattice constant and

thermal expansion coefficients, consistent of course with the constraint imposed for

waveguide propagation that the guiding layer must have a higher refractive index than the

substrate. Any mismatch that leads to cracking or film defects will also lead to increased

optical waveguide loss, which is to be avoided.

2. Homoepitaxial growth can lead to high-quality structures such as Ti : sapphire on sapphire or

doped YAG on YAG, which grow relatively easily and can possess essentially perfect

crystalline properties.

3. Cubic materials (e.g., garnets) are more tolerant than uniaxial or biaxial materials in terms of

optical loss. Polycrystalline cubic host materials will not contribute to optical scattering loss

to anything like the degree of polycrystalline uniaxial or biaxial hosts, which are anisotropic

and hence extremely inhomogeneous in their local refractive index.

4. To ensure high-quality polished end faces for lasing waveguides, the waveguide and substrate

material should have closely matched values of hardness. If the waveguide is softer than the

substrate, polishing will selectively remove and damage the end face of the waveguide,

rendering the structure useless for device construction.

5. Particulates need not pose too much of a problem if capping layers are used. Particularly in

cubic materials, burying the particulates effectively removes them from participating in any

interaction with the propagating optical mode.

6. The production of particulates is directly linked to the condition of the target surface. If long

depositions are to be performed where the target surface is significantly degraded, break the

deposition up into multiple runs and reposition or recondition the target before continuing.

Taking this measure will significantly reduce the occurrence of particulates.

7. We have found that the constancy of growth conditions can have an effect on the quality of

films grown. Take care to ensure that conditions such as temperature and gas pressure do not

drift throughout depositions and if using multiple runs it is critical that the conditions are the

same for every run.
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CHAPTER 18

Biomaterials: New Issues
and Breakthroughs for
Biomedical Applications
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National Institute for Lasers, Plasma and Radiation Physics, Bucharest, Romania

MIROSLAV JELÍNEK

Institute of Physics ASCR, Prague, Czech Republic

18.1 INTRODUCTION

This chapter explains why biomedical thin layers, which are already widely used in implants in

animal and human bodies, have even brighter future prospects. We critically discuss the potential of

biocompatible, bioactive thin layers for specific applications in bone and dental surgery and

implantology, focusing on new materials specifically developed for these purposes over the last

decade. Practical work in this area moves forward alongside and in constructive interaction with

academic research on live tissues and new materials for deposition as thin films and structures. The

chapter contains direct references not only to materials but also to methods and current applications,

including a comparative analysis of their advantages and shortcomings.

In all cases we mention future expected and/or mandatory developments to completely adapt

new implants and other surgical devices to long-term, absolutely safe use inside the human body. The

deposition of bioactive, biocompatible thin films is not a new task, and several techniques have been

tested for the past half-century. Commercial devices, especially for plasma spraying, are available.

Short- and medium-term experience of using these devices, as well as in vivo and in vitro tests, has

revealed, however, some limitations to their large-scale implementation.

Pulsed laser deposition (PLD) emerged in the early 1990s as a rather easy to implement method

and a compelling alternative for depositing bioactive, biocompatible, highly adherent, uniform thin

films from a broad variety of materials used in implantology and surgery as a whole. The method

was, and still is, universal, efficient, free of pollution due to the use of light sources for deposition,

and readily adaptable to different geometries and complex structures.

The main goal of this chapter is to review all recent work in the field, including academic studies

on, and direct applications of, novel materials and PLD techniques. We describe successful

applications of depositions, discuss adhesion lifetime, and review the testing methods currently in

Pulsed Laser Deposition of Thin Films: Applications-Led Growth of Functional Materials
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use. We also outline the existing limits and adverse effects, indicating wherever possible, how they

could be overcome.

18.2 BIOMATERIALS

18.2.1 Biocompatible Materials Overview

Defined as man-made materials designed to induce a specific biological activity [Williams, 1988],

biomaterials are currently used for the repair and reconstruction of diseased or damaged parts of

the musculo-skeletal system of vertebrates. Decades ago, materials were called biocompatible

if they evoked a minimal biological response, that is, biocompatibility was defined by what it did

not do, namely, trigger adverse effects. As a result, materials used to be divided into categories such as

compatible, or nontoxic, and noncompatible, or toxic. At present, biocompatibility is described as the

ability of a material to behave satisfactorily in a considered application [van Loon and Mars, 1997].

Biocompatible materials must meet several general requirements. They must:

1. Resist corrosion and chemical attacks by physiological fluids.

2. Withstand any mechanical stresses that may be applied to them or happen during their

operating life.

3. Mold easily into a given shape.

4. Cause no allergic or toxic reactions.

5. Stop short of perturbing, or interfering with the immunological system.

6. Generate no damage to the blood (e.g., clotting) or plasma proteins [Hulbert, 1969].

Polymers, metals, ceramics, carbons, glasses, and composites have so far emerged as

biocompatible materials [Ratner and Hench, 1999], and they can be in the form of powder, single

crystals, polycrystalline, vitreous and/or glassy-ceramics.

No material implanted in a living tissue is inert; all materials elicit a response from the host

tissue. According to the required types of implants/tissues, biomaterials fall into four categories

[Ratner and Hench, 1999]:

1. Biologically Inactive, Nearly Inert The tissue responds by wrapping them up in a non-

adherent fibrous capsule (encapsulation, mechanical interlock-morphological fixation). This is the

case for metals and metal alloys (stainless steel, CoCrNi, CoCrMo, Ti, Ti alloy), alumina (Al2O3),

zirconia (ZrO2), carbon, carbon fiber-reinforced carbon, carbon fiber-reinforced triazine, latex,

polyethylene, polymethylmethacrylate (PMMA), and so on.

2. Porous They facilitate tissue ingrowth into the pores (biological fixation): examples are

microporous hydroxylapatite (HA) and HA-coated metals.

3. Bioactive They firmly bind to tissues (bioactive fixation through a chemical bond at the

bone–implant interface). Bioactive materials elicit a specific biological response at the interface of

the material leading to the formation of a natural bond (first shown in 1969) and development of de

novo mineralized bone tissue. Materials in this class include dense calcium phosphate ceramics,

bioactive glasses (45S5 Bioglass), bioactive glass–ceramics (Cerevital, Wollastonite A/W glass–

ceramics, machinable glass–ceramics), bioactive composites (Palavital, stainless-steel fiber-

reinforced Bioglass, polyethylene–HA mixtures, and so forth) [Hench, 1991].

4. Resorbable They are gradually replaced with tissue over time: Tricalcium phosphate

(TCP), calcium aluminates, polylactic acid (PLA), poly-L-acetate fall into this category [Yamamuro

and Hench, 1990].

As an effect of biomechanical limitations, bioglasses, glass–ceramics, and calcium phosphate

ceramics are mainly used in low or non-load-bearing applications [Cao and Hench, 1996]. For
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obvious reasons, metals are mechanically suitable for load-bearing orthopedic and dental implants.

Nevertheless, various problems related to corrosion, wear, and poor tissue interactions have

been reported [Hench and Ethridge, 1982]. Coating the metallic implants with thin layers of

bioactive material combines mechanical advantages with excellent biocompatibility. For chemi-

cally binding coatings (orthopedic, dental, and maxillofacial prosthetics), HA, bioactive glasses, and

bioactive glass–ceramic layers are applied. The mechanical properties and other parameters of

HA and Ti are summarized for comparison in Table 18.1. For tissue ingrowth (cardiovascular,

orthopedic, dental, and maxillofacial prosthetics), Al2O3 layers have been tested. For thrombore-

sistant coating, pyrolitic, diamond-like, and glassy carbon are largely used. Carbon surfaces are

thromboresistant, compatible with the cellular elements of blood, and therefore suitable for pros-

thetic heart valves [Hench, 1991].

18.2.2 Hydroxylapatite and Other Calcium Phosphates

Calcium phosphates (CaP) belong to the class of orthophosphates. Material is built around a

network of PO4 groups that confer a good stability to the structure. There are various CaP

compounds that differ from one another in key parameters such as molar Ca/P ratio and solubility

[Elliott, 1994]. In the case of pure compounds, the Ca/P atomic ratio ranges from 0.5 to 2.

Materials are more acidic and water soluble as their Ca/P ratio decreases. Table 18.2 lists the most

important CaP compounds with biocompatibility and bioactivity relevance.

Hydroxylapatite (HA), Ca10(PO4)6(OH)2, is a crystalline hydrated calcium phosphate the

chemical composition and crystallographic structure of which are similar to the mineral part of bone

and teeth [Elliot, 1994; Suchanek and Yoshimura, 1998]. HA is the most stable, least soluble in

aqueous media of all calcium phosphates [Elliot, 1994]. The natural mineral component of bone

(�50% weight and �70% volume) basically consists of HA.

Stoichiometric HA belongs to the monoclinic space group P21/b and has the following lattice

parameters: a ¼ 9:4214ð8Þ Å, b ¼ 2a, c ¼ 6:8814ð7Þ Å, and g ¼ 120�. It has twice as many

formula units per unit cell as the hexagonal unit and is the best organized, most thermodynamically

stable HA form. A monoclinic to hexagonal phase transition [space group P63/m, (no. 176)] takes

place above 250�C. Impurities like partial substitutions of hydroxide by fluoride or chloride ions

stabilize the hexagonal structure of HA at ambient temperatures.

Ordinary HA (containing impurities and substitution ions) is hexagonal with the lattice

parameters a ¼ b ¼ 9:418 ð�0:003Þ Å, c ¼ 6:884 ð�0:003Þ Å, and Z ¼ 2. Figure 18.1 displays a

projection in the (001) basal plane of the hexagonal unit cell of HA.

Fluorapatite (FA), Ca10(PO4)6F2, is present in the dental enamel. It is a very stable compound,

similar to HA in structure.

TABLE 18.1 Some Physical Properties of HA and Ti

Parameter HA Ti

Densitya (g cm�3) 3.15 4.51

Young’s modulusa (GPa) 85–90 115

Knoop hardnessa (MPa) 3450 4000

Tensile strengtha (MPam�2) 120 340

Poisson coefficient 0.3 0.32

Thermal expansiona (�10�6 K�1) 11 10

Melting pointa (�C) 1660 1668

Specific heata (cal g�1 K�1) 0.15 0.13

Thermal conductivitya (W cm�1 K�1) 0.01 0.2

aHandbook data from Torrisi and Setola [1993], reprinted with permission from

Elsevier.
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TABLE 18.2 Calcium Phosphate Compounds with Biocompatibility and Bioactivity Relevance

Acronym Chemical Formula Compound Name Ca/P Ratio

HA Ca10(PO4)6(OH)2 Hydroxylapatite 1.67

FA Ca10(PO4)6F2 Fluorapatite 1.67

CDHA Ca10�xðHPO4ÞxðPO4Þ6�xðOHÞ2�x Calcium-deficient hydroxylapatite 1.33–1.67

(0 < x < 2)

BA Ca8:3ðPO4Þ4:3ðCO3 : HPO4Þ1:7ðOHÞ0:3 Biological apatite 1.38–1.93

BA ¼ carbonated CDHAðx ¼ 1:7Þ
OHA Ca10ðPO4Þ6ðOHÞ2�2xOx&

a
x ð0 < x < 1Þ Oxyhydroxylapatite 1.67

OA Ca10O(PO4)6 Oxyapatite 1.67

MCPM Ca(H2PO4)2 �H2O Monocalcium phosphate 0.5

monohydrate

MCPA Ca(H2PO4)2 Monocalcium phosphate anhydrate 0.5

DCPD CaHPO4 �2H2O Dicalcium phosphate dihydrate 1

(Brushite)

DCPA CaHPO4 Dicalcium phosphate anhydrate 1

(Monetite)

OCP Ca8(HPO4)2(PO4)4 �5H2O Octacalcium phosphate 1.33

a-TCP Ca3(PO4)2 (monoclinic) Tricalcium phosphate (phase a) 1.5

b-TCP Ca3(PO4)2 (rhombohedral) Tricalcium phosphate 1.5

(phase b, Whitlockite)

TTCP Ca4O(PO4)2 Tetracalcium phosphate 2

a-DCP Ca2P2O7 (orthorhombic) Dicalcium phosphate (phase a) 1

b-DCP Ca2P2O7 (tetragonal) Dicalcium phosphate (phase b) 1

(Calcium pyrophosphate)

ACP Cax(PO4)y � nH2O Amorphous calcium phosphate 1.2–2.2

a& indicates a vacancy in the crystallographic lattice.

Figure 18.1 Projection in the (001) basal plane of the hexagonal unit cell of hydroxylapatite.
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Biological hydroxylapatite (BA, dahllite phase, present in natural mineralized bony tissues)

contains carbonate (CO3)
2� [Dorozhkin and Epple, 2002]. Half of the ðCO3Þ2� is adsorbed on the

crystal surface, while the other half resides in the bulk in the ðPO4Þ3� and OH� positions. Carbonate

accounts for as little as 3–6% of human body hard tissue. BA also includes small amounts of

hydrogen phosphate ions ðHPO4Þ2� and alkali metals, namely Naþ. In terms of structure, BA is a

poorly crystallized, nonstoichiometric HA. The Ca/P ratio ranges from close to 2 for carbonate-rich

apatites to 1.33 for ðHPO4Þ2�-rich apatites. During aging, ðCO3Þ2�, which is low in young tissues,

replaces ðHPO4Þ2� ions. The composition therefore keeps constant in time, in agreement with the

initial BA, that is, Ca8.3(PO4)4.3(CO3:HPO4)1.7(OH)0.3 [Brès and Hardouin, 1988].

Carbonated apatite (CA) occurs in two forms: type A, where hydroxyl partly substitutes for

carbonate ions, and type B, where carbonate replaces phosphate ions in the apatite lattice [Cao and

Hench, 1996]. BA is mainly type-B carbonated with a small amount of type-A.

CaP phase stability strongly depends on temperature and water presence during processing

in ambient atmospheres. At human body temperature, two forms of CaP only are stable: DCPD

for pH lower than 4.2 and HA for pH higher than 4.2. Other phases, such as anhydrous b-TCP or

TTCP, are stable at higher temperatures and form HA by interaction with water or body fluids

at ca. 37�C.
There are two main ways to synthesize HA powders: wet methods and solid-state reactions

[Suchanek and Yoshimura, 1998]. Wet methods include precipitation, hydrothermal processing, and

hydrolysis of aqueous CaP solutions. Solid-state reactions usually give rise to well-crystallized,

stoichiometric products. Other methods to produce HA powders are sol–gel, electrocrystallization,

spray pyrolysis, freeze–drying, microwave irradiation, mechano-chemical synthesis, mechanical

alloying, emulsion processing, and biomimetics.

18.2.3 Hydroxylapatite-Based Composites

Reinforcement materials (ceramics, metals, or polymers) have been tested to improve the reliability

of HA ceramics [Hench, 1991; Suchanek and Yoshimura, 1998]. They were applied as particles,

platelets, whiskers, long fibers, dispersoids, and nanoparticles (nanocomposites). Table 18.3

summarizes the most important HA composites.

18.2.4 Diamond-like Carbon and Carbon-Based Materials

Carbon exists as amorphous, glassy, and crystalline. Carbon has become well established as a

material with excellent biocompatibility, perhaps due to its unique position as a basic element for all

organic systems. Its ability to form bonds in sp1, sp2, and sp3 configurations forms the basis for the

diversity of carbon materials [Butter and Lettington, 1995]. There are two forms of carbon most

frequently used as coating in biomedical applications: pyrolitic carbon and diamond-like carbon

(DLC). Pyrolitic carbon layers are fabricated by thermal decomposition of hydrocarbons at

temperatures 1000–2400�C [Bokros, 1969]. Such layers are frequently used for coating of heart

valves. During the past decade DLC also became an excellent candidate coating material for use in

medical applications. DLC layers are amorphous or contain microcrystalline or nanocrystalline

diamond and graphite as well as a disordered structure of a mixture of configurations. DLC can be

hydrogen free (a-C) or contain hydrogen [hydrogenated amorphous carbon (a-C:H)]. DLC films

demonstrate excellent physical and chemical properties and a high level of biocompatibility

[Dumkum et al., 1997]. The films are dense, mechanically hard, smooth, impervious, abrasion

resistant, infrared (IR) transparent, chemically inert, resistant to attack by either acids or bases, have

a low coefficient of friction, low wear rate, and are biocompatible and thromboresistant [Robertson,

1992]. DLC coatings are adherent on a range of biomaterials and no toxicity toward certain living

cells and no inflammatory response or loss of cell integrity has been reported [Cui and Li, 2000]. The

properties of DLC coating depend strongly on the hydrogen content and sp3/sp2 ratio, which in turn

are determined by the deposition process and its parameters. The spread of properties of DLC
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TABLE 18.3 Hydroxylapatite Composites

Mixing

Material Form Extent Function Remarks References

Ti, Ti6Al4V Particles — Reinforcing — Khor et al., 2000

Ti6Al4V Coatings — Bond strength By plasma

spraying

Khor et al., 2000

Ti Coatings 5–75 vol% increasing By RF magnetron

sputtering

Ding et al., 1999

Fe–Cr alloy Fibers 20–30 vol% Reinforcing Corrosion in

body fluids,

bad reaction with

tissues

Suchanek and

Yoshimura, 1998

Ni3Al Fibers — Reinforcing Corrosion in

body fluids,

bad reaction with

tissues

Suchanek and

Yoshimura, 1998

316L SS Fibers 20 vol% Reinforcing Microcracks in

HA matrix

Miao, 2003

ZrO2 Fibers 10 vol% Reinforcing Wear resistance Suchanek and

Yoshimura, 1998

Coatings 10wt% Bond strength

increasing

By plasma

spraying

Chou and Chang,

2002

ZrO2 (PSZ)
a Particles 10–50 vol% Reinforcing Degradation

in wet media

Cao and Hench,

1996; Suchanek

and Yoshimura,

1998

CaF2–ZrO2 Particles 55 vol%

CaF2 540 vol%

ZrO2

Reinforcing Suppression of

HA to b-TCP

decomposition

Kim et al, 2002

Al2O3 Fibers 10 vol% Reinforcing Wear resistance, Cao and Hench,

1996; Suchanek

and Yoshimura,

1998

Particles 5–30 vol% Low corrosion

Powders 30–85 vol% Li et al., 1995

TiO2 Particles — Reinforcing Wear resistance Cao and Hench,

1996

Coatings 50 vol% Bond strength

increasing

By sol–gel Milella et al., 2001

C Fibers 10 vol% Reinforcing — Suchanek and

Yoshimura, 1998

Nanoparticles 5wt% Wear resistance

SiC Platelets 5–15 vol% Reinforcing Low corrosion Suchanek and

Yoshimura, 1998

Whiskers 5–60 vol% Toxicity doubts

Si3N4 Whiskers 5–60 vol% Reinforcing Toxicity doubts Suchanek and

Yoshimura, 1998

Diopsideb Whiskers 5–60 vol% Reinforcing — Suchanek and

Yoshimura, 1998
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TABLE 18.3 ðContinuedÞ

Mixing

Material Form Extent Function Remarks References

HA Whiskers 20 vol% Reinforcing þ
bioactivity

— Suchanek and

Yoshimura,

1998

TCP Powder — Biodegradability — Suchanek and

Yoshimura,

1998

CaSO4
c Powder — Biodegradability — Suchanek and

Yoshimura, 1998

Bioglass/

Glass–ceramic

Powder — Reinforcing þ
bioactivity

— Suchanek and

Yoshimura,

1998

Coatings 4wt% By plasma

spraying

Silva et al.,

1998.

Polyethylene — 50–60 vol% Stiffness

decreasing

Brittle-ductile

transition for

40–45 vol%

HA

Bonfield, 1988

Polyhydroxy-

butyrate

— 60 vol% Stiffness

decreasing

— Bonfield, 1988

Polyhexa-

methylene-

adipamide

Solution 435 vol% Artificial bone — Wang et al.,

2002

Polyamide 66 Solution 35wt% Artificial bone Porous scaffold

for tissue eng.

Jie and Yubao,

2004

Polyether

etherketone

Injection

moulded

459 vol%

437wt%

Stiffness

decreasing

— Abu Bakar et al.

2003

Polyvinyl-

acetate

Coating 4wt% Bond strength

increasing

By electro-

chemistry

Hu et al., 2002

Poly(L-lactide) — — Biocompatibility Toxicity doubts Suchanek and

Yoshimura, 1998

Poly (D,L-lactide/

e-caprolactone)

Solution 40–80 vol% Biodegradability HA reduces

degradation

rate

Ural et al., 2000

Chitosan Solution — Artificial bone — Chen et al., 2002

Collagen Fibers, — Osteoconduction — Suchanek and

Yoshimura, 1998

Membrane Silva et al., 2001

Gelatin Films 40–95wt% Mechanical

anisotropy

— Bigi et al., 1998

Elastin peptides Colloids — ECMd

generation

— Rovira et al.,

1993

aPSZ ¼ partially stabilized zirconia (3mol% Y2O3-ZrO2).
bDiopside ¼ calcium magnesium silicate (CaMgSi2O6).
cCaSO4 ¼ also called plaster of Paris.
dECM ¼ extracellular matrix.
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produced by different methods and under different process parameters is considerable. The

biological behavior of an implant is strongly influenced by the chemical situation on the surface, and

consequently, bioreactions can be tuned by changing the surface chemistry. DLC, as a biocompatible

base material, can be easily alloyed with other biocompatible materials such as titanium or silicon, or

with toxic materials such as silver, copper, and vanadium. By changing the alloy element

concentration, it should be possible to tailor the bioreaction to any desired point between the

bioproperties of DLC and those of the added element. This allows for preparing surfaces with

tunable antibacterial effects. Analogous to the tailoring of the mechanical properties of DLC by

deposition conditions or alloying, the biological properties of DLC can also be altered [Hauert and

Muller, 2003]. DLC shows an excellent hemocompatibility, a decreased tendency of thrombus

formation and coated heart valves and stents are already commercially available [Hauert and Muller,

2003]. Excellent mechanical properties justify usage of DLC in different tribological applications.

DLC is a hard solid lubricant, implying that it cannot be pushed out of the contact area between the

friction pair in contrast to oil or grease. For more details on DLC and tribological coatings, please

refer to Chapters 15 and 23, respetively.

18.3 PROCESSING METHODS

18.3.1 Current Deposition Methods: Advantages and Limitations

Calcium phosphate bioceramics have been used in medicine and dentistry for more than 20 years

[Hench, 1991]. The main applications are coatings of orthopedic prosthesis and dental implants,

alveolar ridge augmentation, maxillofacial surgery, otolaryngology, spinal surgery, and bone growth

scaffolds. They are also used as powders in total hip and knee surgery, as small, unloaded implants,

low-loaded porous implants, and as bioactive phases in a polymer–bioactive ceramic composite

[Hench, 1991; Suchanek and Yoshimura, 1998].

Bioglass and glass–ceramics have been used in bone prosthesis and dental porcelain manu-

facturing. Carbon in pyrolytic form and DLC is largely used to coat artificial heart valves, but

coating of dental and orthopedic implants, joint replacement, and more recently coronary stents have

also been studied. Research was also conducted on fluorinated carbonaceous thin films with

polymer-like structure that have proven to have excellent hemocompatibility and antithrombogeni-

city [Clarotti et al., 1992].

Table 18.4 presents a synopsis of the methods most widely used for HA and CaP deposition. Some

of these methods are frequently applied, while others are still in their testing phase. There is plenty of

literature available on physical deposition methods (dry processes) such as vacuum or atmospheric

plasma spraying, detonation-gun spraying, high-velocity oxyfuel process (generally known as

thermal processing), radio frequency (RF) or direct current (DC) magnetron sputtering, electron

beam evaporation, pulsed laser deposition, ion beam sputtering, ion-beam-assisted deposition, and

simultaneous vapor deposition. Chemical methods (wet processes) like sol–gel, immersion coating,

hot-isostatic pressing, electrophoretic deposition, electrochemical deposition, (micro)-emulsion routes,

dip coating sintering, frit enameling, spark anodization followed by hydrothermal treatment, or

biomimetic routes have also been applied. Other techniques, including laser cladding and screen-

printing of mechanically alloyed HA nanocrystals, have recently been tested.

Carbon and DLC coatings can be prepared by a variety of chemical vapor deposition (CVD) and

physical vapor deposition (PVD) methods, including plasma decomposition of hydrocarbons, hot

filament, microwave plasma, RF or DC plasma-enhanced CVD, RF and DC reactive magnetron

sputtering, ion beam plating, ion beam sputtering, ion beam deposition, ion-beam-assisted

deposition, laser-CVD, and pulsed laser deposition [Robertson, 1992]. In CVD, layers are usually

obtained by chemical reactions between methane and hydrogen, and the resulting films contain

residual hydrogen. In PVD processes, however, the films usually do not include hydrogen. In PLD,

high-quality DLC films have been grown from graphite targets in vacuum ambient, at low substrate

temperatures and very high laser intensities (1010–1014 Wcm�2).

428 BIOMATERIALS: NEW ISSUES AND BREAKTHROUGHS FOR BIOMEDICAL APPLICATIONS



TABLE 18.4 Most Common Methods to Deposit HA Thin Films and Coatings

Typical

Thickness

Methods Working Gas (mm) Surface Morphology Advantages Disadvantages References

Plasma spraying Ar, N2, H2 50–200 Very rough, irregular

and porous

Macroporosity may

enhance bone in-growth

Large deposition area

High deposition rate

Poor cohesive and bond strength

Very irregular morphology

Large amount of amorphous

material

Undesired secondary phases

High-temperature processing

Gross and Berndt,

1994

Magnetron

sputtering

Ar, Ar/O2 52 Smooth, uniform High density, high adherence

Uniformity over large areas

even on awkward shape

objects

Amorphousness, TTCP

and CaO

Low deposition rate

(� 1mm/h)

Ca/P atomic ratio 41.67

van Dijk et al.,

1995

Ion beam (assisted)

deposition

Ion beam sputtering

Vacuum 51 Smooth High adherence High vacuum mandatory

Amorphousness

Solnick-Legg and

Legg, 1989

Pulsed laser

deposition

Inert gas, O2,

H2O or mixtures

of them, N2O

51 Smooth/rough

depending on

deposition parameters

and target properties

High density, high crystallinity

Proper stoichiometry

Well-controlled Ca/P ratio

Excellent adherence,

clean process

Moderate temperature

processing

Controlled clad shape

Limitation in deposition

on large area and in

thickness uniformity

CaP phases other than

HA: a-TCP,

Cottel, 1994;

Cottel et al.,1993

Laser cladding Inert gas 300–400 Smooth Localized processing heating

Strong fusion bonding

between coating and Ti

CaP glass (amorphous)

with same Ca/P

ratio as HA

Lusquiños et al.,

2001

Sol–gel — � 1 Rough, sometimes

porous

Various substrate shapes

Moderate temperature

processing

Poor integrity and

microstructure

Lopatin et al.,

1998

4
2
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TABLE 18.4 ðContinuedÞ

Typical

Thickness

Methods Working Gas (mm) Surface Morphology Advantages Disadvantages References

Electrophoretic

deposition

— 520 Rough Efficient covering of

complex-shaped

substrates and cavities

of porous substrates

Poor bond strength

Shrinkage and cracking

Ducheney et al.,

1990

Biomimetic

deposition

— Tens of mm Rough, porous Variability of stoichiometry and

Ca/P formed material

Low adhesion to the substrate

Necessity to treat/

functionalize the

substrate surface

Kawai et al.,

2004

Screen printing — 20–400 Granular, rough No melting of HA powders,

because printing paste

material is obtained

by mechanical alloying

Acceptable stoichiometry

Nonuniformity and

–continuity of the

surface

Silva et al.,

2005

4
3
0



18.3.2 Pulsed Laser Deposition of Hydroxylapatite

and Other Calcium Phosphate Thin Films

18.3.2.1 Introductive Insight

The prime advantages of PLD applied to HA-based bioceramics are its ability to grow pure,

crystalline, stoichiometric HA films in conjunction with its flexibility to control the morphology,

phase, crystallinity, and chemical composition of other CaP compounds. As these characteristics

have a preferential influence on biological properties, such as bioresorbability (or dissolution

involved in the osseointegration of coatings), PLDmay be used to make in situ ‘‘biodevices,’’ mainly

consisting of different nanostructured biomaterials and bioinspired materials. Moreover, nanocrys-

talline HA-based ceramics (with small grains) may exhibit enhanced strength and toughness,

and thermal expansion coefficients that practically match those of the substrates (Si or Ti-alloy), due

to the large volume fraction of atoms located at the grain boundaries [Narayan, 2005]. A cross

section through a bone implant is outlined in Figure 18.2.

Sintered artificial CaP and HA materials, natural (mineral) bulk samples of different apatites, and

human and animal teeth and bones were used as deposition targets.

18.3.2.2 Laser Systems Used for Deposition

Laser wavelength, fluence, and pulse duration are critical parameters governing target ablation

and subsequent CaP film deposition. They determine the morphology, phase, crystallinity, and

stoichiometry of deposited coatings. Most studies were performed with excimer laser sources

generating pulses of 20–35 ns at 248 nm KrF* and 193 nm ArF* [Cotell el al., 1992; Mayor et al.,

1998]. A XeCl excimer laser (308 nm) was also applied in one study [Nelea, 2002]. ATEA CO2

laser (10.6 mm) with pulses of 100 ns or1 ms was also used [Antonov et al., 1995]. Some studies

reported the use of continuous-wave (cw) CO2 lasers for the homogenous heating of

real cylindrical Ti dental implants as the intended substrates for deposition [Jelínek et al.,

1996]. Pioneering PLD work with a Q-switched ruby laser source (694 nm, 25 ns) was done

by Torrisi and Setola [1993]. HA depositions were also performed using the pulsed second

(532 nm), third (355 nm), and fourth (266 nm) harmonics of an Nd : YAG laser [Nistor et al.,

2004; Fernández-Pradas et al., 2002a; Zeng and Lacefield, 2000]. The cw 1064-nm emission of

Nd : YAG was also used for the soft laser treatment of PLD pseudowollastonite (a-CaSiO3) thin

films [D’Allesio et al., 2001]

18.3.2.3 Deposition Conditions

The first successful PLD of HA nanocrystalline layers was reported by Cotell et al. [1992]. The most

important contributions and issues concerning PLD of HA since Cotell’s works to date are

summarized in Table 18.5. Some relevant experimental results are presented in Figures 18.3.–18.5.

Figure 18.2 Scheme of a biofunctional bone implant.
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TABLE 18.5 Main Research Work of PLD of HA

Post-

deposition Film

Laser/ Laser Substrate Environ, Annealing Characteristics

Wavelength/ Fluence Temperature, Deposition Pressure Temp. (�C)/ At. Ca/P Surface/Growth

Pulse Duration Substrate (J cm�2) T (�C) Environment p (Pa) Environment Phase Ratio Morphology References

KrF*

248 nm

25 ns

Si 2–3 500–600 O2, Ar, N2,

H2O

Ar/H2O

6.6–67 — TCP in Ar

HA þ TCP in O2

HA in Ar/H2O

1.65–1.8 Smooth

with few

particulates

Singh et al.,

1994

KrF* 248 nm

20; 30 ns

TEA CO2

10.6 mm

1 ms; 100 ns

Ti, Ti6Al4V

Polyethylene

PTFE (Teflon)

Poly-L-lactide

Poly-e-

caprolactone

0.7–20 RT, 400 Vacuum,

residual air

10�3–100 400–575

Ar, Ar/H2,

Res. air,

Res. air/H2

1 h

ACP

(as-deposited)

HA (after

annealing)

1.62–2.3 Dense,

smooth with

macroparticles

More rougher

with TEA CO2

Antonov et al.,

1995

Bagratashvili

et al., 1995

Antonov

et al., 2003

KrF*

248 nm

20; 30 ns

Ti, Ti6Al4V

fused silica

Dental implant:

Ti-sand blasted

3–13 200–780 Vacuum,

H2O,

Ar/H2O

10�3–100

—

ACP (T < 400oC)

HA (in Ar/H2O

and T > 400�C)
Traces of TTCP,

TCP, and CaO

TiO2 (anatase,

rutile) at high T

1.6–3.33 Smooth with

particulates

Jelínek

et al., 1995

Jelínek et al.,

1996

ArF*

193 nm

21 ns

Ti (grade 2)

(sand blasted)

Not

specified

500–600 Ar/H2O 6.7 — HA 1.99 Rough with

particulates

columnar

growth

Wang et al.,

1997

ArF*

193 nm

20 ns

Ti, a-Al2O3

SiO2//Si (100)

Polyimide

Silicone rubber

PTFE, PET

1 RT

100

O2 5� 10�3 550

O2/H2O

240–360

O2/H2O

HA 2.03–2.08 Smooth,

following the

substrate

shape

Hontsu et al.,

1996

4
3
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ArF*

193 nm

23 ns

3.5 575 15–150 HA — Highly dense,

smooth

particulates free

KrF*

248 nm

23; 34 ns

Ti6Al4V 1–5.2 RT–600 H2O 0.02–45 — ACP at RT

HA

Traces of

TTCP and TCP

1.5–2 Compact grains

with

particulates,

rough than

with ArF*

Fernández-

Pradas

et al., 1998

Nd:YAG

355 nm

10 ns

2.2–7.8 RT–600 10; 45 ACP (T < 400�C)
HA þ a-TCP

1.2–2 Glassy structure

with more

particulates,

rough, granular

growth

Fernández-

Pradas et al.,

2002a

ArF*

193 nm

20 ns

Ti, Ti6Al4V,

Si (100),

Si (111)

0.8–1.6 295–525 H2O 15–80 — Carbonated HA 1.48–2.32 Quite smooth,

compact

Arias et al.,

2000

Arias et al.,

2002

KrF*

248 nm

20 ns

Si(100) 4 650 N2O 10�3–10 450, O2,

UV

(172 nm),

HA þ TCP

trace

Pure HA after

annealing

1.67–1.72 — Craciun et al.,

1999

Nd:YAG

355 nm

266 nm

5 ns

Ti (grade 2)

Si

2–6.5 RT-600 Ar/H2O 40–106 — ACP (T < 400�C)
HA þ TCP

trace (T > 400�C)

1.77–2 Highly porous,

rough (at

355 nm

rougher than

at 266 nm)

Zeng and

Lacefield, 2000

KrF*

248 nm

20 ns

Ti5Al2.5Fe

coated or not

with TiN,

Al2O3, ZrO2

RT

525

675

800

Vacuum 10�3 550, air, 1h

—

—

—

HA

ACP þ HA þ
TCP þ TTCP

TTCP

TTCP þ CaO

1.73–2 Somewhat

porous

rather rough,

particulates

Nelea et al.,

2000

Nelea, 2002

(Continued)4
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TABLE 18.5 (Continued)

Post-

deposition Film

Laser/ Laser Substrate Environ, Annealing Characteristics

Wavelength/ Fluence Temperature, Deposition Pressure Temp. (�C)/ At. Ca/P Surface/Growth

Pulse Duration Substrate (J cm�2) T (�C) Environment p (Pa) Environment Phase Ratio Morphology References

XeCl*

308 nm

30 ns

316L stainless

steel

1–2 RT Vacuum 10�3 550, air, 1h HA þ traces

of TCP

and TTCP

2.2 Rather rough

with particulates

Nelea et al.,

2000; Nelea,

2002

KrF*

248 nm

23 ns

Ti, Glass

KBr

0.75–4.5 250 Vacuum 2:7� 10�3 550, air, 2h Carbonated

HA (target

from teeth

powders)

— Rough, features

with 53mm

in diameter

Smausz et al.,

2004

ArF*

193 nm

20 ns

0.75–12

ArF*

193 nm

25 ns

Biomorphic

SiC

4.2 290–490 H2O 15–80 — Carbonated

HA best

crystalline

film at 45 Pa

1.53–1.82 — Borrajo et al.,

2005

KrF*

248 nm

25 ns

DLC-coated Si

and -Ti6Al4V

3 RT Not

specified

— — Polycrystalline

HA nanocrystals:

5–15 nm

— Smooth with

sporadic

micron-size

particulates

Narayan, 2005

KrF*

248 nm

Ti 5 RT H2O 133 — ACP

Polycrystallized

domains for a

900�C-sintered
target

1.7–2 Micrometric

particulates,

some ablating

debris

Katto et al.,

2002

Katto et al.,

2005

KrF*

248 nm

SiO2//Si 2 600 H2O 1.33–133 — HA at p > 17 Pa

high-density

HA at 33 Pa

TTCP þ CaO

at 2.7 Pa

1.8–2.5

decrease

with p(H2O)

Smooth,

granular

particulates at

low p(H2O)

Porous at grain

boundaries

when p(H2O)

increases

Lee et al., 2005

4
3
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Nd:YAG

532 nm

Nd:YAG

335 nm

KrF*

248 nm

Ti- and

TiN-coated

Si

Ti

Ti6Al4V

1.4–4.4

5.7

4–7

300

625–850

Vacuum

Ar/H2O

1–3� 10�2

40–80

—

—

Polycrystalline

HA

nanocrystals 5

50 nm

HA þ a-TCP

Biphasic

HA/TTCP

— Continuous,

rough

Polyhedral

and spherical

particulates

smoother at

355 nm,

—

Nistor et al.,

2004

Kim et al.,

2005

Nd:YAG

532 nm

10 ns

Ti 12.3 RT Vacuum 1:5� 10�4 — No HA

amorphousness

1.88–1.98wt. Spherical

grains,

ablation

fragments,

glassy-like

Ferro et al.,

2005

KrF*

248 nm

25 ns

Si(100)

Ti6Al4V

4–5 RT Vacuum 3� 10�6 T � 800 ACP

HA (annealed at

T  340�C)
340�C:
amorphous!
crystalline

transition

temperature

— Micrometric

particulates,

grain-like

particles

Johnson et al.,

2005

4
3
5



Most studies were performed with pure HA targets. Ferro et al. [2005] performed depositions from

10% FA-HA targets with a Nd :YAG laser (532 nm) at high fluence. The FA content in the target had

no influence on film morphology that mainly consists of spherical grains and ablation fragments. No

apatite phase was detected in the film; only a calcium-depleted CaP phase, that is, Ca(PO3)2, possibly

textured, was present. Narayan [2005] has reported the deposition of HA-DLC bilayered

nanocomposites. The authors suggest that the DLC layer serves to improve the adhesion of the

HA coating and to prevent corrosion or third-body wear in bulk implant material. Moreover, a

continuous nanocrystalline HA layer adjacent to the substrate surface may have greater cohesive

strength due to an increased number of intra- and interlamellar bonding. Biocompatible carbonated

HA thin films doped with divalent Mn2þ ions deposited on an etched Ti substrate by PLD were

reported [Gyorgy et al., 2004]. Stoichiometric and crystalline coatings were obtained by deposition

in 10 Pa O2 atmosphere, 400�C, with a KrF* excimer laser. Films were subjected to postdeposition

Figure 18.3 (a) SEM image of an HA film deposited with a KrF* laser at 5:8 J cm�2 fluence in 2 Pa residual

air at RT. Tablet-shaped particulates with a depression at the center were observed on the film surface

[Bagratashvili et al., 1995], with permission from the American Institute of Physics. (b) XTEM image of a

HA/TiN/Ti multilayer specimen showing particulates trapped into HA film depth. The HA film was grown

with a KrF* laser at 1–2 J cm�2 fluence in vacuum at RT and annealed in air at 550�C for 1 h. HA crystallites

were 20–30 nm in size. Particulates were semispheres of submicrometer radius constituted of crystals (100–

150 nm size) that grew perpendicularly to the interface [Iliescu et al., 2004a], with permission from Elsevier.
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heat treatments in hot-water-vapor-enriched environments at 400�C. The manganese divalent ions,

supposed to activate integrins and accelerate cell adhesion, were correctly transferred in the films.

A new generation of bioactive CaP, namely Ca8(HPO4)2(PO4)4 �5H2O (OCP) was the sub-

ject of recent PLD experiments [Iliescu et al., 2004a; Socol et al., 2004]. OCP occurs as a

transient compound in the precipitation of HA and natural BA. Because of this, OCP is

believed to play an essential role in the in vivo mineralization and ossification processes of

Figure 18.4 SEM images of HA coatings deposited with (a) KrF* (248 nm), (b) ArF* (193 nm), and

(c) Nd:YAG (355 nm) lasers. Coatings were grown in 15–150 Pa (a,b) and 45 Pa (c) water vapors at 3.5 (a,b) and

2.2 J cm�2 (c) laser fluence on Ti6Al4V substrates heated at 575�C. Films grown with Nd:YAG were granular

and rough. Films grown with excimer lasers were dense and contained embedded droplets (KrF*), or were

particulate-free (ArF*) [Fernández-Pradas et al., 1998, 2002a], with permission from Elsevier.
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mammalian bones and teeth. Deposited OCP films were essentially amorphous, but did contain

embedded crystalline grains [Iliescu et al., 2004a]. Coatings have rather porous surface mor-

phology with cauliflower-like aggregates. A view across such an aggregate shows a dense

brushlike layer on the top. OCP nanoparticles nucleate, coalesce, and accrete perpendicularly to

the substrate in a porous treelike structure, comparable to a coral reef (Fig. 18.6.)

18.3.2.4 Postdeposition Annealing and Other Treatments

Craciun et al. [1999] have deposited HA films in low-pressure N2O on Si substrates heated to

650�C. N2O is a very strong oxidizing agent, more reactive than oxygen. After deposition, films

were annealed under vacuum ultraviolet (VUV) irradiation (172 nm) of a Xe excimer lamp.

Optical annealing proved highly efficient for growing high-quality HA layers at low substrate

temperatures. Pure, crystalline, and stoichiometric HA thin-films deposition without the use of

water vapors have been presented by Nelea et al. [Nelea et al.,2000; Nelea, 2002]. Coatings are

obtained at room temperature (RT) on pure Ti and Ti-alloy with a KrF* laser followed by

postdeposition annealing at 550�C in standard pressure ambient air. Buffer layers of TiN, Al2O3,

or ZrO2 were inserted at the HA coating–Ti substrate interface [Nelea et al., 2000]. For surface

modification and greater densification of these films, a high-energy (MeV range) ion beam

implantation with Arþ or Nþ ions was applied [Nelea et al., 2002a; Pelletier et al., 2004]. Ion

implantation proves to be an efficient tool for HA film densification at low temperature

with increased nanohardness and elastic modulus and no altering of the HA crystalline phase

of the film.

18.3.2.5 Hybrid Processing Approaches

Nelea et al. [2003] reported deposition of high-quality CaP thin films by in situ UV-assisted PLD.

UV radiation (184.9 nm) generated by a low-pressure Hg lamp induces photodissociation of

molecular oxygen and formation of highly reactive oxidizing species, such as ozone and atomic

oxygen. Processing on substrates that cannot withstand heating at high temperatures, like polymers

and thermoplastic, become feasible. Films, consisting of mixtures of anhydrous CaP phases, were

crystalline and had Ca/P 
 2. Katto et al. [2002] and Nakayama et al. [2004] monitored depositions

of HA thin films by a method they called laser-assisted laser ablation (LALA). They used two UV

excimer laser beams, the first applied for ablation (KrF*) and the second (ArF*) to ‘‘assist’’ the film

growth and substrate annealing. Non-laser-assisted film regions contained significant amount of
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Figure 18.5 Ablation rate vs. pressure of (&) H2O, (*) Ar, and (^) O2 for HA target irradiated with an

ArF laser at 0.9 J cm�2 fluence. The ablation rate decreases when the pressure increases [Arias et al.,

2003a].
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ACP (amorphous calcium phosphate) that rapidly dissolves in simulated body fluids (SBF).

Oppositely laser-assisted coatings contain crystallizated HA material and withstand in SBF solution.

A delay of 5–30 ms of the ArF* pulse was used with respect to the KrF* pulse. Shorter delays are

found to be more beneficial to obtain crystalline layers. Jiménez et al. [2004] applied an autonomous

Figure 18.6 SEM micrographs of KrF* PLD OCP coating processed at 150�C: (a) Cauliflower-

like aggregates, (b) cross section of an aggregate showing a dense brush-layer on its top, and (c) XTEM

micrograph showing the OCP film coral-reef-like nanostructure [Iliescu et al., 2004a], with permission from

Elsevier.
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electric discharge during PLD, with depositions being carried out in water atmospheres. The authors

reported that the electric discharge help the promotion of crystallinity and processing at low

temperature. They used an ArF* laser at low fluence and a 45-Pa water vapor atmosphere. Ionization

currents of the discharge were varied from 0 to 80mA. Crystalline coatings with majority HA phase

were obtained at 300–350�C, with crystallinity increasing with the ionization current. The optimum

Ca/P value of 1.67 (HA) was obtained at the highest current used (80mA). Solla et al. [2005]

reported PLD of HA assisted by an RF plasma gas discharge, ignited at 275 kHz and 0–300V

alternating voltage. No significant differences of film composition and structure were observed by

applying the RF discharge, and it did not affect the Ca/P ratio whose values were around 1.9.

However, a significant increase of the growth rate accompanied by a slight improvement of

crystallinity of the films was apparent.

18.3.2.6 Relative Merits of Laser-Deposited Films for Biomedical Applications

Several papers reported PLD of HA films in comparison to other methods. Garcı́a-Sanz et al. [1997]

made a comparative study between HA coatings produced by plasma spraying and PLD, and they

observed differences in film morphology and structure due to different deposition mechanisms. Lo

et al. [2000] presented a comparative study of HA films grown by PLD versus capacitive-coupled RF

plasma sputtering. Sputtered coatings are smooth and continuous and followed the contours of the

substrate surface. PLD coatings (grown with a KrF* laser in 2-Pa residual air at RT) contained

numerous spherical particulates. Both sputtered and PLD coatings were annealed after deposition at

400�C in Ar. Post-annealing led to the increase of film crystallinity up to 87–98 vol%. These films

are more stable in SBF and both the stability and cell activity increase. Sputtered coatings showed

greater chemical stability than the unannealed PLD coatings and contained � 15% crystalline phase,

increasing to �65% after annealing. Nelea et al. [2002b] reported a comparative study of CaP and

HA films grown by PLD and UV-assisted PLD. UV-assisted PLD films are smoother, harder, and

better withstand mechanical wear. They consist of a mixture of anhydrous CaP, while PLD films are

stoichiometric and nanocrystalline HA. Nelea et al. [2004] also performed a comparative study of

HA thin films grown by PLD and RF magnetron sputtering (RF-MS). Both PLD and sputtered films

mostly contained the HA phase and exhibited good mechanical characteristics. CaO was noticed as a

secondary phase within the sputtered films. They were smoother than PLD coatings, and RF-MS

films were harder, more mechanically resistant, and have a higher Young’s modulus.

18.3.3 Pulsed Laser Deposition of Bioglass and Other Bioceramics

D’Alessio et al. [2001] performed thin-film deposition of bioactive glass (Bioglass 45S5). Films

were grown with a Nd : YAG laser (532-nm wavelength, 7-ns pulse duration) in a gas pressure of

10�4 Pa on Ti6Al4V alloy in an off-axis geometry. Films preserve the target stoichiometry and

bioactivity over a large range of experimental conditions. Serra et al. [2001] obtained Bioglass

coatings by PLD in N2O at different pressures using a Bioglass target and an ArF* laser, and the

target composition was successfully transferred to the substrate. Film properties can be modified

using different N2O atmospheres, and Fourier transform infrared (FTIR) measurements showed

that the formation of nonbridging oxygen bonds in the coatings can be controlled. These bond

units determine the nucleation and growth of apatite nanocrystals at the surface of bioactive glass

coatings after being soaked in SBF, as an essential characteristic of biocompatibility. Gonzales

et al. [2003] deposited bioactive glass in the system SiO2–Na2O–K2O–MgO–CaO–P2O5 on

biomorphic SiC ceramic substrates. Experiments were carried out with an ArF* laser in vacuum at

200�C substrate temperature. Borrajo et al. [2005a, 2005b, 2005c] deposited silica-based glass

coatings with an ArF laser at 200�C substrate temperature in low pressure Ar or mixtures of Ar

with Si2H6 and NH3.
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Pseudowollastonite (a-CaSiO3) films have been obtained by PLD [Fernández-Pradas et al.,

2002b]. Coatings were deposited in 10 Pa oxygen on Ti heated to 550�C using a Nd :YAG laser

(355-nm wavelength, 10-ns pulse duration). Films consist of the pseudowollastonite phase and of

amorphous material, and they have a porous granular structure and poor cohesion. After treatment,

coating crystallinity and cohesion were improved. Nave et al. [2004] reported PLD experiments of

materials of marine origin. Using the second harmonic (532 nm) of a pulsed Nd :YAG laser (� 5-ns

pulse duration; 10-Hz repetition rate), the authors performed depositions on glass substrates or

carbon-coated copper grids from targets of biofabricated coralline skeletal material, Porites lutea.

This material consists of one of the most abundant existing biominerals, that is, calcium carbonate

(CaCO3). Depositions were performed in low vacuum (2–4mTorr) at RT at fluences of 7 and

10 J cm�2 in both on-axis and off-axis configurations. The as-deposited coatings partially retained

the CaCO3 of the target, while mostly consisting of CaO. The crystalline CaCO3 phase was changed

from solely aragonite in the target to a mixture of aragonite and calcite microparticles, and CaO

nanocrystals. Coatings grown in the off-axis configuration show a smaller density of micron-size

particles in the film surface, as a result of the reduced deposition rate.

18.4 CHARACTERIZATION OF NANOSTRUCTURED MATERIALS

The deposited nanostructures must be carefully characterized to obtain information about their

physical properties and subsequently about their biomedical properties. In this case it is possible to

tune the deposition parameters to achieve film properties that exhibit proper reaction with soft or

hard tissue of the human body. To facilitate characterization, a range of substrates are chosen for

deposition, depending on their respective properties and suitability for subsequent film analysis. The

substrate characteristics are given in Table 18.5. Ti and Ti alloy (Ti6Al4V and Ti5Al2.5Fe) metals

with good biocompatibility and very good mechanical characteristics, polished to different surface

finishes, and etched or sand blasted have been used. Silicon crystals, fused silica, glass, or freshly

cleaved KCl or KBr crystals were also used, mainly for electron microscopy or infrared spectro-

metry investigations. Due to the large variety of biomaterials, depositions were extended to other

type of substrates, to include ceramics (alumina, SiC) and polymers (see Table 18.5), and substrates

of different shapes were also used, for example, disk, plate, sheet, or foil. Jelínek et al. [1996]

reported HA deposition on real dental implants, using cylindrical Ti rods of 2–3.5mm diameter and

10–12mm long, previously sand blasted to improve adhesion.

18.4.1 Chemical Composition and Stoichiometry

HA film composition and stoichiometry were usually assessed by determining the Ca/P atomic

ratio (being 1.67 for stoichiometric HA), which strongly depends on deposition conditions, and

hence is interdependent on film crystallinity, phase, and structure. Ca/P values ranging from 1.2 to

4.5 have been reported, as determined by energy dispersive X-ray analysis (EDX). Jelínek et al.

[1995] determined Ca/P atomic ratios of HA films by both Rutherford backscattering spectrometry

(RBS) (using 1.3MeV 4He ions) and particle-induced X-ray emission (PIXE) (using 2.5-MeV

protons). For low substrate temperature and high laser fluence, Ca/P ratios in the films were

found to be close to that of stoichiometric HA. RBS and Auger emission spectroscopy (AES)

were applied to determine the film composition and thickness [Torrisi and Setola, 1993].

Semiquantitative analyses of Ca/P atomic ratios by X-ray photoelectron spectroscopy (XPS) was

also performed [Zeng and Lacefield, 2000]. Because detection is surface sensitive, results do not

always match with the bulk stoichiometry determined by EDX. Systematic studies of HA films by

FTIR spectroscopy were performed [Mayor et al., 1998; Arias et al., 2000], and orthophosphate

ðPO4Þ3� ions and OH� functional group were observed, and carbonate ðCO3Þ2� ions are present as

contaminants. For crystalline HA films, FTIR absorption peaks characteristic of the ðPO4Þ3� ions
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are narrower and better resolved. According to Mayor et al. [1998], whenever Ca/P ratios increase

the concentration of PO4
3� forming apatite is lower, being substituted by ðCO3Þ2� to maintain the

crystalline structure.

Figure 18.7. shows FTIR spectra of HA films deposited with an ArF* laser at different Si

substrate temperatures from 295 to 525�C. Vibrational band positions and assignments detected by

FTIR for PLD HA films are given in Table 18.6. Micro-Raman spectroscopy was used to determine

Figure 18.7 FTIR spectra of HA films deposited with an ArF* laser at 45 Pa water vapor pressure and

(a) 525�C, (b) 485�C, (c) 430�C, and (d) 295�C Si substrate temperatures. Vibrations of ðPO4Þ3� and OH�

groups characteristic to HA, carbonate substitution, and adsorbed water in HA molecule are observed [Mayor

et al., 1997], with permission from Elsevier.

TABLE 18.6 Infrared Absorption Bands and Assignments of Typical PLD HA Films

Band (cm�1) Assignmenta References

3700–3300 Stretching of water absorbed in the coating

� 3645 Stretching vibration of –OH group in Ca(OH)2 phase

� 3571 Stretching vibration of –OH

1600–1641 Deformation mode of water absorbed in the coating

1410–1465 Asymmetric stretching n3 of ðCO3Þ2� substituting ðPO4Þ3�
1450–1576 Asymmetric stretching n3 of ðCO3Þ2� substituting –OH Mayor et al., 1998

1030–1090 Asymmetric stretching n3 of P–O bond of ðPO4Þ3�
� 960 Symmetric stretching n1 of P–O bond of ðPO4Þ3�
� 880 Asymmetric bending n2 of ðCO3Þ2� substituting –OH Arias et al., 2000

� 872 Asymmetric bending n2 of ðCO3Þ2� in the surface or

substituting ðPO4Þ3�
� 865 Incorporation of ðHPO4Þ2� substituting ðPO4Þ3�
� 930 ; � 715 Incorporation of ðP2O7Þ4� occurred by ðHPO4Þ2�

dehydration

� 630 Librational mode of –OH

575–610 Bending n4 of O–P–O bonds of ðPO4Þ3�
430–475 Bending n2 of O–P–O bonds ðPO4Þ3�

aCO2�
3 ¼ carbonate ion

HPO2�
4 ¼ hydrogen phosphate ion

P2O
4�
7 ¼ pyrophosphate ion
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the type of CaP phases and their distribution [Fernández-Pradas et al., 2002a]. Vibrations of ðPO4Þ3�
are FTIR and Raman active because the hydroxyl group of HA is located slightly above or below

the mirror plane. Craciun et al. [1999] showed by optical transmission spectroscopy (OTS) that the

improvement of crystallinity of VUV-annealed HA films. Nistor et al. [2004] applied electron

paramagnetic resonance (EPR) to evaluate the stoichiometry of oxygen in HA films and did not

observe any transitions that could be associated with paramagnetic points [oxygen-based centers and

singly charged oxygen vacancies (O2
�, O2

3�, O3
�, or O3

3�)] in the film structure.

18.4.2 Surface Morphology and Roughness Parameters

Surface morphology depends on deposition conditions as well as on the nature and mode of pre-

paration of the target. Films can have smooth or rough surfaces, be granular or with fine features, and

particulates are found deposited together the nanometric coating. Roughness parameters of HA

films have been determined by confocal white-light optical microscopy (COM) [Nelea et al., 2000],

and mean roughness value (Ra) was most frequently calculated. A typical example for HA films

grown on polished Ti5Al2.5Fe alloy in vacuum at RT and annealed in air at 550�C is Ra ¼ 210 nm,

measured over a surface area of 170� 170 mm2. Smoother films (Ra ¼ 5–100 nm) were typically

measured by atomic force microscopy (AFM) [Antonov et al., 1997]. Film thickness was usually

checked by standard profilometry or ellipsometry [Masetti et al., 1996].

18.4.3 Structure and Crystallinity

The crystallinity status and crystallographic structure of HA-based films were routinely analyzed by

X-ray diffraction (XRD), and Figure 18.8. displays XRD patterns for HA. Figure 18.9. shows typical

transmission electron microscopy (TEM) images and their associated selected area electron

diffraction (SAED) patterns for HA [Nelea et al., 2003]. Figure 18.10. shows several examples of

cross-sectional TEM (XTEM) and cross-sectional SEM (XSEM) applied to the in-depth study of

film microstructure.

Figure 18.8 Typical XRD pattern for (a) HA target and GIXRD patterns (0.5� attack angle of surface) for (b)

amorphous HA/Si, and (c) crystalline HA/TiN/Ti films. X-ray source: CoKa, 0.179 nm wavelength. Film (c) has

a HA polycrystalline structure [Nelea, 2002].
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18.4.4 Mechanical Properties and Performances

The adherence of HA layers to the substrate was routinely assessed by scratch and pull-off tests.

Adhesion and mode of film failure are strongly influenced by the material nature, morphology,

microstructure, and residual stress developing during deposition. Pioneering adhesion scratch tests

of HA film on Ti6Al4V were performed by Cotell et al. [Cotell et al., 1992; Cotell, 1994], and no

evidence for film decohesion was observed. At high load (96N) the film deforms by bending,

without delamination. Nelea et al. [2000] determined nanohardness (H) and Young’s modulus (E) of

HA thin films using an ultra-low-load indentation system, equipped with a triangular diamond

Berkovich tip. HA films grown on TiN interlayers demonstrate improved mechanical properties,

with nanohardness of 2.5–3GPa and Young’s modulus of 90–120GPa [Nelea et al., 2002; Nelea,

2002b]. Films grown directly on Ti-alloy are less hard (H ¼ 0:5–1GPa). The nanohardness of HA
films grown on TiN layers was increased to 4–5GPa after an Arþ ion implantation treatment

[Nelea et al., 2002a]. Large values of H (6–7GPa) and E (150–170GPa), uncommonly high for

CaP bulk ceramics, were obtained for films deposited by in situ UV-assisted PLD [Nelea et al.,

2003]. Nanoscratch tests of HA films have been reported in Nelea et al. [2000].

Jelı́nek et al. [1995] showed that Knoop microhardness of HA films increases with the deposition

substrate temperature, and they also checked the HA film adherence by scratching. Films deposited

at high temperature (780�C) in low-pressure H2O vapors have poor adhesion. Arias et al. [2003b]

explored micro- and nanotesting of amorphous and crystalline HA films grown with an ArF* laser.

Friction force and acoustic signals emitted under loading were recorded. Crystalline coatings deform

plastically, and both amorphous and crystalline HA coatings have lower values of Young’s modulus

Figure 18.9 TEM patterns of (a) HA powder and (b) a crystalline film grown by PLD with a KrF* laser

(l ¼ 248, t’7 ns) in vacuum (10�4 Pa) at RT and annealed in air at 550�C for 1 h. The powder consists of

crystallites of 20 nm width and 60 nm length. The film shows prevalent 25 nm equiaxed grains. (c) SAED pattern

of film (b) and (d) typical SAED pattern of an amorphous HA film [Nelea et al., 2002a], reprinted with

permission from Kluwer-Springer.
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than titanium (ETi ¼ 115GPa). Fernández-Pradas et al. [2001] discuss failure mechanisms of

HA films deposited by a KrF* laser, and it is seen that the critical load decreases with the film

thickness. Thin layers (less than 200 nm thick) plastically deform and show cohesive failure.

Amorphous films have poor adhesion, due to the brittleness of the glassy structure. Antonov et al.

[1995] show that after chemical cleaning (with hydrofluoric acid) or laser KrF* cleaning of the

deposition substrates, adhesion of HA films is always higher than by conventional rinsing with

solvents such as acetone. Garcia-Sanz et al. [1997] reported a pull-off test of HA films based on a

modified ASTM C633 procedure. The tensile strength of films grown at 480�C was 58MPa. When

the temperature is increased (up to 550�C), the tensile strength drops suddenly to 3MPa. Failure

occurs at the coating–substrate interface, most probably due to substrate oxidation. HA films show

low bond strength to polymers [Hontsu et al., 1996], due to weak van der Waals bonding forces.

Tables 18.7 and 18.8 summarize the mechanical properties of PLD HA films.

Figure 18.10 (a) Typical XTEM of a dense CaP film grown at 500–600�C by UV-assisted KrF* PLD in

10�2–10�1 Pa oxygen. The film has granular morphology with � 20 nm grain size [Nelea et al., 2003], with

permission from Elsevier, (b) XSEM through a dense HA film grown by KrF* PLD at 575�C in 45 Pa water

vapors [Fernández-Pradas et al., 2001], with permission from Elsevier; (c) XTEM of a HA/TiN/Si multilayer.

HA film was grown by KrF* PLD in vacuum (10�4 Pa residual pressure) at RT and annealed in air at 550�C for

1 h. Film has a spongy morphology with isolated crystal grains, � 20 nm large, scattered over the porous matrix

[Nelea et al., 2000], with permission from Elsevier.
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TABLE 18.7 Mechanical Response to Indentation and Scratch Tests of Pulsed Laser Deposited HA Thin Films

Tests

Scratch Micro- and Nanoindentation

Nanohardness Young Modulus

Film Characteristics Tip Geometry/Type Load Range (N) Critical Load (N) Remarks (GPa) (GPa) References

HA/Ti6Al4V Al2O3 spherical stylus

Diameter: 0.125 inch

0–200 96

Mean deformation

pressure:

No decohesion from

substrate; film is

deformed on bending

— — Cottel et al.,

1992

1:7� 1010 Pa Cottel, 1994

HA/Ti5Al2.5Fe

� with TiN buffer

Berkovich diamond

Radius: 5 40 nm

0.005–0.025 — No delamination for

any film

� rough loading profile

(particulates)

0.5–1
aHV ¼ 350

2.5–3

HV¼ 480

90–120

50–70

Nelea, 2002

Nelea et al.,

2000

� with TiN þ Arþ

implant

� smooth loading profile 4–5 130–150 Nelea et al.,

2002a

� UV-assisted � smoothest loading

profile

6–7 150–170 Nelea et al.,

2003

HA/Ti6Al4V

Substrate temperature:

� 200–400�C

Rockwell C diamond

Radius: 200 mm

—

59

Poor adhesion at high

substrate temperature

4bHKðTiÞ25g 
 180 — Jelı́nek et al.,

1995

� 600–780�C
Environment:

� vacuum

� Ar / H2O

30–40

HK25g ¼ 400–500

HK25g ¼ 850–900

Amorphous/Ti Rockwell C diamond

Radius: 200 mm

0–30 9.6 Low internal cohesion

strength

Coating partly

removed and

squashed into the

scratch groove;

pile-up at borders

Coating does not

effectively detach

and is more ductile than Ti

0.55–1.06

(0.4 on Si)

74–107

(68.5 on Si)

Arias et al.,

2003b

4
4
6



Crystalline/Ti Rockwell C diamond

Radius: 200 mm

0–30 9.8 Coating plastically

deformed

Coating does not

detach and is more

ductile than Ti

1.6

(2.3 on Si)

93

(127 on Si)

Arias et al.,

2003b

Amorphous/Ti6Al4V

Thickness: 1.7mm

Spherical diamond

stylus

Radius: 50 mm

0.5–18 0.16 Low adhesion

(brittle glassy material)

Coating detached from

substrate

— — Fernández-

Pradas

et al., 2001

Crystalline/Ti6Al4V

Thickness: 1.5mm 0.3

Plastic deformation

Cohesive failure

350 nm

170 nm

2.9

5.7

Amorphous

porous/Ti

Amorphous

denser/Ti

Al2O3 corundum

needle

Diameter: 20 mm

— Mean deformation

pressure: � 1010 Pa

Low adhesion

Good adhesion

Better adhesion for

chemically etched,

laser (KrF) cleaned

substrates

— — Antonov

et al., 1995

aHV¼Vickers microhardness (kgf/mm2)
bHK¼Knoop microhardness (kgf/mm2)

4
4
7



18.5 BIOCOMPATIBILITY STUDIES AND RESPONSE TO LIVING MEDIA

18.5.1 Overview of Biomedical Tests

Several factors influence biocompatibility. The chemical composition and structure of materials

affects the type and amounts of released chemical species, and the characteristics of the site of use

and mechanical factors are also important. Any material implanted in the body presents a source of

potentially harmful agents, and these can occur in the form of wear particles, leachable chemicals,

or degradation products. Chemical factors, such as bacterial metabolic products, water, enzymes,

and polar and nonpolar solvents, can accelerate the release of components. Any particle formed may

be hazardous to macrophages or to synovial fibroblasts in close proximity to particles. Investigations

of material biocompatibility need to assess both cellular toxicity and the induction of other adverse

reactions such as inflammation, granuloma formation, and neoplastic changes. For this reasons, the

biocompatibility of a material is usually empirically determined.

Biocompatibility of medical and dental materials can be evaluated by in vitro tests (also called

initials), in vivo tests (called secondary tests), and usage tests, but sometimes, there is a lack of

TABLE 18.8 Bond Strength as Measured by Pull-off Tests of HA Thin Films Deposited by PLD

and Other Methods

Bond

Thickness Strength

Deposition Conditions (mm) Substrate (MPa) Remarks References

ArF, 45 Pa H2O

� 480�C
� 4550�C

� 1 Flat Ti, passivated

with nitric acid

58

3

Good adhesion at

moderate

temperature;

Failure occurs

at interface

due to TiO2

Formation;

Garcı́a-Sanz

et al., 1997

ArF, 57 Pa Ar/H2O

500–600�C
� 10 Sand-blasted Ti 30–40 — Wang et al.,

1997

Nd:YAG (266,

355 nm) 40–106 Pa

Ar/H2O;

500–520�C

1–4 Ground Ti

Polished Ti

� 30

� 20

Additional

mechanical

interlocking of

rougher surfaces;

Zeng et al.,

2000

ArF, 5� 10�3 Pa O2

100�C þ annealing

up to 400�C
for a few hours

� 1 Polyimide

PTFE

� 10

0.4

Poor bond

strength due to

lower van der

Waals forces bonding

HA and polymer

Hontsu et al.,

1996

Plasma-sprayed

coating

50–200 Sand-blasted Ti 10–15 Weak adhesion;

Uncontrolled HA

stoichiometry

Other CaP phases

and ACP

Khor et al.,

2000

Ion beam deposited

film

� 1 Polished Ti 20–65 Large adhesion

range; acceptable

adhesion in some

conditions

Choi et al.,

2000

RF magnetron

sputtered film

� 1 Polished Ti 60–70

Uncontrolled

HA purity

Presence of TTCP,

CaO and other

secondary phases

Ding et al.,

1999
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correlation between in vitro and in vivo tests [Hench, 1991]. The combination of in vivo and in vitro

studies leads to a better understanding of surface reactions of bioactive ceramics in the body, their

effect on bone growth and cell function [Ducheyne and Qiu, 1999], and provides a sensitive method

of revealing adverse reactions.

In vitro evaluation of biocompatibility is well established as a valid initial step in the testing

of biomaterials. Biocompatibility is studied using cells, culture methods, and assays. The cells are

cultured on various materials and their behavior such as viability, activity, adhesion, migration, or

spreading is monitored [Ball et al., 2001; Dubois et al., 1999].

Eminently suitable cells for in vitro testing are the macrophages, which play a major role in

inflammation and the response to foreign bodies [Thomson et al., 1991]. However, although

important for primary screening of materials, tissue culture techniques can only provide guidance to

reactions at the cellular level. For initials tests, mutagenesis, complement activation assay, hemo-

lysis assay, oral and intraperitoneal L050 assays are used. However, usually attention is paid mainly

to the tests of cytotoxicity and immune function.

In vivo experiments are carried out using laboratory animals, such as pigs, sheep, goats, dogs,

rabbits, rats, and mice. This is the only way to assess systemic effects and the response of the whole

organism [Thomson et al., 1991], and tests performed on experimental animals simulate their human

counterparts [Hench, 1991]. Wound-healing events around implants have been mainly studied by

histological and histometrical methods. Nevertheless, the complexity of the interactions between

implant material, various cells, extracellular matrix components, and growth factors during wound

healing has sometimes made it difficult to draw conclusions about the cause-and-effect relationship

in the process. In vivo conditions and the cell types surrounding an implant during wound healing

vary with the type of tissue. Usually, as secondary tests, the mucous membrane irritation test and

skin sensitization tests are applied. Very often also implantation tests are utilized. These tests are

required for samples that will contact tissue or bone and evaluate a material potential to cause chro-

nic inflammation or tumor growth. Short-term tests last from 1 to 11 weeks. Long-term tests are

performed similarly but extend from 1 to 2 years.

For dental implants, the usage tests are pulp irritation tests, mucous membrane and gingiva (gum) tests,

and placing of dental implants into bone. There are three basic evaluations for the success of implants: the

penetration of a periodontal probe along the side of an implant, mobility of the implant, and bone–implant

integration. A successful implant should have no mobility, no periimplant radiolucency, minimal vertical

bone loss, minimal fibrous encapsulation (preferably none), and no soft tissue complications. Ideally, the

bone will contact the implant with strong, healthy tissue without any fibrous encapsulation.

Most standards concerning biocompatibility have been published by the International

Organization for Standardization in EN ISO 10993 series from 1992–1997 and upgraded in 2002.

18.5.2 Biomedical Applications of Laser-Fabricated

Hydroxylapatite and Bioglass Layers

The biocompatibility of laser-fabricated HA and glass layers has been tested very infrequently and

nonsystematically. Attention has usually been focused on in vitro study of film dissolution, erosion,

and stability, and there are only a few studies of in vivo behavior and response of coatings.

18.5.2.1 Tests in vitro and Cell Culture

Tucker et al. [1996] measured the kinetics of dissolution of HA layers using the dual constant

composition method, and dissolution rates decreased as film crystallinity increased. Antonov et al.

[1998] determined toxicity and cell growth. The chemical stability in simulated body fluids and the

Ca/P ratios of the coated samples were correlated with their ability to support the attachment and

growth of a murine fibroblast substrate-dependant cell line (3T3-L1). It was found that the size,

distribution, and topography of the surface microparticles strongly influence cell morphology and

compatibility. Lo et al. [2000] studied the human osteoblast-like cell responses to PLD HA, and

coatings were assayed for proliferation and phenotypic expression. The XRD, FTIR, and cell culture
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results showed that at low deposition temperatures the coatings do not posses long-term stability and

do not therefore encourage osteoblast interaction. FTIR was also used for determination of the stability

to erosion of HA coatings [Antonov et al., 1996], which were exposed to a phosphate-buffered saline

solution. At higher laser fluences, the film adhesion and erosion resistance were increased. Ball et al.

[2001] studied the activity and morphology of osteoblasts grown on HA surfaces. Primary human

osteoblasts were seeded onto the material surfaces and cytoskeletal actin organization was examined

by microscopy. The annealed surfaces supported greater cell attachment and more defined cytoskeletal

actin organization. Cell activity, measured using the alamar Blue assay, was also found to be

significantly higher on the annealed samples. Zeng and Lacefield [2000] tested HA coatings with

respect to their dissolution/reprecipitation in a semidynamic simulated physiological solution. The

dissolution of the non-HA phases played a major role in the reprecipitation of HA-like material.

Significant reprecipitation was observed, resulting in a clear, distinct morphology.

Cléries et al. [1999] determined dissolution kinetics during immersion of calcium phosphate

coatings in Ca2þ-free Hanks solution. They grew crystalline HA, a-;b-TCP and ACP coatings on

Ti6Al4V that were then incubated in a potentially osteogenic cell culture of rat bone marrow [Cléries

et al., 2000]. The amount and formation routes of mineralized bone matrix were evaluated after

2 weeks. The resistance to cellular resorption by osteoclasts was also studied. The bone matrix

delaminated from ACP, while it remained on HA and a-;b-TCP even after fracturing. A cementlike

line was seen as the immediate contiguous interface with the nondegrading dense HA surface and with

the surface of the remaining porous b-TCP coating. Highly dense and crystalline HA coatings do not

dissolve and are capable of establishing a strong bond with the bone matrix grown on top. Cellular

resorption was not observed on HA, but it was observed on a-;b-TCP layers. Resorption took place as a

dissolution mechanism due to the acidic microenvironment. Antonov et al. [2003] performed in vitro

evaluation of CaP coatings on bioresorbable polymers (poly-e-caprolactone and poly-L-lactide).

Human osteoblasts derived from femoral head trabecular bone were used for cultures. Both polymers

support osteoblast growth, with increased cell activity, alkaline phosphatase activity, and total protein

content. Katto et al. [2002] confirmed biocompatibility of HA layers by SBF immersion. Amorphous

phases were dissolved, but the crystallized coating remained and grew in the solution. Lusquiños et al.

[2003] studied the biological properties of the HA coatings obtained by Nd :YAG laser cladding. Tests

were assessed in vitro with human osteoblast-like MG-63 cells. Overall biological results conclude that

laser cladding could be a promising method to use in the biomedical field. Kim et al. [2005b] reported

in vitro dissolution of biphasic HA/TTCP coatings under tissue culture conditions in an Earle’s

balanced salt solution (EBSS) for 1 week. Dissolution experiments on HA/TTCP coatings yield

distinct dissolution behavior when compared to pure HA films. XRD scans for pure HA after soaking

show that the coating remains essentially unaltered at the test endpoint (1 week). In turn, all of the

TTCP phase in the HA/TTCP coating dissolves within 12 h. While scanning electron microscopy

(SEM) images of pure HA coatings taken prior to and after a 1-week dissolution experiment are

virtually indistinguishable, signs of reprecipitation from the solution and coating fracture can be seen

on images taken from a biphasic coating with highly oriented TTCP phase. The formation of

precipitates on synthetic apatite materials is an important response parameter in in-vitro investigations.

In vitro cell growth demonstrates a high adherence and biocompatibility of osteoblasts and fibroblasts

on both OCP and Mn-doped carbonated HA (Mn-CHA) coatings [Mihailescu et al., 2005; Bigi et al.,

2005]. Human osteoblasts display normal proliferation and viability, and good differentiation behavior of

alkaline phosphatase (ALP), collagen type I (CICP), transforming growth factor b1 (TGFb1), almost

similar to OCP and Mn-CHA. After 7 days TGFb1 values of the control polystyrene culture dish and Ti

samples reach a maximum level, then decrease. The TGFb1 in the CaP (including HA) coated materials

increases from 7 to 21 days, the content indicating bone growth after 3 weeks of implantation. TGFb1

protein, synthesized by osteoblasts, modulates cell proliferation and differentiation and enhances the

deposition of extracellular matrix (ECM) during developmental processes. In vitro tests show that human

osteoblast cultures proliferate, reach a normal morphology, display good differentiation, and remain

viable on both OCP and Mn-CHA coatings. These promising results render the OCP and Mn-CHA

coatings as good potential solutions for biomimetic medical implants.
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D’Alessio et al. [2001] used XRD monitoring for study of Bioglass 45S5 film bioactivity after

exposure of the coating to a simulated body fluid. Borrajo et al. [2005a] studied the role of thickness

and substrate nature on the in vitro bioactivity of silica-based glass coatings (42% SiO2, 20%

Na2O, 10% K2O, 5% MgO, 20% CaO, and 3% P2O5) grown by PLD with an ArF* laser. Bioglass

coatings on Si and Ti substrates with thickness of 8, 20, and 30 mm were studied after 72 h

immersion in SBF at 36.5�C. The same in vitro tests were performed for 30-mm-thick glass

coatings on Eucalyptus-based biomorphic SiC for different immersion times up to 1 week.

Besides the critical coating thickness and substrate nature, the ratio of surface area to the SBF

volume is found to be decisive in the context of viable bioactive coatings. For the case of 8-mm-

thick glass coatings a thin CaP film grows substituting the initial glass layer deposited on Si,

while a thin SiO2 layer replaces the glass film on the Ti substrate. As revealed by SEM and EDX,

for 20-mm-thick coatings, in both cases of Si and Ti substrates a rich SiO2 layer is formed with

some grains of CaP on top, but the glass layer disappeared. The 30-mm-thick coatings transform

into a superposition of thin glass, silica-rich, and CaP layers when Si substrates are used and

totally change into silica-rich and CaP layers for Ti substrates. The authors find 30 mm to be the

critical thickness to generate and complete the bioactive reactions and propose that the Si

substrates better sustain CaP formation, probably due to different chemical reactions between the

ablated species and those of the substrate.

The second part of their studies describes these processes developed in SBF for the case of

30-mm-thick glass coatings on biomorphic SiC. The density of CaP nuclei over the silica-rich layer

formed over the glass coatings increases in time, but without generating a continuous CaP layer

during the maximum experimental time of 1 week. As this CaP layer appeared on the Si and Ti

substrates, even for shorter times, the authors advance the idea of an optimum ratio surface area/SBF

volume, which was not reached in the case of the SiC substrate, because of porous, hence extended,

morphology.

PLD Pseudowollastonite (a-CaSiO3) coatings on Ti alloy substrates were immersed in SBF for

different periods in order to investigate nucleation and growth of HA-like formation on their surface

[Fernández-Pradas et al., 2002b]. The structure of the coatings before soaking was analyzed by XRD

and SEM. Interfacial reaction products were examined by thin-film XRD, SEM, TEM, and EDX

microanalyses. Additional changes in ionic concentration, using inductively coupled plasma atomic

emission spectroscopy were determined, as well as pH exactly at the coatings–SBF interface using

an ion-sensitive field-effect transistor. The solution composition changes, increasing the Ca2þ and

Si4þ concentration and pH as a function of the soaking time, while HPO2�
4 decreases. The coating

surfaces were covered by an HA-like layer, which indicated that the pseudowollastonite coating

possesses good bioactivity and also suggests that the mechanism of HA-like layer formation in SBF

was similar to that showed in in vitro tests by other silica-based materials.

18.5.2.2 Tests in vivo

In vivo biocompatibility of KrF* and CO2 laser-fabricated thin films was studied by Antonov et al.

[1998], who inserted coated and uncoated implants into adult rat femurs. Suppression of the fibrous

tissue formation was found around the uncoated metal implants. Laser-deposited coatings

encouraged early and long-lasting anchoring of implants in the bony cavity. Coatings deposited

by the CO2 laser exhibited a markedly higher osseointegration rate than those obtained by a KrF*

laser. After careful studies of in vitro fibroblast proliferation, morphological evaluation of macro-

phages and activity of lymphocytes of HA-coated substrates, Jelı́nek et al. [1996] and Dostálová

et al. [2001] performed in vivo tests of osseointegration of HA layers deposited on actual shapes of

tooth prostheses. The implant was rotated during deposition and simultaneously heated by CO2 laser

radiation (Fig. 18.11). Coated and noncoated (reference) prostheses were implanted onto the lower

jaws of minipigs. Freshly formed bone and the percentage of bone–implant contact were deter-

mined by standardized radiography, micrography, and by transmission and fluorescent microscopy.

The study was performed for the case of unloaded (Fig. 18.12a) and loaded (Fig. 18.12b) regimes.
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The area of bone–implant contact evolves from 62.5% for Ti implants to 77.5% for implants coated

with HA layer.

Manzanares et al. [2005] evaluated tissue interactions established between cortical bone and Ti

implants covered with PLD CaP layers. Five different CaP layers, ranging from ACP to crystalline

HA, were obtained on Ti implants by tuning the PLD parameters. The surgical protocol applied

consisted of simultaneous implantation of the five types of implants in both the tibial dyaphisis of

three Beagle dogs, sacrificed, respectively, one, two, and three months after the last surgical pro-

cedures. After sacrifice, samples were submitted to a scheduled procedure of embedding in plastic

polymers without prior decalcification to perform ultrastructural studies using SEM with secon-

dary and backscattered electrons (BS-SEM). Observations show that both in terms of the calcified

tissues appearing as a response to the presence of the different coatings and of time of recovery, the

implants coated with crystalline CaP layers present better results than the ACP-coated implants.

Moreover, the constant presence of chondroid tissue—related to the mechanical induction by forces

applied on the recovering area—suggested that mechanisms implied in osseointegration are related

to endomembranous, rather than endochondral ossification processes.

Kim et al. [2005b] performed in vivo tests of biphasic HA/TTCP thin films produced by PLD

from crystalline HA targets. Experiments involve the insertion of coated metallic implants in the

proximal tibia and distal femur of New Zealand white rabbits. Eight weeks following implantation

the analysis of 20-mm thin sections of femur-implanted samples yield an average of 48.4� 5.9%

mineralized bone at the bone-coating interface for pure HA coatings and 62.7� 3.8% mineralized

bone for HA/TTCP biphasic coatings. Tibia-implanted samples give 51.3� 5.8% mineralized

bone for pure HA coatings and 56.4� 5.1% for HA/TTCP biphasic coatings. All samples

exhibited good integration with no significant foreign body response. These histomorphometric

studies on implant samples after surgical extraction show that HA/TTCP coatings may lead to

enhanced osseointegration compared to pure HA coatings.

Figure 18.11 Scheme of laser deposition of HA layers onto real dental prostheses (1, KrF* excimer laser

beam; 2, focusing lens; 3, windows; 4, ZnSe lens; 5, CO2 laser beam; 6, plasma plume; 7, dental implant; 8,

ceramic holder; 9, homogenizer; 10, target; 11, gauge; 12, Ar/water vapor input [Jelı́nek et al., 1996], with

permission from SPIE.
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18.5.3 Biomedical Application of Laser-Produced Carbon

and DLC Thin Films

Low-temperature isotropic (LTI) pyrolytic carbon was used in humans as coatings of artificial heart

valve as early as 1969. Almost all commonly used prosthetic heart valves today have LTI carbon

coatings for the orifice and/or occluder due to their excellent thromboresistance (impeding blood clot

formation) and long lifetime to failure [Hench, 1991]. For biological applications of DLC coatings

two main developing fields are found in the literature. These are DLC in blood containing appli-

cations to prevent thrombus formation such as heart valves, blood pumps, and coronary stents or in

load-bearing applications to reduce wear. There is considerable interest in coating the femoral head

of artificial hip joints, knee prostheses, needles for ophthalmic use, barriers for a glucose enzyme

electrode, maxillofacial surgery prostheses, and the like [Butter and Lettington, 1995]. Interest in

DLC (and carbon nitride) films has led to the publication of a number of in vitro and in vivo studies

[Ducheney et al., 1990]. The biocompatibility of CVD-grown films was tested on animals such

as sheep, rabbits, pigs, and guinea pigs. Laser-fabricated DLC films have also been tested on rats

Figure 18.12 (a) Lower jaw of minipig with implants (unloaded regime); (b) lower jaw of minipig with

mounted metal–ceramic crowns (loaded regime) [after Dostálová et al., 2001], with permission from Taylor and

Francis.
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[Jelı́nek et al., 1996]. Figure 18.13. shows the osseointegration of a DLC-coated Ti6Al4V prostheses

implanted into a femur of a rat.

18.6 DEVELOPMENT TRENDS

As many diseases/malfunctions of tissues and organs and other medical conditions cannot be

healed or even treated successfully by conventional medical procedures, the field of biomaterials

will obviously continue to witness tremendous development over the coming years. Health-care

consumers nowadays need increasingly more advanced devices for diagnosis and treatment.

New materials and innovative procedures and protocols to speed up osseointegration and

subsequent bone repair and healing will particularly need to be developed. PLD has been proven a

feasible, efficient mechanism for the production of biocoatings and biomaterials with controlled

(tailored) specific properties at both the microscopic and nanoscopic scales. Outstanding

advances have recently been made in the development and synthesis of new functional structures

capable of interacting with living materials, and PLD will certainly become a great tool for this

purpose. Among the biomaterials with great potential to be tested in future, there are:

1. New metallic alloys (namely those based on Ti) with improved mechanical properties and

more compliant to the micromechanics of the bone

2. Further, more bioactive, nanocrystalline CaP ceramics, including Ca-substituted HA and HA

doped with mineral cations (Zn, Mg, etc.)

3. Newly formulated bioglasses and glass/ceramics

4. Gels and hydrogels as well as polymers with natural relevance (collagen, chitosan, silk, etc.)

and composites of these materials

Of course, the properties and functions of every one of these will have to be systematically

tested and validated both in vitro and in vivo, in animal models, and by clinical trials if neces-

sary. So far, although numerous studies (around 100 counted so far since 1990) have reported

the PLD of HA-based coatings, only a few have addressed their in vivo behavior. We believe that

the present lack of information and inconsistency of data will be corrected during the next

decade.

Figure 18.13 Osseointegration of DLC-coated Ti6Al4V prostheses implanted into the femur of a rat. Fully

integrated implant (B, bone; I, implant; 100�magnification) [Jelı́nek et al., 1996], reprinted with permission

from SPIE.
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An anticipated trend is the search for ways to deposit nano-sized bonelike apatite crystals on fine

fibers of nondegradable polymer in a three-dimensional knitted framework. Bioactive composites

having both bonelike structure and improved mechanical properties will be developed. The use of

HA precursors, such as OCP in conjunction with collagen-like polymeric material, has been

envisaged to create a hybrid mineral-organic nanomaterial with an intimate structure resembling that

of bone. Pioneering attempts to synthesize such materials have been made using biomimetic

processes in chemical liquid solutions. PLD could turn up as the ideal tool to deposit such material

into coatings or thin films with both inorganic and organic phases and variable crystalline status as in

the actual human bone (e.g., nano- and microcrystalline domains embedded in amorphous phase of

the mineral part). In spite of many promising efforts, the characteristics of the above bonelike

materials have remained different from those of natural bone, mainly because of the absence of the

naturally intricate ‘‘intelligent’’ self-organizing interaction between the mineral part and protein

component. Therefore, new functional nano-sized biomaterials for bone replacement and regene-

ration should include polymeric–ceramic composites, such as collagen-HA, chitosan-HA, and the

like, incorporating cell-adhesion biomolecules, growth factors, and/or living cells. More generally,

smart bioinspired nanosurfaces for scaffolds that are used in cells, tissues, and artificial organs

continue to be in high demand.

The use of HA-based surfaces as a platform for the growth and differentiation of stem cells (namely

bone marrow stem cells that are responsible for generating osteoprogenitor cells) is expected to

become extremely important. Applying micropatterning techniques, surfaces with micro-

/nanofeatures of hydroxylapatite may be very useful for controlling the differentiation of stem cells

in the phenotype of osteoblastic- or cartilage-like cells. As PLD is a processing technique that

possesses an excellent spatial control at submicrometric scale, it may be easily extended to generate

such small-sized patterns. We anticipate a significant increase in research studies on the regulation and

signalization of human pluripotent mesenchymal stem cells controlled by nanoprocessed/modified

surfaces. The critical shortage of human organs for transplants has strongly revived interest in artificial

organs and organ parts. To avoid immediate rejection, all these have to be protected by functional,

bioactive, extremely adhesive layers before insertion in the human body.

New PLD techniques are soon expected to transfer human cells by matrix-assisted pulsed laser

evaporation (MAPLE), which may make it possible to reconstruct different parts of bone tissue,

teeth, or even whole organs, cell by cell, by very accurate PLD from specially prepared targets. As a

parent technique of MAPLE, PLD is envisaged to become a unique tool in nanotechnology for the

deposition of drugs, enzymes, cytokines, and pharmaceutical substances with specific activity on

biomedical devices for the targeted stimulation and/or healing of injured living microsites. Drug

delivery systems, stents, catheters, heart valves, and implantable biosensors and biochips are only a

few of the smart minidevices the research and development of which is vigorously expanding

nowadays.

As has been demonstrated, the DLC properties of thin films obtained by PLD can be controlled

over a broad range. By this route, the biological behavior of an implant, strongly influenced by

surface chemistry, can be tuned by its thin-film properties. The tailoring of bioreactions will thus

become possible to any desired point between the bioproperties of DLC and those of any added

element. The preparation of surfaces with tunable antibacterial effects can be foreseen. New

versatile, reliable laser sources of tunable wavelength and tailored pulse duration, operating at high

repetition rate at any fluence, which are simple to computerize, miniaturize, and automate, are being

developed. They should make it possible to deposit implants with specific particularly multistruc-

tured compositions, exceptional adhesion, and controlled roughness, covering only areas of bio-

medical interest. All of the PLD biomedical methods described in this chapter will thus become

cheaper, more easily applied, and more attractive for new commercial firms entering the market.

We conclude that laser approaches will be among the main, most powerful tools for the

processing of biomedical minidevices and tissue-engineered materials. In particular, tailoring and

customizing the properties of materials through PLD will be the key to many extremely promising

applications.
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Bagratashvili, V. N., E. N. Antonov, E. Sobol, V. K. Popov, and S. M. Howdlee (1995), Appl. Phys. Lett. 66(19),

2451.

Ball, M. D., S. Downes, C. A. Scotchford, E. N. Antonov, V. N. Bagratashvili, V. K. Popov, W. J. Lo, D. M. Grant,

and S. M. Howdle (2001), Biomaterials 22, 337.

Bigi, A., S. Panzavolta, and N. Roveri (1998), Biomaterials 19, 739.

Bigi, A., B. Bracci, F. Cuisinier, R. Elkaim, M. Fini, I. Mayer, I. N. Mihailescu, G. Socol, L. Sturba, and

P. Torricelli (2005), Biomaterials 26(15), 2381.

Bokros, J. C. (1969), in Chemistry and Physics of Carbon, Vol. 5, P. L. Walker, Jr. (Ed.), Marcel Dekker, New York.

Bonfield, W. (1988), Ann. NY Acad. Sci. 523,173.
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Fernández-Pradas, J. M., L. Clèries, G. Sardin, and J. L. Morenza (2002a), Biomaterials 23, 1989.

Fernández-Pradas, J. M., P. Serra, J. L. Morenza, and P. N. De Aza (2002b), Biomaterials 23, 2057.

Ferro, D., S. M. Barinov, J. V. Rau, R. Teghil, and A. Latini (2005), Biomaterials 26(7), 805.

Garcı́a-Sanz, F. J., M. B.Mayor, J. L. Arias, J. Pou, B. León, andM. Pérez-Amor (1997), J. Mater. Sci. Mater. Med.
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CHAPTER 19

Thermoelectric Materials

ANNE DAUSCHER and BERTRAND LENOIR

Laboratoire de Physique des Matériaux, Ecole Nationale Supérieure des Mines de Nancy, Nancy, France

19.1 INTRODUCTION

Thermoelectric effects provide a means by which thermal energy can be converted into electricity

and by which electricity can be used for heat pumping or refrigeration. The Seebeck and the Peltier

effects were discovered early in the nineteenth century, but it was only in the second half of the

twentieth century that thermoelectric generation became reasonably efficient and that thermoelectric

refrigeration became even practicable.

Thermoelectric devices offer many advantages over conventional thermodynamic systems: no

moving parts, high reliability, independence of efficiency as a function of size, absence of harmful

gases, compactness, quietness, and the like. Despite all these obvious advantages, so far

thermoelectrics can only be found in niche markets in which their desirable features outweigh

their relatively high cost and low performance. For example, thermoelectric refrigeration has

enjoyed some success in domestic food refrigerators, air conditioning, and cooling of CCDs (charge-

coupled devices) infrared detectors. Thermoelectric generators have been successfully built for

powering NASAs deep-space probes over extended periods of time (over 22 years) and are more

recently of interest for the generation of electrical power using low-level waste heat sources.

The identification of materials with high thermoelectric performance has proven to be a

challenging task [Dauscher et al., 2002c]. After 30 years of slow progress, thermoelectric materials

research experienced a resurgence at the beginning of the 1990s, stimulated by the development of

new concepts and theories in both bulk materials and nanostructures [Nolas et al., 2001a; Dauscher

et al., 2002c]. New classes of materials such as semiconductors and semimetals with complex open

crystal structures show great promise with thermoelectric performance exceeding those of state-of-

the-art thermoelectric materials. Reduced dimensionality, occurring in films, quantum wells, or

quantum wires, has also been considered as a promising approach for increasing the thermoelectric

performance.

The current applications of thermoelectric devices are based on bulk materials, but due to the

increasing trend of miniaturization and the growing demand in either small power sources or spot

cooling refrigeration of electronic components, the technology of thermoelectric thin films becomes

a relevant topical subject. Thin films of thermoelectric materials have been deposited by different

methods such as vacuum evaporation, sputtering, molecular beam epitaxy, or metal organic chemical

vapor deposition. Pulsed laser deposition (PLD) is yet another interesting approach to thermoelectric

Pulsed Laser Deposition of Thin Films: Applications-Led Growth of Functional Materials
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thin-film deposition. PLD is a versatile method well-suited for the deposition of complex materials

including high Tc-superconductors, oxides, polymers, and the like [Chrisey and Hubler, 1994]. This

technique has also been used successfully to synthesize thermoelectric materials with the desired

stoichiometry including conventional and novel materials.

After briefly introducing the fundamentals of thermoelectricity, this chapter will review

current research on thermoelectric materials grown by PLD, including state-of-the-art and novel

thermoelectric materials. Attention has been focused on the growth conditions often related to

the thermoelectric transport properties of the films. Given the large number of parameters for

experiments associated with PLD, we have tried to state for each material the parameters used for

growth. The last section of this chapter presents a brief description of thermoelectric microdevices

and their applications.

19.2 CURRENT STATE OF THERMOELECTRICITY

Solid-state energy conversion based on thermoelectric effects utilizes the heat generated (as a

consequence of the Peltier effect) when an electric current is passed through a thermoelectric

material to yield a temperature difference with heat being absorbed on the cold side and rejected at

the sink, thus providing a refrigeration or heat pump capability. Similarly, an imposed temperature

difference applied on the material will result in a voltage (as a consequence of the Seebeck effect) or

current, that is, power generation. The Peltier coefficient, p, and the Seebeck coefficient, or

thermopower, a, are related through the Kelvin relation:

p ¼ aT ð19:1Þ

where T is the absolute temperature.

A cross section of a typical thermoelectric refrigerator is shown in Figure 19.1a. p-Type

and n-type semiconductor branches are interconnected at the cold and the hot sides, such that a

current flows through all the branches in series, while the energy they carry (by electrons and

holes) leaves the cold side in parallel. Thermoelectric generators work in reverse to thermoelectric

Active cooling 

p n

Heat rejection 

Cold side

Hot  side 

current

Hot source 

p n

Heat sink 

Hot side 

Cold side

External 

(a) (b)
current

Figure 19.1 Schematic diagram of a single thermocouple configured for (a) refrigeration or (b) power

generation. The thermoelectric couple consists of a p-type and a n-type semiconducting branch. Actual

thermoelectric devices are typically composed of a plurality of such thermoelectric couples connected

electrically in series and thermally in parallel to form a module. When an electric current is passed through the

module, heat is absorbed at one side (cold side) of the module and rejected at the other side (hot side) and the

device operates as a cooler. Conversely, if an external temperature difference is applied to the module, electrical

power will be delivered to an external load and the device operates as a power generator.
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coolers, as shown in Figure 19.1b. Because the hot side has a higher temperature, electrons and

holes are driven to the cold side through diffusion and flow through an external load to do useful

work.

In addition to the temperature at the hot and cold sides, which are important parameters in all

thermodynamic engines, the coefficient of performance (COP) of thermoelectric refrigerators or the

efficiency of generators depends also on the parameter ZnpTm [Nolas et al., 2001a], where Tm is the

average temperature of the thermocouple over which the device operates and Znp is the figure of

merit of the thermocouple defined by:

Znp ¼
ðap � anÞ2

½ðrp lpÞ1=2 þ ðrn lnÞ1=2�2
ð19:2Þ

where r is the electrical resistivity, l the thermal conductivity, and the subscripts p and n refer to the

positive and negative branches, respectively.

To have a high efficiency, it can be shown that the factor ZnpTm must be maximized [Nolas et al.,

2001a], that is, a high value of Znp must be obtained over as wide a temperature range as possible.

Similarly, this condition is also necessary to reach a high COP.

It is important to note that Eq. (19.2) refers to a couple, while in the materials development

problem it is more convenient to have a criterion describing the quality of a single material. For this

reason, the figure of merit of a single material, Z, is defined as:

Z ¼ a2

rl
ð19:3Þ

The ratio a2=r is called the power factor; it involves only electronic properties, whereas the thermal

conductivity l contains a lattice contribution, lL, in addition to its electronic part, lE:

l ¼ lL þ lE ð19:4Þ

The central issue in thermoelectric materials research is to increase ZT. The power factor is typically

optimized as a function of carrier concentration (typically around 1019 carriers/cm3 at room

temperature), through doping, to give the largest ZT. High-mobility carriers are most desirable in

order to have the lowest electrical resistivity. ZT can also be raised by decreasing the lattice

contribution lL. However, r is related to lE, through the Wiedemann–Franz law, and the ratio is

essentially constant at a given temperature. Heavily doped semiconductor compounds and/or alloys

based on heavy elements of the periodic table satisfy the necessary criteria better than any other

material, and for that reason they have been primarily the materials of choice for thermoelectric

applications.

The ðBi1�xSexÞ2ðTe1�ySeyÞ3 and Bi1�xSbx alloys are considered as state-of-the-art materials for

thermoelectric refrigeration for room temperature and low-temperature applications, respectively

(Fig. 19.2). Higher temperature materials that are used for power generation include PbTe

and Si1�xGex alloys. Figure 19.2 shows that for all state-of-the-art materials, the maximum

dimensionless figure of merit ZT is nearly equal to unity in their temperature range of operation,

which gives a thermoelectric performance at least twice lower than that of vapor compression

refrigeration systems. Although ZT � 1 has been a practical upper limit for more than 30 years,

there is no theoretical or thermodynamic reason why it cannot be larger [Mahan, 1998]. Several

plausible extrapolations based on optimum values for known materials have estimated that ZT

values of 2–4 are possible [Slack, 1995]. It is clear that, if materials with ZT � 2–3 could be

developed, many more applications for thermoelectric devices would become more practical.
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Over the past few years, there has been substantial renewed research interest in the investigation

of new and/or significantly more efficient thermoelectric materials for applications in solid-state

refrigeration or power generation. The enhanced interest in new materials has been driven by the

need for higher performances and extended temperature regimes for thermoelectric devices in many

civilian, spatial, and military applications.

Much of the recent research in new materials has revolved around the concept of the ‘‘phonon

glass electron crystal’’ model (PGEC) developed by Slack [1995]. This model suggests that a good

thermoelectric material should conduct electricity like a crystal but conduct heat like a glass. To find

such a material, Slack advocates crystal structures containing weakly bound atoms or molecules that

‘‘rattle’’ within an atomic cage allowing for very low lattice thermal conductivity. In this connection,

several classes of materials have been investigated such as skutterudites [Uher, 2001], clathrates

[Nolas et al., 2001b], and Chevrel phases [Caillat et al., 1999]. So far, encouraging results have

been obtained at elevated temperature in both n- and p-type skutterudite compounds with ZT values

around 1.2–1.6, making them excellent candidates for power generation. Other materials such

as half-Heusler intermetallic compounds [Poon, 2001], b-Zn4Sb3 [Caillat et al., 1997], Chevrel

phases [Roche et al., 1999], and quasi-crystals [Tritt et al., 1998] have also attracted considerable

interest as potential new thermoelectric materials.

Reduced dimensionality as occurs in thin films, quantum wells, quantum wires, or quantum

dots has also been considered as a promising direction for increasing ZT [Dresselhaus et al.,

2001; Venkatasubramanian, 2001; Chen, 2001; Mahan, 2001], and different physical approaches

have been proposed. Quantum size effects have been suggested to increase the power factor

and boundary scattering to reduce the lattice thermal conductivity in the in-plane direction of

the films (or the wire direction). In the cross-plane direction, one approach is to utilize the

increased phonon scattering in superlattice interfaces to decrease the lattice thermal con-

ductivity without degrading the electronic properties. The systems under investigation are often

constituted of good bulk conventional thermoelectric materials. For example, superlattices

based on PbTe [Harman et al., 1999, 2002] or Bi2Te3 [Venkatasubramanian et al., 2001; Beyer

et al., 2002] showed great promise. Figure 19.3 shows the evolution of the reported ZT values

over the last 50 years. One can see a breakthrough has been achieved within these last few

years in low-dimensional materials with ZT values at least twice as high as current state-of-the-

art materials.
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Figure 19.2 Schematic representation of the typical temperature dependences of the dimensionless figure-of-

merit ZT as a function of temperature for several n- and p-type established materials.
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19.3 THERMOELECTRIC THIN FILMS

19.3.1 Pulsed Laser Deposition of Conventional Thermoelectric Materials

The preparation of conventional materials in thin-film form is of particular interest for studying

fundamental aspects of thermoelectricity as well as for applications in thermoelectric microdevices,

and there are a few studies dealing with their preparation by PLD. In this section we will present the

investigations performed on several state-of-the-art thermoelectric materials such as bismuth-

telluride-based compounds, bismuth, lead-telluride-based compounds, and iron disilicide. All these

studies remained essentially parametric. The most relevant features related to PLD will be highlighted.

19.3.1.1 Bi2Te3 and Related Compounds

Because of their high ZT values, bulk Bi2Te3 and its solid solutions with Sb2Te3 and Bi2Se3 have

become the industrial standard for near room temperature thermoelectric applications [Rowe and

Bandari, 1983; Scherrer and Scherrer, 1995]. Recently, films of such materials have attracted much

attention because of their potential application in the microfabrication of integrated thermoelectric

devices [Shafai and Brett, 1997; Stark and Stordeur, 1999; Kim, 2000; Müller et al., 2000]. The

development of high-quality Bi2Te3-based films for miniaturized thermoelectric applications is a

technological challenge. It is very important to obtain materials of high chemical homogeneity and

of controlled crystallographic orientation. Actually, these materials are highly anisotropic and very

low deviations from stoichiometry may induce huge changes in the thermoelectric properties and

thus hamper any development. The values of the transport coefficients are very sensitive indicators of

film quality and stoichiometry and thus a measure of the value of the approach to processing thin films.

Numerous deposition techniques including radio frequency (RF) sputtering, flash evapora-

tion, co-evaporation, electrodeposition, metal organic chemical vapor deposition (MOCVD),

hot-wall epitaxy (HWE), and molecular beam epitaxy (MBE) have been attempted to grow

Bi2Te3-based films on various substrates. In general, all these studies showed the difficulties in

obtaining a stoichiometric composition, especially at low temperature. PLD has been reported

since 1974 as a way to achieve mosaic single-crystalline Bi2Te3 films supported on mica or NaCl
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high-temperature applications (SL is the abbreviation for superlattice).
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substrates from a Q-switched laser [Bykovskii et al., 1974], and it is only quite recently that

renewed interest in PLD synthesis for these materials has appeared [Dauscher et al., 1996;

Yamasaki et al., 1998; Müller et al., 2000; Makala et al., 2002, 2003]. Polycrystalline films

having the target stoichiometry have been achieved by PLD on amorphous substrates at room

temperature from a Nd : YAG laser (l ¼ 266 or 532 nm, 10Hz, 5 J/cm2) provided the substrate is

in a particular position with regard to the target [Dauscher et al., 1996]. Generally, the optimum

deposition temperature for obtaining good-quality stoichiometric films is much higher, in the

range 230 � Ts � 320�C for films deposited by evaporation [Zou et al., 2002], MBE [Cho et al.,

1999; Nurnus et al., 1999], or HWE [Tedenac et al., 1999], and reaches 400–500�C for MOCVD-

prepared films [Venkatasubramanian et al., 1997; Boulouz et al., 1998]. Only sputtering, which

similarly to PLD involves high kinetic energy species, allows the growth of crystallized films at

low temperature, the films exhibiting an excess of Te of 5.5 at % [Shing et al., 1983]. In the PLD

process, congruent transfer of stoichiometry from target to film was only reached on a specific

area of the substrate, when depositing on large-scale (55� 55mm2) substrates [Dauscher et al.,

1996]. This area is located outside the plume center propagation axis opposite to the impinging

side of the laser beam on the target. Noncongruent transfer has been evidenced outside this area

with compositions ranging from 68 to 37 at% Bi, covering all the domains of existence of the

Bi–Te system (Bi7Te2 to Bi2Te3). Generally, a large excess of Bi was encountered. Secondary ion

mass spectroscopy analyses suggested an erratic deposition in the noncongruent transfer zones, as

shown by the random variation of the Bi/Te ratio along the depth profile, whereas this ratio was

quasi-constant in the stoichiometric areas. The deviation from stoichiometry is, however, too high

(� 1 at% Te) to achieve reproducible thermoelectric performance with this material even in the

zone of congruent transfer.

This aspect of noncongruent transfer of stoichiometry was not discussed by either Yamasaki et al.

[1998] or Makala et al. [2002]. Both groups worked with a similar laser to Dauscher et al. [1996]

(l ¼ 266 nm), but the deposits were performed at higher temperature on single-crystalline

substrates, Si(111), and mica, respectively. The first group showed that the BixTey composition

largely depends on deposition temperature and ambient pressure. The Te/Bi ratio decreased from

1.64 to 1.18 while increasing the temperature from 250 to 400�C under an Ar pressure of 1�10�3

Torr. The presence of an ambient gas helps the non-reevaporation of Te as it has a very high vapor

pressure. Stoichiometry was achieved at 300�C. Reduction of droplet number and size was found to

be effective by enhancing the laser fluence from 80mJ/cm2 to 4 J/cm2. Sb2Te3 films as well as

Bi2Te3/Sb2Te3 multilayers of similar thickness have also been synthesized by the same group

[Yamasaki et al., 1998]. Bi2Te3/Sb2Te3 superlattices are of primary importance since high ZT values

have been reported in these systems grown by MOCVD by Venkatasubramanian et al. [2001].

Yamasaki et al. [1998] observed similarly to Venkatasubramanian et al. [2001] substantial reduction

of the cross-plane thermal conductivity in Bi2Te3/Sb2Te3 multilayers when decreasing the layer

thickness. Values (�0:11Wm�1 K�1 for a layer thickness of 6 nm) far lower than those in the Bi2Te3
(�1:1Wm�1 K�1) and Sb2Te3 (�1:9Wm�1K�1) single films were achieved. Unfortunately,

attempts to evaluate the other transport properties proved to be unsuccessful.

Ternary compounds have also been investigated by PLD. Makala et al. [2002] obtained highly

oriented, single-crystalline films of p-type Bi0.5Sb1.5Te3 and n-type Bi2Te2.7Se0.3 at 300–350�C,
under a base vacuum of 5�10�7 Torr. Preliminary transport property measurements on these films

indicated that the Seebeck coefficient and the mobility of the charge carriers were much lower than

in bulk materials (of similar carrier concentration). They suggest improvement could be expected by

a better control of the stoichiometry and reduction of defects in the films (pores, particulates, atomic

level point defects).

Pulsed laser deposition has been recently used to fabricate the p-type legs, made of Bi0.5Sb1.5Te3,

of the thermocouples involved in thermoelectric infrared sensor arrays [Müller et al., 2000]. The

preparation conditions, other than the deposition temperature of 300�C, were not specified, however.
The reported power factor was found to be close to that of the bulk value and better than the power

factor of sputtered films prepared by the same authors. Problems with droplets were also underlined.
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19.3.1.2 Bismuth

Bismuth is a semimetal that crystallizes with a rhombohedral structure. It is a very attractive material

for low-dimensional thermoelectrics because of its unique properties: low carrier density (5 orders of

magnitude lower than ordinary metals), and very small electron effective masses along certain axes.

Bulk bismuth has a dimensionless figure of merit at 300K equal to 0.4 [Gallo et al., 1963]. This

relatively low value is due to a low Seebeck coefficient resulting from the fact that it is a two-band

material; thus the contribution for the holes essentially cancels that for the electrons. However, the

behavior of a bismuth quantum well, properly orientated, may be quite different from bulk bismuth.

As the quantum well width decreases, the lowest conduction subband rises relative to the highest

valence subband that falls, so that a semimetal–semiconductor transition is expected as the well

width decreases [Sandomirskii, 1967; Lutskii, 1970]. At 300K, the theory predicts high ZT values

for optimally doped Bi quantum wells less than 30 nm in thickness when quantum confinement is in

the trigonal direction [Hicks and Dresselhaus, 1993].

Because of the peculiar electronic properties of Bi in thin-film form, a considerable effort has

been expended in the production of Bi films and Bi-based multilayers or superlattices [Dauscher

et al., 1997, and references therein]. Numerous deposition techniques have been employed, including

PLD. However, fabricating high-quality films to test theoretical predictions has proved to be very

challenging because of the absence of a good barrier material for the synthesis of reliable quantum

wells with good interfaces. Despite the encouraging results provided by theoretical models, the

progress in developing Bi quantum structures for thermoelectric applications has been disappointing

thus far. The most relevant features concerning the preparation of bismuth films by PLD are

summarized in the next paragraph.

One of the greatest challenges was to reduce the huge amount of droplets generally encountered

with this material when prepared by PLD. From a Nd :YAG laser (l ¼ 532 nm) and a crystalline Bi

target, it has been found that reducing both the repetition rate from 10 to 5Hz and the target to

substrate distance from 6 to 4.5 cm decreases the droplet density [Boffoué, 1999] of Bi films

deposited on glass substrates. An important decrease of droplet density was reached by an

appropriate method of scanning the laser beam onto the rotating target surface [Jacquot et al., 1999,

2000], to promote a homogeneous distribution of the laser spots onto the whole target and thus a

homogeneous erosion. It was, however, evidenced that the enhancement of droplet density was more

linked to macroscopic rather than to microscopic degradation of the surface target. Another

approach to reduce the droplet density on Bi films was tested by Szörényi et al. [1999] by using

molten Bi as the target. In the same work, the authors revealed that this method is quite effective for

materials having low melting points, as shown in the case of In and Sn. They worked with a KrF

excimer laser (l ¼ 248 nm, repetition rate 51Hz, 3.2 J/cm2, vacuum). The results were, however,

not conclusive with Bi. From pictures taken by ultrafast photography during the ablation process at a

fluence of 5.5 J/cm2, it was shown that the molten Bi surface emits a remarkable amount of material

in the form of droplets originating from liquid jets [Toth et al., 1999]. Droplet emission could be

reduced by decreasing the laser fluence. Micro-Rutherford backscattering spectrometry was applied

to Bi films grown by PLD to determine surface topography. This method is efficient in the case of

rough surfaces and/or in the presence of particulates [Simon et al., 2001; Kantor et al., 2003].

However, Bi films deposited from an ArF laser (l ¼ 193 nm, 5Hz, 2 J/cm2, in vacuum) on Si(100)

substrates at room temperature displayed fewer droplets [De Sande et al., 1996]. These films

exhibited reliable optical constants that are independent of film thickness and with an improved

stability to oxidation.

Surprising features in thickness profiles were observed by Jacquot et al. [2000], with a maximum

shifted toward the opposite side of the arrival of the laser beam on the target. Kantor et al. [1999]

and del Coso et al. [1999] also observed particular bismuth thickness profiles that could not be

fitted with a classical cosn law.

The surface roughness and density of the Bi films were found to depend highly on the

ambient atmosphere and deposition temperature. Deposition under a base dynamic vacuum of

10�8mbar led to the highest film quality [Boffoué et al., 1998]. Working under He pressure as
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low as 5� 10� 7mbar increased the roughness by a factor of 10 with regard to deposition under

high vacuum. The density of the films was even improved under static atmosphere (vacuum or

gaseous) but the droplet density was also increased. The optimum deposition temperature was found

to be about 80�C [Boffoué et al., 1997], giving rise to films exhibiting a root-mean-square (rms)

roughness of about 2 nm and grain sizes of about 100 nm. The changes in morphology with

temperature are illustrated in Figure 19.4. Higher deposition temperature gave rise to enhanced

surface roughness (mean surface roughness up to 17.6 nm at 180�C) and to film discontinuities. Even

with other deposition methods, a temperature of about 80�C was often reported as being the best

suited for achieving high-quality bismuth films.

The microstructure of Bi films deposited on glass substrates from an Nd :YAG laser

(l ¼ 532 nm, 5Hz, 3 J/cm2) strongly depends on film thickness. As revealed by transmission

electron microscopy, films of 25 nm consist of channels that are electrically continuous, whereas

thicker films consist of polyhedral-shaped grains [Dauscher et al., 1998]. Island formation at the

beginning of growth followed by columnar growth are typical growth mechanisms for Bi films

whatever the deposition method and the nature of the substrate, when they are directly deposited

onto the substrate. The grain size increased from 4 to 650 nm for thicknesses ranging from 20 to

120 nm, accompanied by an enhancement of the rms surface film roughness from 3 to 11 nm

[Boffoué, 1999]. De Sande et al. [1996] also obtained exceptionally large laminar Bi grains (41mm)

when using the PLD technique (KrF, l ¼ 193 nm, 5Hz, 2 J/cm2, in vacuum) as compared to the

direct current (DC) sputtering method. Generally, a grain size of 100–200 nm seems to be the limit

reached for Bi films synthesized by any deposition technique other than PLD. The crystalline quality

is all the better when the film thickness is larger [Boffoué et al., 2000]. The films grow with the

trigonal axis of the hexagonal cell of Bi perpendicular to the substrate plane. This preferential

growth direction has generally been encountered with Bi films, irrespective of the substrate nature

and the deposition method used, for substrate temperatures lower than 100�C.
Transport property measurements performed on such textured samples prepared by PLD by

Boffoué et al. [2000] revealed pronounced size effects as shown by the electrical resistivity increase

with the thickness decrease (Fig. 19.5a). Moreover, the resistivity decreases as the temperature

increases. This semiconductor-like behavior is different from that of single-crystalline bulk bismuth.

The particular features observed in these polycrystalline thin films were explained qualitatively by

considering both the temperature-dependent increase of the carrier density and decrease of the

carrier mobility. In the bulk form, the carrier density (n) varies with a T3=2 law for T4 50K and the

components of the mobility (m) tensor follow a T�5=2 variation (the dominant scattering is phonon

scattering), so that the electrical resistivity (r ¼ nem, where e is the elementary electrical charge)

Figure 19.4 Atomic force microscopy topographies of bismuth films deposited on glass substrates at: (a) 20�C
(RMSR ¼ 1.8 nm), (b) 80�C (RMSR ¼ 2.0 nm), (c) 120�C (RMSR ¼ 6.5 nm) (l ¼ 532 nm, 5 J/cm2, 3000

shots) [Boffoué et al., 1997]. RMSR: root-mean-square roughness.
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increases with increasing temperature. In polycrystalline thin films, the carriers will be subjected to

additional scattering at film surfaces, crystallite boundaries, and so forth, resulting in a strong

decrease of the carrier mobility and also in a smoother temperature dependence. It is then expected

that the temperature dependence of the carrier density will be more pronounced than that of the

mobility, explaining the decrease of resistivity with increasing temperatures.

The thermopower of these layers was negative over the entire temperature range investigated and

for any thickness (Fig. 19.5b). These results suggested that, as in the bulk form, it is likely that the

contribution of electrons to the transport is higher than that of holes, resulting in n-type behavior

[Boffoué et al., 2000]. The size effect, which is also clearly obvious for thermopower, was not

discussed in detail because several factors can contribute simultaneously as, for instance, the

anisotropy, the grain size, and the thickness.

Attempts have been made to grow single-crystalline films by depositing bismuth on single-

crystalline BaF2(111) substrates [Dauscher et al., 2002a]. The deposition temperature (75–260�C),
the location of the substrate with regard to ablation plume center, and an annealing treatment were

shown to have a great influence on the morphology and structure of the films. Epitaxy has, however,

not yet been proven, but the films are nevertheless highly textured and different orientations can be

achieved according to the deposition conditions used. The influence of deposition temperature on the

crystallographic structure of the films is illustrated in Figure 19.6.
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Figure 19.5 The temperature dependence of the transport properties of Bi thin films of different thickness

deposited on glass substrates at room temperature (l ¼ 532 nm, 5Hz, 3 J/cm2) is plotted: (a) electrical resistivity

and (b) Seebeck coefficient [Boffoué et al., 2000]. The behavior of the different coefficients for bulk bismuth is

shown as a solid line. [Gallo et al., 1963; Michenaud and Issi, 1972].
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19.3.1.3 PbTe and Related Compounds

Lead telluride (PbTe) is a narrow bandgap semiconductor that has proven to be an attractive material

in the bulk form for thermoelectric power generation in the temperature range 500–900K. Its

preparation in thin-film form has been stimulated not only for its extensive use in infrared (IR)

optoelectronics for manufacturing IR lasers and detectors but also more recently to prove the basic

ideas of enhanced thermoelectric properties in quantum confined systems [Harman et al., 1996,

1997, 1999, 2002]. MBE or HWE have been widely used to prepare high-quality PbTe-based thin

films, multilayers, and superlattices. The group of Baleva (Sofia University, Bulgaria) and our group

have performed parametric investigations on the preparation of PbTe thin films by PLD. The

influence of several parameters, especially deposition temperature, substrate nature and fluence, on

the growth process, crystalline and morphological qualities, and stoichiometric transfer has been

studied. Baleva’s group has demonstrated the spontaneous growth of high-pressure interfacial

metastable PbTe phases up to 700 nm in thickness, followed by the growth of the stable NaCl phase.

The growth of the metastable phases is governed by the high rate of supercooling induced in the

nonequilibrium PLD technique (pulsed Nd : glass laser; pulse duration: 0.8ms; target-to-substrate

distance: 3–6 cm; energy per pulse: 2–3 J). The films were initially deposited on glass, KCl(100),

KBr(100), and BaF2(111) substrates [Baleva and Bakoeva, 1986; Baleva et al., 1985, 1993; Baleva

and Mateeva, 1996], and more recently on Si(100) substrates [Baleva and Surtchev, 2003]. In this

last study, they concluded that when working in the range of thermodynamical possibilities for

metastable growth, the formation of the interfacial metastable phases can be avoided if the substrate

has no surface periodic relief and if its linear thermal expansion coefficient strongly differs from that

of the deposited material. Deposition temperature mainly influences the possibility of growing a

particular phase type: metastable CsCl-type phase near room temperature, metastable GeS-type

Figure 19.6 Influence of the deposition temperature on the crystallographic structure of Bi/BaF2(111) films

(l ¼ 532 nm, 5Hz, 2 J/cm2). Note the change of texture [Dauscher et al., 2002a].
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phase around 180�C, and stable face-centered cubic (fcc) phase around 330�C [Baleva and Mateeva,

1996]. Particular electronic and optical properties have been observed in metastable films compared

to bulk materials [Baleva et al., 1992]. Moreover, the films were found to exhibit heterophase

junctions between a sublayer with metastable phases and a sublayer with the stable phase [Baleva

and Mateeva, 1993].

Our group, working with a Q-switched Nd :YAG laser (l ¼ 532 nm, 5Hz, pulse duration: 10 ns),

has never observed metastable phases for any deposition temperature (Fig. 19.7), fluence, or nature

of the substrate. A clear change of growth direction is observed according to the deposition

temperature; when the films are deposited on BaF2(111) [Dauscher et al., 2000], highly textured

films are obtained at 90 and 300�C, in the (100) and (111) directions, respectively. The change of

growth direction is very sharp, occurring between 90 and 150�C.
From pole figure analyses, it was shown that the films deposited at 90�C exhibit a perfect fiber

structure in the [100] direction, showing that all the crystallites have their c axis perpendicular to the

substrate but that they are twinned along their a axis. At 300�C, the expected threefold symmetry of

an epitaxial layer, twinned 180� with respect to the substrate, as is always encountered [Holloway,

1980], has been achieved [Dauscher et al., 2001]. Epitaxial films in the [111] direction can thus be

grown at 300�C, at a temperature about 50–80�C lower than those generally used for MBE deposits

[Springholz and Bauer, 1995; Beyer et al., 1999]. Particularly remarkable is the achievement of

highly textured PbTe films on glass substrates with the (h00) planes lying parallel to the substrate

plane, whatever the deposition temperature used [Jacquot et al., 1999]. The presence of Pb was

identified for depositions carried out at low fluence (2–3 J/cm2) but not at higher fluence (13 J/cm2).

Less textured samples have been obtained on Si(100) or Si(111) substrates, especially at higher

deposition temperature. Similar crystallographic orientations have been obtained with PbSe films

grown by PLD on the same substrates from a XeCl excimer laser (l ¼ 308 nm, 10Hz, pulse

duration: 20 ns, 5 J/cm2, 273�C) [Rumianowski et al., 2003].

Chemical compositions of the films were found to be homogeneous over the whole substrate as

well as through the entire film thickness. However, strong dependence was observed with deposition

temperature (Fig. 19.8) [Dauscher et al., 2001]. The films display Pb excess, except in the narrow

deposition temperature range of 150–200�C, for a fluence of 2 J/cm2. Metev and Sendova [1988] and

Metev [1994] suggested the existence of a critical temperature Tc below which the film composition

Figure 19.7 Influence of the deposition temperature on the crystallographic structure of PbTe films deposited

on BaF2 (111). The intensity is normalized on the BaF2(111) peak (l ¼ 532 nm, 5Hz, 3 J/cm2, vacuum)

[Dauscher et al., 2000].
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deviates significantly from stoichiometry (Nd : glass laser, free-running regime, pulse duration:

400 ns, power density higher than 106Wcm�2). Tc was found to be 500, 350, and 300K for PbS,

PbSe, and PbTe, respectively, for a target-to-substrate distance of 3 cm. Tc becomes higher as the

target-to-substrate distance decreases. Baleva and Bakoeva [1986] reproduced the target

stoichiometry whatever the deposition temperature was, with Pb contents that differ from the

stoichiometry within � 5wt% for the different samples prepared. At the given temperature of

150�C, it was also shown that the stoichiometry can be slightly modulated according to the fluence

(Fig. 19.9) [Dauscher et al., 2001]. Stoichiometric PbTe films or films containing a small excess of

Te or Pb can thus be easily synthesized, without any additional material source, which is important

because an excess of Te or Pb act as a dopant. The transport properties of the films can thus be easily

tailored by a simple change of laser fluence.

Morphological changes induced by deposition temperature in PbTe films deposited on BaF2
substrates are illustrated in Figure 19.10 [Dauscher et al., 2002b]. The round-shaped hillocks
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Figure 19.8 Influence of deposition temperature on the mean chemical composition of PbTe films deposited

by PLD on glass and BaF2(111) substrates (l ¼ 532 nm, 5Hz, vacuum) [Dauscher et al., 2001].
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Figure 19.9 Influence of laser fluence on the mean chemical composition of PbTe films deposited by PLD on

BaF2(111) substrates (l ¼ 532 nm, 5Hz, 150�C, vacuum) [Dauscher et al., 2001].
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(400 nm in height) emerging from the surface when the PbTe films are deposited at 150�C
(Fig 19.10a and 19.10b) seem to disappear in the films deposited at 300�C (Fig. 19.10c).

Improvements of filmmorphology could be achieved for PbTe films deposited at 150�C, either by
applying a short (1 h) annealing treatment at 300�C (Figs. 19.10d and 19.10e) [Dauscher et al.,

2002b] or by introducing nanoinclusions of Bi in the PbTe matrix (Fig. 19.10f). This was realized

by depositing Bi/PbTe multilayers. The overall Bi content is about 5wt%, with regard to the

relative deposition rates of Bi and PbTe. Enhancing the number of bilayers leads to increasingly

smooth surfaces. These two approaches also produced highly textured films exhibiting only the

desired [111] growth direction. This is in agreement with the absence of the columnar structure

generally observed in the PbTe films grown at 150�C, as evidenced, for example, for an annealed

film in Figure 19.10e.

Electrical characterization has been performed on several PbTe films prepared in our group.

While they generally exhibit n-type conductivity, some p-type samples could be achieved when

prepared with adequate fluence, and only when deposited on BaF2(111) substrates. As illustrated in

(a) (d)

(c) (f)

(b) (e)

Figure 19.10 Influence of some parameters on the morphology of PbTe films deposited by PLD on BaF2(111)

substrates. (a) 150�C, as-grown, top view (the cracked aspect is due to the morphology change of the gold

coverage under the electron beam, but it reveals grain size of the underlaying PbTe film), (b) 150�C, as grown,
cross section, (c) 300�C, as grown, top view, (d) 150�C, annealed in situ under vacuum for 1 h just after

preparation, top view, (e) 150�C, annealed in situ under vacuum for 1 h just after preparation, cross section,

(f) 150�C, 30(Bi120/PbTe1200) (the subscript represents the number of laser pulses), as grown, top view

(l ¼ 532 nm, 5Hz, 2–3 J/cm2, high vacuum) [Dauscher et al., 2002b].
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Figure 19.11, the structural quality of the films is attested by the high value of the Hall mobility at

low temperatures (3–5� 104 cm2/V s), despite the carrier concentrations being different (5� 1017–

1019 cm�3) [Dauscher et al., 2002b]. With PbSe films prepared by PLD, Sendova [1987] reported

Hall mobilities of 18,000 cm2/V s at 77K for a carrier concentration as low as 8� 1017 cm�3,

whereas Rumianowski et al. [2003] obtained Hall mobilities at room temperature between 100 and

700 cm2/V s for carrier concentrations of 3–6� 1018 cm�3.

19.3.1.4 FeSi2
Pulsed laser deposition has also been successfully applied to the preparation of semiconducting

b-FeSi2 thin films that may be interesting for thermoelectric applications near 800K (Fig. 19.2) but

also for optoelectronic and solar cell devices [Powalla and Herz, 1993; Leong et al., 1997]. The

challenge lies in obtaining the single b phase that is semiconducting, the other phases being metallic,

and a mixture of different phases would alter the physical properties expected from the

semiconducting phase alone. The first attempts to grow b-FeSi2 by PLD on Si(111) substrates

were performed by Olk et al. [1994] from a pulsed KrF excimer laser (l ¼ 248 nm, 2–10Hz,

300–800mJ, in ultrahigh vacuum). Single-phase, stoichiometric films grew with the epitaxial

relationship b-FeSi2//Si(111) on substrates held between 570 and 630
�C. Optical gaps were found to

depend on the defect density [Olk et al., 1995]. The growth of stoichiometrically well-controlled

b-FeSi2 on Si(100) was also reported by Kakemoto et al. [1997]. Films were prepared from an ArF

excimer laser (l ¼ 193 nm, 5Hz, 1 J/cm2, in ultrahigh vacuum) at temperatures of 550–650�C.
From reflected high energy electron diffraction (RHEED) and X-ray diffraction (XRD) analyses, the

samples showed polycrystalline features and the surface was mostly b(220) oriented. By optical

absorption measurements, they found the bandgap energy to be 0.81 and 0.96 eV for direct and

indirect optical transitions, respectively. Other attempts to grow this material were performed by Liu

et al. [1999, 2001]. Yoshitake et al. [2001] made an in-depth investigation of the influence of
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Figure 19.11 Hall mobility and carrier concentration (n) as a function of temperature for PbTe/BaF2(111)

samples prepared at 150�C. One is as grown and the other has been annealed in situ under vacuum for 1 h at

300�C just after preparation (l ¼ 532 nm, 5Hz, 2–3 J/cm2, vacuum) [Dauscher et al., 2002b].
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deposition temperature (between 20 and 800�C) on the film growth. Using an ArF excimer laser

(l ¼ 193 nm, 10Hz, pulse duration: 24 ns, 1.5–5 J/cm2, in high vacuum), they succeeded in the

deposition of stoichiometric polycrystalline b-FeSi2 single phase on Si(100) at room temperature.

For deposition temperatures higher than 700�C, the epitaxial relation was found to be b-FeSi2 (041)
or (014)//Si(220) at the beginning of deposition, but it became disordered with increased film

thickness. In a further study, they adapted a vane velocity filter to decrease the droplet density

[Yoshitake et al., 2002]. The droplets could be completely eliminated at a suitable cutoff velocity of

the filter. The maximum velocity of droplets was at most 65m/s.

The main advantage of PLD over other techniques underlined by all authors is the obtaining of

the b-FeSi2 phase without the need of any further annealing. It is unfortunate that no measurement of

the transport properties has been performed on these intermetallic materials as they are stable with

respect to oxidation, sublimation, evaporation, and diffusion.

19.3.2 Pulsed Laser Deposition of New Thermoelectric Materials

Among new materials, PLD of skutterudite materials has received the greatest attention to date

[Christen et al., 1997; Caylor et al., 1999a, 1999b, 2001a, 2001b; Song et al., 2000; Suzuki et al.,

2000; Durand et al., 2000; Suzuki, 2001]. These publications were mainly motivated by the

promising ZT values of this class of materials obtained when prepared in bulk form [Uher, 2001].

Other new thermoelectric materials like half-Heusler phases or Chevrel phases were also prepared

by PLD, but the experimental results are rather limited. Although PLD seems to be an appropriate

method for the growth of all these new materials, it is difficult to comment about the performances of

the thin films produced because the transport measurements are either incomplete or still at an early

stage of development.

19.3.2.1 Skutterudites

Binary skutterudites have the general formula MX3 where M ¼ Co, Ir, Rh and X ¼ P, As, Sb. They

crystallize with a body-centered-cubic (bcc) structure, space group Im3 and the unit cell, illustrated

in Figure 19.12, contains 32 atoms. The transition-metal atoms, M, are arranged in a simple cubic

lattice and the pnicogen atoms, X, are distributed in six rectangular four-membered rings. There are

T: transition metal

Pn: pnicogen

Figure 19.12 Skutterudite unit cell is shown. The transition-metal atoms (Co, Rh, Ir) form a cubic sublattice,

and the pnicogen atoms (P, As, Sb) are arranged in planar rectangular four-membered rings. Two of the eight

small cubes are empty, giving rise to two voids (cages) per unit cell.
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eight small cubes and two are empty in the unfilled version. By filling the two empty voids of the

structure, one can obtain new skutterudite compounds often referred to as filled skutterudites. Their

general formula can be described as RT4X12, where R is the filler than can be a lanthanide, actinide,

or alkaline-earth ion and T stands for Fe, Ru, or Os. Filled skutterudites have much lower thermal

conductivities than their binary counterparts because the guest atoms ‘‘rattle’’ inside these oversized

cages, disrupting phonon transport. The skutterudites that have attracted by far the greatest attention

are compounds based on CoSb3 as they show the best thermoelectric characteristics [Uher, 2001].

A systematic investigation of unfilled-skutterudite CoSb3 thin films made by PLD under vacuum

was performed by Suzuki et al. [2000] on silicon substrates over a wide range of laser fluences

(0.6–3.5 J/cm2) and deposition temperatures (70–350�C). Using an ArF excimer laser (l ¼ 193 nm)

with a repetition rate of 40Hz and a stoichiometric target, a CoSb3 single-phase skutterudite film

was obtained for a laser fluence of 2 J/cm2 and for a substrate temperature of 70�C, suggesting that

the high kinetic energies of species in the plume may contribute to the crystal growth. With other

combinations of laser fluence–substrate temperature, it was found that slightly Co-rich or Sb-rich

films were formed. It was also noted that films showed a high density of surface particles.

Another detailed investigation concerning the film growth parameters of binary skutterudite

compounds (CoSb3 and IrSb3) was reported by Caylor et al. [2001a]. The experiments were

conducted with a KrF excimer laser (l ¼ 248 nm) on Si substrates. In addition to the substrate

temperature, the target composition, the target-to-substrate distance, and the growth atmosphere

were taken into account to produce high crystalline and low stress films of the desired stoichiometry.

As previously noted by Christen et al. [1997] and Suzuki et al. [2000], the growth temperature is

important due to the difference in volatility between the transition metal and antimony. It was found

that above 250�C, the stoichiometric flux 1 : 3 was insufficient to stabilize the skutterudite phase and

the antimony deficient CoSb2 or IrSb2 phases appeared. However, increasing the flux of antimony by

adding excess antimony to the target increased the temperature range over which the skutterudite

phase is stable. By increasing the deposition temperature and using targets with excess antimony,

film crystallinity was increased and film stoichiometry was found to be 1 : 3. In addition to the issue

of substrate temperature and antimony volatility, this system provided an interesting case to study

the effect of target-to-substrate distance on film morphology. It was reported that the energy and

stoichiometry of the incoming particles vary with the target-to-substrate distance due to plume

tilting. At greater distances, there was more uniform film coverage across the growth surface and less

film stress. However, if the distance was too large, the films were no longer a pure single phase. The

addition of an inert background gas (Ar) was found to dramatically lower the flux of ions, thus

lowering the internal stress of the films and limiting blistering. Finally, the synthesis of high-quality,

uniform, blister-free thin films of CoSb3 and IrSb3was possible from targets with excess antimony at

a temperature of 270�C with a target-to-substrate distance of 7 cm and a background argon gas

pressure of 10mTorr. Preliminary results on the electrical properties at room temperature revealed

that these optimized films are degenerate p-type semiconductors with hole concentrations in the

range of previously measured bulk values. Hole mobilities were found to be lower than those

measured in large grains or single-crystalline bulk samples due likely to very small grain sizes (about

250 nm) of the polycrystalline films.

Pulsed laser deposition was also successfully used by the same group for the growth of IrSb3/

CoSb3 multilayers [Caylor et al., 1999b] as an attempt to explore the effect of interfaces and grain

boundaries on the thermal conductivity in these low-dimensional systems [Song et al., 2000].

Experimental results on the temperature-dependent cross-plane thermal conductivity were reported

on several polycrystalline films grown by PLD, including IrSb3, CoSb3, Ir0.5Co0.5Sb3 single layers,

and IrSb3/CoSb3 multilayers of various periods [Song et al., 2000]. The cross-plane thermal

conductivity of these systems was measured with the 3o method [Lee and Cahill, 1997; Jacquot

et al., 2002a] from 80 to 300K. Significant reduction in thermal conductivity was observed for both

the single-layer skutterudite films and the multilayers compared to their respective values in bulk

samples. These reductions were attributed to the combined effect of grain boundary scattering, mass

difference scattering, and interface scattering.
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Pulsed laser deposition proved also to be a well-suited technique for the synthesis of La-filled

skutterudite thin films. LaFe3CoSb12 layers were grown in a high-vacuum chamber using an ArF

excimer laser (40Hz) on glass substrates by Suzuki [2001]. Single-phase filled skutterudites were

achieved for different combinations of laser fluence and temperature. Typical values were about

1.5–3 J/cm2 and 100–160�C. Transmission electron microscopy (TEM) analyses revealed that

films were composed of small grains (20–100 nm in size). Electrical measurements at room

temperature confirmed that the films are p-type as expected but with carrier concentrations one

order of magnitude higher that those expected for completely filled materials [Sales et al., 1997].

The temperature dependence of the Seebeck coefficient of the films proved to be similar to that

of the bulk (Fig. 19.13) but with lower values especially at high temperature. It was suggested

that the deviations of the transport properties of the thin films relative to bulk samples could be

due to the effect of small grains on the electronic properties.

A second possible way of transport property improvement, other than the use of filled

skutterudites, could arise from growing the skutterudites epitaxially, as epitaxial growth could

alleviate the problem of the small grains dominating transport properties. First attempts for epitaxial

CoSb3 film growth by PLD were conducted on different substrates such as CaF2, sapphire, SrTiO3,

and TiO2 by Christen et al. [1997]. Unfortunately, it was clearly seen by X-ray diffraction that no

epitaxy was achieved with these particular substrates. The reason why no epitaxy was found, even in

the case of the lattice-matched TiO2, was attributed to different type of chemical bonding within the

substrate (more ionic bonding) and within the film (more covalent bonding). More recently, Caylor

et al. [2001b] demonstrated that heteroepitaxial growth of CoSb3 on (001) InSb substrates is possible

by PLD using a substrate temperature of 270�C and a bulk CoSb3 target with 0.75 at% excess Sb.

The InSb (a ¼ 6.478 Å) substrate was chosen for its lattice matching with the antimonide

skutterudite (a ¼ 9.034 Å) on the basis of a presumed 45� rotated relationship with the InSb

zincblende structure. X-ray diffraction and transmission electron microscopy (Fig. 19.14) confirmed

both the structure of the films and their epitaxial relationship: (001)CoSb3//(001)InSb; [100]CoSb3//

[110]InSb.
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Figure 19.13 Temperature dependence of the Seebeck coefficient of a La-filled skutterudite prepared in the

bulk form [Sales et al., 1997] and in the thin-film form by PLD (l ¼ 193 nm, 40Hz, 1.5 J/cm2) [Suzuki, 2001].
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19.3.2.2 Other Materials

The decrease of thermal conductivity due to rattling motion of a host atom in an open structure can

also be expected in Chevrel phases, of general formula MxMo6X8 (M: rare-earth or transition-metal

cation, X: S, Se, or Te) in which the cations can be easily inserted [Yvon, 1979; Chevrel and Sergent,

1982]. This class of materials has been primarily studied for their superconducting properties

[Fischer, 1978] and then for intercalation–deintercalation processes [Potel et al., 1984; Tarascon

et al., 1988]. Their potential as thermoelectrics was revealed by Caillat and Fleurial [1997] and

Caillat et al. [1999] with selenide phases. Studies on bulk materials were further pursued by several

groups including Tsubota et al. [1999], Nunes et al. [1999], Roche et al. [1999], and Ohta et al.

[2001]. Even if studies on thin films are so far not concerned with thermoelectricity, one has to note

the successful application of PLD (l ¼ 308 nm, 2Hz, Ts ¼ 810–890�C, 5 J/cm2) to the synthesis of

CuxMo6S8 layers on various substrates. Moreover, epitaxially grown Chevrel phase thin films were

achieved for the first time [Lemée et al., 1997, 1999], whereas only textured films were obtained by

other deposition methods [Neal, 1988]. The crystalline quality was largely dependent on deposition

temperature and pressure. The high kinetic energy of the evaporated species in the PLD process was

assumed to be responsible for the epitaxial growth of these compounds, in a similar manner to other

materials [Guilloux-Viry and Perrin, 2000].

Among other potential thermoelectric materials, the class of ternary compounds related to half-

Heusler phases attracted a great deal of attention. Two groups of compounds have been particularly

studied: the rare-earth nickel antimonide compounds, RNiSb [Karla et al., 1998; Sportouch et al.,

1998], and the intermetallic stannide compounds, MNiSn, M ¼ Ti, Hf, Zr [Hohl et al., 1997; Uher

et al., 1999; Shen et al., 2001]. Interest arises from the fact that these compounds have been predicted

by band structure calculations to be narrow-bandgap semiconductors [Aliev et al., 1990; Ogut and

Rabe, 1995; Larson et al., 1999]. The challenge for these materials lies in the fact that they have high

thermal conductivity. Having them in the thin-film form could lead to a decrease of the thermal

conductivity resulting in an improved figure of merit if the electrical properties are maintained. To

the best of our knowledge, it has never been done with these classes of ternary compounds. Thin

films of NiMnSb half-Heusler phases have, however, been studied for potential magneto-transport

and spin-polarized transport applications. They have been prepared by several techniques, and quite

recently by PLD [Giapintzakis, 2002a, 2002b; Grigorescu et al., 2003]. They tested several

Figure 19.14 Cross-sectional transmission electron micrograph showing the interfacial area of CoSb3 film and

InSb substrate as well as the {110} lattice planes in the film and the {111} planes in the substrate [after Caylor

et al., 2001b].
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deposition conditions and concluded that the best films based on morphology were produced using a

KrF excimer laser (l ¼ 248 nm, 600mJ/pulse maximum), from a crystalline target that maintained

better initial stoichiometry compared to a sintered target. The most striking result was to get

stoichiometric films, of high-crystalline quality at a much lower temperature (200�C) than those

used with other deposition methods (250�C) [Caballero et al., 1997; Hordequin et al., 1998]. It is of
particular importance because high-temperature deposition is incompatible with multilayer

structures suitable for devices due to interdiffusion and granular character. The crystalline quality

in the pulsed-laser-deposited films is, however, not as good as in epitaxial films grown at 400�C by

DC facing-targets sputtering [Ristoiu et al., 2000], as evidenced by the higher residual resistivity

value (� 48m� cm compared to � 5.3 m� cm). An annealing treatment of 1 h at 500�C restores the

value to that of the bulk material (�18m� cm) [Giapintzakis, 2002b].

Finally, some attempts were also made to grow quasi-crystals by PLD [Brien et al., 2003a,

2003b; Ichikawa et al., 1994; Mele et al., 2002; Teghil et al., 2000, 2003]. Interest in this class

of material is motivated by the unique transport properties displayed in these nonperiodic

crystallographic structures. For more details about the results obtained by PLD, the reader is also

referred to Chapter 25.

19.4 THERMOELECTRIC MICRODEVICES AND APPLICATIONS

Due to their distinct advantages over other technologies (no moving parts, high reliability, localized

cooling, absence of harmful gases, etc.) and due to the increasing trend of miniaturization in all fields

of microelectronic and microtechnology, thermoelectric microdevices based on thin or thick films

should complete and extend the current applications of commercial modules based on bulk

materials. Actually, their geometry cannot be reduced indefinitely by keeping the same fabrication

technology and the same cost. At present, large efforts are made in many groups to expand the

technology of thermoelectric devices into the field of microsystem technologies. The next

paragraphs summarize potential applications of thermoelectric microdevices and recent develop-

ments. For a more detailed review, the reader is invited to refer to Böttner [2002].

Thermoelectric microdevices should find applications in many areas, such as instruments,

industrial, telecommunication, military, aerospace, industrial, or commercial products. Microcoolers

can play an important role in the thermal management and temperature stabilization of certain

electronic and optoelectronic components [Chu and Simons, 1999]. For example, they could be used

to dissipate the heat generated by most computing modules made by complementary metal oxide

semiconductor (CMOS) transistors on a small scale.

For the operation of small electronic devices and systems, a power supply of some few

microwatts is sufficient in most cases. Provided a temperature difference exists between the location

of the device and the ambient surroundings, thermoelectric microgenerators could be used to

generate the required electrical power. For example, we usually find a temperature difference of

some degrees between the surface of the human body and its environment. Exploiting this

temperature gradient, wristwatches can be powered thermoelectrically [Kishi et al., 1999]. Waste

heat as an energy source could be also used advantageously to generate power at a low level. At

present, thin-film thermoelectric generators are commercially available [Stordeur and Stark, 1997;

Stark and Stordeur, 1999].

Integrated circuit (IC) and microelectromechanical systems (MEMS) technologies offer a

promising approach to fabricate thermoelectric microdevices. Two types of device configurations,

cross-plane and in-plane are possible. In cross-plane devices, current and heat flow are

perpendicular to the film plane. This configuration is similar to devices made of bulk materials

(Fig. 19.1). In in-plane devices, heat and current flow parallel to the film plane. Each device has its

own advantages and disadvantages. The cross-plane devices face the challenge of establishing a

large temperature difference across thin films of a few micrometers thick; the in-plane devices

face the issue of heat leakage through the supporting substrate. Using standard IC technology
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and micromachining it is also possible to fabricate thermoelectric microsensors. Examples of

working prototypes include microthermopiles for IR radiation detection, thermoelectric vacuum

microsensors, gas flow microsensors, and thermoelectric microtips for atomic force microscopy

[Völklein, 2000].

The Jet Propulsion Laboratory [Fleurial et al., 1997, 1999] and Infineon Technologies associated

with Fraunhofer IPM [Böttner et al., 2001; Böttner, 2002; Diliberto et al., 2002; Jaegle et al., 2002]

have developed cross-plane microdevices based on Bi2Te3 and its related compounds. The

deposition of these thermoelectric materials was made either by electrodeposition or by sputtering.

In each case the layers were a few tens of micrometers thick. The device fabrication was based on

wafer technologies. Promising experimental results have been obtained in the two working modes,

cooler or generator. Large efforts were also made to develop in-plane thermoelectric microdevices

[Stordeur and Stark 1997; Stark and Stordeur, 1999; Min and Rowe, 1999; Völklein et al., 1999;

Jacquot et al., 2002b]. The approach based on the use as the substrate of a very thin membrane of

extremely low thermal conductance is particularly interesting to minimize the substrate thermal

bypass. Figure 19.15 represents schematics of a proposed thin-film thermoelectric cooler with

infrared component integrated onto the cooled central region [Min and Rowe, 1999]. A membrane of

low thermal conductivity can be fabricated from SiC or SiNx with a SiO2 thin-film deposition on the

top of a silicon substrate. Subsequent micromachining removes a portion of the substrate at the

desired location. n-Type and p-type thermoelectric legs are then deposited on the membrane to form

thermocouples. The thermocouples are configured so that the central region, which is to be cooled, is

surrounded by the cold junctions of the thermocouples, while the hot junctions are located on the

outer peripheral area, which rests on the silicon frame. Heat is pumped laterally from the central

region to the silicon frame and then dissipated vertically through it to an external heat sink.

Figure 19.15 Schematic diagrams showing an integrated thermoelectric micro-cooler with infrared

components integrated onto central region. (a) plan view and, (b) cross-sectional view [Min and Rowe, 1999].
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Modeling and first calculations show promising cooling parameters [Min and Rowe, 1999; Völklein

et al., 1999].

This arrangement can also be used advantageously as a thermoelectric microgenerator. As shown

in Figure 19.16, two working modes can be anticipated [Jacquot et al., 2002b]. The first mode of

working is when the heat source is on the center of the membrane (e.g., heat dissipated from

electronic devices). The silicon frame that sustains the membrane is the cold side. A large

temperature difference along the thermoelectric legs is expected even with small heat sources

because the thermal conductance is low. The second mode of working takes advantage of the large

surface-to-volume ratio of the membrane to use it as a heat sink, the hot side being the silicon frame.

The heat source may be, for example, the heat generated by a human body while the coolant could

simply be air. The fabrication of such in-plane thermoelectric microgenerators has been

demonstrated with polycrystalline silicon as the thermoelectric material and the proof-of-principle

was proved experimentally [Jacquot et al., 2002b]. Modeling helped to identify the crucial

parameters necessary to a successful design and fabrication sequence of a realistic microgenerator

[Jacquot, 2003].

19.5 CONCLUSION

The studies on the preparation of thermoelectric narrow-bandgap semiconductors by pulsed laser

deposition are rather limited in number. For each material studied, specific problems have been

identified and have had to be solved. Because of the wide range of elements constituting these

materials, no general recipe using the various PLD parameters could be applied to achieve high-

quality stoichiometric thin films. PLD offered the opportunity to easily tailor the film properties by

acting on their microstructure and stoichiometry. Only preliminary results have been obtained

concerning the transport property coefficients. Actually, accurate measurements of the transport

properties in thin films are particularly critical, especially concerning their thermal conductivity.

PLD is certainly the most promising method for the synthesis of the new interesting identified

classes of thermoelectric materials, which are often ternary or quaternary materials. Future

developments for thermoelectric applications lie in the improvement in thickness homogeneity over

large-scale substrates to provide reliable transport properties.
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Dauscher, A., M. O Boffoué, B. Lenoir, R. Martin-Lopez, and H. Scherrer (1998), Appl. Surf. Sci. 138/139, 188.

Dauscher, A., A. Jacquot, B. Lenoir, H. Scherrer, M. Dinescu, and M. Stölzer (2000), in Proceedings of the XIX

International Conference on Thermoelectrics, Cardiff, D. M. Rowe (Ed.), Babrow Press, Wales, UK, p. 420.
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20.1 INTRODUCTION

Piezoelectrics are materials in which polarization can be produced by a mechanical stress.

Alternatively, if an electric field is applied to a piezoelectric material, the material will change its

shape. Piezoelectric materials are divided into polar (which possess a net dipole moment) and

nonpolar crystals (whose dipolar moments summed over the different directions give a null total

moment). Among the 20 non centrosymmetric piezoelectric classes, 10 have a spontaneous polar-

ization [Nye, 1979; Setter, 2002]. Polar materials can be further classified into ferroelectrics and

nonferroelectrics. The primary feature distinguishing ferroelectrics from other polar materials is that

the spontaneous polarization can be reversed with an applied electric field. When the polarization

is measured as a function of an applied electric field, a hysteresis loop is obtained [Lines and Glass,

1977; Xu, 1991; Wadhawan, 2000; Strukov and Levanyuk, 1998]. Ferroelectric thin films show

strong piezoelectric properties and are consequently most used in applications like microelec-

tromechanical systems (MEMS), acoustic wave transducers, sensors, resonators, and the like

[Damjanovic, 1998]. Among nonferroelectric piezoelectric thin films, the most studied are ZnO and

AlN.

In piezoelectric materials the thermal, elastic, and electrical parameters are coupled through

different relationships that can be deduced from thermodynamics [Nye, 1979; Setter, 2002; Lines

and Glass, 1977]. This is based on the series development of thermodynamic potential, for example,

in the stress tensor X and electric field E up to the quadratic term. From this expression the strain

x and dielectric induction D can be obtained as the derivatives of the thermodynamic potential:

Dl ¼ dlmXm þ eXlmEm ð20:1Þ
xl ¼ sElmXm þ dmlEm ð20:2Þ

where d is the piezoelectric tensor that describes the direct piezoelectric effect [in Eq. (20.1)] and the

converse effect [in Eq. (20.2)] (summation over the subscript m and l extends from 1 to 6, and over

the subscript m and l from 1 to 3); sE is the elastic compliance tensor at constant electric field and eX
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the dielectric permittivity tensor at constant stress. The efficiency of energy conversion between

electric and elastic forms is characterized by the electromechanical coupling factor kml, which is

given by the relationship

k2ml ¼
d2ml

eTmms
E
ll

ð20:3Þ

The present review also includes relaxor thin films, although they do not show a piezoelectric

effect. However, in the presence of an external bias, an effective piezoelectric response is obtained.

For example, for a [001]-orientation, deff33 ¼ 2Q333e33P3, where P3 is the induced polarization

parallel to the [001]-axis, and Q333 is a component of the electrostrictive tensor defined through the

relationship xl ¼ QlklPkPl [Xu, 1991].

The physical properties of piezoelectric thin films depend on many parameters, including

composition, crystalline structure, orientation, film thickness and microstructure, internal stress,

presence of secondary phases, dopants, interface layers, misfit strain, and so forth [Craciun et al.,

2002]. In addition, the piezoelectric response in ferroelectric thin films is affected by the

displacement of domain walls [Damjanovic, 1998].

Recent progress in the growth and understanding of piezoelectric thin films has improved

dramatically due to the development of new tools for compositional, structural, morphological,

and electrical characterization. These include techniques such as scanning force microscopy (SFM)

and piezoresponse force microscopy (PFM) in investigating nanoscale piezoelectric and ferro-

electric behavior [Gruverman et al., 2001; Christman et al., 2000; Roelofs et al., 2003; Colla and

Stolichnikov, 2003].

Deposition of piezoelectric thin films has been achieved by many different methods (for a recent

review article see Craciun et al. [2002]). Pulsed laser deposition (PLD) is a versatile technique

for the growth of complex multicomponent materials in thin-film form with oriented or epitaxial

structure. In the following section the most important aspects of the PLD deposition of piezoelectric

thin films will be discussed. The structural, dielectric, and piezoelectric properties of the most

important piezoelectric materials in thin-film form will be reviewed. Finally their applications will

be presented, with some examples.

20.2 OPTIMIZATION OF THE DEPOSITION CONDITIONS

The growth of piezoelectric thin films by PLD involves the identification of the optimum set of

growth parameters for obtaining the right stoichiometry, good crystalline structure, and electrical

properties on an appropriate surface for further applications. Many piezoelectric and ferroelectric

materials contain a volatile component (e.g., Pb, Li, Bi, or K), and small deviations from the correct

stoichiometry can lead to films with undesirable phases. For this reason, an accurate control over

the process is required to avoid loss of such volatile components and formation of metastable phases

(e.g., pyrochlore), which are detrimental for the dielectric and piezoelectric properties. Synergy of

gas pressure, substrate temperature, and laser fluence results in a broad range of conditions that

allows the growth of high-quality piezoelectric thin films. Several of the most important and often

studied materials grown by PLD will be discussed from the point of view of composition,

crystallinity, morphology, and electrical properties.

20.2.1 Piezoelectric Thin Films with Ferroelectric Properties

Ferroelectric thin films have been intensively studied due to their large piezoelectric response

[Damjanovic, 1998; Yoon and Song, 2002]. Ferroelectrics undergo a structural phase transition

from a high-temperature paraelectric phase into a low-temperature ferroelectric phase at the Curie

temperature TC [Lines and Glass, 1977; Strukov and Levanyuk, 1998]. Most materials with good
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ferroelectric and piezoelectric properties have complex compositions based on solid solutions that

allow tailoring of optimum properties by varying the composition. On the other hand the properties

of these materials are often controlled by contributions from domain-wall movement, which

enhance their piezoelectric properties and are responsible for their frequency and field dependence

[Strukov and Levanyuk, 1998; Damjanovic, 1998]. The correct understanding of these phenomena

and their theoretical treatment is of considerable complexity. Moreover finite-size effects

associated with nanometer-size grains and/or thickness interact with ferroelectric and piezoelectric

properties.

Polycrystalline randomly oriented ferroelectric thin films need to be poled in order to be piezo-

electric. In ferroelectric thin films, domain-wall contributions are very important because they

respond to the applied field and contribute to the polarization and to the piezoelectric response. Only

non-180� wall movements can change sample dimensions and thus contribute to piezoelectric

response. Displacement of domain walls contributes to the dielectric and mechanical loss especially

near a phase transition. The movement of domain walls can be inhibited by pinning defects [Strukov

and Levanyuk, 1998; Damjanovic, 1998]. The mobility of these defects influences the time variation

of dielectric and piezoelectric properties, a phenomenon called aging.

Other factors that influence the piezoelectric response of ferroelectric thin films include

mechanical clamping to the substrate, the orientation of the film, the level of polarization, the pre-

sence of interfacial layers, depolarization fields, internal stresses, and so forth. Domain-wall

contributions can be also different in thin films due to variations in the configuration and number of

pinning centers.

An extensive review of results obtained in PLD deposition of ferroelectric thin films including

applications up to 1994 can be found in the first edition of this book [Chrisey and Hubler, 1994].

Table 20.1 summarizes the dielectric, ferroelectric, and piezoelectric properties of PLD-deposited

piezoelectric thin films reported in the literature over the past 10 years.

20.2.1.1 Lead Titanate Zirconate

Among ferroelectric thin films the most studied is lead zirconate titanate PbðZrxTi1�xÞO3 (PZT), due

to its large piezoelectric coefficients. PZT has a perovskite cubic structure in its paraelectric

phase that deforms to a rhombohedral or tetragonal structure, below the Curie temperature. The

ferroelectric and piezoelectric properties of PZT ceramics are sensitive to both crystallographic

structure and compositional ratio Zr/Ti. These properties are at a maximum near a value of the Zr/Ti

ratio of about 53/47, which roughly separates the rhombohedral (Zr-rich) and tetragonal (Ti-rich)

symmetry in the PZT phase diagram. It has been found that the appearance of a monoclinic phase in

a very narrow range of composition around this value is responsible for the increase of piezoelectric

and dielectric properties [Noheda et al., 1999, 2000].

PZT thin films have been mostly studied for nonvolatile ferroelectric memory applications

(NVRAM) [Scott, 1998] due to their large remanent polarization and low coercive field. The large

piezoelectric constants and electromechanical coupling factors make these materials very useful for

applications in the field of MEMS and other piezoelectric microdevices [Muralt et al., 2002].

Many physical and chemical methods have been used to grow PZT thin films (for a recent

review and comparison between different methods see Craciun et al. [2002]). PLD has been demon-

strated as a technique that can be used to obtain high-quality crystalline, oriented, and epitaxial thin

films. The main difficulty in obtaining stoichiometric films results from the low Pb vapor pressure,

which makes it difficult to control its incorporation in the film.

For thin-film samples, it is not obvious that this ideal Zr/Ti ratio of 53/47 must also occur. An

exhaustive study of this problem can be found in Tanaka et al. [1996] in which the authors discuss the

film formation diagram for PbðZrxTi1�xÞO3 films for different Zr content and deposition conditions.

It has been found that PZT 70/30 films have the largest value of dielectric constant.

In PLD of multicomponent oxides, excimer lasers (KrF at 248 nm, ArF at 193 nm, XeCl at

308 nm) are typically used but also the Nd :YAG fundamental at 1064 nm and its harmonics

(532, 355, and 266 nm). Typical fluence ranges vary over values of 2–10 J/cm2, repetition rates
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TABLE 20.1 Dielectric, Piezoelectric, and Ferroelectric Properties of PLD-Deposited Piezoelectric Thin Films

Dielectric

Constant tan d Pr Ec d33 Other

Composition Substrate (at 1 kHz, RT) (at 1 kHz, RT) (mC/cm2) (kV/cm) (pm/V) Constants References

PZT 20/80 LSCO/LAO 40 90 Nagarajan et al., 1999a

PZT 20/80 LSCO/STO/Si � 50a � 80b Nagarajan et al., 2002

PZT 20/80 LSCO/Si 50a 400b Ma et al., 2005

PZT 50/50 LSCO/STO/Si � 200a � 300b Nagarajan et al., 2002

PZT 52/48 YBCO/STO/MgO/ 0.08–0.1 24 47 Sharma et al., 2000

TiN/Si

PZT 52/48 LSMO/YBCO/YSZ/Si 1678 0.04–0.05 53 60 Goh et al., 2005

PZT 52/48 PLT/Pt/Ti/SiO2/Si 33.4 Lee et al., 2005

PZT 52/48 BLT/SRO/STO(011) 28.1 33.7 Bao et al., 2005

PZT 53/47 Au/Pt/Si 500 0.02 15 100 40 Craciun et al., 2000

PZT 53/47 PT/diamond 500–650 50–350 Acoustic damping Du et al., 1999

(at 100 kHz) rate 0.006 ns�1

(fSAW < 500MHzÞ
PZT 65/35 YBCO/MgO 210–630 0.02–0.06 7–15 35–50 20–50 Sternberg et al., 1997

PZT 65/35 LSCO/MgO 210–380 0.03 9–17 45 24 Sternberg et al., 1997

(PZT 52/48- Pt/Ti/SiO2/Si 34 Kp ¼ 0:56 Kim et al., 2003

PMWSN) 96/4 Qm ¼ 2344

Pb0.99Nb0.02 (Zr0.57 Pt/Si 540 0.001 Bharadwaja et al., 2000

Sn0.38 Ti0.05)0.98O3 (at 100 kHz) (100 kHz)

PLZT 5/70/30 Pt/Si 1346 0.07 Yeh et al., 1995a

(at 10 kHz)

PLZT 5/70/30 SRO/STO/Si 490 Yeh et al., 1995b

(100 kHz)

PLZT 4.5/65/35 LSCO/MgO 325–450 0.025–0.035 5.5 35 24 Sternberg et al., 1997

Tyunina et al., 1998b

PLZT 6/65/35 YBCO/MgO 210 0.09 7 50 Sternberg et al., 1997

Tyunina et al., 1998b

PLZT 6/65/35 LSCO/MgO 250–350 0.025–0.035 3.5 50 40–60 Sternberg et al., 1997

Tyunina et al., 1998b
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PLZT 8/65/35 LSCO/MgO 230–350 0.03 1.5 30 40–48 Sternberg et al., 1997

Tyunina et al., 1998b

PLZT 9/65/35 Pt/Si 200–400 0.02–0.05 Craciun et al., 2004

Scarisoreanu et al., 2004

PLZT 9.75/65/35 YBCO/MgO 350–500 0.02–0.05 5–7 30–50 10–18 Sternberg et al., 1997

Tyunina et al., 1998b

PLZT 9.75/65/35 LSCO/MgO 350–700 0.035 3 60 20 Sternberg et al., 1997

Tyunina et al., 1998b

PT Pt/MgO 80 Kim et al., 2004b

PLT 28mol% La Pt/Ti/SiO2/Si 1395 Han et al., 2003

PLT 14mol% La Pt/Ti/SiO2/Si 10 35 Dong et al., 2003

PbZrO3 Si 23 100 Chattopadhyay et al., 1998

PMN YBCO/MgO 1000 Strain 0.2% at Catalan et al., 1999

600 kV/cm

PMN PZT/Pt/Si 300 0.02 60–80 Verardi et al., 2000

PMN Au/Pt/NiCr/sapphire 880 40–60 Scarisoreanu et al., 2004

PMN (100 nm) LSCO/CeO2/YSZ 800 0.1 Wakiya et al., 2001

PMN LSCO/MgO 1300 0.02 40 Q33(10
�2 C�2 cm4) Donnelly et al., 2003

2.9� 0.2 strain

0.1%

PMN LSCO/MgO � 2400 � 0.05 � 35 Shvartsman et al., 2005

PMN-PT 93/7 LSCO/MgO 1500 0.025 90 Q33(10
�2 C�2 cm4) Donnelly et al., 2003

6.6� 0.3 strain

0.12%

PMN-PT 90/10 LSCO/MgO 2200 0.04 10 20 Q33 (10
�2 C�2 cm4) Donnelly et al., 2003

2.2� 0.1 strain

0.3%

PMN-PT 90/10 BST 1200 Nakamura et al., 1996

PMN-PT 90/10 LSCO/LAO 300–1800 10–85 Nagarajan et al., 1999b

(100–400 nm)

(Continued )
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TABLE 20.1 (Continued )

Dielectric

Constant tan d Pr Ec d33 Other

Composition Substrate (at 1 kHz, RT) (at 1 kHz, RT) (mC/cm2) (kV/cm) (pm/V) Constants References

PMN-PT 90/10 LSCO/LSAT 1500 40 Nagarajan et al., 2000

(100 nm)

PMN-PT 90/10 LSCO/STO 1600 50 Nagarajan et al., 2000

(100 nm)

PMN-PT 90/10 LSCO/MgO 2000 60 Nagarajan et al., 2000

(100 nm)

PMN-PT 80/20 LSCO/MgO 1500 0.03 90 Q33 (10
�2 C�2 cm4) Donnelly et al., 2003

9.0� 0.1 strain

0.2%

PMN-PT 70/30 LSCO/MgO 650 0.1 20 40 160 Q33 (10
�2 C�2 cm4) Donnelly et al., 2003

1.4� 0.1 strain

0.2%

PMN-PT 70/30 SRO/LAO 1500 13–20 Maria et al., 1998

PMN-PT 68/32 LSCO/MgO 1300 0.05 20 28–32 25 Tyunina et al., 1999

PMN-PT 65/35 LSCO/MgO 2000 0.05 Tantigate et al., 1995

PMN-PT 65/35 MgO 1160 0.05 Wang et al., 2004

(1-x) PMN-xPTc LSCO/Pt/Si � 4700 � 0.03 Ranjith et al., 2005

PSN-PT 58/42 LSCO/MgO 1600 0.05 20 28–32 Tyunina et al., 1999

PybN-PT SRO/LAO SRO/STO 1300 70 Bornard and

Trolier-McKinstry, 2000

NKN Na0.5K0.5NbO3 PtIr 550 0.02 12 Cho and Grishin, 2000

BLT (Bi3.25La0.75) Ti3O12 IrO2/TiO2/SiO2/Si 21d 12.8 Adachi et al., 2005

BLT LAO 358 along Lee et al., 2004a

(100)
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BLT Pt/Ti/SiO2/Si 19:6d 188e Zhang et al., 2004

BTZ (Bi4Ti2.8Zr0.2O12) Pt/Ti/SiO2/Si 25:3d 139:8e Zhang et al., 2004

BLTZ (Bi3.25La0.75Ti2.8 Pt/Ti/SiO2/Si 24:1d 109:1e Zhang et al., 2004

Zr0.2O12)

BNT (Bi3.25Nd0.75) Ti3O12 22d 16.9 Adachi et al., 2005

BST (Bi3.25Sm0.75) Ti3O12 28d 16.6 Adachi et al., 2005

(1-x)NBT-xBT, x ¼ 0:09 LAO 327 Cheng et al., 2004

(1-x)NBT-xBT, x ¼ 0:06 LAO 187 Cheng et al., 2004

(1-x)NBT-xBT, x ¼ 0:06 MgO 1330 Dinescu et al., 2005

BaTiO3 Pt/TiO2/Si 160–210 0.03 9d 80e Canulescu et al., 2004

BaTiO3 Pt/Ta/SiO2/Si 570 14.3 Kim et al., 2005

BaTiO3 LSCO/Pt/Ta/SiO2/Si 1000 54 Kim et al., 2005

Ba(Zr0.15Ti0.85)O3 Pt/Ti/SiO2/Si 3.3 93.5 James and Prakash, 2004

SrBi2Nb2O9 Pt/sapphire 132 50.02 6 140 Duclère et al., 2003

ZnO Si, sapphire 8 Dinescu and Verardi, 1996

Verardi and Dinescu, 1995

AlN a-Al2O3, Si and r ¼ 6 Vispute et al., 1997

6H-SiC 1013 � cm, BF

5� 106 V/cm

AlN Sapphire SAW velocity Meinschien et al., 1999

5980m/s

aMeasured on continuous films.
bMeasured on patterned submicron islands.
cMultilayers with compositional variation on each layer x ¼ 0:3, 0.2, 0.1, 0.
d2Pr
e2Ec
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between 3 to 10Hz, and pulse duration between 5 and 30 ns. In most cases oxygen was used as the

reactive gas, at pressures below 0.9mbar. More reactive oxidizers such as N2O [Auciello et al., 1993]

and mixtures containing O2 and ozone, are sometimes used [Tanaka et al., 1996]. The controlled

cooling (5–10�C/min) is performed in oxygen, at a pressure close to 1000mbar. In some experiments

a postdeposition annealing was used to improve the film crystallinity and orientation [Auciello et al.,

1993].

The piezoelectric properties of the films are strongly influenced by the structure and reactivity of

the electrode. Interfacial layers can sometimes dominate the electrical properties of a piezoelectric

capacitor. Different substrate–bottom electrode–buffer layer configurations have been used for

improving the interface properties (decreasing of the oxygen vacancies, of elemental interdiffusion,

intermediate undesirable compound formation, etc.). Silicon, diamond, LaAlO3 (LAO), MgO,

SrTiO3 (STO), GaAs, and glass have all been used as substrates. The most frequently used bottom

electrode was Pt (with Ti as an intermediate layer) but also Au or Ni-based alloy [Craciun et al.,

2002]. It was found that perovskite conductive oxides act as diffusion barrier layers and allow the

absorption of oxygen vacancies thus diminishing the fatigue that appears after long bipolar switching

when a Pt electrode is used [Aggarwal et al., 1999; Yan et al., 2003]. Thus the most often used oxide

electrodes are La0:5Sr0:5CoO3 (LSCO) (5% lattice mismatch with PZT) and SrRuO3 (SRO) (2.7%

mismatch) [Cho and Park, 1999; Bao et al., 2005; So et al., 2005]. LaAlO3 has also been used as a

substrate to deposit LSCO/PZT(53/47)/LaCoO3, PZT(53/47)/SRO [Cho and Park, 1999], PZT(20/80)/

LSCO [Nagarajan et al. 1999a], and La0:7Sr0:3MnO3 (LSMO)/PZT/LSMO epitaxial heterostructures

[Wu et al., 2000].

The selection of suitable buffer and electrode layers is a crucial factor to obtain epitaxial growth

on Si. An epitaxial PZT/YBCO/STO/MgO/TiN/Si(100) heterostructure has been obtained by

optimizing the growth conditions for each layer [Sharma et al., 2000]. Although the lattice constants

are very different, the growth of TiN on Si(100) occurred via domain-matching epitaxy where the

four lattice constants of TiN match with three of Si.

A pseudoepitaxial growth of PZT on Si has been achieved by using the heterostructure

LSMO/YBCO/YSZ [Goh et al., 2005]. A KrF excimer laser was used to deposit Pb(Zr0:52Ti0:48)O3 at

a substrate temperature of 350�C. The sample was then annealed at 700�C for 60min in 1 atm

oxygen atmosphere. Only preferentially oriented (001) PZTwas observed. The in-plane and out-of-

plane orientations of PZT film are similar to an epitaxial film with a cube-on-cube crystal growth

orientation with respect to Si substrate. However, the XRD � scan peaks of the PZT were broad,

indicating that the epitaxial quality was not perfect.

All-epitaxial (Bi,La)4Ti3O12(BLT)/Pb(Zr0.4Ti0.6)O3/BLT trilayered thin films have been success-

fully grown on SRO-covered STO(011) substrates by PLD using a KrF excimer laser [Bao et al.,

2005]. The temperature and oxygen pressure for the growth of BLT layers were kept at 750�C and

0.4mbar, respectively, whereas the PZT layer was deposited in 0.2mbar oxygen pressure at a sub-

strate temperature of 600�C. The BLT layer is essential for obtaining fatigue-free ferroelectric

heterostructures, and these have been obtained also with (Ba,Sr)TiO3 (BST) layers between PZT

and Pt electrode [Yan et al., 2003]. Epitaxial PZT films (with Zr/Ti ratio ¼ 40/60) have been

obtained also on MgO (001) substrates [Lee et al., 2002a].

Another substrate successfully used is diamond due to the high piezoelectric coefficients of

PZT combined with the very high propagation velocity of acoustic waves in diamond, which makes

the combination very attractive for surface acoustic wave (SAW) device applications [Du et al.,

1999]. The growth of pure perovskite PZT on diamond is promoted via the use of a PbTiO3 (PT)

buffer layer, at a substrate temperature in the range of 550–650�C, oxygen pressure of

100–200mTorr and laser fluence of 1–2 J/cm2. A cross-sectional scanning electron microscopy

(SEM) image showing a remarkably dense columnar structure is shown in Figure 20.1.

Growth of PZT can be controlled also by the substrate morphology, and control of domain

structure of epitaxial PbZr0.2Ti0.8O3 thin films could be achieved by using vicinally cut (100) STO

substrates, as reported in Nagarajan et al. [2001]. An STO substrate with 3�-vicinal cut toward (010)
has been chemically etched to achieve a configuration of terraces of width 200 nm and step height
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7–10 nm. It has been observed that there is a preferential location of the nucleation of the a domains

along the step edges of the underlying substrate. By piezoresponse microscopy, it has been shown

that all a domains have their polarization aligned along the same direction.

The substrate temperature strongly influences the film composition and crystalline orientation: Its

influence should be discussed together with oxygen deposition pressure effects and the laser fluence.

Both the lead content and the Zr/Ti ratio in the film depend on these parameters. For example, it was

demonstrated that films deposited at a substrate temperature higher than 400�C and an oxygen

pressure lower that 0.1mbar are lead deficient [Horwitz et al., 1991]. For a substrate temperature

during deposition of 550�C, the increase of oxygen pressure to 0.2–0.3mbar results in an increasing

of the Pb content in the film to a value of 0.42 (from the optimum value of 0.5). If argon is used

instead of oxygen, a low-Pb content is obtained in the film. Low fluence prolonged ablation also

produces films with low-Pb content because of the evaporation of lead [Tanaka et al., 1996; Catalan

et al., 1999]. PZT thin films have also been grown on Si substrates at a remarkably low substrate

temperature (375–400�C) by PLD [Craciun et al., 1998, 1999, 2000; Verardi et al., 1998, 1999].

These films have been deposited on different types of electrodes (Pt, Au/Pt, TiN, etc.) at an oxygen

pressure of 0.2mbar and high laser fluence (about 25 J/cm2).

Figure 20.1 SEM images of the surface (top image) and the cross section of a PZT film with a PT buffer layer,

deposited on diamond. Reprinted with permission from Du et al. [1999],# 1999, American Institute of Physics.
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Films deposited at room temperature were found to be predominantly amorphous [Watts et al.,

1991]. After postdeposition annealing at 450�C films become polycrystalline with both tetra-

gonal and rhombohedral phases; only the tetragonal phase (together with other phases of some

unidentified compounds) is observed after annealing at temperatures up to 650�C. The dis-

appearance of the rhombohedral phase is attributed to the Zr depletion by reaction with the glass

substrate.

(00l)-Epitaxial PZT films were grown on SrTiO3 andMgO single crystals by PLD [Horwitz et al.,

1991; Tyrrell et al., 1996] at the same temperature and oxygen pressure (T ¼ 550–560�C and p(O2)

¼ 0.25 mbar) but with different laser wavelengths and fluences. Films with polycrystalline

structure, which contain 70–90 % of the perovskite phase, were grown at 600�C on Pt-coated GaAs

and Si substrates [Horwitz et al., 1991]. In Tyunina et al. [1998a] it was found that Pb/Ti, Zr/Ti

and Zr/Pb ratios are independent of the laser fluence, while the lead content increases with the

deposition pressure.

A change in the Pb distribution has been observed for PZT films deposited at room temperature

in vacuum, and a dip in the lead distribution, at the target surface normal position, has been observed

[Ma et al., 1996]. This dip can be explained by the sputtering effects caused by the high laser fluence,

which generates gas phase species with high kinetic energy. When the deposition pressure is

increased, the kinetic energy of particles decreases due to collisions within the plume.

A complex PLD method has been reported in Auciello et al. [1993] in which a multitarget system

containing the three basic oxides ZrO2, TiO2, and PbO is used. Two excimer lasers were used, one

for ablation and the other with the beam parallel with the substrate surface, for producing atomic

oxygen by dissociation of the background gas (N2O or O2). After an annealing process (at 600
�C, in

an oxygen atmosphere, for 60min) a (110)-oriented PZT layer is obtained.

Compositionally graded PZT films have been deposited by laser ablation of two PZT half targets

with 75/25 and 55/45 stoichiometry, which were placed adjacent to one another with the interface

at a 45� angle to the vertical [Brazier et al., 1998, 1999]. The laser beam was horizontally scanned

across the target while its vertical position was increased after each scan. In this way, starting from

the part with 75/25 stoichiometry, the thickness of the 55/45 layer increases, while the 75/25 layer

decreases. The films were highly (111) oriented, with a large polarization offset of 425mC/cm2; this

is due to a very smooth composition gradient and is a function of the spontaneous polarization of the

material.

There are many reports in the literature on in situ investigations of the plasma plume during the

PLD process [Iembo et al., 1993]. Techniques such as fluorescence spectroscopy of the atomic

species and their oxides and mass spectroscopy of ionic species show an increase of the quantity of

oxide species (TiO, PbO, and ZrO) contained in the plume in the deposition zone. For a set of

deposition conditions [XeCl (308 nm), 3.3 J/cm2, 3 Hz, O2 pressure of 0.2mbar] it was found that at

10 mm from the target the relative concentration of the ionic oxides increases while clusters

represent 75% of the total ionized species near the target and decrease at intermediate distances. In

this way it was established that the right distance where the substrate should be placed corresponds

to the place where the oxides and cluster concentration increase.

20.2.1.2 Lead Titanate and La-Doped Lead Titanate

Lead titanate, PbTiO3, (PT), is ferroelectric up to a high transition temperature (about 500�C) where
its structure changes from tetragonal to the paraelectric cubic phase. The dielectric and piezoelectric

properties are lower than those of PZT materials, but they are stable up to much higher temperatures.

Epitaxial PT thin films have been deposited on MgO(001) [Lee and Baik, 2000] and on Pt(001)/

MgO(001) by PLD by using a KrF excimer laser at a laser fluence of 1.2 J/cm2, substrate tempe-

rature of 650�C and an oxygen pressure of 50mTorr [Kim et al., 2004a]. It has been found that the

compressive misfit strain at the growth temperature critically influenced the domain structure of

the films obtained.

La-doped lead titanate Pb1�3x=2LaxTiO3 (PLT) shows interesting ferroelectric, piezoelectric, and

electrooptic properties. Its properties can be tailored for different applications by changing the La
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content: for x > 0:27 it is a paraelectric relaxor while for x< 0:27 it is ferroelectric with a tetragonal
structure.

The ferroelectric behavior of PLT thin films for different La content has been investigated by

Dong et al. [2003]. Doping of La in PT drastically changes the microstructure of films from round

particles with diameters ranging from 30 to 100 nm to a coral-like structure that may correspond

to the preferred (100) orientation observed by X-ray diffraction (XRD). To compensate the Pb loss

during the deposition process, 10% PbO was added to the initial target composition. An optimum

amount of La (14mol%) was found to suppress oxygen vacancy generation and diffusion and result

in good ferroelectric properties, with a lower coercive field than pure PT films.

Properties of PLT are strongly dependent on grain size in the deposited film. Significant changes

in the electrical properties of thin films deposited on Pt(111)/Ti/SiO2/Si(100) substrates have been

found in a set of films with different grain sizes ranging from 110 to 350 nm, as reported in Han et al.

[2003].

The integration of PLT on semiconductor substrates requires the use of buffer layers. PLT

deposition on SrTiO3/InP and several other buffer layers was reported by Vasco et al. [1999, 2003].

The successful integration of PLT on InP could be used to obtain acoustic and optoelectronic

interaction in the same microdevice. (001) and (100) textured Pb0.775La0.15TiO3 films with a uniform

composition close to that of the target and a roughness of 2% were obtained.

20.2.1.3 Lithium Niobate

Lithium niobate, LiNbO3, (LNO) has been extensively investigated due to its high piezoelectric and

electrooptical constants. LNO is used in many devices such as low-loss wide-band pass filters and

high-efficiency acoustooptic integrated devices. LNO is uniaxial at all temperatures, with a struc-

tural phase transition from paraelectric to ferroelectric at 1200�C. Its low symmetry structure

consists of a sequence of distorted oxygen octahedra joined by their faces along a trigonal polar axis.

Many studies have been dedicated to LNO thin-film deposition and the integration on Si, for

applications as integrated SAW devices, integrated electrooptical devices, and the like. For these

applications LNO films must be epitaxial, single phase, with very smooth surfaces and free of

domains and twinning. The main parameters to be controlled for deposition of single-phase,

stoichiometric LiNbO3 layers are the Li/Nb ratio in the target, substrate temperature during the film

deposition, and type and gas pressure inside the deposition chamber.

The preparation of textured LNO thin films by off-axis laser deposition was reported by

Kaemmer et al. [1996]. The films have been deposited on (0102) sapphire, (0001) sapphire, and

(100) LaAlO3 single-crystalline substrates. The presence of a secondary LiNb3O8 phase was also

sometimes observed but could be eliminated by changing the deposition parameters.

The epitaxial growth of LiNbO3 thin films on sapphire substrates and the evaluation of the

surface acoustic wave properties of these films have been described in Shibata et al. [1995, 1996].

LNO thin films have also been grown on fused silica substrates [Wu et al., 1998], where it was

observed that the application of an electric field during the deposition helped to achieve a complete

(001) orientation.

The structural evolution of epitaxial LNO thin films deposited on sapphire substrates during

growth has been studied by Veignant et al. [1999] by investigating the structure of the deposited films

at different stages of growth by transmission electron microscopy (TEM). The large lattice mismatch

(8.6% at the temperature of deposition and 7.7% at room temperature) between Al2O3 (a ¼ 4.79 Å)

and LNO (a ¼ 5.22 Å) induces considerable stress in the LNO films and misfit dislocations to

accommodate it. The elastic deformation is fully relaxed in 220-nm-thick films where cracks and

twinning appear.

The background gas composition and pressure influence film stoichiometry. An argon–oxygen

ratio of 400mTorr Ar/100mTorr O2 was identified to be the optimum to obtain the correct

stoichiometry, while for a smaller Ar concentration traces of LiNb3O8 are present in the film. By

increasing the Ar beyond 450mTorr a mixture of different phases appears [Ogale et al., 1992]. The

deposition process is very sensitive to the deposition pressure, which influences both the Li content
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in the film and the valence state of the Nb ions. An increase of oxygen pressure from 10�3 Torr to

5� 10�2 Torr produces a decrease in the Li content in the film due to collisions between the Li atoms

and the oxygen species, which results in the decrease in the number of Li atoms arriving at the

substrate surface [Shibata et al., 1992]. For a decrease in the pressure below 10�3 mTorr a dramatic

change in film color is noticed, which is due to the presence of oxygen vacancies and mixed valence

states of the Nb ions. The effects can be adjusted by a postdeposition annealing at 700�C or by

deposition in a more oxidizing atmosphere containing 8% O3 [Shibata et al., 1992, 1995]. The Li

content can be also controlled by tuning the Li/Nb ratio in the target, between 1 and 3. Stoichio-

metric, single-phase LiNbO3 films have been deposited for a Li/Nb ratio of 2, at 500�C and

10�2 Torr O2 pressure [Shibata et al., 1992, 1995] and at 825�C [Fork and Anderson, 1993] and at

20�C and 6� 10�2 mbar O2 pressure [Afonso et al., 1995]. In Fork and Anderson, [1993] the

substrate was GaAs or MgO-coated GaAs, a structure appropriate for monolithic electrooptic

applications.

Epitaxial films were grown at low temperatures on (0001) sapphire substrates by ablation of

a single-crystal LiNbO3 target [Lee et al., 1995]. The laser fluence was varied within the range of

1.4–10 J/cm2. The critical parameter was found to be substrate temperature and not gas pressure. At

350�C the films were not crystallized, and at 500 and 550�C the Li-deficient phase LiNb3O8 was

observed in XRD spectra. Films deposited at 400 and 450�C are strongly oriented irrespective of

O2 pressure and epitaxial at 50mTorr oxygen. All films were annealed in 10–400Torr O2 at 400
�C

for 30min. Strongly textured (012) and (024) LiNbO3 films have been deposited at high oxygen

pressure (1 Torr) on high-temperature (720�C) sapphire substrates. The refractive index value was

found to be less sensitive to gas pressure and a temperature window for which a standard value of

n ¼ 2:238 was identified [Marsh et al., 1993].

Deposition of high-quality textured LNO thin films on Si substrates by PLD was reported by

Ghica et al. [1999]. This result is important for the use of LNO thin films on devices integrated with

Si. By adjusting the deposition parameters, the presence of undesired Li-deficient phases was

avoided. The measurement of the refractive indices demonstrates good agreement with the corres-

ponding single-crystal bulk values over the entire visible spectral range.

The investigation of the ablation process established a cause of low Li content in films deposited

by PLD [Chaos et al., 2000]. Studies by vapor-phase optical absorption measurements on a plasma

produced from a LNO target at a low laser fluence (0.06 J/cm2) in vacuum showed the delayed

release of Li atoms, 2–20ms after the excimer laser pulse. Consequently, these atoms do not suffer

gas-phase collisions within the plume and are not directed in the same forward sense as other

species.

The orientation of LNO films was found to be strongly influenced by an applied electric field

during the deposition process [Hu et al., 1996; Wu et al., 1998]. Using a Kr laser with a fluence of

2–2.5 J/cm2 to ablate a single-crystal LiNbO3 target and adding a low bias voltage of 110V, a

complete c-axis-oriented film has been deposited.

20.2.1.4 Relaxors

Relaxor ferroelectrics are characterized by a broad dielectric peak in the dielectric permittivity

versus temperature curve, which shifts toward lower temperatures when the driving signal frequency

is decreased. Examples are Pb(Mg1/3Nb2/3)O3 (PMN), Pb(Zn1/3Nb2/3)O3 (PZN), their solid solutions

with PT: PMN-PT, PZN-PT, and so forth. It has been generally accepted that their behavior can

be explained through the existence of nanoscale polar domain clusters. Their properties are inter-

mediate between those of glassy systems and ferroelectrics; for a recent review see Samara [2003].

The interest in relaxor ferroelectrics has been specially stimulated by their very large induced

piezoelectric response and unique dielectric properties, which make them attractive for actuators,

multilayer capacitor structures, MEMS, and the like. In bulk materials, relaxor systems and their

solid solutions with ferroelectrics have been most widely studied in terms of electromechanical

properties and electrostrictive coefficients showing large unipolar strains of about 1.7% along the

(001) direction and a longitudinal piezoelectric coefficient d33 of 2500 pm/V [observed, e.g., in
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Pb(ZN-PT) single crystal]. Attempts to transpose these materials to thin-film form have therefore

dramatically increased in the last few years.

PMN and PMN-PT The pure relaxor PMN forms a crystalline solid solution with a normal ferro-

electric PT: (1� x)PMN-xPT (PMN-PT). For x<0:35 the solution exhibits relaxor ferroelectric

behavior and transforms into a normal ferroelectric at x > 0:35. For compositions with x within a

narrow domain around 0.35, a new monoclinic phase has been identified by Ye et al. [2001] and

Noheda et al. [2002]. Single-crystal PMN-PT with these compositions shows a very high dielectric

permittivity and an exceptionally high coefficient of electromechanical coupling [Park and Shrout,

1997; Zhang et al., 2003a]. Many papers report the growth of PMN-PT thin films with different

compositions, but in contrast to expectations neither the dielectric nor the electromechanical

response of single-crystal or ceramic PMN-PT has been obtained in films. Thus the maximum

dielectric constant was found to be smaller by two orders of magnitude than in bulk material.

Moreover additional broadening of the dielectric peak and increase of dispersion above Tm was

observed ([Tyunina and Levoska, 2001] and references therein). Among the different possible causes

considered, we can identify at least two: the influence of the film–electrode interface and the growth

strain in films.

The dielectric response of PMN is characterized by a broad peak at about �5�C, where the

dielectric constant reaches a maximum of about 20,000, and a strong frequency dispersion around

and below this temperature. The frequency dispersion obeys a Vogel–Fulcher relationship implying

that polar nanoregions are freezing and generate a glassy state below about 220K. Huge electro-

mechanical strain of about 0.6% can be obtained in single crystals of PMN-PT, and therefore the

possibility of growth by PLD of textured films with defined orientation, already demonstrated for

different structures, is very attractive for obtaining films with enhanced properties compared to

polycrystalline ceramics. Furthermore, this technique allows variation of many growth parameters.

A compromise between a lower deposition temperature (around 600�C), oxygen pressure in the

range of 0.3–0.4mTorr, and laser fluence [working with nanosecond ultraviolet (UV) excimer lasers]

of 1–3 J/cm2 was adopted as the optimum window for production of crystalline films with smooth

surfaces.

PMN-PT thin films were grown on different buffer layers and/or bottom electrode substrate

configurations. Lead titanate (PT), barium titanate (BT), and barium strontium titanate (BST) were

used in Nakamura et al. [1996]. The obtained films were formed from perovskite (over 95% for

the film grown on BST) and pyrochlore. No interdiffusion between the bottom electrode, the buffer

layer, and the PMN-PT layers was observed. The dielectric constant obtained was about 1200.

The growth of PMN-PT films with x ¼ 0:3 (PMN-PT 70/30) on SRO/LAO substrates was

reported in Maria et al. [1998]. A KrF laser was used to deposit both the SRO and PMN-PT layers at

fluences in the range of 1.5–2.2 J/cm2, temperatures of 620–710�C and a reactive 90%O2–10% O3

gas mixture at pressures of 100–700mTorr. PMN-PT ceramic targets with 15–40% PbO excess were

used. It was demonstrated that a very narrow window of experimental parameters results in

pyroclore-free films; however, an excess of PbOx in the films results in structures with better

electrical properties (large resistivities and low-loss tangent values). Epitaxial films of PMN-PT

70/30 with this orientation are very promising for MEMS applications since huge piezoelectric

coefficients and electromechanical strains have been obtained for single crystals of rhombohedral

relaxors along the (001) direction [Park and Shrout, 1997]. Figures 20.2 and 20.3 show the tempe-

rature dependence of the dielectric constant and loss and room temperature polarization hysteresis of

the obtained films.

PMN-PT 68/32 thin films have been grown predominantly by excimer laser ablation [Tyunina

and Levoska, 2001; Tyunina et al., 1999, 1998b; Levoska et al., 2000; Sternberg et al., 1997]. A XeCl

laser working at 3 J/cm2 laser fluence, 0.2–0.8mbar oxygen pressure, and 600–650�C substrate

temperature was used. An LSCO buffer layer was deposited on an MgO substrate prior to PMN-PT

deposition. The films were highly oriented with two orientation relationships: either (001) or (110)

type planes parallel to the substrate, the main orientation being (001). They contained grains with
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maximum lateral dimensions up to 100–150 nm. The properties of the films were found to be

influenced by the small grain size, a high density of the grain boundaries being related to a high

concentration of defects.

Wakiya et al. [2001] demonstrated the heteroepitaxial growth of PMN thin films on Si(001) using

an LSCoO/CeO2/YSZ triple-buffer layer. By using this particular combination of triple buffer, they

succeeded in obtaining single-phase materials and to completely suppress pyrochlore formation.

The growth of PMN and PMN-PT thin films at low substrate temperature has been reported in the

literature [Verardi et al., 2000; Craciun et al., 2003; Scarisoreanu et al., 2004]. The use of a PZT layer

Figure 20.2 Temperature dependence of dielectric constant and loss of a PMN-PT 70/30 film. Reprinted with

permission from Maria et al. 1998, # 1998, American Institute of Physics.

Figure 20.3 Polarization hysteresis loop of a PMN-PT 70/30 film at room temperature. Reprinted with

permission from Maria et al. [1998], # 1998, American Institute of Physics.
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as template enabled the growth of an oriented crystalline PMN film with a minor pyrochlore content

at a relatively low temperature (500�C), working in an oxygen atmosphere of 0.4mbar. The values

obtained for the dielectric constant have been found to be smaller than that of bulk PMN, due to the

presence of a very thin passive layer with low dielectric constant at the electrode–film interface

(which was observed by secondary-ion mass spectrometry (SIMS) analysis) and to the minor

pyrochlore content.

In Donnelly et al. [2003], the growth of (1� x)PMN-xPT thin films with different compositions

(x ¼ 0, 0.07, 0.1, 0.2, and 0.3) on LSCO/MgO substrates has been investigated. A KrF excimer laser

operating at a laser fluence of 1.7 J/cm2 and a repetition rate of 10Hz was used. Film depositions

were carried out at temperatures between 600 and 675oC in an oxygen atmosphere of 0.15mbar. The

obtained films were highly oriented and with uniform dense columnar structure.

Epitaxial PMN-PT 65/35 thin films have been deposited on (001) MgO substrates using a KrF

excimer laser operating at a laser beam fluence of 2 J/cm2 and repetition rate of 6Hz. The growth has

been performed in an oxygen atmosphere at a pressure of 200mTorr and substrate temperature of

660�C. After deposition the film was annealed in situ at 660�C for 10min and then cooled down in

oxygen. The film was grown with a ‘‘cube-on-cube’’ epitaxy and with an in-plane-strain (calculated

from the measured lattice parameter) of �0:38%, an order of magnitude less than the lattice misfit

(�4:8%). The average grain size was about 40 nm. The in-plane dielectric properties, obtained by

using coplanar interdigital transducers, were lower than in bulk materials [Wang et al., 2004].

Epitaxial PMN thin film have been obtained also on (001)LSCO/(001)MgO substrates

[Shvartsman et al., 2005]. PMN films were pure perovskite, oriented with (001) planes parallel to

the substrate surface.

The epitaxial growth of PMN-PT films on Si substrates is difficult due to the large lattice

mismatch. To overcome this problem, Tsang et al. used MgO and TiN buffer layers [Tsang et al.,

2003]. TiN is usually grown epitaxially on Si via domain-matching epitaxy. To avoid the detrimental

effect of oxidation during the growth of PMN-PT 65/35 films in oxygen atmosphere, an MgO buffer

layer is deposited on top to protect the TiN layer. The films are cube-on-cube grown on a Si(100)

substrate with the epitaxial relationship: PMN-PT(100)kMgO(100)kTiN(100)kSi(100).
Recently (1� x)PMN-xPT multilayered structures with enhanced dielectric properties were

deposited on LSCO/Pt/Si substrates using multitarget PLD with a KrF excimer laser [Ranjith et al.,

2005]. The composition of the layers varied from the bottom electrode to the surface as follows:

x ¼ 0:3, 0.2, 0.1, 0. Each layer of different composition was deposited at 650�C at an oxygen

ambient pressure of 100mTorr. The compositional heterogeneity along with the lattice strain may

offer additional advantages in tuning the physical properties of the system. The phase transition was

found to be broad and the dielectric constant was almost constant (about 4700) for a wide range of

temperatures (25–100�C). These multilayer films also showed a slim hysteresis loop, characteristic

of relaxors.

PLZT La-doped PZT (PLZT) compositions show high dielectric, ferroelectric, electromechanical,

and electrooptic properties and are therefore used in a wide range of applications such as memories,

MEMS, light valves, optical storage display devices, optical spectral filters, linear and quadratic

electrooptic modulators, optical switches and the like. [Lines and Glass, 1977; Xu, 1991]. These

materials can be found in different low-symmetry phases such as ferroelectric rhombohedral,

ferroelectric tetragonal, or relaxor cubic, according to the Zr/Ti ratio and La content [Lines and

Glass, 1977; Xu, 1991]. Generally the effect of La is to increase disorder and induce a gradual phase

transformation from the ferroelectric to the relaxor cubic phase with properties similar to glassy

systems. The phase boundary between ferroelectric PLZT and relaxor PLZT is gradually shifted

toward minor La content for PZT compositions with increasing rhombohedral distortion. For

example, the tetragonal PZT 20/80 becomes a cubic relaxor when 22% of A-site positions are

occupied by La, while the rhombohedral PZT 65/35 needs only 9% La to transform in a relaxor.

For the growth of films with different compositions Pb1�xLaxðZr1�yTiyÞ1�x=4O3 (or PLZT

x=1� y=y), different deposition parameters have been selected. For the synthesis of PLZT 5/70/30
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on Pt/Si and STO/Si substrates [Yeh et al., 1995a, 1995 b], a XeCl excimer laser, working at 3 J/cm2

was used. It was found that for high oxygen pressure (1mbar) the deposition temperature should be

higher than 650�C for pure perovskite phase growth: below this value there is a competition

between pyroclore and zirconium containing oxides. A two-step process, deposition at room

temperature and annealing in O2 at 450 or 550�C, contributes to the complete elimination of Pb-

deficit phases. The use of a preferentialy oriented (110) STO buffer layer induces the growth of

highly textured (110) PLZT films. The growth process is supposed to take place in two steps: (i) the

adherence of species coming from the laser-induced plasma plume onto the substrate forming

clusters and (ii) the subsequent crystallization of the structure. It was shown that the use of an STO

buffer layer supresses the Pb loss, and the main source of Pb deficiency is the reevaporation of Pb

species from the adherent clusters. The correlated effects of the deposition rate and annealling time

have been analyzed in Yeh et al. [1995a]. It was shown that increasing the deposition rate by

increasing the laser frequency to 15Hz results in the formation of the rutile phase of TiO2. This is

because the adhered species have no time to transform to the perovskite phase during the deposition

process, Thus clusters accumulate in an amorphous form and the Pb2þ ions are lost by

reevaporation, since in the amorphous phase this process is much more probable. The prolonged

annealing time also induces the loss of PbO. Films deposited on Pt/Si at room temperature in

0.01mbar O2 pressure and annealed for 10min at 450�C in 1 atm O2 exhibit pure perovskite content

and show the highest dielectric constant (1346 at 10 kHz).

Tyunina et al. [1998b, 1998c] report the growth of epitaxial (001) PLZT thin films with different

La content (0–9.75 at%) on (001)LSCO/MgO(100) by using an XeCl excimer laser at 3 J/cm2, a

substrate temperature of 600�C, and an oxygen pressure of 0.2–1mbar. A broad peak of the

dielectric permittivity was observed, as typical for relaxors. Consistent with bulk behavior, PLZT

thin films with higher La content demonstrated broader peaks in the dielectric permittivity and a

lower temperature Tm of the maxima: Tm decreased from 350 to 105�C with an increase in La

content from 0–8 at %. Heterostructures of yttria-stabilized zirconia (YSZ)/LSCO/Pb0.9La0.1Zr0.2
Ti0.8O3/LSCO have been deposited by PLD on Si substrates [Ramesh et al., 1994]. Ru or Ru/TiN/

SiO2 have been used as buffer–electrode layers for deposition of (Pb-4% La)(Zr0.3Ti0.7)O3 on Si

[Bandaru et al., 1998]. A KrF laser working at 4–7 J/cm2 and 3Hz was used. The substrate

temperature varied between 200 and 600�C and the oxygen pressure from 25 to 300mTorr. Rapid

thermal annealling (RTA) for 15–40 s at temperatures in the range of 450–700�C of films deposited

at 400�C in oxygen at 50mTorr pressure was found to produce films with good electrical properties,

superior to films deposited at 620�C, where reaction at the interface leads to the formation of

PbRuO7�x.

The deposition of Pb1�xLaxðZr0:65Ti0:35Þ1�x=4O3 thin films with different content of La has been

reported in Verardi et al. [2003, 2004, 2005] and Craciun [2004]. PLZT x/65/35 shows ferroelectric

properties for x< 0:09 and relaxor properties for x> 0:09. These films have been grown by PLD

assisted by radio frequency (RF) discharge in oxygen, which allows an increase in the plasma

reactivity and a reduction of the oxygen vacancies in films and at the film–bottom electrode interface

[Dinescu et al., 2004]. Dielectric permittivity versus temperature variation for samples with x ¼ 0:09
was typical of relaxor ferroelectrics, with a broad peak that shifted toward lower temperature for

lower driving signal frequency. The temperature of the dielectric maximum was close to that

obtained in bulk (about 70�C), but the permittivity value was much lower. This was attributed to two

causes: (i) the presence of small quantities of pyrochlore phase and (ii) a low-permittivity interface

layer.

The deposition of good relaxor ferroelectric PLZT 22/20/80 has been obtained by employing

PLD and RF-PLD [Craciun et al., 2005a, 2005b]. Films grown by RF-PLD on Pt(111)/Si are (100)

oriented and are free of pyrochlore or amorphous phases. The crystalline structure is perovskite

cubic with a lattice parameter of 3.981 Å. PLZT 22/20/80 films showed slim-tilted hysteresis loops

typical of relaxors with a coercive field of about 20 kV/cm and a remanent polarization of about

0.3 mC/cm2. The dielectric constant, measured under variable direct current (DC) bias field, showed

a nonlinear decrease, almost without hysteresis, with field amplitude.
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Other Relaxors Among the different relaxor ferroelectric-PT solutions, Pb (Yb1/2Nb1/2)O3-

PbTiO3 (PYbN-PT) has the highest transition temperature (� 360�C) at 50% PT content. As has

been shown [Tyunina et al., 1999] the largest piezoelectric coefficients, electrically induced strains,

and coupling constants are observed in the [001] direction in rhombohedral crystals. Bornard and

Trolier-McKinstry reported the first successful PLD growth of heteroepitaxial (001) PYbN-PT

[Bornard and Trolier-McKinstry, 2000; Bornard et al., 2000]. The films were deposited on (001)

SRO/(100) LAO and (111) SRO/(111)STO substrates. The heteroepitaxial arrangement was found

to follow a pseudocube-on-pseudocube relationship between the film and the bottom electrode.

Both (100) and (111) structures show dense, homogeneous, columnar microstructures, but their

morphology was different: (111)-oriented structures exhibit microstructures with smaller grain

sizes.

Relaxor PbSc0.5Nb0.5O3 thin films have been deposited by PLD on LSCO/MgO substrates, and

their dielectric behavior is reported in Tyunina and Levoska [2004].

20.2.1.5 Lead-Free Ferroelectrics

Lead-free piezoelectrics are thought to be future replacements for lead-based ferroelectrics, to avoid

lead oxide toxicity. For a review on these materials the reader is referred to the chapter in Demartin

Maeder and Damjanovic [2002] and references therein. Besides this environmental issue, there is

also interest in developing piezoelectric materials that are biocompatible. Moreover, there is also a

need to develop new piezoelectric materials that work at high temperatures. It must be pointed out

that up to now lead-free materials are far from achieving the overall performance of lead-based

ferroelectrics but may be considered as alternatives for special applications. In this category belong

the well-known classical polar and nonpolar piezoelectrics such as KNbO3 (KNO), LNO, LiTaO3

(LTO), BaTiO3 (BT), AlN, ZnO, and the like.

In recent years attention has been directed toward materials such as KNO and its solid solutions,

(Na,K)NbO3 (NKN), (Na0.5Bi0.5)TiO3 (NBT) and its solid solutions, layer-structured bismuth-based

ferroelectrics like bismuth titanate Bi4Ti3O12(BIT), and the like.

KNO crystals in certain cuts exhibit very high coupling coefficients of interest for high-frequency

medical transducers. KNO in solid solution with NaNbO3 exhibits increased values of piezoelectric

coefficients close to that of PZT. This material appears also to be compatible with human tissue.

Several compositions belonging to the bismuth titanate family such as, for example, SrBi4Ti4O15

exhibit the absence of piezoelectric hysteresis, nonlinearity, and frequency-independent piezo-

electric response at room temperature, showing an apparent absence of domain-wall contributions to

the piezoelectric response.

NBT-based solutions are considered among the best candidates for replacing lead-based mater-

ials in devices, due to their high dielectric and piezoelectric properties. NBT is a relaxor ferroelectric

perovskite whose solid solutions with BT, ð1� xÞNBT-xBT, show a morphotropic phase boundary

with enhanced properties at x ¼ 0.06� 0.07. Excellent piezoelectric properties (d33 ¼ 450 pC/N)

and strain up to 0.85% have been reported in Chiang et al. [1998] for x ¼ 0:06.
NBT-BT thin films with different BT contents in the range 0.02–0.44 have been deposited by a

modern PLD-based combinatorial technique on (001)LAO substrates, by using a KrF excimer laser

[Cheng et al., 2004]. Deposition has been performed sequentially from ceramic NBT and BT targets

using three quaternary masks, at room temperature, and the ratio of NBT and BT was estimated by

the growth time. To mix the different layers homogeneously and obtain crystallized films, a post-

deposition three-step annealing process was adopted. The films obtained are (101) oriented. It was

found that the dielectric constants reach a peak of about 327 at x ¼ 0:09, much higher than that at

x ¼ 0:06 (about 187). This indicates that the MPB in NBT-BT thin films is located at a slightly

higher BT content than in bulk materials. The authors obtained similar results for the MPB com-

position by growing films from a NBT-BT (x ¼ 0:09) ceramic target at a substrate temperature of

750�C, without postannealing treatment. Another combinatorial PLD technique based on

temperature-gradient growth and continuous compositional-spread was employed to grow

SrxBaxNb2O6 (SBN) thin films [Ohkubo et al., 2004]. These combinatorial techniques allow one
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to obtain multisample film growth in different simultaneous conditions and are powerful tools for the

quick optimization of composition and growth parameters of new materials.

The deposition of NBT-BT (x ¼ 0:06) thin films with high dielectric constant was reported in

Dinescu et al. [2005]. Films have been grown on MgO(100) single-crystal substrates at a

temperature of 600–650�C using a Nd:YAG laser (wavelength 355 nm, pulse length 10 ns, repetition

rate 10Hz) operating at a fluence of 1.9 J/cm2. Films were pure crystalline perovskite with (100) and

(110) orientations. The dielectric constant, measured on metallic interdigital transducers deposited

on top of the films, ranged between 1230 and 1330, for films deposited at different temperatures and

with different cooling protocols. The best results have been obtained for films grown at 650�C in

0.5mbar oxygen ambient and cooled at 10�C/min in 10mbar oxygen ambient.

The successful deposition of lanthanide-substituted BIT thin films with good ferroelectric and

piezoelectric properties have been reported in Adachi et al. [2005]. (Bi3.25Ln0.75)Ti3O12 (Ln ¼ La,

Nd, Sm) were grown on Pt(111)/TiO2/SiO2/Si and IrO2(110)/TiO2/SiO2/Si substrates by PLD at a

temperature of 700�C in 1 Torr oxygen. The laser fluence was approximately 2.5 J/cm2 at a repetition

rate of 5Hz. Films grown on Pt(111) electrodes were c-axis oriented, while films grown on IrO2(110)

showed predominant (111) and (110) orientations. The last showed larger piezoelectric coefficient

and remanent polarization. Strong anisotropic dielectric properties have been found also in epitaxial

(001)-oriented Bi3.25La0.75Ti3O12 (BLT) thin films deposited on LAO(001) substrates [Lee et al.,

2004a]. The dielectric constants measured along the (100), (110), and (001) crystal directions were

358, 160, and 80, respectively. The largest dielectric constant was obtained along the a-axis, which is

the direction of the major spontaneous polarization in these layered perovskite materials.

An improvement of ferroelectric properties of BIT films by using compositions with different

A-site (La) and B-site (Zr) substitutions have been reported in Zhang et al. [2004].

Results on PLD epitaxial growth of Nd-doped BIT films have been reported in Garg et al. [2003]

and Zhang et al. [2003b]. Although these studies are primarily directed to investigate ferroelectric

properties for use in ferroelectric memory applications, these materials are also interesting lead-free

piezoelectrics, as shown in Adachi et al. [2005] and Maiwa et al. [2003].

BaTiO3 (BT) is another lead-free ferroelectric with good piezoelectric properties, athough its low

Curie temper]ature (120�C) is a disadvantage for certain applications. BT thin films with good

ferroelectric and piezoelectric properties have been deposited by PLD with a KrF excimer laser on

different electrodes [Kim et al., 2005a]. The best properties have been obtained for films deposited

on LSCO/Pt electrodes. Ultrathin epitaxial BTO thin films (down to 3 nm) have been grown by PLD

(KrF excimer laser) on SRO/STO substrates [Kim et al., 2005b]. A critical thickness of 5 nm above

which the existence of ferroelectricity is demonstrated has been experimentally established. The

growth of polycrystalline BT thin films on Pt/Si at relatively low temperatures of 600–650�C and

without postdeposition annealing has been obtained by using RF-PLD [Dinescu et al., 2004;

Canulescu et al., 2004].

Among lead-free materials, sodium–potassium niobate NaxK1�xNbO3 ceramics show a wide

range of ferroelectric and piezoelectric properties depending on their composition. For example, for

x ¼ 0:5, Na0.5K0.5NbO3 (NKN) (which is rhombohedral from � 130 to 200�C) shows a radial

electromechanical coupling coefficient of 0.39 and a large piezoelectric coefficient d33 ¼ 160 pm/V.

These values are small compared to lead-based ferroelectric piezoelectrics or relaxor single crystals,

but are high among the lead-free ferroelectrics. Recently the perovskite sodium–potassium niobate

thin films have attracted attention due to their interest for microelectromechanical devices and

biocompatible applications. Growth of NKN films by PLD has been demonstrated by Cho and

Grishin [Cho and Grishin, 1999, 2000; Cho et al., 2002]. The growth of NKN films is very difficult

due to the high mobility of both Na and K. The structure and properties of the films obtained change

radically from ferroelectric to relaxor if they are grown in high or low oxygen pressures. NKN films

grown at high (� 400mTorr) oxygen pressure (HP-NKN) (a key factor for the thermalization of all

neutrals and for achieving stoichiometry of complex oxide films with volatile components [Cho and

Grishin, 2000]) have been found to be single phase, highly c-axis oriented, with a strong effect of

self-assembling both on slightly textured and even amorphous substrates.
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Films grown at low oxygen pressure (� 10mTorr) (LP-NKN) are inhomogeneous ferroelectrics

containing mixed phases of ferroelectric NKN and paraelectric potassium niobate, due to a Na

deficiency caused by insufficient thermalization of species with different atomic masses.

20.2.2 Nonferroelectric Piezoelectrics

20.2.2.1 ZnO

Zinc oxide is one of the most common nonferroelectric piezoelectrics. Due to its high

piezoelectricity and electromechanical coupling factor, ZnO has been used in many practical

applications such as ultrasonic transducers, SAW devices and sensors, resonators, filters, and the like

[Ieki and Kadota, 1999; Osbond et al., 1999; Lakin, 1999]. The crystal structure of zinc oxide is

hexagonal (wurtzite type). Each Zn atom is tetrahedrally coordinated with four O atoms and the Zn d

electrons hybridize with the oxygen p electrons. Although stoichiometric ZnO has a very high

resistivity, it usually contains excess zinc atoms, which influence the electrical conductivity,

piezoelectricity, and defect structure. The wurtzite structure is polar and a mechanical compression

in the c direction will produce either a positive or negative voltage in this same direction, depending

on the polarity of the c-axis. Along the polar axis Zn atom layers define the positive face (0001

direction) and the O atom layers the negative face (0001 direction). These two crystal faces behave

differently regarding their surface energies, growth rates, and etch and abrasive characteristics. The

oxygen face has a lower surface energy, slower growth rate, and abrades and etches more rapidly

than the Zn face. In film growth, ZnO shows a strong tendency to grow with its c-axis perpendicular

to the substrate surface even if the substrate is amorphous. However, the degree of orientation is

influenced by growth conditions such as temperature, background gas composition and pressure,

particle energy, substrate type, and surface condition.

For details on ZnO thin-film growth and properties the reader is referred to Chapter 12.

20.2.2.2 AlN

Aluminum nitride, AlN, belongs to the hexagonal class (wurtzite structure). It has a low

piezoelectric constant (5.4 pm/V) when compared with ferroelectric piezoelectrics but shows

remarquably low losses together with a high electrical resistivity (1014 � cm). Thin films of AlN

have been developed especially for high-frequency transducers since this material has a very high

acoustic wave velocity (10,400m/s) that allows coverage with film thicknesses of 2.5–0.5 mm of the

range from 2 to 10GHz in the fundamental resonance mode. Compared with ZnO, AlN has a lower

coupling constant, but it has the advantage of a much higher electrical resistance. It also shows a high

breakdown voltage and low dielectric loss. Moreover, the low thermal expansion coefficients should

lead to small thermal drifts of the characteristics. Based on its electromechanical coupling

coefficient and its superior optical qualities, AlN layers have been considered to be one of the most

promising materials for optical waveguides, acoustooptic interaction media, surface acoustic wave,

and bulk acoustic wave transducers.

Usually AlN films exhibit columnar growth in a (002) direction perpendicular to the substrate.

The degree of the preferential orientation is reduced by the spreading of column direction that is

also detrimental for the piezoelectric properties. Moreover, if different regions in AlN film have

different orientations of the polar axis (with Al atom or N atom toward the upper surface), the

overall piezoelectric effect will be decreased in proportion to these inversion domains [Ruffner

et al., 1999].

High-quality optoelectronic-grade epitaxial AlN films grown on a-Al2O3, Si, and 6H-SiC

by PLD have been obtained by Vispute and al. [1997]. The measured bandgap was found to

be 6.1 eV, the electrical resistivity 5–6� 1013� cm, and the breakdown field 5� 106 V/cm. The

same group previously reported the PLD growth, for the first time, of AlN epitaxial thin films on

Si(111) substrates ablating high–density sintered AlN targets with an excimer laser (KrF,

10–30Hz, 2–10 J/cm2) [Vispute et al., 1995]. A sharp AlN/Si interface was obtained, without any

indication of interfacial reaction, and films showed smooth surface morphology. Films were
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oriented with the c-axis normal to the surface. Since the lattice parameters of AlN and Si are

significantly different, a domain-matching epitaxy was proposed as a possible mechanism for the

epitaxial growth.

Oxygen impurities in nitride thin films degrade their qualities because they lead to highly n-type

conduction that influences the electrical, optical, piezoelectric, and elastic properties of the film

[Jagannadham et al., 1998]. A key factor for obtaining high-quality oxygen-free AlN films was

found to be the elimination of the oxidation of the AlN target surface [He et al., 1998]. Even if the

deposition chamber was previously evacuated down to 2� 10�7 Torr, releasing of oxygen

impurities from the sintered polycrystalline AlN target was possible, as confirmed by SIMS analysis

on the films obtained [Jagannadham et al., 1998].

AlN thin films have also been deposited by laser ablation of an Al target in a reactive nitrogen

atmosphere [Verardi et al., 1997a, 1997b].

The properties of PLD-deposited AlN films, reported over the last few years, are listed in

Table 20.1.

20.3 DIELECTRIC AND PIEZOELECTRIC PROPERTIES

20.3.1 Effects of Internal Stress and Other Factors on

Ferroelectric Piezoelectric Thin Films

In ferroelectrics the domain walls are a major contributor to the dielectric and piezoelectric

properties. For example, in piezoelectric ceramics at room temperature this contribution is about

70% to the dielectric and 66% to the piezoelectric response of the total response for PZT 52/48

[Zhang et al., 1994]. In PZT there exist two groups of domain walls: 180� walls and non-180� walls.
Their role is different since the first are not ferroelastically active and, therefore, contribute only to

the dielectric properties, while the second contribute to both responses. It is therefore important to

establish which domain-wall configuration is present and which is active under weak driving fields

or switching fields. This problem is even more complicated in thin films where the influence of

crystallographic orientation, substrate clamping, misfit strain, pinning of domain walls by defects

(grain boundaries, dislocations), oxygen vacancies, and the like are important. It has been shown, for

example, that in PZT thin films with thicknesses smaller than 1 mm the piezoelectric response due to

non-180� domain wall motion is limited [Trolier-McKinstry et al., 1997].

Systematic studies have only been seldom done, especially for PLD thin films, since the

separation of different factors is very difficult to achieve.

20.3.1.1 Internal Stress and Mechanical Constraint;

Domain Structure in Thin Films

The influence of mechanical constraint on the dielectric and piezoelectric behavior has been

observed, for example, in epitaxial PMN-PT 90/10 thin films grown on (001) LAO substrates, with

LSCO layers as top and bottom electrodes, all deposited by PLD [Nagarajan et al., 1999b]. It was

found that the full-width at half-maxima (FWHM) of the o scan around the (200) PMN-PT peak

gradually decreased from 0.69� to 0.49� when the film thickness increased from 100 to 400 nm,

indicating a decrease of local strain and an improvement in the crystallinity. Dramatic differences in

the dielectric and piezoelectric behavior of the films are shown in Figures 20.4 and 20.5,

respectively.

The value of the maximum relative dielectric constant em increased from about 250 for 100-nm to

about 1800 for 400-nm-thick films, while the temperature Tm of the dielectric maximum decreased

from about 200�C for a 100-nm-thick film to about 60�C (bulk value) for 400-nm-thick films. The

increase of dielectric constant was accompanied by an increase of the d33 coefficient from about

10 pm/V for the 100-nm film to about 85 pm/V for the 400-nm film. The shift of the temperature Tm
with respect to its bulk value was attributed to the presence of large internal compressive stress in
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very thin films due to unrelaxed heteroepitaxial stress and thermal stress. After the transition to the

relaxor state the average stress is transformed into a nonuniform stress distribution of alternating

sign whose amplitude is related to the stress state before the transformation, and therefore is larger in

thin films, as shown by the broader o scans of the thinner films. Consequently, thin films are much

stiffer, and, therefore, the dielectric constant as well as piezoelectric coefficient is smaller.

Nevertheless, clamping by the substrate changes the measured value of the piezoelectric coefficient

in films d
f
33 according to the equation: d

f
33 ¼ d33 � 2d31 � sE13=ðsE11 þ sE12) [Lefki and Dormans,

1994]. More general relations for the piezoelectric coefficients of substrate-clamped PZT films with

different orientations have been given in Ouyang et al. [2004, 2005].

Figure 20.4 Dielectric permittivity and the temperature of the dielectric maximum Tm as a function of film

thickness for an epitaxial PMN-PT 90/10 on LSCO/LAO. The inset shows the dependence of permittivity on

temperature for a 300-nm-thick film. Reprinted with permission from Nagarajan et al. [1999b], # 1999,

American Institute of Physics.

Figure 20.5 Longitudinal piezoelectric coefficient d33 vs. sweep voltage for different film thicknesses for an

epitaxial PMN-PT 90/10 on LSCO/LAO. Reprinted with permission from Nagarajan et al. [1999b], # 1999,

American Institute of Physics.
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A finite-element modeling (FEM) of piezoresponse in patterned ferroelectric thin films was used

to calculate the influence of substrate clamping [Li et al., 2004]. The analyses revealed that, besides

the intrinsic piezostrain, d33 measured through the surface displacement includes contributions from

the strain induced by substrate constraint, the substrate local deformation, and top electrode

deformation. The local deformation of the substrate significantly reduces the measured d33, while the

contribution of the top electrode is negligible when the film is free from constraint (lateral

dimensions of the patterned islands are comparable with thickness) or the film is fully clamped

by the substrate. Experimental measurements made by piezoresponse force microscopy on

two hetrostructures PbZr0.2Ti0.8O3/STO and PbZr0.5Ti0.5O3/STO/Si confirmed the FEM predictions

[Li et al., 2004].

Nagarajan et al. [2002] measured the intrinsic piezoresponse of PZT films in epitaxial patterned

PZT/LSCO/STO/Si heterostructures, by reducing the lateral dimensions of the patterned islands

below 1mm to eliminate the substrate clamping effect. Moreover, the PZT films were only 100 nm

thick to avoid complications from the formation of ferroelastic 90� domains. In these conditions, the

differences between measurements on continuous films and on patterned submicron capacitors could

be attributed only to substrate clamping effects. The d33 piezoelectric constant measured at different

electric fields on (a) a PZT 50/50 film and (b) a PZT 20/80 film is presented in Figure 20.6. The
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Figure 20.6 Piezoelectric response for (a) a PZT 50/50 film and (b) a PZT 20/80 film. The measurements have

been performed by AFM on a clamped 50-mm-diameter capacitor (open triangle symbols) and 0:5� 0:5 mm

capacitor (full square symbols). Reprinted with permission from Nagarajan et al. [2002], # 2002, American

Institute of Physics.

508 PIEZOELECTRICS



measurements have been performed by atomic force microscopy (AFM) on a clamped 50-mm-

diameter capacitor (open triangle symbols) and 0:5� 0:5 mm capacitor (solid square symbols). A

large difference is observed between d33 values measured on the clamped and laterally free PZT film,

for both compositions.

The substrate clamping effect has been observed also by studying the variation of domain

structure in epitaxial PbTiO3 thin films grown on MgO(001) and Pt(001)/MgO(001) following

patterning into discrete islands [Lee et al., 2004b]. The island sizes, patterned lithographically on the

same film of thickness of about 500 nm, varied between 100� 100mm2 and 2� 2 mm2. As the island

size decreased, the substrate clamping effect significantly reduced. The evolution of 90� domain

structure was investigated by reciprocal space mapping using syncrotron X-ray radiation. As the

island size reduced, some of the a domains turned into c domains due to the relaxed tensile strain, for

the film grown on MgO(001), while in the patterns grown on Pt/MgO the formation of 90� domains

was enhanced by the reduction in compressive misfit strain.

Thermodynamic calculations and phase-field simulations [Li et al., 2003] showed that the phase

diagram for a PZT film constrained by a substrate is drastically different from the corresponding

bulk stress-free phase diagram with different transition temperatures, stable ferroelectric phases, and

the position of the morphotropic phase boundary (MPB) between rhombohedral (R) and tetragonal

(T) phases.

Lee and Baik [2005] investigated experimentally the influence of substrate clamping on MPB in

PZT thin films. The coexistence of T and R phases in discrete epitaxial patterns was characterized as

a function of lateral dimensions of the islands as in Lee et al. [2004b]. The 600-nm-thick epitaxial

Pb(Zr0.55Ti0.45)O3 and Pb(Zr0.60Ti0.40O3 grown on Pt(001)/MgO(001) were highly rich in T phase,

although these compositions are rhombohedral in bulk, due to the two-dimensional film stress. As

the films were patterned progressively in smaller sizes, the misfit strain was relaxed and the phase

content was restored to the original R composition.

In ferroelectric thin films, especially in epitaxially grown films, the elastic strain induced by

lattice-matching constraints between the film and the substrate has a strong influence on crystalline

properties, domain structure, dielectric, ferroelectric, and piezoelectric properties. The knowledge of

different strain factors such as misfit strain, thermal strain, and transformation strain occurring near

the Curie temperature is crucial for tailoring the domain structure of ferroelectric thin films and,

ultimately, their physical properties. Over the last few years, several results on the influence of misfit

strain on ferroelectric thin films deposited by PLD have been reported (see the review in Alpay

[2002]).

Nagarajan et al. [1999a] have studied the effect of misfit strain on the microstructure and

electrical properties of PZT thin films and have changed the misfit strain by varying the film

thickness and studied the thickness effect on the domain formation of epitaxial PbZr0.2Ti0.8O3 grown

on LSCO/(001) (LAO) substrates. The nominal thickness of PZT films was varied from 60 to

400 nm. Two mechanisms for strain relaxation have been identified: misfit dislocation generation

at the deposition temperature and polydomain formation below the paraelectric-to-ferroelectric

transformation temperature. Polydomain formation in epitaxial films undergoing a phase

transformation is a mechanism that relaxes the total strain energy by formation of an a/c/a/c

polydomain structure, where the fraction of c domains depends on film thickness [Alpay and

Roytburd, 1998]. Analyses of the deposited heterostructures show that the first layers of PZT are

deposited on a highly strained LSCO layer therefore the PZT c-axis lattice parameter is higher in a

60-nm film than in a 400-nm film. This indicates that the epitaxial strain in the film relaxes as the film

thickness is increased. The c-domain abundance decreases continuously to a value of 67% for the

400-nm film, while the c-axis lattice parameter decreases from 0.416 nm for the 60-nm film to

0.413 nm for the 400-nm film, thus the 60-nm film is under very high in-plane compressive stresses.

The 300- and 400-nm films show a lattice parameter of 0.413 nm indicating almost full relaxation.

This was confirmed also from the tetragonal c/a ratio calculated from electron diffraction, which was

found to decrease from 1.08 in a 60-nm film to 1.051 in a 400-nm film. The cross-sectional images

also show that the relative volume fraction of the 90� domains increases with film thickness,
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confirming XRD results. The contraction of the c-lattice parameter is commensurate with the

relaxation behavior of the film. It begins to decrease when the film relaxes via polydomain

formation. The decrease in the c-lattice parameter causes a decrease in the tetragonal c/a ratio of the

ferroelectric layer, which influences the static and dynamic ferroelectric behavior.

The formation of a polydomain a/c/a/c pattern as a mechanism of strain energy relaxation in

epitaxial PZT films undergoing a cubic-tetragonal phase transformation and the role of 90� domain

walls on the nucleation of reversed domains have been discussed in Ganpule et al. [2000a]. The

investigated film was a 400-nm-thick epitaxial PbZr0.2Ti0.8O3 film grown on LSCO/(001) STO.

Piezoresponse microscopy, based on the detection of the piezoelectric response of the ferroelectric

thin fims when probed using an ac field, showed 90� domains (with c-axis in the plane of the film) of

width 20–40 nm and spacing 100 nm. Since the piezoresponse for the c-oriented domains is much

larger than for the a domains, it is possible to observe the a domains as regions of low piezosignal. It

has been confirmed that 90� domains do not switch under the experimental conditions, that is, a

maximum applied DC field of 10V, due to substrate clamping. However, Lee et al. reported the in

situ observation of ferroelectric 90� domain switching in epitaxial PbZr0.32Ti0.68O3 thin films by

synchrotron X-ray radiation [Lee et al., 2001]. It has been found that, within the experimental region

of electric field up to 24 kV/cm, a maximum 27.8% of 90� domains were reoriented.

It has been recently shown [Ma et al., 2005] that 90� domain movement gives a large extrinsic

contribution to the piezoresponse in patterned (1� 1� 1mm) PZT/LSCO/STO/Si heterostructures.

Due to decreased substrate clamping the movement of 90� domain walls in these islands increases

the effective d33 up to 400 pm/V, while in the continuous film the measured value is only 50 pm/V.

Bai et al. [2004] have shown that epitaxial constraint in (001)-oriented BaTiO3 thin films induces

a dramatic increase in the temperature of the tetragonal structural phase transition. For 200-nm-thick

films grown by PLD on STO substrates a tetragonal-cubic phase transition was found on heating at

about 680�C, whereas for films of the same thickness grown on a buffer layer, which relaxes the

epitaxial constraint, the transition occurs almost at the same temperature as in bulk crystals (130�C).
The influence of the strain type (expansion or compression) was investigated by Nagarajan et al.

[2000] in 100-nm-thick PMN-PT 90/10 epitaxial films grown on (001) (LAO), (La,Sr)(Al,Ta)O3

(LSAT), STO, andMgO substrates with top and bottom LSCO electrodes. XRD results indicated that

films on LAO, LSAT, and STO were biaxially stressed in compression in the film–substrate interface

while the films on MgO are stressed in tension. An increase of the dielectric constant and the

piezoelectric coefficient d33 and a decrease in the temperature of the dielectric maximum Tm was

observed with decreasing in-plane epitaxial compressive stresses. Films with in-plane tension

(grown on MgO) showed the highest dielectric constant and piezoelectric coefficient. A variation of

in-plane strain from � 0.46% (LAO) to þ 0.32% (MgO) induces a variation in dielectric constant (at

room temperature) from about 400 to 2000 and a variation of d33 from about 10 pm/V to about

60 pm/V.

Lee and Baik [2000] found strong effects of misfit strain on domain formation of epitaxial

PbTiO3 thin films grown on MgO(001) substrates by PLD. They have investigated the effects of

relaxation of elastic misfit strains induced by heteroepitaxy on domain formation. The thickness-

dependent evolution of twin domain structures was characterized by two-dimensional reciprocal

space mapping using a synchrotron X-ray source. Figure 20.7 shows two-dimensional reciprocal

space mapping results on the HK plane of PbTiO3 (100) reflections, which gives information about

the evolution of a domains.

It can be observed that directional tilting of a domains starts to develop for films 650 Å thick and

shows a complete splitting at 2000 Å. The dependence of domain population on film thickness was

closely related to an effective misfit strain at the growth temperature. High tensile misfit strain acts

against c-domain formation in very thin films.

Recently, Kim et al. [2004a] investigated the effect of a compressive misfit strain on the

ferroelectric domain structure in PT films with different thicknesses grown epitaxially on Pt(001)/

Mg(001) substrates. Unlike the films grown directly on MgO(001) substrates [Lee and Baik, 2000],

PT films grown on an epitaxial Pt interlayer experienced compressed misfit strain at the growth
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temperature (650�C) because Pt has a smaller lattice constant than PT. At the Curie temperature PT

film transformed to almost a fully c-axis-oriented structure due to the large compressive strain. As

the film thickness increased, relaxation of the compressive misfit strain was enhanced, reducing the

initial c-domain abundance. The domain structure and switching behavior were investigated by

using scanning force microscopy, and direct evidence of a-domain switching was observed under an

external electric field [Kim et al., 2004b]. However, its contribution to the total piezoelectric

response was found to be negligible. Thinner epitaxial PT films with higher c-domain population and

larger tetragonality presented higher d33 piezoelectric coefficients, indicating that the key factor

controlling the piezoelectric response in these films is not the a-to-c domain switching but

apparently the population of c domains and their tetragonality [Kim et al., 2004b].

Goh et al. [2005] showed that avoiding the tensile stress in the growth of ferroelectric PZT thin

films leads to films with improved ferroelectric properties. A granular pseudoepitaxial thin film was

deposited on an LSMO/YBCO/YSZ heterostructure template. Despite the imperfect epitaxial

quality, the PZT thin film exhibited a larger remanent polarization than an epitaxial PZT thin film.

This improvement is attributed to the partial relief of the tensile stress due to the granular

pseudoepitaxial structure with nanometer-sized pores.

20.3.1.2 Dielectric Passive Layers

Many works report lower values for the dielectric, ferroelectric, and electromechanical properties in

thin films than in bulk. This has been attributed to different factors such as depolarization fields, the

junction between the film and the electrode, the presence of nonswitching passive layers, and the

presence of intrinsic dead layers [Tagantsev et al., 1995a; Miller et al., 1990; Watanabe, 1998].

Analysis of the behavior of relaxor ferroelectric thin films assimilating the heterostructure with a

stacked capacitor formed from a relaxor ferroelectric layer and a nonswitching, passive, low-

permittivity dielectric layer permitted the true dielectric properties to be obtained, as reported in

Tyunina and Levoska [2001]. The investigated heterostructures (obtained by in situ PLD

Figure 20.7 XRD contour maps for HK-reciprocal space of PbTiO3 (100) reflections showing the evolution of

a domains as a function of film thickness. Reprinted with permission from Lee and Baik [2000], # 2000,

American Institute of Physics.

DIELECTRIC AND PIEZOELECTRIC PROPERTIES 511



deposition) were formed of (001) PMN-PT films over (100) La0.5Sr0.5CoO3/(100)MgO. Figure 20.8

shows dielectric permittivity e vs. T for three sets of heterostructures with small microstructural

differences. A broad maximum in e around 150�C and a high-frequency dispersion of e can be

observed.

The maximum of the dielectric constant em shifted to higher temperatures with increasing

frequency, as in bulk samples, but its absolute value was considerably smaller. After applying the

stacked capacitor model (detailed analysis can be found in Tyunina and Levoska [2001]), the

reconstructed dielectric response was obtained (Fig. 20.9) and shows high values for the PMN-PT

film, similar to bulk values.

20.3.1.3 Depletion Layers

In thin films depletion layers (layers poor in charge carriers) are formed at the film–electrode

interfaces due to different work functions [Tagantsev et al., 1995b]. They are responsible for the

variation of film properties with thickness, as, for example, in the results reported by Wakiya et al.

[2001] (Fig. 20.10) for heteroepitaxial (001)PMN/(001)LSCO/CeO2/YSZ/Si(001).

It can be observed that the dielectric constant dramatically decreases from 800 to very low values

when the film thickness decreases from 130 nm to a few nanometers. This effect was attributed to the

depletion width (the depletion width reported for ferroelectric perovskite oxides is about 6 nm

[Scott, 1999]). The drastic increase of current density and dielectric loss was attributed to Fowler–

Nordheim tunneling.
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Figure 20.8 Dielectric permittivity for three sets of PMN-PT68/32/LSCO/MgO heterostructures. Reprinted

with permission from Tyunina and Levoska [2001], # 2001, American Physical Society.
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20.3.1.4 Oxygen Vacancies

The number of oxygen vacancies plays an important role in the dielectric properties of the film. They

can be created either by modifying the basical target composition with suitable dopants (e.g., K or Fe

in PZT) or by growing films in a low-pressure oxygen ambient. Oxygen vacancies can move within

the oxygen octahedral network; therefore, the defect dipoles will align parallel with the polarization

vector in the domains and stabilize the domain structure. Further reorientation of domains by

external fields will require reorientation of aligned defect dipoles, and the field and time response of

the ferroelectrics will thus be modified.

The influence of oxygen content on dielectric and electromechanical properties of (001) PMN

films deposited epitaxially on (001)LSCO/(100)MgO was reported in Catalan et al. [1999], where

varying the oxygen pressure during deposition changed the oxygen content of the films. The

observed increased frequency dispersion above the temperature of the dielectric permittivity peak Tm
was attributed to the space-charge field produced at the dielectric–electrode interface, whose

intensity is directly correlated to the density of oxygen vacancies [Fukuda et al., 1996]. Films with

high oxygen content (reduced number of oxygen vacancies) show reduced dielectric relaxation

above Tm, low DC voltage-driven leakage current, and high electromechanical strain.

Recent studies [Wu et al., 2004, 2005a] showed the influence of oxygen vacancies on polydomain

formation in epitaxial Pb(Zr0.52Ti0.48)O3 films grown on LSMO/LSAT(001) substrates. After

annealing at reduced oxygen pressures, it was found that oxygen vacancies created at the PZT

bottom interface drive the polydomain formation in PZT films well below the Curie temperature, by

introducing a strain gradient at the interface.

Oxygen vacancies are also responsible for the gradual reduction of switchable polarization after

repeated alternating voltage pulses or switching cycles (fatigue). Fatigue is induced by dense oxygen

vacancies or point defects accumulating near the PZT–Pt interface after some switching cycles, due

to an internal electric field in the Schottky barrier [Yan et al., 2003, and references therein]. However,

adding a (Ba0.5Sr0.5)TiO3 buffer layer between the Pt electrode and the PZT film (or using an oxide

Figure 20.9 Reconstructed dielectric permittivity of the relaxor PMN-PT 68/32 film, without the dielectric

passive layer. Reprinted with permission from Tyunina and Levoska [2001], # 2001, American Physical

Society.
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electrode) allows absorption of the oxygen vacancies from the PZT film and hence hetero-

structures with good fatigue properties. As has been shown in Gerber et al. [2005], the study of

ferroelectric fatigue is of interest not only for ferroelectric heterostructures but also for piezoelectric

microdevices.

The role of oxygen vacancies on the high frequency dielectric properties of epitaxial

(Ba0.5Sr0.5)TiO3 thin films has been investigated by Kim et al. [2000]. Films with a high content of

oxygen vacancies show a higher dielectric constant (e � 500) and low dielectric loss (tan d � 0.02).

At high frequencies an increased number of oxygen vacancies enhances the total polarizability by

increasing the number of defect dipoles [Park and Chadi, 1997].

The influence of the motion of oxygen vacancies on the dielectric response in PLD (Ba, Sr)TiO3

was reported by Saha and Krupanidhi [2000]. The value of the activation energy (about 1 eV) for the

oxygen vacancies within the film was found from Arrhenius plots of both alternating and direct

current (AC and DC) conductivities in reciprocal Torrs.

20.3.1.5 Orientation Dependence

Dielectric, ferroelectric, and piezoelectric properties of thin films depend on the film orientation.

A recent review of experimental results showing this dependence can be found in Craciun et al.

[2002].

Optimal ferroelectric properties of Bi3.25La0.75Ti0.3O12 of uniform a-axis orientation on Si

substrates have been reported by Lee et al. (remanent polarization of about 32mC/cm2) [Lee et al.,
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Figure 20.10 Variation of dielectric constant and loss of a heteroepitaxial PMN/LSCO/CeO2/YSZ/Si(001)

structure with PMN thickness. Reprinted from Wakiya et al. [2001], # 2001, with permission from Elsevier.
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2002b; Lee and Hesse, 2002]. The c-axis-oriented films, which are much easier to grow, have a

negligible polarization component along the film normal, since the vector of the major spontaneous

polarization is along the a-axis. The orientation dependence of ferroelectric properties and fatigue

behavior in Pb(Yb1/2Nb1/2)O3–PbTiO3with 40%PTand 50%PT have also been reported by Bornand

and Trolier-McKinstry [Bornard and Trolier-McKinstry, 2000; Bornard et al., 2000].

Figure 20.11 shows the importance of film orientation on the piezoelectric properties of PZT.

Epitaxial films show a d33 piezoelectric coefficient of about twice that of fiber textured, and six times

higher than in randomly oriented films [Ramesh and Schlom, 2002]. Recent papers [Ouyang et al.,

2004, 2005] showed the importance of orientation for clamped ferroelectric films. The intrinsic

effective piezoelectric coefficient e31 has been numerically evaluated for PZT films with different

compositions and orientations. Thus it has been found that for a rhombohedral PZT film e31 is

maximized for the orientation (001) rotated 54.7� away from the polar direction [111], while for a

tetragonal film this happens along the polar direction (001) [Ouyang et al., 2005].

A study of orientation effect on nanoscale polarization and dielectric and piezoelectric properties

was reported in [Kim et al., 2005]. BaTiO3 (BT) thin films have been deposited by PLD on Pt and

LSCO/Pt electrodes. BT films grown on Pt exhibited highly (101) preferred orientation with higher

in-plane polarization components, whereas films grown on LSCO/Pt showed (001) and (101)

orientations with higher out-of-plane polarizations. The measured dielectric constant and

piezoelectric d33 constant were 570 and 14.3 pm/V for the former and 1000 and 54 pm/V, for the

latter, respectively.

In relaxor ferroelectric thin films the orientation is crucial for obtaining electromechanical and

piezoelectric properties similar to those of single crystals, where the best properties are obtained

along the (001) direction for rhombohedral compositions. Electrical properties approaching those of

bulk single crystals have been reported in Maria et al. [1998] for epitaxial (001) PMN-PT 70/30

grown on SRO/LAO substrates by PLD.

20.3.2 Finite Size Effects

Variations in critical temperature, polarization, and related properties with respect to the corresponding

bulk values have been found in ferroelectric piezoelectrics, especially when the grain size is decreased

to a few tens of nanometers. The understanding of finite size effects is essential since they ultimately

limit the miniaturization of devices based on these materials. The critical size below which the

ferroelectric state becomes unstable has been determined by increasingly precise methods. Surface or

Figure 20.11 The influence of film orientation on the piezoelectric properties of PZT thin films. Reprinted

from Ramesh and Schlom [2002], with permission.
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interface effects should strongly affect polarization stability in nanosized ferroelectrics since the

translational invariance of the system is broken on the surface and the local symmetry and behavior

of soft modes is changed. In Li et al. [1997] mean-field theory was used to examine ferroelectric

phase instability in perovskite ferroelectrics. A critical thickness of 4 nm for PbTiO3 and 8 nm for

Pb(Zr0.5Ti0.5)O3 was predicted. Experimental results have confirmed the existence of grain size effects

in ferroelectric materials (see references in Craciun et al. [2002]).

Over the past years many studies on size effects in piezoelectric films have also been performed

[Keijser et al., 1991; Glinchuk et al., 2003; Nagarajan et al., 1999b; Tybell et al., 1999; Roytburd

et al., 2000; Tuttle et al., 1995; Waser, 1997; Wu et al., 2005b]. They include not only crystallite size

but also film thickness effects. The most frequent finite size effects are variation of lattice

parameters, changes in ferroelectric domain configuration, phase transition type, and critical

temperature. It has been shown by Chattopadhyay et al. [1998] that c-axis-oriented films of the

antiferroelectric PbZrO3 deposited on Si by PLD have antiferroelectric behavior for films with

thicknesses greater than 300 nm, and an apparent ferroelectric behavior when thinner than 300 nm.

The ferroelectric parameters of, for example, 260-nm-thick films were spontaneous polarization

Ps ¼ 31 mC/cm2, coercive field Ec ¼ 100 kV/cm, and remanent polarization Pr ¼ 23mC/cm2.

Moreover, often the quality of grain boundaries, porosity, or presence of segregated phases will also

influence physical (especially electrical) properties.

Recently,Wu et al. [2005b] found essential differences between ferroelectric properties of

ultrathin films and bulk crystal. By using a first-principle-based approach, the strain–temperature

phase diagram of Pb(Zr0.5Ti0.5)O3 with a thickness of four unit cells was investigated. A rich variety

of ferroelectric phases was found, including monoclinic phases and a vortex stripe domain forbidden

in the bulk crystal.

A systematic investigation of thickness size effects in epitaxial c-axis-oriented PbZr0.2Ti0.8O3

grown on SRO/STO substrates with thicknesses varying from 80 to 4 nm has been reported in

Nagarajan et al. [2004]. It has been found that down to 15 nm there is no observable drop in the

switchable polarization, while below 15 nm it progressively decreases to approximately 11 mC/cm2

for the 4-nm film.

A search for critical thickness of BaTiO3 films is presented in Kim et al. [2005b]. Ultrathin films

with thicknesses ranging betweem 30 and 3 nm have been epitaxially grown by KrF-PLD as fully

strained SRO/BT/SRO heterostructures on STO substrates. Ferroelectricity has been proved for films

thicker than 5 nm by measuring polarization versus electric field hysteresis loops. Phase diagrams of

epitaxial BaTiO3 ultrathin films obtained from first-principles calculations are presented in Lai et al.

[2005].

Grain size effects have been found to influence the piezoelectric coefficient of PMN-PT 90/10

thin films deposited by PLD on LSCO/Pt/Ti/SiO2/Si(100) substrates [Shvartsman et al., 2002]. The

piezoelectric d33 coefficient was locally measured by SFM, from piezoelectric hysteresis loops

acquired in the interior of grains of different sizes. Small grains (about 100 nm) exhibit low d33
values, whereas relatively strong piezoelectric activity was found in larger grains.

20.3.3 Domain-Wall Pinning and Relaxation

The field dependence of the permittivity and piezoelectric properties in ferroelectric thin films at low

fields has been analyzed with the Rayleigh model of domain-wall dynamics [Damjanovic, 1998;

Damjanovic and Robert, 2002]. It has been found that the dielectric permittivity of PZT thin films

[Taylor and Damjanovic, 1997] shows a linear dependence on the AC field amplitude, which was

attributed to the pinning of domain walls on randomly distributed defects.

Figure 20.12 shows the frequency dependence of the dielectric constant for (001þ 110)-oriented

PMN-PT (68/32) and 0.58 (PbSc1/2Nb1/2O3)–0.42 PT (PSN-PT 58/42) grown by PLD on LSCO/

MgO(100) [Tyunina et al., 1999], to a film thickness of 250 nm. For PMN-PT the dielectric constant

shows an almost linear decrease with the logarithm of frequency between 100Hz and 100 kHz,

followed by a sudden decrease.
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A similar dependence was reported also in Craciun et al. [2005] for relaxor PLZT 22/20/80 thin

films grown by RF-PLD on Pt/Si. While in ferroelectrics the linear decrease of the permittivity with

the logarithm of field frequency was attributed to domain-wall pinning processes [Taylor and

Damjanovic, 1997], in relaxors it has been shown that a logarithmic decay with frequency of the

dielectric constant is obtained with a uniform distribution of the relaxation times [Kamba et al.,

2000]. Indeed a wide distribution of relaxation times is the typical feature of relaxor dynamics.

Ferroelectric aging has been also observed in ferroelectric thin films [Grossmann et al., 2002, and

references therein]. It is suggested that the mechanism responsible for the logarithmic time decrease

of permittivity in ferroelectric thin films is different from that found in bulk ferroelectrics, where

oriented defect dipoles clamp the domain walls in their current position and, hence, lead to a

reduction of the domain-wall mobility contribution to the dielectric constant. In PbZr0.3Ti0.7O3 thin

films doped with different concentrations of Fe-acceptor or Nb-donor dopant additions, the time

decrease of permittivity is related to the interfacial capacitance decreasing in time, due to a

temperature-activated increase of the thickness of the surface layer.

Polarization relaxation in ferroelectric thin films has been investigated by Ganpule et al. [2000b]

in epitaxial 400-nm-thick PbZr0.2Ti0.8O3 films grown on a LSCO/(001)STO substrate. Piezo-

response images of the surface of the PZT film evidenced the presence of long, needlelike

orthogonal structures that have been identified to be 90� twin domains that formed to relax the misfit

Figure 20.12 Dependence of dielectric constant and loss on frequency for a PMN-PT 68/32 (upper graph) and

a PSN-PT 58/42 thin film. Reprinted with permission from Tyunina et al. [1999],# 1999, American Institute of

Physics.
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and thermal strains. The relaxation kinetics have been investigated by switching a 3-mm � 3-mm

area of the sample from its original state to the reversed state and by recording piezoresponse

images as a function of time, from a few minutes to several days. The observations made on a 200-

nm � 200-nm cell (Fig. 20.13) showed an initial time period t0 (about 1 h) for the nucleation of the

first reversed domain. During this time, there was no measurable evidence of reversal in the

investigated area. As the relaxation proceeded, other secondary nuclei were formed (Fig. 20.13c)

and ultimately coalesced with the primary nuclei (Fig. 20.13d). Figure 20.14 plots the fraction of the

Figure 20.13 Piezoresponse scan of a 200� 200 nm area in PbZr0.2Ti0.8O3 thin film that was switched into the

opposite polarization. Figures (b)–(d) illustrate the spontaneous reversal of polarization within this region after

wait times of (b) 2:8� 103, (c) 5:7� 103, and (d) 1:8� 104 s. Reprinted with permission from Ganpule et al.

[2000b], # 2000, American Institute of Physics.
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Figure 20.14 Fraction of reversed domains vs. time for the same area shown in Figure 20.13. Reprinted with

permission from Ganpule et al. [2000b], # 2000, American Institute of Physics.
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reversed region f as a function of time t. The best data fit was obtained with a stretched exponential

law f ¼ 1� e�kðt�t0Þn, with parameters t0 ¼ 2530 s, k ¼ 0:011, and n ¼ 0:39. Stretched exponential
relaxation phenomena are observed in many materials including magnetic spin glasses and

ferroelectric relaxors. A possible explanation in the case of ferroelectric PZT thin films is related to

the transport of point defects to and away from domain surfaces [Ganpule et al., 2000b].

Local piezoresponse force microscopy (PFM) has been employed to study the relaxation of

the induced d33 piezoelectric coefficient in 250-nm-thick epitaxial relaxor PMN thin films grown

on (001)LSCO/(001)MgO [Shvartsman et al., 2005]. Without a DC bias, no piezoelectric activity

was measured, while applying DC voltage pulses of sufficiently large magnitude produced

ferroelectric-like order and hysteresis. By applying short voltage pulses of 1.5–2V, a

reorientation of the polar clusters and their subsequent corsening was obtained. After removing

the field, the piezoresponse slowly relaxed, probably due to the thermally activated breakup of

grown domains. The relaxation of the induced piezoresponse was found to be a two-stage

process with the kinetics governed by the Kohlrausch–Williams–Watt type of dependence

[Shvartsman et al., 2005, and references therein].

20.4 APPLICATIONS

Piezoelectric thin films have a wide range of applications that are continually extended to new

devices. Mature fields are high-frequency (HF) devices (resonators, filters, etc.) for telecommu-

nication systems, where low-loss nonferroelectric piezoelectric thin films like ZnO and AlN are

mostly employed, and MEMS, generally based on highly efficient ferroelectric piezoelectric

films.

Applications that exclusively involve the ferroelectric properties, such as ferroelectric memories,

are not discussed here (for a review article see Scott [1998]). Furthermore, tunable ferroelectric

microwave devices, based on the field dependence of permittivity, are also not included (see Chapter

21 for more on these topic areas). Many of the listed applications have been based on piezoelectric

thin films grown by other methods. Nevertheless they have been presented since they can equally

well be fabricated via PLD.

20.4.1 Microelectronic Devices

These devices are employed in a wide range of telecommunication applications. The requirement for

higher transmission data rates imposes the need for systems with wider transmission bandwidths and

higher frequencies and reflects a strong developmental requirement for high-frequency devices

based on thin piezoelectric films. One of the most developed field is wireless networks in the

spectrum from 0.5 to 6GHz (mobile phones, satellite communication, navigation), where there is an

increasing need for high-performance frequency control devices such as front-end filters that protect

receivers from adjacent channel interference [Lakin, 1999]. The required bandwidth amounts

typically to 2–4% of the carrier frequency. Review articles on these applications can be found in the

literature [Lakin, 1999; Muralt and Lanz, 2002].

20.4.1.1 Surface Acoustic Wave (SAW) Devices

Most devices (filters, resonators, delay lines, etc.) are based on surface acoustic waves that are

excited by means of interdigital electrodes (IDT). The wave propagates to a second IDT, where it is

partially reconverted into an electrical signal. The periodicity of the IDT must correspond to the

wavelength. Awide range of SAW devices are produced commercially [Krishnaswami et al., 1993]:

intermediate frequency (IF) filters for TV receivers, delay line tunable oscillators for mobile radio,

bandpass filters, programmable tapped delay lines for radar applications, correlators, acoustooptic

devices, and the like. Applications of SAW devices are limited below 5GHz since at high
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frequencies the strip widths required in transducers are very narrow (below 1 mm), which causes

fabrication problems.

Various SAW filters have been constructed for different applications and some of the references

include Ieki and Kadota [1999] and Tomabechi et al. [1999]. For example, filters reported in Ieki and

Kadota [1999] are based on the Sezawa wave on a ZnO/sapphire substrate combination, due to the

low loss. Epitaxial ZnO films with thickness of about 1mm were grown by RF planar magnetron

sputtering. The SAW filters produced had low insertion loss and are compatible with mass

production. These devices, produced by Murata (Japan), are used in the following applications:

front-end filters of receiving circuits in Japanese digital cellular PDC1500 handsets, filters for GPS

receivers, filters for mobile satellite communications, and so forth.

Recently, high-quality ferroelectric thin films such as PZT have been grown epitaxially on

different substrates, thus allowing their use in high-frequency devices. A nonconventional SAW

device based on piezoelectric transducers consisting of a series of ferroelectric domains with

alternating polarization states was realized using high-quality epitaxial Pb(Zr0.2Ti0.8)O3 grown by

off-axis magnetron sputtering on metallic (001) Nb-doped STO substrates [Kumar et al., 2004]. The

artificial modification of the ferroelectric domain structure was performed by using an atomic force

microscope tip as a source of electric field, allowing local switching of the polarization. SAW

devices with central frequencies in the range 1.50–3.50GHz have been obtained with a modulation

wavelength of polarization of 1.2 and 0.8 mm.

20.4.1.2 Bulk Acoustic Wave (BAW) Devices

In the past years a considerable effort has been directed toward BAW resonators [Krishnaswami

et al., 1993]. In these devices the resonant frequency is related to the longitudinal wave velocity

and to the thickness of the piezoelectric film and frequencies as high as 10GHz have been

obtained. As thin films are grown on substrates, an ultrasonic wave excited in the piezoelectric

thin film is not totally reflected at the film–substrate interface, but partially propagates in the

substrate and only a certain fraction of mechanical energy is reconverted into the electrical signal.

This can be prevented by etching the substrate locally below the film, thus obtaining quasi-

free-standing resonators called thin-film bulk acoustic resonators (TFBAR). A second method

consists of applying an acoustic reflector to send the acoustic power back into the piezoelectric

thin film. This device is called a solidly mounted resonator (SMR). The reflector consists of a set

of quarter-wave layers of alternating high and low acoustic impedance materials. Such BAW

resonators are produced by several companies. The most suitable materials used in SAW and

BAW devices are AlN and ZnO. A summary of their relevant properties for these applications is

given in Table 20.2 [Lakin, 1999]

Different types of BAW resonators (SMR and TFBAR) based on RF-sputtered AlN thin films

have been reported by Dubois and Muralt [Dubois and Muralt, 1999; Dubois et al., 1999]. The

acoustic isolation from the substrate was achieved by micromachining an air gap on the backside of

TABLE 20.2 Summary of AlN and ZnO Thin Films Properties Relevant to

Filter Bandwith Applications

Property AlN ZnO

Velocity (m/s) 11300 6080

K2, piezoelectric coupling coefficient (bulk value) (%) 6.5 8.5

K2
eff , effective coupling coefficient (film value) (%) 6 7.5

Temperature coefficient, frequency (ppm/�C) � 25 � 60

Temperature coefficient, SMR � 20 � 48

Required filter bandwith (MHz) 64.3 70.3

Required filter bandwith (%) 3.42 3.74

Reprinted with permission from Lakin [1999], # 1999 IEEE.
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the resonating structure or alternatively by a set of l/4 thick layers between resonator film and the

substrate to serve as an acoustic reflector. The reflector stack of the SMR consisted of five pairs of

AlN and SiO2 layers. A schematic drawing and a top view of the SMR device is shown in

Figure 20.15. Its fundamental frequency was 2.4GHz.

The structure of a TFBAR device is shown in Figure 20.16. The fundamental frequency of the

resonator was 3.6GHz, and the temperature coefficient of frequency was very small. This type of

resonator is suitable for production of acoustic filters for wireless communication devices.

The construction of TFBARs based on ZnO thin films has been reported in Osbond et al. [1999],

with a resonant frequency of about 2GHz. The design of a passband ladder filter, based on TFBAR

elements connected in series and parallel, was also presented.

Bulk acoustic wave transducers based on PLD-deposited ZnO films have been reported in Verardi

and Dinescu [1995], with resonant frequencies of 1.9 and 2.9GHz. Small conversion losses and high

coupling coefficient have been obtained. Other BAW devices based on PLT thin films have been

proposed by Yamada et al. [1999], and devices operating at 1.4 and 2GHz with effective coupling

coefficients of 11 and 9.4 %, respectively, have been reported.

The possibility of the use of PZT thin films in the ultra-high-frequency (UHF) range has also been

demonstrated [Hanajima et al., 1997]. BAW membrane transducers were constructed by employing

PZT thin films obtained by the sol–gel technique on Pt–Si substrates with subsequent

micromachining. Transducers with a resonant frequency of 1.7GHz and a high electromechanical

coupling coefficient have been reported.

electrodes

H
L

AIN

AI
Pt

Reflector: acoustic Bragg

grating

250 µm

Figure 20.15 A schematic drawing of the cross section of a SMR device (left) and a top view. Reprinted with

permission from IEEE. From Muralt and Lanz [2002], Setter [2002], and Dubois et al. [1999].

Al top electrode

Pt bottom electrode

Si substrate

SiO2

Si3N4

λ/2 AIN film

Figure 20.16 Schematic drawing of a TFBAR device. Reprinted with permission from Dubois and Muralt

[1999], # 1999, American Institute of Physics.

APPLICATIONS 521



20.4.2 Microelectromechanical Systems (MEMS)

One of the most important fields of applications of piezoelectric thin films is MEMS. These systems

integrate electromechanical microdevices with microelectronics. An article that reviews the current

state of integration and device fabrication of piezoelectric thin films, and especially of PZT, in

MEMS can be found in Muralt et al. [2002]. Examples of MEMS based on piezoelectric materials

are ultrasonic micromotors, linear microactuators, micropumps, transducers for ultrasound imaging,

microaccelerometers, and the like. In MEMS working at frequencies up to a few megahertz, most

materials used are ferroelectric, especially PZT thin films. Usually flexural structures are employed

in order to amplify deflection and strain response. High-frequency applications in RF-MEMS

employ piezoelectric thin films with very low losses in the 2- to 10-GHz range such as AlN and ZnO,

even if they are less efficient in transduction, and they are based on standing bulk acoustic waves

across the film thickness.

There are some problems related to the integration of piezoelectric/ferroelectric materials in

MEMS. PLD offers the advantage of in situ growth of crystalline films at relatively low

temperatures, with stoichiometric composition without postannealing treatments. Nevertheless PLD

cannot be considered as a large-scale production technique for functional layers in MEMS, unless

critical problems related to low-cost technology of piezoelectric thin films with reproducible and

stable properties have been solved.

20.4.2.1 Ultrasonic Micromotors

Ultrasonic microactuators present various advantages, due to their small volume, flatness, and high

torques at low speeds [Muralt et al., 2002; Muralt, 1999]. They are based on the conversion of a

standing flexural wave excited in a thin silicon membrane (stator) by a piezoelectric thin film, into a

rotation by a rotor that has tilted elastic legs or fins. A schematic design of a device described in

Muralt et al. [1995] is shown in Figure 20.17. The rotor moves inside the etched cavity to release the

compression produced by the stator deflection on the elastic fins and transmitted through friction

(see the enlarged part in the inset in Fig. 20.17). When the membrane moves toward the fins, these

are bent but do not slip because of frictional forces, so the rotor turns in order to release the

compression; when the membrane moves away from the fins, these are decompressed and free to

glide, following the rotor. The membrane of the stator was obtained by silicon bulk micromachining.

The active layer is a PZT thin film of thickness 1 mm obtained by sol–gel chemical solution

deposition. The silicon membrane was about 50mm. In comparison with electrostatic micromotors,

ultrasonic motors need about 30 times less voltage for the same torque, support normal loads, and

gear

rotor

electrode membrane

centering wheel

spacer

Si water

fin

Figure 20.17 Construction of an ultrasonic micromotor. Reprinted from Muralt et al. [1995], # 1995, with

permission from Elsevier.
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have a flat profile. Therefore ultrasonic micromotors show attractive features for different

applications as, for example, in wristwatches.

20.4.2.2 Bimorph Microactuators

The construction of a low-voltage cantilever bimorph actuator has been reported by Lappalainen et

al. [1995]. The bimorph actuator structure consists of a bending Si cantilever (50 mm thick) on which

Pt electrodes and Nd-doped PZT layers have been deposited by PLD. This device can be employed

in many actuator applications where accurate positioning is needed. Moreover, it can be used as a

motion sensor or accelerometer in hydrophones and the like. A similar device has been realized by

Gaucher et al. [1998].

20.4.2.3 Microvalve Matrix Using Piezoelectric Actuators

A microvalve matrix for gas flow control, based on a PZT thin film, was proposed by Watanabe and

Kuwano [1997]. This device is based on a large number of microvalves integrated on the same small

area. Each microvalve can be open or closed via the piezoelectric effect by a controller and can

handle a very small gas flow. While generally microsystems have relatively large error, the proposed

microvalve matrix can control gas flow very precisely in very small steps over the range from zero

flow to fully open flow by digitally opening and closing the appropriate number of valves.

20.4.2.4 Imaging Microtransducer Arrays

Different MEMS applications of piezoelectric films with ferroelectric properties have been

demonstrated in Xu et al. [2000]. Megahertz-range two-dimensional transducer arrays for

miniaturized, high-resolution acoustic imaging have been developed. Potential applications of

these devices include hand-held diver‘s sonar, medical ultrasound imaging, and nondestructive

testing. The two-dimensional arrays with a resonant frequency at 0.8MHz were fabricated using

PZT thin films deposited by the sol–gel technique on Pt-buffered Si wafers. By silicon

micromachining technology an array of 8� 8 transducers can be made in an area of about

14:5� 14:5mm2, with nine such arrays in one wafer, being thus cost effective for mass production.

An acoustic lens using such a design has been produced by Cosmo Optics Inc. (U.S.A.).

20.4.2.5 Microelectromechanical Systems for Blood Testers

A microelectromechanical blood tester based on SAW was described by Uchino [2002]. PZT thin

films are deposited on a silicon wafer that is then micromachined to leave a membrane for

fabricating MEMS. Figure 20.18 illustrates a blood tester developed by Uchino in collaboration with

Omron Corporation (Japan). Applying a voltage to two surface interdigital electrodes, the PZT film

Inlet Inlet

Outlet
Glass

wafer

SiO2/Si

Top

electrode
Bottom

electrodePZT IDT s

Figure 20.18 Structure of a PZT/silicon MEMS blood tester device. Reprinted with permission from Uchino

[2002].
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generates surface membrane waves that soak up blood and the test chemicals from the two inlets,

then mix them in the center part, and send the mixture to the monitor part through the outlet.

20.4.2.6 Scanning Force Microscopy Microcantilever

A piezoelectric force-sensing microcantilever for use in dynamic scanning force microscopy (SFM),

based on a PZT thin film, was reported in Lee et al. [1997]. This device overcomes the inconvenience

of the external optical sensing of cantilever deflection and thus allows the development of

miniaturized stand-alone SFMs. Among other force sensors (piezoresistive and capacitive), the

piezoelectric cantilever is the most appropriate for dynamic SFM since it can be excited by an

applied AC voltage without disturbing the sensing. Moreover, it can perform both the actuation of z-

axis tip-sample separation as well as the self-force sensing, while the other two sensors must be

combined with the z-axis displacement actuator.

A schematic drawing of the piezoelectric force sensor based on PZT thin films, obtained by the

micromachining technique, is shown in Figure 20.19. The resonant frequency of the cantilever was

about 180 kHz for a cantilever length of about 125mm. The PZT film was obtained by sol–gel

deposition with a thickness of about 1mm. The sensitivity was about 1 fC/m, a value 4.5 times larger

than the sensitivity of ZnO force sensors.

Applications of PZT thin films in a self-oscillating piezoelectric cantilever used in high-vacuum

SFM has been reported in Chu et al. [1997].

20.4.2.7 Pulse Wave Sensor

Flexible pulse wave sensors based on AlN piezoelectric thin films were proposed by Akiyama et al.

[2003]. These are more suitable than traditional pulse wave sensors for use in preventive medicine

(e.g., hypertension and cardiac failure risk) because they do not need direct contact on an arm and

thus can be used for long-term continuous monitoring. Figure 20.20 shows a sketch of the sensor

made of AlN layers of thickness 1mm deposited by RF sputtering on aluminum foils of 16 mm.

Figure 20.19 Schematic drawing of a piezoelectric force sensor based on a PZT thin layer. Reprinted with

permission from Lee et al. [1997], # 1997, American Institute of Physics.
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The AlN layer is columnar and oriented with the c-axis perpendicular to the substrate. Due to the

double AlN layer the sensor generates twice the electric charge in comparison to a single layer. The

testing revealed a linear response with pressure over the frequency range 0.1 to 100Hz. The sensor

sensitively responded to the pulse wave form and detected four kinds of waves which are important

for pulse diagnosis. Moreover the sensor allows automatic measurement of pulsed waves and long

term monitoring is made simpler by the use of this device.

20.4.2.8 Integrated Acoustic Emission Sensors

Piezoelectric microsensors for integrated diagnostics of acoustic emission sensing of crack

propagation are based on piezoelectric thin films integrated on silicon with amplification, signal

processing, and telemetry circuits.

The majority of the devices detecting acoustic emission (AE) are based on bulk AE sensors.

Acoustic emission from crack propagation in material leads to sound waves that are sensed by the

piezoelectric sensor. Despite their high potential use (including aircraft testing for microcrack

growth due to stress of materials), there are only a few works reporting integrated AE microsensors

based on thin films [Polla and Francis, 1996; Cho et al., 1999]. Good results have been reported for

AE microsensors based on PZT films, which showed a faster rise time and shorter ring-down than

commercial sensors [Cho et al., 1999].

20.4.2.9 Surface Acoustic Wave Sensors

Surface acoustic wave sensors are based on the sensitivity of the SAW velocity to changes in

substrate density, stiffness, temperature, electrical conductivity, and the like. A variation of velocity

induces a variation in the delay time between delay line transducers or a shift in the resonance

frequency of a SAW resonator. SAW resonator sensors have been employed in SAW vapor sensors

used to detect a wide variety of vapors: water, ethanol, SO2, H2, NO2, NH3, H2S, HCl, hydrocarbon

compounds, organophosphorous compounds, and the like at very low concentrations [Krishnaswami

et al., 1993]. The SAW resonator sensors trap acoustic energy between reflecting grids. A chemically

sensitive film in the trapped-wave area can be made to be selective to a certain type of gas or vapor

and, consequently, changes the resonant frequency of the device.

A SAW device for gas-sensing applications, entirely fabricated by PLD, has been reported in

Verardi et al. [2002]. The device consists of a delay line formed by two interdigital SAW transducers

realized on ZnO films, deposited by PLD on Si or ST–quartz substrates. Pt/Ni and Pd/Ni metallic

membranes with 1–3% at. Ni content have been deposited by alternative laser ablation of high purity

Pt, Pd, and Ni target on the space between the two IDT transducers. The deposited membranes have

been used as sensitive elements in gas sensor devices and a compact test device was constructed.

Other specific applications have been discussed in a review article [Krishnaswami et al., 1993].

Figure 20.20 Photograph of the pulse wave sensor based on AlN thin film (left) and a schematic diagram of

sensor structure. Reprinted with permission from Akiyama et al. [2003],# 2003, American Institute of Physics.
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20.4.2.10 Dynamical Deformation Sensor

Modern sensors of mechanical quantities (deformation, stress, velocity, acceleration, etc.) use

piezoelectric thin films as active elements. In Surowiak et al. [1995] the use of a PZT thin film was

demonstrated in two types of sensors: isotropic sensors characterized by a signal proportional to the

sum of the main components of the deformation sensor and anisotropic sensors of dynamical

deformation. The PZT film was obtained by RF sputtering on stainless steel. The isotropic sensors

were essentially small capacitors, while the anisotropic sensors were based on IDT transducers

deposited on the ferroelectric film. The stability of the sensors under different conditions of

deformation and temperature was tested up to about 70�C.

20.5 CONCLUSIONS AND FUTURE PERSPECTIVES

Pulsed laser deposition has been found to be an attractive technique for growth of thin films with

piezoelectric properties. Its efficiency was demonstrated mainly for compounds with complicated

stoichiometry, where the transfer of the composition from target to the films can be easily achieved

even at low substrate temperatures. Using multitarget systems, it is possible to deposit complex

heterostructures without successive heating processes that can induce cracks and interface damage

because of different thermal expansion coefficients of the materials used. The association of PLD

with other techniques expands further its capabilities. The incorporation of oxygen in many cases (or

nitrogen) can be improved by a radio frequency discharge addition, which increases the reactivity by

creating excited and ionized species. A similar effect can be obtained by UV lamp in situ irradiation.

New lead-free piezoelectric materials have been deposited in thin-film format using PLD.

‘‘Multisample’’ approaches based on the principles of combinatorial materials technology have been

introduced to more quickly determine ideal growth conditions for new materials. In the last few

years many groups have reported the successful PLD growth of all-epitaxial heterostructures

including piezoelectric thin films and different combinations of electrodes, buffer layers, and

substrates. This opens a large area of applications of PLD in the fabrication of modern microdevices

based on piezoelectric thin films.
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21.1 INTRODUCTION

Transition-metal oxides belong to a fascinating class of natural materials that exhibit a very wide

range of properties and phenomena that range from insulating to semiconducting to conducting to

superconducting, from diamagnetic to paramagnetic to ferromagnetic to antiferromagnetic, from

dielectric to ferroelectric to piezoelectric to antiferroelectric, from nonlinear optical to

electrooptical, and many others [Rao and Reveau, 1995]. Numerous new phenomena and important

properties have been found within this family, which have yielded advanced device developments

and fabrications. For instance, highly ionic conductive oxides have been considered the best

candidates for electrode and electrolyte materials for solid-state fuel cells and chemical sensors.

High-temperature superconductors are under development for large current high electric power

carriers and superconductor quantum interference devices (SQUID). Ferroelectric materials have

been used for smart sensors, optoelectronic devices, microelectromechanical systems, tunable

microwave elements, and many others. This class of materials has motivated scientists and engineers

to systematically investigate their synthesis, microstructure, and physical properties. It should be

noted that many of these novel materials are related to the perovskite ABO3 family, as seen in Figure

21.1, where the [BO3] is a host lattice with corner-sharing BO6 octahedra.

Perovskites belong to one of the largest oxide groups. Vastly interesting physical properties

and important applications have been found in this system [Landolt-Bornstein, 1981; Hellwege

and Hellwege, 1981; Lines and Glass, 1977] Among the perovskite family, the most important, but not

the only one, is the ferroelectric oxide class, which displays extremely high values of dielectric constant

and low dielectric loss, as well as good dielectric tunability. The dielectric constant can be tuned by

different physical parameters, such as electrical field, mechanical stress, optical, temperature, and others.

For example, electrically tuned ferroelectric microstrips have been widely used in wireless tunable

microwave elements for space communication applications.
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Most device fabrication requires sophisticated techniques for synthesizing high-quality oxide

thin films to understand their unique physical properties and device performance. Many advanced

techniques have been developed to synthesize high-quality single-crystalline oxide thin films

varying from physical deposition, chemical deposition, and hybrid synthesis, such as sputtering,

metalorganic chemical vapor deposition (MOCVD), particle (electron, ion, laser) beam evaporation,

oxide molecular beam epitaxy (MBE), and others.

Compared with other deposition techniques, pulsed laser deposition (PLD) offers many

advantages such as good stoichiometry, a high deposition rate, good epitaxial quality, and relatively

low cost, and it has become the most powerful technique for oxide thin-film fabrication. Details

regarding its principles can be found from a number of sources in the literature [Chrisey and Hubler,

1994]. The main goal of this chapter is to contribute to ferroelectric thin-film fabrication by pulsed

laser deposition and describe their applications in the fabrication of tunable microwave elements. It

should be noted that the concept for utilizing the voltage-dependent dielectric constant of

ferroelectric materials and thin films for tunable microwave elements is not new [Gikow, 1971];

previous designs for tunable microwave devices in bulk ferroelectric materials have resulted in low

capacitances and very high applied voltages. Thin-film ferroelectrics promise an advantage over the

bulk materials for practical device applications.

21.1.1 Microwave Oscillators

A microwave dielectric oscillator [Chang, 1989] is a circuit that serves as a frequency-locked local

high-Q resonance cavity to clean up the broadband phase noise in a communication channel

conveying digital data with phase modulation on a carrier signal. It is a frequency determining

element [Panov and Stankov, 1986; Walls et al., 1990] or stabilizing discriminator [Dick and

Santiago, 1992; Santiago and Dick, 1993]. The resonance cavity usually consists of a high dielectric

constant ceramic, either in bulk or thin film, for confining the electromagnetic fields to the dielectric

region, and its immediate vicinity by reflections at the dielectric–air interface. This requires the

dielectric materials to have a highly unloaded quality factor (Q), a high relative dielectric constant,

and a low-temperature coefficient of the dielectric constant.

Although many microwave oscillators have been developed in the traditional crystalline

structures, these are not suitable in practical applications in microwave communications because

they have excessive phase noise and are electrically untuned and electronically unlocked in

frequency. The recent development of a discriminator-stabilized superconductive/ferroelectric

oscillator from the National Aeronautics and Space Administration (NASA) Glenn Research Center

[Romanofsky et al., 1998] offers the great opportunity for significantly improving the operational

performance of a microwave oscillator with electrical tuning and electronic frequency locking and a

concomitant reduction in phase noise. The oscillator is a pseudomorphic high-electron-mobility

transistor connected to a microstrip ring resonator with integral coupled lines. The coupled lines are

formed from a thin film of a high-temperature superconductor over a thin film of a ferroelectric

material such as BaxSr1�xTiO3ð0 < x < 1Þ. The combination of the high-temperature

A

B

O

Figure 21.1 Schematic showing the typical ABO3 perovskite structure.
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superconductor (HTS) and the ferroelectric material is chosen to obtain the high resonance quality

factor, Q, needed for low phase noise; the phase noise is proportional to Q�2.

21.1.2 Microwave Phase Shifters

A phase shifter is a device that provides a phase change, a variable insertion phase, in a microwave

signal path without changing the physical path length. There are two types of microwave phase

shifters [Chang, 1989; Koul and Bhat, 1991]: mechanical shifters and electronic shifters and both

require low insertion loss. Different types of microwave phase shifters, from the earliest mechanical

version [Fax, 1947] to the most current electrical-field tunable system [Van Keuls et al., 1997] have

been developed for application in microwave communication circuits and systems. In contrast to

other types of microwave phase shifters, electronically variable phase shifters based on the dielectric

properties of ferroelectric materials, especially ferroelectric thin films, offer great potential for the

development of small, light, tunable microwave phase shifters for wireless communication

applications. Ferroelectric phase shifters have been fabricated with an excellent phase shift behavior

of near 400� in an eight-element YBa2Cu3O7�d(YBXO)/SrTiO3(STO)/LaAlO3(LAO) coupled

microstrip line phase shifter operated at 16GHz and 40K. More recently, room temperature

microwave phase shifters have been developed for practical applications, and results have been

achieved from several groups in various ferroelectric thin films, such as a 280� phase shift with a

figure of merit of 43�/dB and a 250� phase shift with a figure of merit of 53�/dB from ferroelectric

(Ba,Sr)TiO3 (BSTO) thin films. More work on improving the electrical field tuned microwave phase

shift systems is in progress by various techniques including annealing, doping, and searching for

other low dielectric loss materials with large dielectric tunability.

21.1.3 Filters

A passive microwave filter is a circuit that transmits the desired signal frequency with the minimum

possible attenuation. More specifically, the main function of microwave filters is to channel only the

desired signal frequencies while the undesired frequencies are attenuated. The circuit element usually

consists of only lumped (inductor, capacitor, and resistor) or distributed (waveguide or microstrip or

other medium) elements or the combination of both. Various types of microwave filters have been

developed including the traditional low-pass filter systems. Current microwave filters used in most

space communication satellites are typical satellite multiplexers with dual-mode cavity or dielectric

resonator filters that are large and heavy. To reduce the size, weight, and cost of these multiplexers, a

new class of dual-mode microstrip filters was recently developed in the NASAGlenn Research Center

by adopting high-temperature superconductor/ferroelectric multilayers. This dual-mode microstrip

filter with a high-temperature superconductor thin-film printed circuit is dramatically smaller and

lighter than either the traditional dual-mode cavity or dielectric resonator filters.

21.2 EPITAXIAL GROWTH OF FERROELECTRIC THIN FILMS

BY PULSED LASER ABLATION

21.2.1 Optimal Growth Conditions and Effects on the Epitaxy

Epitaxial growth of single crystalline complex oxide thin films, such as perovskite ferroelectric thin

films, requires crucial growth knowledge and processing conditions. It is well known that the

structure formed on oxide surfaces can be very complicated. The nucleation and the initial

monolayer formation might result in the formation of different oxide or phase structures. Strain

accumulation and relief from the lattice misfit would completely alter the surface roughness and

interface structures. Growth procedures such as temperature, pressure, pre-, and post-treatment can
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significantly affect the microstructure, defect density, epitaxial quality, and physical properties of

the as-grown films. Therefore, knowledge of the oxide thin-film growth mechanisms, atomic-scale

growth kinetics and dynamics, and the processing effects will enable the control of the

microstructures, physical properties, epitaxial quality, and interface structures. To optimize

the highly epitaxial film with good single-crystal quality and desired physical property, it is

mandatory to pay great attention to the following aspects: the effects from temperature and pressure,

the selection of substrate material and surface quality, and the controlling of growth dynamics during

processing.

The effects of temperature on the film growth have been well studied, and there are a large

number of references in the literature that can be applied in various areas [Park et al., 2000; Messier

et al., 1984]. Briefly, to achieve a highly epitaxial thin film, the deposition temperature should be

controlled in the granular and extensive epitaxial temperature zone that is usually above half the

melting point, Tm, of the growth material. Most perovskite ferroelectric thin films can be epitaxially

grown at a processing temperature higher than 750�C. For instance, highly epitaxial ferroelectric

BSTO thin films can be achieved at a deposition temperature of 750–850�C with excellent resultant

physical properties and epitaxial behavior [Kim et al., 2000; Chen et al., 1999]. Theoretically, any

higher processing temperatures will benefit the epitaxial growth of such oxide thin films. However,

the high temperature will cause the interdiffusion reaction at the interface between the film and

substrate or substrate surface reconstruction that strongly alters the physical properties of the as-

grown films. Even within the optimal grown temperature range, different deposition temperatures

can result in the different lattice parameters yielding different physical properties of the films. One of

the best examples is that of BSTO (60 : 40) films grown on (001) MgO substrates, for which the

BSTO films grown at 875�C had a larger out-of-plane lattice parameter (a ¼ 0:3989 nm) than its

bulk ceramic counterpart (a ¼ 0:3965 nm) [Gim et al., 2000] while the film grown at 800�C had

nearly the same lattice parameter (a ¼ 0:3964 nm) as the bulk. The crystallinity of the as-grown

films is highly dependent upon the processing temperature, and the film grown at 800�C had a far

better crystallinity than other films. The temperature dependence on the epitaxial film quality by

pretreatment and postannealing will be discussed later in this chapter.

We focus here on how the deposition pressure affects the microstructure and epitaxial quality as

well as the surface morphology of the as-grown ferroelectric thin films. Different deposition

pressures yield BSTO thin films that are cubic (a ¼ c), in tension (a > c), or compression (a < c)

[Treece et al., 1997; Carlson, 2000a]. BSTO thin films deposited on (001) STO, (001) LAO, and

(001) MgO substrates indicate that the c-axis parameter increases with the increase of oxygen

deposition pressure between 65 and 250mTorr, and the a-axis parameter increases rapidly with an

increase of oxygen deposition pressure between 65 and 150mTorr while slightly decreasing for

oxygen pressures larger than 150mTorr. Furthermore, films deposited at an oxygen pressure of less

than 85mTorr reveal that the c-axis parameter is larger than that of the a-axis and the films deposited

at 85mTorr are cubic.

Recently, Chen and his co-workers [Yuan et al., in press] have systematically investigated the

oxygen partial pressure effect in PLD growth of BSTO systems and found that the oxygen partial

pressure can significantly alter the epitaxial quality and surface morphology of as-grown

ferroelectric BSTO thin films on (001) STO. As seen from Figure 21.2, scanning force microscopic

images show the surface morphology of ferroelectric BaTiO3 (BTO) thin films deposited at 840�C
and an oxygen partial pressures of 150, 230, and 300mTorr with surface roughness figures of 47, 5.4,

and 35 (nm/cm2), respectively. When the film was deposited under low oxygen partial pressures, the

film had a very high density of surface particles and a very large value of surface roughness. Also, a

number of pinholes appear on the image. If the oxygen partial pressure was increased to 230mTorr,

which is very close to the optimal value, the film becomes much smoother than under a lower

pressure and shows far fewer surface particles. However, under a higher oxygen deposition pressure,

the film again becomes rough with a high density of surface particles, although no pinholes can be

found on the surface. The growth features of BSTO on (001) STO and (001) LAO show very similar

phenomena. Although the mechanisms that cause the change of these surface features are still
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unclear, the evidence related to the oxygen partial pressure effects might be addressed in the near

future to guarantee that epitaxial growth can occur to produce atomically smooth ferroelectric thin

films.

Another very important aspect that should be carefully considered for oxide thin-film epitaxy is

the substrate selection and surface pretreatment. The theoretical concept of textbook ‘‘epitaxy’’ is

defined to be the formation of a single-crystal film in a layer-by-layer fashion on a single-crystal

substrate surface. Ideally, the lattice constant of the film should coincide with that of the substrate.

Therefore, the crystallographic properties of the substrate surface are obviously one of the main

factors in determining the atomic recrystallization processes from the gaseous foreign atoms

condensing on the substrate surface. Thus, crystal symmetry, surface lattice parameter, and surface

energy will significantly influence the epitaxial growth behavior. The first few atomic layers of the

substrate surface will act as a strong driving force in the nucleation process and subsequent epitaxial

quality for the film growth on the substrate surface [McKee et al., 1994]. A good lattice match

between the film and substrate (both lattice parameter and crystal symmetry) can minimize the

interface energy, especially the electrostatic repulsion potential. The substrate orientation can

determine the surface structure and surface lattice parameters. Traditionally, the lattice mismatch

f is defined as

f ¼ �a

asub
¼ afilm � asub

asub

where a is the lattice parameter. Lattice parameters in heteroepitaxial growth are essentially

unmatched. A small lattice mismatch value of less than 5% is universally desired for achieving a

high-quality epitaxial film. Furthermore, this small lattice mismatch value will ensure a

correspondingly small strain in the film. If �a 5 0, the film is compressed or strained, and if �a

4 0, the film is tensioned or relaxed heteroepitaxially. As an example, a BSTO (60 : 40) thin film

grown on a (001) LAO substrate has a lattice mismatch value of þ3:8% indicating that the epitaxial

film has a relaxed heteroepitaxial growth. By contrast, this film grown on a (001) MgO substrate has

a lattice mismatch of �5:8% indicating a strained heteroepitaxial growth. It should be noted that the

strain energy would rapidly accumulate with increasing film thickness because ionic bonding in

most oxide materials plays a key role resulting in the inherent stiffness. When the film thickness is

larger than its critical thickness, the strain energy will be released through the formation of misfit

edge dislocations and twinning, local phase transitions, surface morphology transformations, or a

two- or three- dimensional growth transition. Formation of specific structures is usually governed by

the competition between surface microstructures, interface strain energy, and the film growth

dynamics. Further details will be given later in the chapter.

(a) (b) (c)

Figure 21.2 Atomic force microscope images showing the surface morphology of epitaxial BaTiO3 thin films

on (001) SrTiO3 surfaces at various oxygen partial pressures: (a) 150mTorr, (b) 230mTorr, and (c) 300mTorr.
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It is well known that any real surface consists of many surface defects such as adatoms, atomic

clusters and islands, terraces and edges, and vacancies and various atomic sites, as seen in

Figure 21.3. An oxide surface is a good example of a complex crystallography with a very

complicated combination of physical and chemical properties and high surface defect concentra-

tions, resulting in problems of achieving a reproducible surface composition and physical properties.

Note that the establishment of an ordered surface structure does not mean that a stoichiometric

surface has been achieved. Surface physical properties, for example, are highly dependent upon

various surface treatments [Henrich and Cox, 1994]. Therefore, appropriate substrate surface

preparation before film deposition is definitely important and becomes essential to surface science

and thin-film technology. Rigorous substrate treatment not only enables the removal of surface

contamination but also allows the control of the surface defect density and microstructure.

Figure 21.4a is a typical scanning tunneling microscope (STM) image of a (001) STO surface

showing detailed information of a practical STO surface morphology. Ideally, on the (001) STO

surface, there are two types of termination planes that are atomically flat when cleaved, that is, SrO

and TiO2 terminations. The real cleaved surface should consist of equal areas of surface terraces but

have different surface energies, which results in different ratios between the two types of surfaces

after various treatments. Recent experimental studies have indicated that the top layer of the surface

Figure 21.3 Schematic diagram showing various surface defects on a real crystal surface.

(a) (b) (c)

Figure 21.4 Scanning tunneling microscopy images showing the surface morphology of (a) a (001) SrTiO3

single-crystal substrate with single unit-cell step height terraces, (b) an annealed (001) SrTiO3 surface with

multi-unit-cell height surface step terraces, and (c) a SrRuO3 thin film on an (001) SrTiO3 substrate with single

unit-cell height surface terraces.
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is TiO2 termination with oxygen vacancies after surface treatments [Matsumoto et al., 1992]. On the

other hand, the surface terrace after high-temperature annealing at 850�C forms very sharp

rectangular surface structures, as seen in Figure 21.4b, that consists of many surface facets. These

surface facets were determined by the well-knownWulff plot to form the lowest energy structure for

the surface. The terrace edges were found to be along the51004 directions. With rigorous surface

treatment, near prefect highly epitaxial SrRuO3 single crystalline thin films were grown with

identical atomically flat surface morphology, as seen in Figure 21.4c [Chen et al., 1997]. Most oxide

substrate surfaces after high-temperature treatment will form the lowest surface energy facets and

termination layers. It should be pointed out here that the same substrate surface via different

treatments might have completely different surface terminations. A good example is that of an (001)

LAO substrate that will be terminated by a LaO top layer after annealing at 850�C [Gao et al., 1999]

but with an AlO top layer for annealing at a temperature higher than 900�C. These phenomena have

recently been confirmed by SIMS studies also [Jacobson, personal communication]. To achieve the

desired substrate surface structures, different substrates and orientations should involve different

treatment procedures. Further details may be found in the literature [Henrich and Cox, 1994].

21.2.2 Epitaxial Growth of Ferroelectric (Ba,Sr)TiO3 Thin Films

Ferroelectric barium strontium titanates (BSTO) belong to the perovskite family and are solid

solutions of BTO and STO with different ratio x. The ferroelectric properties of BSTO are known to

depend dramatically on the composition ratio x between STO and BTO components and belong to a

class of nonlinear dielectrics that exhibit an electric-field-dependent dielectric constant, as seen in

Table 21.1. The Curie temperatures and the room temperature dielectric constants of bulk BSTO

varies from 135 to � 240�C and a few thousand to 300, respectively, for x values between 0.0 and

1.0. These dielectric tunability properties of BSTO systems offer a unique opportunity for the

development of various microwave devices such as microstrip lines, phase shifters, tunable filters,

and high-Q resonators. Thin films of ferroelectric BSTO offer considerable advantages over bulk

ferroelectrics for tunable microwave device applications because of the large electric field that can

be applied in thin films (0.5 mm) with low bias voltages (0–10V) [Horwitz et al., 1995]. As with bulk

ferroelectrics, thin-film ferroelectrics can also exhibit high dielectric constant values (e), and low

dielectric loss (d) as well as large dielectric tunability by applying an electric field. These advantages

enable the developments of small, light-weight, tunable microwave components for wireless

communication and radar applications. Much effort has been extended in the technological

development of microwave devices in the last decade [Jia et al., 2000, 2002; Tidrow et al., 2002; Galt

et al., 1993; Knauss et al., 1996; Carroll et al., 1993].

To date, the best results achieved in terms of the largest tunability, the maximum dielectric

constant, and the lowest dielectric loss are from the highly epitaxial STO thin films on (001) LAO

with superconductor yttrium barium copper oxide (YBCO) microstrips operated at 40K [Van

Keuls et al., 1997]. A relative insertion phase shift of near 400� was obtained with an eight-element

TABLE 21.1 Electronic Properties of BSTO Bulk Ceramics Measured at 1 kHz and 25�C

Barium Content Dielectric Constant Dielectric Loss Tunability (%) Curie Temperature

0.00 349.04 0.00022 0.000 33�C
0.30 760.04 0.00025 2.200 168

0.40 1199.12 0.00030 7.900 208

0.45 1280.83 0.01184 15.20 � 45

0.50 1907.99 0.05538 25.55 � 25

0.55 2771.73 0.03904 33.40 � 15

0.60 5160.64 0.00961 56.30 10

0.70 4322.86 0.03355 48.60 40

1.00 2082.38 0.03675 18.00 135
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YBCO/STO/LAO coupled microstrip line phase shifter (CMPS) operating at 16GHz. Figure 21.5a

shows the design of the CMPS structures where both ferroelectric and superconductive thin films

were deposited in situ on a (001) LAO single-crystal substrate. Figure 21.5b is the as-achieved phase

shift from this design. This great achievement has opened a gateway to the practical applications of

ferroelectric thin films in tunable microwave elements.

However, as seen in Table 21.1, no dielectric tunability was achieved from STO at room

temperature. The development of room temperature tunable microwave elements requires

ferroelectrics with large dielectric tunability at room temperature with low dielectric loss. The

excellent room temperature dielectric tunability of BSTO with the ratio x from 0.5 to 0.7 indicates

that room temperature tunable microwave elements can be achieved with these compounds. Thus,

the fabrication of highly epitaxial single crystalline BSTO films with high e and low-loss tangent

(tan d) values have become a very important technological issue for utilizing these materials in

practical applications.

Recently, many excellent results [Chen et al., 1999, 2002a; Horwitz et al., 1995; Carlson, 2000a]

have been achieved on various single crystalline substrates, that is, LAO, STO, MgO, and others.

These substrates exhibit very low dielectric loss (10�5), low dielectric constant (� 10), and a good

lattice match with the BSTO lattice. Depositions normally take place at temperatures higher than

700�C and oxygen pressures of 100–300mTorr. Under optimal conditions, the as-grown BSTO thin

films on all of these substrates (LAO, STO, and MgO) are c-axis oriented with good single

crystallinity to form the cube-on-cube epitaxy. The interface relationship between the BSTO films

and substrates have been determined to be51004BSTO//51004sub. The lattice misfit therefore can

be estimated from this epitaxial relationship in each epitaxial system. For instance, a (50 : 50) BSTO

thin film grown on a (001) LAO substrate has a lattice misfit of about 3.8% and a (60 : 40) BSTO thin

film on (001) MgO gives a misfit of 6.3%. Details about the interface structures and epitaxial behavior

will be discussed later. Measurements of dielectric properties indicate that high dielectric constant,

low dielectric loss, and large dielectric tunability can only be achieved with highly epitaxial BSTO

thin films. Figure 21.6 shows the dielectric properties of a BSTO film on a (001) LAO substrate as a

function of temperature for different values of direct current (DC) bias, which yield a room

temperature dielectric constant (e) of 1600 and dielectric loss (d) of 0.004 with a 33% tunability in an

applied field of 2.33V/mm. The BSTO films grown on the (001) MgO substrates reveal excellent

dielectric properties with a dielectric constant of �2000, dielectric loss of 0.008, and a tunability of

as much as 47% at 3.0V/mm. This clearly suggests that ferroelectric BSTO thin films can be

developed for high-frequency room temperature tunable microwave elements. Figure 21.7 shows a
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Figure 21.5 (a) Schematic diagram showing the design of the CMPS structures, and (b) the as-achieved phase

shift from the SrTiO3 thin film on (001) LaAlO3 using this design [Van Keuls et al. 1997].
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room temperature microwave phase shifter that has been developed from BSTO thin films grown on

(001) MgO substrates. The performance of this device developed from the as-grown BSTO thin films

on MgO is closer to that needed for practical applications in wireless communications.

21.2.3 Epitaxial Growth of Ferroelectric (Pb,Sr)TiO3 Thin Films

Another key material system meeting the requirements of high dielectric constant, low dielectric

loss, and large dielectric tunability for high-frequency communication device applications is

(Pb,Sr)TiO3, (PSTO), which is also a solid solution of PbTiO3 (PTO) and STO. This family of

ferroelectric materials has very similar dielectric properties to those in the BSTO system. The

dielectric constants and Curie temperatures can be adjusted via the composition ratio of Pb to Sr, as

seen in Figure 21.8. However, the ferroelectric properties of PSTO thin films have not yet been

widely studied for tunable microwave devices. Recently, polycrystalline ferroelectric PSTO thin

films have been fabricated by using sol–gel technology [Kim and Kim, 2002; Jain et al., 2003b] or

pulsed laser ablation [Kuo et al., 2002], showing that PSTO with compositions from (20 : 80) to

(40 : 60) has a very good dielectric tunability and low dielectric loss, with a tunability value of near

40% reported for a PSTO (40 : 60) thin film. These preliminary results indicate that high-quality
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Figure 21.6 Dielectric properties of a BSTO (50 : 50) thin film on (001) LAO measured as a function of

temperature from 80 to 300K at a DC bias between 0 and 35V: (a) dielectric constant and (b) dielectric loss

[Chen et al., 1999].
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Figure 21.7 Phase shift and insert ion loss measured at 23.7GHz and 300K from an eight-element coupled

microstrip phase shifter on BSTO films on (001) MgO [Chen et al., 2002].
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tunable microwave elements should be able to be developed from these highly epitaxial PSTO thin

films. Unfortunately, data on single crystalline PSTO films has been infrequently reported probably

due to the lead oxide volatility resulting in the difficulty of controlling the stoichiometric structures

and compositions in these PSTO thin films. Only very recently has the epitaxial growth of single

crystalline PSTO (35 : 65) thin films been achieved on (001) LAO [Liu et al., 2004] and (110)

NdGaO3 (NGO) [Lin et al., 2004] substrates in the University of Houston by carefully controlling

the deposition parameters in a Pb-enriched target.

The PSTO films were deposited at a temperature of 820�C and 250mTorr of oxygen. Figure 21.9 is

a y-2y X-ray diffraction pattern of the as-grown PSTO films on a (001) LAO substrate indicating that

Figure 21.8 Physical properties and lattice structures of (Pb,Sr)TiO3 [Landolt-Bornstein, 1981].

Figure 21.9 X-ray diffraction pattern of a �� 2� scan shows the PSTO films on (001) LAO. The inset is the

rocking curve measurements from the (002)PSTO reflection [Liu et al., 2004].
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only (00l) reflections appear in the pattern, indicating that the films are c-axis oriented. As seen in the

inset of Figure 21.9, the crystallinity of the PSTO films was studied by rocking curve measurement

from the (002) reflection, revealing that the full-width at half-maximum (FWHM) is only 0.05�, which
is similar to the FWHM value from the single-crystal substrate of 0.03�, implying that the as-grown

films have excellent single-crystal quality. This has also been verified from the w scan X-ray

diffraction on the (110) reflection in which only the sharp {110} reflections appear on the pattern. The

interface relationship was determined to be 51004PSTO//51004LAO and (001)PSTO//(001)LAO,

which is consistent with the result from cross-sectional electron microscopy, as seen in Figure 21.10.

The low-magnification, bright-field image (Fig. 21.10a) shows that the film has a sharp interface,

smooth surface, and good epitaxial behavior. The sharp spots in the selected area electron diffraction

(SAED) pattern (Fig. 10b), which is a simple superposition of the PSTO film and LAO substrate, with

no satellites or broadening demonstrates that the as-grown PSTO films have excellent single

crystallinity and epitaxial quality. This can be further verified from the high-resolution electron

microscopy (HREM) image at the interface between the PSTO film and LAO substrate, as seen in

Figure 21.10c. A similar epitaxial behavior has also been achieved on a (110) NGO substrate as shown

in Figure 21.11 [Lin et al., 2005].

21.2.4 Other Ferroelectric Thin Films

Ferroelectric Pb(Zr,Ti)O3 (PZT) is a solid solution with a wide compositional variation and broad

range of dielectric properties. The modification of PZTwith La3þ substituting for Pb2þ has resulted

in a dielectric constant up to 7000 [Land et al., 1974]. Ferroelectric PZT thin films have been the

most widely studied of any of the ferroelectric materials [Tuttle and Schwartz, 1995]. However, it is

well known that precise control of film stoichiometry is difficult because of the lead oxide volatility,

which leads to the difficulty of reproducible PZT samples. It should be noted that highly epitaxial

PZT thin films have a high dielectric constant and low dielectric loss in the frequency range up to

1.0GHz. This suggests that PZT thin films can be used for low-frequency applications that require

high capacitance such as decoupling capacitors in digital circuits.

Figure 21.10 TEM studies show the epitaxial behavior of a PSTO film (35 : 65) on (001) LAO. (a) Low-

magnification, bright-field image, (b) SAED (selected area electron diffraction) covering at the interface

between the PSTO and LAO, (c) HREM (high-resolution electron mapping) image taken at the interface [Liu et

al., 2004].
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Other ferroelectric materials that are appropriate for tunable dielectric application are

Pb(Mg,Nb)O3 (PMN) [Tyunina and Levoska, 2001], and Na0.5K0.5NbO3 (NKN) [Abadei et al.,

2002]. However, the fabrication of PMN or NKN thin films encounters the same or similar problems as

the PZTor PSTO thin films, namely the Na and K volatility. These preliminary results indicate that the

dielectric constant and tunability of NKN decrease with an increase in frequency, implying that the

ferroelectrically active modes in NKN become frozen as the frequency increases. This high-frequency

frozen active mode in NKN and the increase in dielectric loss in PZTand PNM prohibit the use of these

ferroelectric materials in high-frequency tunable microwave device applications.

21.3 CHARACTERIZATIONS OF FERROELECTRIC THIN FILMS

To understand the quality of the as-grown ferroelectric thin films, it is necessary to characterize them

in terms of their microstructures and chemical and physical properties. The microstructures include

two types of categories, that is, crystallinity and epitaxial behavior. The crystallinity usually refers to

the crystal states—that is, single crystalline, polycrystalline, or amorphous—and the crystal

structures—that is, cubic, tetragonal, orthorhombic, and so forth—of the films grown on substrate

surfaces. The epitaxial behavior describes the interface structures and interface relationships, the

film orientations, strain and interface defects, domain structures, and surface morphology. The term

‘‘chemical’’ above usually refers to the stoichiometry, composition, doping and impurities, period

and composition of multilayers, and any interface reaction or precipitation in thin films. The physical

properties of the ferroelectric thin films mainly refer to the dielectric constant (polarization),

dielectric loss, dielectric dissipation, and dielectric tunability, as well as any effects due to defects or

strains.

The microstructure and chemistry of thin films can usually be characterized by a variety of

techniques such as X-ray diffraction (XRD), electron microscopy, Rutherford backscattering

spectrometry (RBS), electron energy dispersion/loss spectrum (EDS/EELS), scanning probe

microscopy (SPM), and many others. Among them, XRD is the most widely used technique for

understanding the crystallinity and epitaxial behavior of the as-grown films. Glancing angle XRD

can also provide detailed information about the interface structures and surface morphology.

Transmission electron microscopy (TEM) is also a great technique for providing much of this same

information but with a higher resolution than that obtainable from XRD. It is the best technique to
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Figure 21.11 Dielectric properties measured from the PSTO (35 : 65) films grown on (110) NGO and (001)

LAO, respectively. The dielectric constant is dependent upon the processing conditions and the substrate

materials, probably due to the different strain in the films [Liu et al., 2004; Lin et al. 2004, 2005].

544 FERROELECTRIC THIN FILMS FOR MICROWAVE DEVICE APPLICATIONS



directly identify the atomic structure, defect, interface, and surface structure. The combination of

TEM with EELS can give precise information about atomic structure and stoichiometric chemistry.

RBS provides details not only on the compositions inside the films, but also the epitaxial behavior

from channeling studies. SPM yields surface morphology information of both the substrate and the

film with atomic resolution. The physical properties of the as-grown films can be characterized by

measuring the capacitance, impedance, and I–V curves at different temperatures. Some typical

examples of these processes are described below.

21.3.1 Microstructure, Composition, Surface Morphology, and Epitaxial Behavior

X-ray diffraction is the most powerful and nondestructive technique for crystallinity studies of thin

films. Interpretation of the diffraction spectrum provides very detailed information of the orientation,

crystallinity, and interfacial relationship for both film and substrate. Details of XRD processing can

be found in the literature [Cowley, 1981; Cullity, 1978]. Briefly, a y–2y XRD scan provides

information of the orientation of both film and substrate, whereas an XRD rocking curve

measurement gives information about the crystallinity of both film and substrate. According to the

Bragg law, or 2dhkl sin y ¼ nl, Bragg reflection peaks from both film and substrate should appear in

the diffraction pattern. Figure 21.12a is a typical y–2y XRD pattern of a BSTO thin film on (001)

LAO substrate. Only (00l) reflections from both the film and the LAO substrate appear in the

spectrum, indicating that the film is c-axis oriented.

From the shape and position of the Bragg reflection, information on crystallinity and strain, both

uniform and nonuniform, can be obtained: A uniform strain only results in a shift of the Bragg

reflection peak, whereas a nonuniform strain produces peak broadening. The width of a rocking curve

is a direct measurement of the range of orientation in the area under study because each crystal grain

of a typical mosaic crystal successively undergoes Bragg diffraction as the film is rotated. As seen

from the inset of Figure 21.12a, the FWHM from the (001) reflection is less than 0.11�, suggesting that
the film has good single crystallinity. To better understand the crystallinity of the as-grown thin films,

an XRD pole figure study can show precisely the film orientation in a graphic description that is a

stereographic projection with a specified orientation relative to the film. If the film is polycrystalline,

the poles plotted on the projection will be uniformly distributed. If the film has preferred orientation,

the poles will tend to cluster together in certain areas of the projection. If the film has good

single-crystal quality, each cluster should form a high intensity spot, as seen in Figure 21.12b showing
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Figure 21.12 (a) X-ray diffraction of the �� 2� scans from a BSTO (50 : 50) film on a (001) LAO. The inset is

an X-ray rocking curve measurement showing that the FWHM from the (001) reflection of the BSTO film is

about 0.11�. (b) The pole figure plot of an as-epitaxial BSTO film on (001) LAO [Chen et al., 1999].
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that the BSTO film on (001) LAO is indeed of excellent single-crystal quality. This data can be simply

collected by using the X-ray diffractometer digital recorder and is referred to as a w scan.

Transmission electron microscopy (TEM), with its unique atomic resolution, is considered to be

another powerful technique for fully understanding the microstructures and defect nature of thin

films. It provides a means for direct observation of microstructure, crystallinity, and interface

structures over scale lengths from atomic resolution to micron dimensions. When equipped with the

various analytic spectra, such as parallel electron energy loss spectrum (PEELS) and energy

dispersive X-ray spectrometers (EDX), this allows researchers to pinpoint the nature of defects and

localized (interface) structures. Details for the operational principles and procedures can be found in

the literature [Jiang and Chen, 2001; Cowley, 1981] Traditionally, TEM studies involve two distinct

stages, that is, cross-sectional and plan-view studies.

Cross-sectional TEM is used to image the crystal structure of thin films perpendicular to the film

surface, whereas plan-view study is for imaging along the normal of the film. Figure 21.13 shows a

bright-field image of a BSTO (50 : 50) thin film on a (001) LAO substrate with good single crystallinity

and two typical selected area electron diffraction (SAED) patterns taken from the interface area and the

top area of the film. The sharp SAED patterns with no satellite or broadening confirm that the entire

film is of single-crystal quality. However, careful examination of the diffraction patterns show that the

lattice is slightly distorted with (a ¼ b) larger than c by 1.4%. This example illustrates that TEM is a

powerful technique for studying the epitaxial behavior of thin films.

High-resolution TEM (HRTEM) is often used to study the atomic structures at the interface

between the film and substrate. Figure 21.14a shows a typical HRTEM image of the periodic misfit

dislocations formed at the interface between a BSTO (50 : 50) film and a (001) LAO substrate. These

misfit dislocations are often present in heteroepitaxial film systems as a result of the interface strain

Figure 21.13 Cross-section TEM studies showing a highly epitaxial single-crystalline BSTO thin film on

(001) LAO (center) and SAED patterns (right and left). Both SAED patterns from the interface between the film

and substrate and the top area of the film have the same single-crystal structure [Chen et al., 2002b].

Figure 21.14 (a) HRTEM image showing the nearly periodically arranged misfit dislocations at the interface

(top) and the enlarged image of the selected area in the top image [Chen et al., 2002b]. (b) Z-contrast STEM

dark-field image at the interface showing the epitaxial sequence in the BSTO film on LAO [Gao et al., 1999].
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energy resulting from the lattice mismatching. It is interesting to note that these are only pure edge

dislocations with the Burgers vector b ¼ [100]a, although some of the misfit dislocations tend to

decompose into partials. From this HRTEM image, the average period of the misfit dislocations was

determined to be about 17.5 unit cells of the LAO lattice, which reflects a 5.7% lattice mismatch.

This value is much larger than the 4.13% expected from the lattice parameters of bulk materials [Gao

et al., 1999]. Furthermore, cross-sectional Z-contrast HRTEM [Pennycook, 1997; MaGibbon et al.,

1995] can be used for studying the detailed nature and atomic structures of the interface.

Figure 21.14b shows a Z-contrast HRTEM image taken along the [010]LAO zone axis, which shows

the atomically sharp and flat interface between the film and the substrate with the detailed stacking

sequence across the interface. The last plane of the substrate is seen to be the La plane, while growth

of the BSTO is seen to initiate with the Ti plane. No precipitates or other phases are present in the

film or at the interface.

Plan-view TEM studies have frequently been used to investigate the microstructure and

crystallinity of the as-grown thin films. Figure 21.15 is a dark-field image formed using a (020)

reflection of a BSTO (60 : 40) thin film on a (001) MgO substrate [Jiang et al., 2002]. This image

shows that the BSTO film has good single-crystal structure. The inset in Figure 21.15 is a SAED

pattern taken from the plan-view sample along the [100] MgO zone axis. The sharp diffraction spots

with no diffusion satellites demonstrate, as for the plan-view image, that the film is of good single

crystallinity. Overall, TEM is a most powerful technique to study thin-film epitaxy and atomic

structures. It can provide a great deal of detailed information, such as dislocations, interface

structures, and epitaxial nature.

Rutherford backscattering spectrometry (RBS) is also a very popular thin-film characterization

technique; details of its principle and operation can be found in the literature [Bird and Williams,

1989]. Briefly, RBS uses a very high energy and low-mass ion beam, such as Heþ , with MeV

energy, that penetrates up to a depth of a few microns into the films and film–substrate, with a

subsequent collection of the elastically scattering ions from the Coulomb repulsion that occurs

between the ion and nucleus, and is known as Rutherford backscattering. By analyzing the energy

spectrum from the scattered ions, one can determine the stoichiometry of thin-film compositions

with accuracies of � 1.0%. If the incident high-energy ion beam is aligned along a particular crystal

channel structure, the channeling spectroscopy can yield many details about the crystallinity,

interface phenomena, and epitaxial quality. Usually, a yield, defined as the ratio between the detected

reflected ions from the channeling and random spectra, of less than 25% in the RBS channeling

studies can be considered as epitaxial or textured films. However, a good epitaxial film normally has

Figure 21.15 Plan-view, dark-field TEM image shows the microstructures of a BSTO (60 : 40) epitaxial film

on a (001) MgO substrate. The inset is a SAED pattern from this film along the [001] zone [Jiang et al., 2002].
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a yield value of a only a few percent. Figure 21.16 shows the RBS ion channeling spectrum for the

as-grown BSTO film on a (001) LAO substrate and indicates an excellent single-crystal and epitaxial

quality because the yield from the spectrum can be estimated to be 2.6% at the surface and 8.9%

(overlap with the La signal) at the interface. The small yields suggest that the BSTO film has good

single-crystal structure and excellent epitaxial quality, which is consistent with the XRD and TEM

studies.

Scanning probe microscopy (SPM) is a versatile and popular tool to investigate the surface

morphology for both film and substrate, as seen in Figure 21.4. As an example, Figure 21.17 is an
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Figure 21.16 RBS ion-channeling spectra showing the epitaxial behavior of a BSTO (50 : 50) thin film on a (001)

LAO substrate. The film has an excellent single-crystal quality and epitaxial behavior as revealed from the small

yield of 2.6% at the surface and 8.9% (overlap with the La signal) at the interface [Chen et al., 1999].

Figure 21.17 Atomic force microscopy image showing the surface morphology of a BSTO film on a (001)

LAO substrate over an area of 2.54mm � 2.54mm with surface roughness of only about 1.2 nm/mm2.
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atomic force microscope (AFM) image showing that the BSTO film on a (001) LAO substrate has an

atomically smooth surface with a roughness of only 1.2 nm/mm2. The surface step terraces can be

clearly resolved in the image. Most steps are single unit-cell height, although a few of them are of

double unit-cell height. No half unit-cell height structure was observed from the as-grown film

surface, indicating that only one type of surface termination exists on the surface. This is probably

due to the high-temperature growth of the films that is similar to the high-temperature treatment of

a STO substrate that results in the TiO2 termination on the surface. It should be pointed out here that

a scanning microwave microscope has been used to investigate the local dielectric properties and

also to polarize the domain structures in thin-film ferroelectrics [Steinhauer et al., 1999; Wang et al.,

2001].

21.3.2 Dielectric Properties of Ferroelectric Thin Films

The most common property of ferroelectric thin films is that they exhibit a much broader

temperature coefficient of capacitance than their bulk counterparts. This key difference is indicative

of the diffuse Curie temperatures and the significant reduction of dielectric permittivity peaks at

the Curie temperature in ferroelectric thin films. Although the mechanisms causing this phenomenon

are not yet well understood, research [Tilley, 1996] suggests that the effects from the thin-

film dimensions, defects, and strain are the predominate factors that contribute here. The broadened

temperature coefficient of dielectric constants provides a much less variable dielectric constant

around the Curie temperature than that of either bulk or single-crystal materials. This wide

temperature range for relatively stable dielectric constant values promises the development

of ferroelectric thin films in room temperature tunable microwave devices, which requires

fabrication of high-quality single-crystal ferroelectric thin films with good microwave dielectric

properties.

Precise characterization of the physical properties of ferroelectric thin films become a key issue

in the development of tunable microwave devices. Parallel-plate measurements show that highly

epitaxial STO thin films display great tunability with no discernable dispersion in dielectric constant

and dielectric loss as well as tuning [Findikoglu et al., 1993]. The voltage-dependent dielectric

constant near the Curie temperature becomes the most prominent characteristic in highly epitaxial

BSTO thin films with a high dielectric constant and the highest dielectric tunability [Carter et al.,

1997]. However, most tunable microwave ferroelectric thin-film elements, such as microstrips,

resonators, and phase shifters, should use interdigital structures in which coplanar electrode

configurations are fabricated on the ferroelectric thin films. This characterization structure offers

many advantages over the parallel-plate method because the capacitance value can be readily

designed to have a good impedance matching to the rest of the circuit and can control the microwave

propagation in the ferroelectric films. Normally, this interdigital structure has gaps of a few microns

between the electrodes in coplanar geometry. By using the conformal mapping based models of

Gevorgian et al. [1996], both the dielectric constant and dielectric loss can be extracted from the

capacitance measured using the interdigital setup. These conformal mapping models have been

applied to the characterizations of dielectric constant, dielectric loss, and dielectric tunability of

ferroelectric thin films at various microwave frequencies and different biases [Kirchoefer et al.,

1998].

Another important physical factor to determine the quality of dielectric thin films is the figure of

merit, M, defined as the tunability/tan d in zero field, that is,

M ¼ e0 � eV

e0 tan d

where d is the dielectric loss. For tunable ferroelectric thin-film applications,M should be as large as

possible, which requires the highest dielectric constant together with the lowest value of dielectric

loss.
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21.4 DEFECTS IN FERROELECTRIC THIN FILMS AT HIGH FREQUENCIES

21.4.1 Point Defects

Point defects in ferroelectric thin films have been found to play an important role in determining the

dielectric constant, dielectric loss, and dielectric tunability. Vacancies, substitutional impurities, and

interstitial defects result in electronic charge storage within the ferroelectric thin films. Interstitial

defects and ions in the wrong lattice sites, referred to as electrically neutral Schottky disorder, do not

significantly affect the physical properties of the films [Waser, 1988]. However, oxygen vacancies in

a stoichiometric compound result in the formation of negatively charged acceptor centers, which

have been recognized to significantly alter the electrical properties of ferroelectric thin films [Chan

and Smyth, 1976]. Details about such defect chemistry can be found in the literature [Waser and

Smyth, 1996].

Recently, Kim et al. [2000] have systematically investigated the oxygen vacancy effects on the

ferroelectric properties and found that a strong correlation exists between the structure and the

microwave dielectric properties of epitaxial BSTO (50 : 50) thin films on (001) MgO substrates

deposited at 750�C as the oxygen pressure varied from 3 to 1000mTorr. The ratio of in-plane

(Fig. 21.18a) and surface normal (Fig. 21.18c) lattice parameters, D ¼ a=c, of these films varies

from 0.996 at 3mTorr to 1.003 at 800mTorr, as seen in Figure 21.18 a. The influence of oxygen

pressure on the microstructure and lattice parameters of the BSTO film in fact resulted from oxygen

vacancies in the BSTO film. This can be represented by

OBSTO , VO þ 1
2
O2 þ 2e ð21:1Þ
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Figure 21.18 Lattice parameters of in-plane, a, and the normal plane, c, and the ratio between a and c from the

BSTO (50:50) thin films on a (001) MgO substrate plotted as a function of the oxygen deposition pressure [Kim

et al., 2000].
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where OBSTO and VO represent oxygen and oxygen vacancy in BSTO, respectively. From a simple

mass-action equation, the oxygen concentration can be expressed by

½VO�½e�2 / exp ��H

kT

� �
P
�1=2
O2

ð21:2Þ

where [VO] is the concentration of oxygen vacancies, �H is the enthalpy for generating oxygen

vacancies, and PO2
is the pressure of oxygen in the chamber. [OBSTO] is constant because of the

relatively small number of oxygen vacancies in the BSTOmatrix. Based on the assumption that [VO]

is 1/2[e], the concentration of the oxygen vacancies at constant T is

½VO� / P
�1=6
O2

ð21:3Þ

Oxygen vacancies affect the nearest-neighbor distance by reducing the Coulomb attractive force

between cation and anion atoms, resulting in an increased lattice parameter and unit-cell volume.

The volume of the unit cell (v) and the relative oxygen vacancy concentration ([VO�=½VO�1000mTorr
)

shows a strong relationship with oxygen deposition pressure (Fig. 21.18b). Films deposited at low

oxygen pressures have more oxygen vacancies than those deposited at higher oxygen pressures. In

fact, the lattice parameter and the tetragonal distortion changes of the films result from both the

lattice mismatch and the thermal expansion difference between the film and the substrate, and the

number of oxygen vacancies.

The dielectric property studies indicate that BSTO films with low distortion have higher

dielectric constants (� 500) and lower dielectric loss (tan � 0.02) than films with higher

distortions at microwave frequencies (1–20GHz). BSTO films grown at an oxygen deposition

pressure of 50mTorr exhibit a large dielectric constant change and a low dielectric loss at the same

time, which corresponds to a film under low stress (� ¼ 1:0004). These results are consistent with
published works for BSTO (60 : 40) by Carlson et al. [2000b]. Figure 21.19 shows the dielectric

Figure 21.19 Dielectric properties of the BSTO films measured at 10GHz [Kim et al., 2000].
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loss (which is defined as 1/Q, Q being the dielectric quality factor), dielectric constant, and the

figure of merit, measured at 10GHz, of these BSTO films grown at different oxygen pressures. The

films grown at 3 and 50mTorr oxygen pressure have a high dielectric quality factor Q (� 50),

which increases monotonically with the increase of oxygen partial pressures from 350 to

1000mTorr. The dielectric constant and its percent tunability are maximized at 50mTorr, which

coincides with the minimum in the film stress (� ¼ 1:0004). The dielectric constant and tunability
increase monotonically with the decrease of oxygen pressure from 1000 to 50mTorr. Furthermore,

the figure of merit of the film with the minimum stress (at 50mTorr) shows a maximum value

� 800. This strongly suggests that films with low stress are highly desirable for tunable microwave

device applications.

21.4.2 Strain Effects on Dielectric Properties

The fact that oxygen vacancies affect the ferroelectric properties considered above is only one of

many contributing factors. Oxygen vacancies formed in thin films in fact also alter the lattice

parameters and the thermal expansion. During film growth, the expanded BSTO lattice will distort

and expand along the in-plane direction due to the larger MgO lattice parameter (a ¼ 4:2113 Å),

resulting in a tetragonally distorted BSTO lattice. During cooling to room temperature, the BSTO

film will experience a compressive stress due to the different thermal expansion coefficients

between the BSTO film and the MgO substrate. The observed tetragonal distortion change from

a=c > 1 over 350mTorr to a=c < 1 below 3mTorr and the monotonic increase in the unit-cell

volume with decreasing oxygen pressure could be the overall result from the lattice mismatch,

thermal expansion coefficient difference, oxygen vacancies, and attractive force among atoms in

the film.

Strain effects on the dielectric properties of ferroelectric thin films have been widely studied both

in theory and via experiment over the past several years. Their effect on the shift of the Curie

temperature and the reduction and broadening on the dielectric constant have been treated by

using nonlinear thermodynamic and phenomenological models on the misfit strain field [Rossetti

et al., 1991; Ban and Alpay, 2003; Emelyanov et al., 2002]. Recent experimental studies [Rossetti et al.,

1991; James and Xi, 2002; Chang et al., 2002; Huang and Berger, 2003; Li et al., 2001; Canedy

et al., 2000] have shown that internal stresses strongly affect the dielectric properties of BSTO thin

films on various substrates, and the dielectric constant change can be as much as an order of

magnitude in epitaxial BSTO thin films. The internal stress is generated either from different

substrate materials or different film thicknesses. Experimental results also reveal that the dielectric

tunability of BSTO films is highly dependent upon the lattice misfit (the misfit strain). It is very

interesting and important to note that the annealing treatments for reducing residual stresses in

BSTO thin films have significantly improved the tunability from 36 to 52% at a 57-kV/cm field on a

‘‘compressive’’ LAO substrate but reduced the tunability from 47 to 38% on ‘‘tensile’’ MgO

substrates [Carlson et al., 2000b], as seen in Figure 21.20. Hyun and Char [2001] have studied the

strain effect and the dielectric properties of STO (a ¼ 0:3905 nm) thin films grown on (001) STO

and (001) LAO with SrRuO3 (a ¼ 0:393 nm) and CaRuO3 (a ¼ 0:385 nm) bottom electrodes,

which produce opposite lattice mismatches between the BSTO films and bottom electrodes. They

used both a ‘‘compressive’’ bottom electrode of CaRuO3 and a ‘‘tensile’’ bottom electrode of

SrRuO3 and found that the dielectric constant and tunability are strongly dependent on the bottom

electrode material, as seen in Figure 21.21. The in-plane lattice parameters are smaller than those

normal to the plane for films on CaRuO3 electrodes and larger for films on SrRuO3 bottom

electrodes. The films with compressive strain (on CaRuO3) have much larger tunability than those on

the relaxed ones. These phenomena of the effects on the dielectric properties from the misfit strain in

epitaxial ferroelectric films are consistent with the theoretical predictions, and this implies that the

dielectric properties, both dielectric constant and tunability, can be significantly improved by

selecting ‘‘compressive’’ substrates for future development of high-quality tunable microwave

devices.

552 FERROELECTRIC THIN FILMS FOR MICROWAVE DEVICE APPLICATIONS



–40                      0                      40

Bias (V)

300 K

260 K

0.8

0.6

0.4

0.8

0.6

0.4

0.8

0.6

0.4

C
ap

ac
it

an
ce

 (
pF

)

52%

65%

52%

38%

36%

47%

(a)

(b)

(c)

Annealed

Annealed

As-Deposited
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Figure 21.21 (a)–(d) Dielectric constant vs. electric field of STO thin films on different electrodes and substrates in

parallel plate capacitors. (e) Tunability measured at 10V/mm vs. lattice ratio of STO films [Hyun and Char, 2001].
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21.4.3 Formation of Antidomain Structures in Ferroelectric Thin Films

The domain structures, epitaxial quality, and dielectric properties can also be influenced by the

substrate surface structures, that is, surface terraces, steps, and many surface defects. Even films

grown under optimal conditions, as discussed previously, cannot achieve optimum ferroelectric

properties, as the lattice matching and surface-step-terrace structure can alter the film

microstructure. Generally, the interface strain energy from this lattice mismatch can be released

by the formation of edge dislocations at the interface if the film thickness is larger than the critical

thickness. Figure 21.22a is a dark-field image using the common (020) reflection of both BSTO

(60 : 40) and MgO. As seen in Figure 21.22b, the HRTEM image shows the equally spaced misfit

dislocations formed at the interface. The average distance between two adjacent dislocations is about

3.2 nm. Equally spaced dislocations (marked by arrows) were again observed at the interface for

every 16 (020) lattice planes of BSTO, or 15 (020) lattice planes of MgO along the [010] MgO

direction. This lattice mismatch value is very close to the theoretical value, suggesting that the strain

arising from the lattice mismatch is fully relaxed at the interface by forming misfit dislocations.

It should be noted that the surface terminations of MgO have the same atomic structures but are

displaced a half unit cell along the [100] MgO direction with respect to each other. Each termination

has a half unit-cell step height difference on the (001) MgO surface. Recent research indicates that

the growth of the initial layer of BSTO film on the (001) MgO surface is a TiO2 monolayer [Jiang

et al., 2002]. Thus, the BSTO thin films on a (001) MgO substrate form two types of epitaxial domain

that have a half unit-cell shift along the c-axis direction. The steps with different heights will result in

the formation of different domains (antidomains) in the films. Figure 21.22c is a TEM image

showing an antidomain boundary of a BSTO thin film formed on a (001) MgO, and Figure 21.22d is

an HRTEM image detailing the antidomain boundary directly formed from the surface step terrace.

This can be well explained by the schematic in Figure 21.23a showing the detailed surface structures

of a MgO surface. When BSTO thin films grow on a (001) MgO substrate that normally consists of

steps with a height of half a unit cell [½aMgO (step 2 in Fig. 21.22d)] or unit-cell height [aMgO (step 1

Figure 21.22 Cross-section TEM images show the edge dislocations and antidomain boundary formed at the

interface of the BSTO thin film and MgO substrate. The arrows in (a) and (b) indicate the locations of the edge

dislocations. The broad arrows in (c) and (d) point to the antidomain boundaries [Jiang et al., 2002].
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in Fig. 21.22d)], the BSTO crystal grown on terrace II will be displaced by ½aBSTO along the [001]

MgO growth direction with respect to the structure on terrace III. Thus, a conservative antiphase

boundary (with the displacement vector parallel to the boundary plane) that is parallel to the growth

direction, is formed between these two steps. A half unit-cell height shift between these two domains

can be clearly revealed in the image. Similarly, the terrace structures of the substrate will also affect

the microstructure of the thin films. As stated above, the first monolayer of the BSTO thin films on

the MgO substrate was identified as the TiO2 monolayer. It is reasonable to assume that the BSTO

film growth follows this atomic sequence during the film growth on MgO surface. This suggests that

the first atomic layer, which is the adjacent layer to the substrate step terrace, is theTiO2 or Ti��O
chain. If the substrate surface terrace width is equal to n unit cells of the BSTO films and the first

adjacent atom is Ti, the atom at the end of the terrace should be O. Hereafter, the next adjacent atom

from the second layer of the lower (half a unit-cell different) step terrace will be an O atom again,

which will result in an O��O atomic chain at the domain boundary; and so on. Similarly, when a

terrace width is equal to (nþ 1
2
) BSTO unit cells and is of a single MgO step height, the initial row

and the last row will be Ti��O atomic chains. Accordingly, in the as-grown BSTO structure, the first

and the last crystal planes that are parallel to both growth direction and step, would be the TiO2

planes. The TiO2 planes of two adjacent terraces will adhere at the last or topmost TiO2 plane. In

other words, the BSTO grown on the terrace with a width of an odd number of aMgOwill be displaced

by aBSTO with respect to that on the adjacent terraces along the direction that is perpendicular to the

steps. A step one-half unit-cell high in the MgO substrate forces the cubic structure of BSTO to

slightly adjust itself to compensate for the half unit-cell displacement. A nonconservative antiphase

boundary (with the displacement vector perpendicular to the boundary plane) that is parallel to the

growth direction and the step, subsequently forms between the structures grown on the adjacent

terraces (NC-APB in Fig. 21.23b). Within a thin film grown on a terrace with a width of an even

number of aMgO, a nonconservative antiphase boundary will not be formed in the BSTO structures

grown on the adjacent terraces. These results indicate that the substrate surface can strongly affect

the microstructures of as-grown films. These growth models can be extended to all other perovskite

thin films on MgO surfaces and other materials. Also, the strong effects from surface step terraces

have recently been observed from miss-cut substrates, as described below.

Figure 21.23 Schematic of a perovskite film on a rock salt substrate: (a) the substrate surface structures, (b)

cross-sectional view along the [100] substrate direction, and (c) the [001] direction view of the antidomain

boundaries [Jiang et al., 2002].
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21.4.4 Effects from Vicinal Surfaces

Recently, Chen and Horwitz [submitted] have systematically investigated the epitaxial behavior and

physical properties of ferroelectric BSTO (60 : 40) thin films on vicinal (001) MgO substrates with

different off-cut angles of 0.0�, 1.0�, 3.0�, and 5.0�. They have discovered that the BSTO thin films

grown on 1.0� and 5.0� off-cut (001) MgO substrates have similar dielectric properties to those on

(001) MgO substrates, as seen in Table 21.2. However, the BSTO thin films grown on the 3.0� off-cut
MgO substrates display much worse dielectric properties, that is, lower dielectric constant and lower

dielectric tunability as well as higher dielectric loss. Similar results have been observed in the Naval

Research Laboratory [Wu, personal communication] as well as on Mn-doped BSTO thin films [Yuan

et al., 2005]. Microstructure studies from cross-sectional TEM reveal that the BSTO thin films

grown on 1.0� and 5.0� off-cut (001) MgO substrates have excellent single-crystal quality and

epitaxial behavior with very smooth film surfaces, as seen in Figure 21.24a and 21.24e. Periodical

misfit dislocations are formed at the interfaces between the BSTO films and MgO substrates

(Fig. 21.24b and 21.24f). However, the films grown on 1.0� off-cut (001) MgO substrates are largely

polycrystalline toward the upper film areas, although a good single-crystal layer with a thickness of

only 150 nm is grown on the substrate surface. The BSTO film surfaces become very rough.

Particlelike structures are formed on the top surface areas, as seen in Fig. 21.23c. Furthermore, misfit

TABLE 21.2 Dielectric Properties of BSTO Films on Miss-cut (001) MgO at 2.0GHz

Film Thickness Gap Tuning er Tuning

Sample Types (mm) C0V (pF) er(0V) C40V (pF) er (40V) (%) (%)

(001)-0.0� off 0.3 0.930 1996 0.493 915 47 54

(001)-1.0� off 0.3 0.774 1664 0.442 800 43 52

(001)-3.0� off 0.3 0.473 1059 0.345 663 27 37

(001)-5.0� off 0.3 0.924 1655 0.440 635 52 62

Figure 21.24 Cross-sectional TEM images showing the interface structures and edge dislocation distributions

of BSTO thin films on (001) vicinal MgO substrates: (a) 1.0� off, (b) 3.0� off, and (c) 5.0� off [Chen and

Horwitz, submitted].
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dislocations form quasi-periodic structures at the interface between the films and substrate surfaces.

Therefore the strain energy at the interface is not uniformly distributed, which can be directly

observed in the images (Fig. 21.23d).

To understand the mechanisms that cause these interesting and unusual dielectric properties,

Chen and Horwitz [submitted] have systematically examined the relationship of epitaxial behavior

and substrate surface structures. They note that the different off-cut angles give different step widths

on the vicinal MgO surface terraces. Early studies [Jiang et al., 2002] indicate that the antiphase

domain boundaries, both conservative and nonconservative, formed on the MgO surface were highly

dependent upon the surface step width. If the BSTO films grown on the MgO surface terrace is the

same sequence as what grows on pure (001) MgO surface, then the line up of BSTO unit cells on the

MgO terraces might result in various gaps da at the surface terrace edges (Fig. 21.25), in which da
depends on the step width of the off-cut substrate. Theoretical estimations show that both 1.0� and
5.0� off-cut substrates will have 17.38 and 3.47 BSTO unit cells on the vicinal MgO surface terraces.

Both numbers suggest that antidomain boundaries form at the MgO surface step terrace edges with

tensile stresses of 0.75 and 0.85%. However, the BSTO films on 3.0� off-cut surfaces result in either
a compressive stress of 3.7% or a tensile stress of 5.1%. The large extra strain energies together with

the lattice misfit strain energy will cause many dislocations to form in the films and result in the

polycrystalline structures on the top of film surface to relieve the strain energy.

21.5 TECHNIQUES TO IMPROVE DIELECTRIC PROPERTIES OF

FERROELECTRIC THIN FILMS

It is well known that the physical properties and microstructure of ferroelectric thin films, that is,

BSTO, PSTO, PZT, and others, are highly dependent upon the processing conditions and treatments.

Controlling the processing temperatures and oxygen pressures as well as and posttreatments can

significantly influence the crystallinity and physical properties of the as-grown thin films. To

improve the dielectric properties, that is, increase tunability and decrease the dielectric loss, many

attempts have focused on the improvement of epitaxial single crystalline quality, the control of films

stress, and the modification of the compositions of the films. The techniques for improving the as-

grown film quality include controlling the interface structures to reduce interface strain energy and

grow highly epitaxial films, optimize processing conditions for achieving cubic phase dielectric

structures with oxygen vacancies, and alter the chemistry by introducing small amounts of variable

valence elements to neutralize the donor action of the oxygen vacancies. Recently, Bubb et al.,

[submitted] has achieved a high dielectric constant (500) with extremely low dielectric loss (1/600)

for BSTO thin films on (001) MgO substrates in the 1–20GHz frequency range by using a low

oxygen partial pressure (50mTorr) during deposition and a high temperature (1000�C) and high

oxygen pressure (1 atm) postannealing procedure. This impressive result further verifies the previous

conclusions of the oxygen pressure and vacancy effects on the physical properties of the BSTO thin

films, as seen in Section 21.4.

Another important technique to improve the microwave dielectric properties, both low loss and

large tunability, at microwave frequencies is to modify the chemicals in the ferroelectric thin films

by introducing small concentrations of acceptor dopants into the films, which has been found to

δα

1  

δβ

2  

Figure 21.25 Schematic showing lattice gaps formed at the substrate terraces by lining up different numbers

of unit cells of films [Chen and Horwitz, submitted].
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dramatically alter the properties of ferroelectric materials. The most common acceptor dopants for

reducing the dielectric loss in ferroelectric BSTO and related perovskite thin films are those variable

valence elements such as Fe, Co, Mn, Ni, W, and Mg, which can occupy the B sites of the A2þB4þO3

perovskite structure. It should be noted that doping with donors, such as Nb, to substitute for the Ti

ions in BSTO films leads to highly electrical conductive films. Recently, Mg- and Mn-doped BSTO

thin films have become the most attractive systems because they can significantly reduce the

dielectric loss, enhance the resistivity of the films, and increase dielectric tunability [Cole et al.,

2000; Joshi and Cole, 2000]. The mechanisms responsible for improving the dielectric and

insulating properties of ferroelectric thin films concerns those elements that can neutralize the donor

action of the oxygen vacancies because the acceptor-type dopants can prevent the reduction of Ti4þ

to Ti:3þ The key factor in the dielectric loss mechanism is that the electrons (the space charge)

generated from the oxygen vacancies can hop between different titanium ions whereas the acceptor

dopants such as Mg2þ and Mn2þ can compensate for the charges for oxygen vacancies with

the correct amount to lower the dielectric loss. On the other hand, the doping can reduce and broaden

the dielectric phase transition resulting in a smaller temperature coefficient of capacitance in the

dielectric thin films as compared with undoped materials.

Recently, many excellent results have been achieved in BSTO thin films by using Mg- or Mn-

doping [Joshi and Cole, 2000; Ahn et al., 2002; Jain et al., 2003b; Chang and Sengupta, 2002; Cole

et al., 2003]. For instance, Cole (2003) obtained a dielectric constant of 348 with a dielectric loss

value of 0.007 in 1mol% Mg doped BSTO thin films. Yuan et al. [2005] have achieved an excellent

result of a particularly high dielectric constant of 1200 with an extremely low dielectric loss of 0.005

at 12GHz in the 0.5% Mn-doped BSTO thin films. An exceptionally large dielectric tunability of

67% has been attained for an applied electric field of 4.0 V/mm.

Other techniques for improving the microwave dielectric thin-film properties include the doping of

BSTO thin films by using TiO2 and increasing the film thickness. Jia et al. [2002] and Im et al. [2002]

have independently found that TiO2-doped BSTO thin films can significantly reduce the dielectric loss

in the BSTO thin films. Although the mechanisms are not well understood yet, the extra Ti in the

BSTO films may compensate the charge distribution generated by the presence of oxygen vacancies.

21.6 SUMMARY

Pulsed laser deposition is one of the most powerful techniques in oxide thin-film synthesis,

especially for the epitaxial growth of complex ferroelectric thin-film materials. With this unique

technique, many highly epitaxial ferroelectric thin films with excellent physical properties and good

stoichiometry have been achieved in the past two decades, which enable scientists and engineers to

perform both fundamental and applied thin-film materials research for the development of material

strategies in microelectronic thin-film devices.

In the area of high-frequency room temperature tunable microwave device fabrication, pulsed

laser deposition has played a key role for ferroelectric thin-film epitaxy. The highest performances in

tunable microwave elements, such as microstrip phase shifters, have only recently been achieved.

Highly epitaxial growth of ferroelectric thin-films, such as BSTO, PSTO, and others, allows further

investigations of the epitaxial behavior and physical properties relationships. In conclusion, pulsed

laser ablation of thin films will continually remain one of the most important techniques in

ferroelectric thin-film synthesis and tunable microwave device fabrication.
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CHAPTER 22

Films for Electrochemical Applications

MACARENA J. MONTENEGRO and THOMAS LIPPERT

Paul Scherrer Institut, General Energy Research Department, Villigen, Switzerland

22.1 INTRODUCTION

The potential of thin films prepared by pulsed laser deposition (PLD) for electrochemical

applications has only been recognized recently, but the number of studies is increasing steadily.

There are also still new directions in electrochemistry to be explored, where PLD films have not yet

been applied, but with a large future potential. Some examples are discussed in the context of

possible future directions and in the conclusions of this chapter. The reason for the late recognition

of PLD films for electrochemical studies is probably related to the fact that many electrochemical

studies are associated with wet chemistry, that is, liquid electrolytes. This environment is probably

still quite exotic for many groups that work in the typical vacuum environment of PLD. Another

reason is the fact that electrochemistry is a fairly applied research field, where many of the materials

are mass products and therefore not really a target for PLD films.

The recent importance of renewable energy sources has sparked research in electrochemistry on

very fundamental and applied levels. The most prominent applications are rechargeable batteries and

fuel cells, and many car manufacturers have already built a fuel cell car because fuel cell cars are

considered to be one of the most promising options for future sustainable mobility [Junker et al.,

2001; Folkesson et al., 2003; Linssen et al., 2003; Shukla et al., 2003]. Both types of electrochemical

power storage/generation have been, in principle, known for a long time (a short history is given

below), but fuel cell technology is not yet cost-competitive. One of the most important drawbacks

are the materials, which are either very expensive noble metals (e.g., Pt as catalysts in polymer

electrolyte membrane fuel cells) or are lacking in performance and/or stability. It is therefore one of

the main future tasks to identify and develop new materials that will fulfill the necessary

requirements. PLD has the potential to be a very useful tool for this research and can play an

important role in two different ways: that is, for material development and as a method to produce

model systems for parametric studies.

The first approach utilizes one of the major strengths of PLD, that is, the synthesis of materials

that cannot be obtained by other methods (metastable phases [Gupta et al., 1994; Lowndes et al.,

1996; Krebs 1997; Gorbunov et al., 2002; Levin et al., 2003]), or in combination with the recent

development of combinatorial approaches [Koida et al., 2002; Lippmaa et al., 2002; Takahashi et al.,

2002; Aronova et al., 2003; Ohkubo et al., 2003] to PLD as a fast screening method for a systematic

variation of material compositions. Both approaches can easily be utilized to test and develop new

more efficient catalysts, for example, the systematic variation of an AxA
0
1�xBO3 perovskite where x
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is varied in discrete steps. The other important role of PLD is the possibility of preparing model

systems, which is, of course, closely related to the above described material developments.

Most electrochemical systems have one major feature in common: They are applied as

electrodes, electrolytes, and electrocatalyst in electrodes. Electrodes, for example, are normally

complex systems that often contain an electrocatalyst, a catalyst support material, and many

other components. One of the most common materials in electrodes is carbon, which has the

necessary conductivity, but is also active for many catalytic reactions, for example, oxygen reduction

and evolution (see Figs. 22.12 and 22.13). The other important parameter for electrochemical

systems is the stability of its components, for example, the catalyst in an environment that is

chemically very reactive, that is in alkaline or acidic solution with an applied potential. The two

important parameters for the electrocatalyst, that is, the stability and reactivity are therefore nearly

impossible to study with real electrodes that contain many elements.

The activity of the electrode, for example, cannot be directly assigned to the catalyst but is very

often a superposition of all components, including the active carbon, and parameters such as the

active area of the catalyst, which is nearly impossible to determine with a porous multicomponent

electrode, where the catalyst is on a support material. The stability of the catalyst can also not really

be tested in these electrodes because the failure of any given component or of the mechanical

stability of the electrode determines this process. PLD films are, therefore, the ideal candidates to

test the activity and stability of various electrocatalysts, electrodes, and electrolytes because it is

possible to prepare dense films with well-known surface areas, without any support material on an

electrochemically inactive substrate, such as MgO. The well-defined surface area of PLD films

allows the direct comparison of the catalytic activity for different materials, or even for different

crystallographic properties, such as amorphous versus single-crystalline materials.

All of these special features of PLD films and the PLD technique with all of its variations are,

therefore, a perfect match for electrochemical studies. In the following paragraphs a short overview

of the history and function of the most important electrochemical systems is given to provide the

necessary background to understand the aim and application of PLD films in electrochemistry. The

figures in the description part show also the structure of the different electrochemical devices and

can be used to identify the functionality of the materials that are prepared by PLD.

22.1.1 Description and History of the Most Important Electrochemical Systems

22.1.1.1 Batteries

History During the last decade batteries have become one of the most important objects in our

everyday lives because they deliver power to a plethora of often portable devices, such as clocks,

detectors, remote controls, and computers. Batteries have come a long way since the first

‘‘battery,’’ which was dated around 250 B.C. (Baghdad, Iraq), but there are still many possibilities

for further improvements. The first batteries were used in simple operations to electroplate objects

with a thin layer of metal while the next generation of batteries was invented as a matter of

curiosity, in the anatomical studies of frogs. Luigi Galvani observed that the muscles in a frog’s leg

would contract when jolted with a static electrical spark delivered from a Leyden jar. He

additionally noticed that the frog’s leg also reacted to two different metals being applied to the

muscle, deducing that the muscle was producing electricity. Based on the results of Galvani,

Alessandro Volta developed in 1798 a device made of alternating pieces of electrolyte (sodium

chloride salt) soaked disks, zinc, and copper disks stacked in a column with a wire connected to a

copper plate on the top, and a wire connected to a zinc plate on the bottom. This more or less

started modern electrochemistry and the unit of electrical potential was named ‘‘volt,’’ to honor

one of the first inventors. In the nineteenth century various incremental improvements and

discoveries for batteries were implemented. The next important invention came from Gaston

Plantè, who developed the lead–acid cell in 1859. This was the first successful storage cell, or

rechargeable battery. The following major development was the wet cell invented by Leclanché in
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1866. Further improvements of battery technology were limited by the liquid electrolyte, however.

The dry cell, which is very similar to today’s carbon–zinc batteries, was developed in 1888 by Carl

Gassner and first sold in 1896. The twentieth century was characterized by the development and

optimization of new materials, which resulted in 1959 in the first commercially available alkaline

battery. In the 1960s the first silver oxide system and the first nickel cadmium rechargeable

batteries became available, followed by rechargeable Li ion batteries in 1962 and Ni metal hydride

batteries in the late 1960s [McNicol and Rand, 1984].

Description A battery, which is actually an electric cell, is a device that produces electricity from

a chemical reaction. Strictly speaking, a battery consists of two or more cells connected in series or

parallel, but the term can also be generally used for a single cell. A cell consists of a negative

electrode, an electrolyte, which conducts ions, a separator, which is also an ion conductor, and a

positive electrode. The electrolyte may be aqueous or nonaqueous, as a liquid, paste, or also in solid

form. The negative electrode supplies a current of electrons that flow through the load and are

accepted by the positive electrode (Fig. 22.1) when the cell is connected to an external load or device

to be powered. The reaction stops when the external load is removed. Two types of batteries exist,

depending on how the stored energy in the cell is produced. A primary battery can convert its

chemicals into electricity only once and is then discarded (one way battery). A secondary battery has

electrodes that can be reconstituted by passing electricity back through them. This type of battery is

called a storage or rechargeable battery and can be reused many times.

The voltage of a battery is a characteristic of the cell design and the chemical reactions taking

place inside. Nevertheless, the voltage changes with temperature, age of the cell, and load. A single

cell can produce anything from a small fraction of a volt to more than 3V, depending on the type of

battery. In this context we would like to remind the reader about some fundamental definitions about

batteries, which will be used later in this chapter. The capacity of a battery is the amount of

electricity or electric charge that can be delivered during discharge at constant current until the final

discharge voltage is reached. The standard unit to measure the capacity is the coulomb (C). The

battery capacity is generally expressed by ampere-hours (Ah) or milliampere-hours (mAh). The total

energy of a battery is expressed by watt-hours (Wh) (capacity � voltage), while the storage density

of a battery is the ratio of capacity to its weight [McNicol and Rand, 1984].

Figure 22.1 Schematic of a battery, indicating the charge flow and charge carriers inside and outside of the

battery. Electrons start to flow from the anode to the cathode when the external circuit is closed. This current

flow is compensated in the battery by a flow of ions between the electrodes.
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Selected Battery Types

ZN–AIR BATTERIES The first Zn–air cell employing an alkaline electrolyte was patented in 1894 and

consisted of a central Zn electrode, a porous separator, an inner fine particulate carbon layer, an outer

particulate carbon layer, and a perforated Ni current collector. Cells of this type have capacities in

the range from 300 to 3000Ah, with a specific power of less than 1W/kg. Recently, the interest in

this type of battery was renewed, as many technical problems could be solved and batteries of this

type became commercially available. The Zn–air battery is the battery that offers the highest storage

density, which is due to the fact that one of the components in the reaction comes from outside of the

battery, that is, atmospheric oxygen from the air as cathode reactant. A Zn–air battery is also

characterized by a long stable life when sealed, for example, a loss of only 
2% of its capacity is

experienced after one year of storage (for a cell voltage of 1.65V).

The recent design of a Zn–air battery consists of two electrodes, that is, Zn paste and a

bifunctional oxygen electrode with an integrated electrocatalyst for reduction and evolution of

oxygen. The reactions during discharge and charge, involving a bifunctional catalyst, can be

described as follows:

The reversible oxygen electrode potential is 0.401V in an alkaline solution. One characteristic of

this electrode is the large overpotential in the range of 0.2–0.4V for both O2 reactions [McNicol and

Rand, 1984].

LI ION BATTERIES Lithium is an excellent material for a storage device, as electrons are very easily

delivered and the element is of intrinsically low weight. One of the major problems of Li-based

systems is the reactivity toward moisture, resulting in the requirement of a moisture-free

environment for the production of Li ion batteries. Li ion batteries can be divided into

nonrechargeable and rechargeable systems. The most common material in a nonrechargeable

battery is the lithium–manganese spinel (LiMn2O4), where Li is used as the anode, the spinel as the

cathode, with a carbonate electrolyte. The cell voltage of this type of battery is about 3V. The latest

generation of nonrechargeable batteries uses a polymer electrolyte and are intended for lightweight

portable equipment. Rechargeable lithium ion batteries are important for space and portable power

applications. The development of rechargeable batteries using lithium started in 1912, but only

became commercially available in 1991 (by Sony). The rechargeable Li ion batteries were an instant

success due to their light weight and long shelf life. Current systems use a carbon anode that inserts

lithium ions from the cathode through the electrolyte (Fig. 22.2). The latest step in lithium ion

battery development (1996) was the replacement of the liquid electrolyte with a polymer gel

electrolyte, resulting in a high product safety [McNicol and Rand, 1984].

22.1.1.2 Fuel Cells

History The first fuel cell was developed by Sir William Robert Grove in 1839, who mixed

hydrogen and oxygen in the presence of an electrolyte and produced electricity and water. The

invention, which later became known as a fuel cell, did not produce enough electricity to be useful,

Discharge Charge

Zn Electrode

Znþ 4 OH� , ZnðOHÞ�2
4 þ 2e� ZnðOHÞ�2

4 , ZnOþ H2Oþ 2OH�

Bifunctional Air Electrode

1
2
O2 þ H2Oþ 2e� , 2OH� 2OH� , 1

2
O2 þ H2Oþ 2e�
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however. In 1889, the term ‘‘fuel cell’’ was probably first coined by Mond and Langer, who

attempted to build a working fuel cell using air and industrial coal gas, while other sources attribute

the term to W. Jaques. Jaques was also the first researcher to use phosphoric acid in the electrolyte

bath. Fuel cell research in Germany paved the way in the 1920s to the development of today’s

carbonate cycle and solid oxide fuel cells. Important developments in 1959 by F. Bacon resulted in a

design that was applied for a 5-kw fuel cell that could power a welding machine. In October 1959,

Harry Karl Ihrig, demonstrated a 20-hp tractor that was the first vehicle ever powered by a fuel cell.

The first bus powered by a fuel cell was completed in 1993, and several fuel cell cars are now being

built in Europe, Japan, and in the United States. Daimler Benz and Toyota launched prototype fuel-

cell-powered cars in 1997, while Daimler Chrysler unveiled the liquid hydrogen vehicle NECAR 4,

in April 1999, with a top speed of 90mph and a 280-mile tank capacity. Another fuel cell car has

been developed by the Volkswagen group and a group of researchers based in Switzerland (PSI,

ETH, Montena SA, FEV Motorentechnik GmbH, EMPA) and was tested in January 2002.

Description Fuel cells are based on reverse electrolysis and resemble batteries because their direct

current (DC) electrical output is due to an electrochemical process: unlike batteries, they will

continue to deliver energy as long as fuel is supplied. Fuel cells consist of two electrodes, which are

separated by an electrolyte. An oxidant is fed to the cathode to supply oxygen, while hydrogen is

supplied at the anode side (Fig. 22.3). An individual fuel cell generates from 0.6 to 0.8V DC, with a

conversion efficiency of up to 50%. High power outputs can be generated by designing large numbers

of cells that are connected in series. There are various types of fuel cells that operate at different

temperatures (i.e., from below 100�C to above 1000�C). In general, two classes of fuel cells are

known, termed alkaline and acidic. There is just one type of alkaline fuel cell, which is also the

longest known technology, which is still used in aerospace applications. There are four types of acidic

fuel cells: the phosphoric acid fuel cell (PAFC), the proton exchange (or polymer) membrane (PEM)

Figure 22.3 Schematic of a fuel cell, consisting of two electrodes separated by the electrolyte. An oxidant is

fed to the cathode, while hydrogen is supplied to the anode.

Positive Electrode Negative Electrode

Charge

Discharge

Li
–

Li
–

Li
+

Li
+

Figure 22.2 Schematic of a lithium ion battery, with the positive and negative electrode, which are separated

by an electrolyte. If the electric circuit is closed, Liþ ions are intercalated from the negative electrode through

the electrolyte into the positive anode. This process can be inverted by applying a reverse outer current.
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fuel cell, the molten carbonate fuel cell (MCFC), and the solid oxide fuel cell (SOFC). The PAFC is

the only acidic fuel cell that is in commercial use for stationary power generation. The PEM fuel cell

was originally developed by General Electric in the late 1950s but is not yet commercially applied,

except in the prototype fuel cell cars. However, there has been considerable work on the application

of the PEM fuel cell in automobiles due to their low weight and low operating temperature.

Selected Types

SOLID OXIDE FUEL CELLS Solid oxide fuel cells (SOFC) are high-temperature devices and were studied

by Baur and Preis in the late 1930s using zirconium, yttrium, cerium, lanthanum, and tungsten as

solid oxide electrolytes. In the 1940s, O.K. Davtyan added monazite sand to a mix of sodium

carbonate, tungsten trioxide, and soda glass to increase the conductivity and mechanical strength,

but various undesired chemical reactions occurred. The SOFC still reveals problems due to the high

internal resistance, melting, and semiconductivity, which can result in a short circuit. Westinghouse

experimented with a cell using zirconium oxide and calcium oxide (1962), but only recently have

advances in materials technology revived the interest in these SOFCs.

In SOFCs hard ceramics are applied as electrolytes instead of a liquid and the operating

temperatures can reach 1000�C. The electrolyte is often a mixture of zirconium and calcium oxide

that forms a crystal lattice, but other oxide combinations have also been tested. The solid electrolyte

is coated on both sides with special porous electrode materials. At the higher applied temperatures,

the oxygen ions (negatively charged) migrate through the crystal lattice of the electrolyte and

oxidize the fuel at the anode side (Fig. 22.4). The efficiency can be as high as 60%, but the

temperature requirement mainly results in stationary applications [McNicol and Rand, 1984].

Nevertheless, the solid electrolyte is still one of the key materials for future improvements.

22.2 SELECTED ELECTROCHEMICAL MATERIALS PREPARED BY PLD

22.2.1 Spinels

The spinel structure has the form of AB2O4, where A is a metal ion with a þ 2 valence and B is a

metal ion with a þ 3 valence. This structure is viewed as a combination of the rock salt and zinc-

blend structures. The oxygen ions are in a face-centered-cubic (fcc) close packing, where the A and B

ions occupy tetrahedral and octahedral interstitial sites. The spinel structure can be divided into two

types: normal and inverse spinels. In normal spinels, A2þ ions are on tetrahedral sites and the B3þ

ions are on octahedral sites. In inverse spinels B(AB)O4, the A
2þ ions and half of the B3þ ions are on

octahedral sites; the other half of the B3þ ions are on tetrahedral sites [Giacovazzo et al., 1999].

Figure 22.4 A SOFC consists of two electrodes separated by a solid electrolyte. Fuel that is delivered to the

anode reacts with oxygen ions from the electrolyte and releases electrons into the external circuit. The cathode

accepts electrons from the external circuit to supply the electrolyte with O2� ions to maintain the overall

electric charge balance.
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22.2.2 Perovskites

Perovskites aremetal oxideswith an empirical formulaABO3, which crystallize into a cubic, tetragonal,

orthorhombic, or rhombohedral structure. The cubic form of this material is referred to as ideal

perovskite and has a unit-cell edge length of approximately 4 Å. In reality, only a few perovskite-type

materials have this ideal cubic structure at room temperature, but many reach it at higher temperatures

[Galasso, 1969]. In the fcc structure theA cations are located at the corners while the O atoms are on the

faces. The B cation is in the center of the unit cell. A tolerance factor t was defined by Goldschmit

[Chandler et al., 1993] to describe the stability limits of the perovskite structure [Eq. (22.1)]:

t ¼ ðRA þ ROÞ=21=2 ðRB þ ROÞ ð22:1Þ

where RA, RB, and RO are the ionic radii. The perovskites are stable within the range of 0.755 t5

1.0 with t normally between 0.8 and 0.9. The stable structures below this limit are ilmenite and

corundum [Wells, 1986]. The perovskite structure possesses a high degree of compositional

flexibility, which allows the accommodation of a wide variety of A and B cations. Consequently,

perovskites exhibit many interesting conducting and chemical properties, including catalytic activity

and oxygen transport capability.

22.3 APPLICATIONS OF PLD FILMS

22.3.1 Spinels in Li Ion Batteries

Various materials have been studied over the last few years as solid electrolytes and positive/negative

electrodes for lithium ion batteries. In commercial batteries the electrodes consist of a composite

material (i.e., active material, binders, and conductive additives). Nevertheless, the application of

thin films as model systems is becoming more and more popular due to the possibility of studying the

stability and reactivity of new materials in well-defined systems. The first application of PLD as a

deposition technique for Li ion battery related materials, studying mainly materials used as cathodes,

was published at the end of the 1990s [Jiang et al., 1999]. Only in the last 4 years have materials for

anodes and the solid electrolyte also been studied.

22.3.1.1 Cathode Materials

The most studied compound is LiMn2O4, which is used as the cathode material. One general

problem for the deposition of Li-containing thin films is the fact that the films are Li deficient, but

this problem can be overcome by using targets that are enriched in lithium. Inaba et al. [1999]

studied the properties of a thin film of LiMn2O4 by cyclic voltammetry and scanning tunneling

microscopy (STM) and observed that the surface morphology changed during potential cycling.

Small spherical particles appeared on the surface after cycling. The number of particles increased

while the particle size decreased with the number of cycles (shown in Fig. 22.5). The discharge

(a) (b) (c)

Figure 22.5 STM images (2� 2mm) of a LiMn2O4 thin film obtained after (a) 1, (b) 20, and (c) 75 cycles

between 3.50 and 4.25V in 1 M LiClO4/propylene carbonate electrolyte solution. The sample and tip potentials

were 3.5 and 3.0V, respectively. The figure has been adapted from Inaba et al. [1999].
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capacity decreased by 6% from the initial capacity in the 75th charge/discharge cycle in the range of

3.5 to 4.25V (as derived from the cyclic voltammograms shown in Fig. 22.6).

The influence of the PLD parameters on the resulting thin films has been studied by Julien et al.

[2000], who used mixtures of LiMn2O4 and Li2O powders as targets to avoid the lithium deficiency

in the resulting films. The main factor that determines the film morphology is the substrate

temperature, with higher temperatures resulting in less porous films. The resulting films crystallized

in a polycrystalline spinel structure and were applied in microbatteries, which presented a good

specific capacity of 120mC/cm2 (shown in Fig. 22.7) that was attributed to the high degree of

crystallinity.

One application of LiMn2O4 films has been suggested in 2001 by Singh et al. [2001] who applied

the thin films in microelectromechanical systems, that is, in small-scale sensors (chip with a sensor).

The deposited and applied films were highly crystalline and revealed a good kinetic behavior,

cyclability, and capability for Li extraction/intercalation. Films that were deposited at higher

temperatures revealed a lithium deficiency, probably due to the high vapor pressure of Li. An

Figure 22.6 Cyclic voltammograms of a LiMn2O4 thin film deposited on Au at 873K for 1 h. The electrolyte

solution was 1 M LiClO4/propylene carbonate electrolyte solution. The scan rate was 1mV s�1. The figure has

been adapted from Inaba et al. [1999].

Figure 22.7 First discharge curve of a Li//LiMn2O4 microbattery using a LiMn2O4 film grown by PLD in

100mTorr oxygen pressure onto a substrate heated to 300�C. The figure has been adapted from Julien et al.

[2000].
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ultraviolet (UV)-assisted PLD system (248 laser þ UV lamp) was developed in 2002 [Singh et al.,

2002] to produce films with higher crystallinity than films grown by standard PLD under the same

conditions. The films with the higher crystallinity also revealed superior properties, such as a

capacity loss of only 5% over a period of 1300 charge/discharge cycles.

Since 1999 [Perkins et al., 1999] other cathode materials have been studied in their pure

(LiCoO2) and doped (LiCo1�xAlxO2) form. Perkins et al. [1999] have deposited both materials and

obtained films where the Li and Co layers were oriented parallel to the substrate. The LiCo1�xAlxO2

had to be deposited on a substrate with temperatures that were 
100�C higher than in the case of

LiCoO2 to obtain similar grain sizes and crystallinity. For LiCo1�xAlxO2 the charge/discharge curves

indicates an asymmetry between Li extraction and intercalation (Fig. 22.8), which results in a

capacity for the doped electrode that is three times lower than for the LiCoO2 film electrode.

The influence of the film crystallinity on the Li ion diffusion has been studied by the

potentiostatic intermittent titration technique (PITT) [McGraw et al., 1999]. The results indicate that

the chemical diffusion coefficients are quite similar for amorphous and crystalline films, indicating

that the better performance of the electrodes with higher crystallinity is not due to the Li ion

diffusion. Another electrode material that has been studied is LixV2O5, where a completely

reversible Li ion intercalation was observed. The chemical diffusion coefficient for Li ions into

LiCo0.5Al0.5O2 is at least 1–2 orders of magnitude smaller than for LiCoO2. One possibility to

overcome this problem is to control the amount of extracted Li, which may improve the discharge

capability.

The Li ion positions in the film were analyzed as a function of the texture of the PLD films. The

Li layers are oriented parallel to the substrate and perpendicular to the diffusion direction for the

(003) texture in LiCoO2 films, while the Li layers are separated by one cobalt and two oxygen layers

along the (001) direction, which impedes the Li diffusion compared to the (003) texture [Iriyama et

al., 2001]. Additional studies in the last few years [Julien et al., 2001; Julien and Gastro-Garcia,

2001] address the structure, morphology, and crystallography of Li-containing films without detailed

electrochemical characterization of the films. These studies confirmed the data from older studies

that indicate that it is necessary to use targets that are enriched in Li to obtain the correct

stoichiometry in the resultant films. Kim et al. [2002, 2003] studied the influence of a 10-nm-thick

Al2O3 coating on thin films of LiCoO2. The coating resulted in a faster Li ion diffusion and

Figure 22.8 Capacity, in units of Li exchanged per Co, vs. cycle number for a 390-nm-thick LiCoO2 film

grown at 600�C in 200mTorr of oxygen. The film was cycled between 3.8 and 4.2V vs. Li at a constant current

of 5mA in a 1 M LiClO4/propylene carbonate electrolyte solution. The inset shows the voltage vs. Li content for

the first charge and discharge cycles. The figure has been adapted from Perkins et al. [1999].
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migration after 80 charge/discharge cycles than in films without a coating. The cycle life

performance could be improved when the films were cycled only between 2.75 and 4.4V. The reason

for this improvement is the inhibition of Co dissolution during cycling. LiCoO2 films loose 75% of

their original capacity, while the Al2O3-coated films loose only 25%.

Another possible material for the cathode is V2O5. The first studies on thin films were performed

by Julien et al. [1999] who analyzed different deposition conditions such as oxygen pressure and

substrate temperature to achieve the correct film stoichiometry. Films deposited at 300�C with an

oxygen background pressure of 100mTorr present an orthorhombic polycrystalline phase where the

c-axis is oriented perpendicular to the substrate plane. Fang et al. [2001] studied a mixture of

vanadium and tungsten oxides and also the pure oxides. One innovation in this study is the

application of a double layer of WO3(V2O5 doped)/V2O5(TiO2 doped) and not the usual mixture of

the materials in the target to produce films with mixed elements. The WO3 films degraded upon

cycling, while for the V2O5 films the peak current density increased by up to 3% for the first three

cycles followed by a constant current density over the next 1000 cycles. This long-term stability

could only be obtained when the voltage sweep was limited to a safe range between 1.5 and 2.0V.

This limited range for the applicable voltage is due to the structure of the films where the Li ion

mobility is higher between layers than across the layers. The peaks in the cyclic voltammograms for

the WO3(V)/V2O5(Ti)-layered films are due to the insertion and extraction of lithium in both layers

of the double structure film (Fig. 22.9). The top layer V2O5(Ti) is nanocrystalline and oriented in the

c direction, which results in an improved transport of the Li ions and an increase of the cycle stability

and reversibility of the WO3(V) layer.

Other dopants for V2O5 have been studied in the last few years to improve the electrochemical

properties of this material. Huang et al. [2003] applied a composite material, such as Li2Ag0.5V2O5.

The reason for choosing this material was the idea that the electrochemical properties will improve

due to an expansion in the interlayer distance and an increase in the specific area of the material,

which will provide better defined diffusion pathways for the Li ions. A preliminary result indicated

that the PLD film could not improve the Li ion mobility during the electrochemical cycling but may

still be useful as a cathode material for all-solids-state thin-film batteries. The electrochemical

Figure 22.9 Cyclic voltammograms of WO3 (V)/V2O5 (Ti) double-layer thin films deposited at 200�C on ITO

with a sweep rate of 50mV s�1. The solid line represents the 4th cycle, while the dashed line represents the

1000th cycle. A saturated calomel electrode (SCE) has been used as reference electrode. The figure has been

adapted from Fang et al. [2001].
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properties of these films are better than for pure V2O5 and Ag0.5V2O5 films. A capacity of 60 mAh/

mmcm2 at a current density of 7 mA/cm2 could be reached when these films were used as cathodes.

Another doped material that has been studied is NiO–V2O5 [Liu et al., 2003] where (NiO)0.5V2O5

could be identified as the best material. The orthorhombic crystalline structure of V2O5 changes to

an amorphous phase when the NiO content is increased. A mechanistic study concerning the

extraction/insertion of Li, based on the X-ray diffraction (XRD) and X-ray photoelectron

spectroscopy (XPS) results, suggests that one part of the Li ions insert and release from the vacant

position within the V2O5 layers. The other Li ions react with the NiO, leading to the formation of

metallic Ni and Li2O. Both processes contribute to the specific capacity of the composite film, which

is in the range of 340mAh/g.

Another class of materials that has been studied are Ta2O5-ZnO composite films and films from

the single compounds Ta2O5 and ZnO [NuLi et al., 2003]. Composite films with a Ta/Zn molar ratio

of 2.5 exhibit the best performance in both the reversible capacity and capacity retention (up to 90%

of its original capacity for up to 50 cycles). The analysis of these films revealed the formation of a

crystalline orthorhombic ZnTa2O6 phase proving that the films are not just a physical mixture of ZnO

and Ta2O5. The improvement of the Li capacity is attributed to the crystalline orthorhombic

ZnTa2O6 phase.

Studies of the insertion and transport of Li in Ta2O5 have been made by Fu and Qin [2000a] using

electrochemical methods and the isothermal transient ionic current method. The electrochemical and

electrical properties of the film are strongly dependent on the film annealing parameters. Several

values for diffusion constants of Li in Ta2O5 could be obtained in these studies, with values ranging

from 2.6 to 5:2� 10�15 cm2=s. The anatase phase of TiO2 was used as an alternative material [Fu

and Qin, 2000b] and diffusion coefficients of Li ions in the range of 1:95–16� 10�13 cm2=s were
obtained. The high quality of the anatase films prepared by PLD was confirmed by XRD.

22.3.1.2 Anode Materials

Only recently have the first studies been performed on anode materials, which may be an alternative

to the currently used carbon materials. The first study was performed by Ding et al. [1999], utilizing

SnO2 as an electrode material. The main results indicate that there are many differences in the

electrochemical properties between bulk SnO2 and thin-film materials. The bulk material is

amorphous, where the Sn(II)-O sites act as active centers for Li ion intercalation. The thin films

consist mainly of nanoscale SnO crystals in an amorphous oxide matrix, where the crystalline SnO

contributes to the intercalation of the Li ions. The thin films loose 56% of their capacity during the

first discharge cycle compared to only 37% for the bulk material. Additionally, indications for an

irreversible reaction have been detected where SnO2 is reduced to metallic Sn during the insertion of

lithium. This reaction is probably the main reason for the fast loss of capacity.

Various other materials, mainly oxides, have been studied recently as anode materials, including

CeO2 [Jiang et al., 1999], Co3O4 [Wang et al., 2003c], Ta2O5 [Fu et al., 2003], and Mg2Si [Song

et al., 2003]. The CeO2 thin films are oxygen deficient, with a polycrystalline monoclinic structure

of Ce6O11. The thin films revealed a good cycling stability with a reversible capacity of 45mC/cm2

(for cycling in the range of 0.1–1.5V).

The Co3O4 films consist mainly of nanocrystalline particles with an average size of 50 nm.

Discharge/charge cycles and cyclic voltammetry measurements reveal an irreversible reduction

process during the first cycle, but also a high cycle performance following the first cycle.

The Ta2O5 films were amorphous and were used in rechargeable lithium ion batteries, which

revealed a high reversible capacity of 400mAh/g. This high value for the reversible capacity

corresponds to more than 6 Li entering one Ta2O5 unit to form LixTa2O5. The volumetric capacity of

these films is approximately four times larger than for typical graphite electrodes (5 mA/cm2). This

high capacity is due to the reaction of Ta2O5 with 8Li to form 2Ta2O and 4Li2O.

The 30-nm-thickMg2Si films delivered a capacity that is larger than 2000mAh/g for more than 100

cycles, suggesting the good stability of this electrode material during cycling. Thicker films (i.e., 296

and 380 nm) showed a fading rate of the capacity of about 0.5–0.6% per cycle for up to 140 cycles.
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Another type of material that has been studied is LiTi2(PO4)3, which presents a NASICON-type

structure [Wang et al., 2003a]. This compound crystallizes in a rhombohedral structure with a

maximum amount of 5.2 mol of Li ions that can be electrochemically intercalated per mole of

LiTi2(PO4)3. Impedance measurements indicate a quite high Li diffusion coefficient (in the range of

10�7–10�5 cm2=s).

22.3.1.3 Solid Electrolytes

The solid electrolyte is another very important component for the development of Li ion batteries,

especially for the miniaturization of Li ion batteries as all-solid-state devices. High ion conductivity

and a negligible electronic conductivity are necessary for this type of battery. Lithium phosphorus

oxynitride (LiPON) as a solid electrolyte was first deposited by radio frequency (RF) magnetron

sputtering, and several studies have been performed by Bates et al. [1993, 1995] who headed the

development of this material and devices. Recently Zhao et al. [2002] presented the first results of

amorphous LiPON films produced by PLD. An increase in the ionic conductivity could be observed

when a higher concentration of nitrogen was incorporated in the films. This can be achieved by

increasing the N2 background pressure during deposition and/or by increasing the laser fluence.

However, a saturation of the ionic conductivity was observed for fluences15 J/cm2. Unfortunately,

no measurements with the PLD LiPON films were performed in batteries. These measurements will

be absolutely necessary to test whether the material can be used in thin-film rechargeable lithium

batteries. Another material that was also studied by Zhao and Qin [2003] is Li–V–Si–O. These thin

PLD films were produced from a target that was a mixture of Li2CO3, V2O5, and SiO2. The

electrochemical window for testing this material is narrower than for LiPON and therefore less

promising.

An alternative method for the fabrication of all-solid microbatteries is the so-called matrix-

assisted pulsed laser evaporation (MAPLE)-DW process (see Chapter 3), where thin layers are

transferred from a layered material by laser onto a substrate [Pique et al., 2001]. This method allows

the fabrication of a multilayer structure, such as a battery, but without the control over crystallinity of

the materials that can be achieved by PLD.

22.3.2 Perovskites in Solid Oxide Fuel Cells

Thin-film materials have significant advantages in SOFC because they allow a decrease of the

operational temperature, which results in fewer problems with degradation. SOFCs consist typically

of an La1�xSrxCoO3 (LSCO) layer as the cathode, an yttria-stabilized zirconia (YSZ) or

La1�xSrxGa1�yMgyO3 (LSGM) layer as electrolyte, and a metallic layer as the anode (usually

nickel) (see also Fig. 22.4). The thin films must have two properties, namely high electronic and high

oxygen ion conductivity. The perovskite LSCO fulfills these requirements and is therefore the most

studied material. The first application of PLD as the deposition technique for cathodes and

electrolytes in SOFCs was published in 1996 [Coccia et al., 1996]. The application of PLD films in

electrochemical studies is not really developed and all the publications about PLD thin films in

SOFCs so far only claim the importance of the material but do not present detailed results about the

electrochemical properties, which are of course the most important factors to determine the possible

future application of these films and materials.

22.3.2.1 Cathode Materials

The most studied compound to date is La0.5Sr0.5CoO3. Chen et al. [1999a] have deposited this

material on LaAlO3 (LAO), on YSZ, and on LSGM, which itself had been deposited on LaAlO3.

The results indicate that on LAO and on LSGM/LAO epitaxial films were grown, while on YSZ

substrates the orientation of the deposited film depends on the deposition temperature and on the

oxygen background pressure. An increase of the LSCO film porosity can increase the gas

transport to the reaction sites in the electrolyte (YSZ) [Chen et al., 1999b]. Epitaxial films with

low resistivity (10�3 �cm) were obtained at substrate temperatures of 550�C, while at room
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temperature porous films were produced that reveal a high resistivity (4103�cm). An annealing

step in air was added to reduce the resistance of the porous films, resulting in an improved

resistivity of 10�2 � 1�cm. The final resistivity after annealing is a function of the annealing

temperature. The size of the pores increases with increasing annealing temperature as shown in

the scanning electron microscopy (SEM) image in Figure 22.10. An additional change in the

structure of the film from amorphous to polycrystalline was also observed. The oxygen transport

properties are another important parameter for the application of LSCO thin films in SOFCs. The

effect of oxygen pressure and temperature during deposition on the crystallographic and

conduction properties of the film has been analyzed [Chen et al., 1999c] in detail. (100)

orientation is mainly observed for films deposited at 650�C and an oxygen background pressure

of 150mTorr, while for depositions at higher temperatures or lower oxygen pressures a

preferential (110) orientation is obtained. Chen et al. [2002] studied the oxygen surface exchange

coefficient of LSCO films deposited on LAO, using an electrical conductivity relaxation

technique. The measured curves were fitted with a surface exchange-limited model, and the

values for the epitaxial films are much smaller than those of polycrystalline films. However, a

high-temperature treatment increases the surface exchange for the epitaxial films due to an

increase in roughness and an increase in the number of active sites.

The composition and morphology of an LSCO target after ablation was also studied by Span et al.

[1999]. Complete dissociation of the surface is achieved for fluences 4 0.7 J/cm2. In this fluence

range a steady-state target surface composition is obtained within 30 pulses. CoO nuclei are

observed for fluences below 0.7 J/cm2, which have a pronounced influence on the target composition

and morphology and therefore also on the quality of the growing films.

Other materials that have been studied can be classified as variations of LSCO with a

stoichiometric index of 0.5 for Ca and Sr. Coccia et al. [1996] studied La0.7Sr0.3CoO3 and

La0.7Sr0.3Co0.2Fe0.8O3 as possible cathode materials, and Ce0.9Gd0.1O1.95 (CGO) as possible

materials for the electrolyte. The crystallographic quality of the films used as cathodes can be

controlled by varying the deposition parameters, while congruent ablation of the CGO electrolyte

could not be achieved. These films were enriched in Gd, by a factor of 2, compared to the target

composition.

Figure 22.10 SEM images of LSCO/YSZ films annealed at different temperatures: (a) 450, (b) 550, (c) 650,

and (d) 750�C. The figure has been adapted from Chen et al. [1999b].
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The deposition of La0.8Sr0.2MnO3 on LAO and sapphire substrates was studied by Gnanasekar

et al. [2002]. The films on LAO were highly c-axis oriented while the films on sapphire were highly

a-axis oriented, but no studies on the electrochemical properties were performed or reported.

Another interesting application of La1�xSrxCoO3 is the possibility to use the films as a

thermocouple, which is not directly related to SOFCs, but the thermal stability is, of course, an

important property in their use in high-temperature SOFCs [Bhatt et al., 1999]. The LSCO films

decompose at high temperatures, losing Co, which results in a material that consists of La2O3 or

La2O3�2SrO. The highest phase stability was obtained for La0.7Sr0.3CoO3, which again is important

information for SOFCs application.

The stability of SrFeyCo1�yOx [Tunney et al., 2003] was also studied and the Fe-rich films (i.e.,

y ¼ 0:5, 0.75, and 1.0) revealed for a thermochemical reduction treatment (2% H2/argon gas

mixture) a reversible structural change from perovskite (ABO3) to brownmillerite (ABO2.5).

22.3.2.2 Electrolyte Materials

The material that is mostly applied as the electrolyte in SOFCs is yttria-stabilized zirconia, but only a

few studies of PLD films of this material have been performed. Hanus and Laude [1998] described

the deposition of polycrystalline zirconia by PLD, where different targets were prepared that are

based on zirconia and a stabilizer (i.e., Y2O3, MgO or CaO). The structure of the film was either

tetragonal or cubic, depending on the stabilizing oxide (i.e., tetragonal for Y2O3 and cubic for CaO).

The results also indicated that the phase structure of the deposited films was identical to that of the

initial target material, independent of either the target or substrate temperature. The deposition of

YSZ on NiO/YSZ was also studied [Hobein et al., 2002], and the films revealed a cubic phase with

traces of the tetragonal phase for low oxygen pressures. Film deposition was also performed under

various background pressures, but no improvements in gas leakage compared to the uncoated YSZ

substrates was observed. One of the demands on a electrolyte is the property to prevent gas exchange

between the two electrodes (O2, H2) but to allow the diffusion of oxygen ions. This property was

evaluated by measuring the He leakage rate, which was around 2� 10�3 mbar l/cm2 s, compared to

the requirements for fuel cells of a He leakage rate < 1� 10�4 mbar l/cm2 s. As YSZ cannot yet

fulfill all requirements, other materials have also been analyzed.

Another class of material that has been used as a solid electrolyte is La1�xSrxGa1�yMgyO3

(LSGMO). A first study of electrical conductivity was performed by Joseph et al. [2002]. Congruent

film deposition of LSGMO was obtained in vacuum or by annealing of the films in air. The electrical

conductivity measurements indicated that polycrystalline films are more conductive by a factor of 10

than single-crystalline films. The high quality of the LSGMO films deposited on LSCO substrates

suggests a potential application of this material in SOFCs. In another study [Kanazawa et al., 2003]

results were presented on the deposition of LSGMO on NiO. The as-deposited films were amorphous

but crystallization was achieved by postannealing of these films. Films with a thickness of 45 mm

revealed no gas leakage, which is important for SOFC applications. One theoretical study about the

conduction path and disorder of the La0.8Sr0.2Ga0.8Mg0.15Co0.05O2.8 oxides at high temperatures was

presented by Yashima et al. [2003]. The results suggest that the conduction path of the oxide ions is

not linear between the ideal positions but reveals an arc shape starting from the sites of the

Ga0.8Mg0.15Co0.05 cations.

22.3.3 Perovskites in Rechargeable Zn–Air Batteries

Thin-film materials have significant advantages for Zn–air batteries because it is possible to study

different catalysts without the interference of carbon, which is always used in electrodes. Most

studies until now utilize the catalyst as a powder and different perovskites are used as catalysts in the

electrode material [Muller et al., 1994; Hyodo et al., 1996] that also contains carbon. The main

problem of identifying the best bifunctional catalyst is always the fact that in most cases a

compromise between activity and stability has to be found. Until now the best performance was

obtained for La0.6Ca0.4CoO3 [Muller et al., 1994], but a recent study by Wang et al. [2003b]
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presented new promising results for a combination of mixed catalysts. These catalysts are based on a

mixture of La0.6Ca0.4CoO3 with various amounts of MnO2, CaO, or Ni(OH)2. The results indicate

that the catalyst composition of 15wt% of La0.6Ca0.4CoO3, 5 wt% of MnO2, and 15wt% of

Ni(OH)2 presents the highest discharge capacity of 1819mAh, compared to the 1205mAh for the

normal La0.6Ca0.4CoO3 electrode. Other new materials that have been developed for Zn–air

batteries are a new type of electrolyte [Yang and Lin, 2002], that is, a composite of PEO

(polyethylene oxide), PVA (polyvinyl alcohol), and a glass-fiber material. The results obtained for

this material indicate that the electrolyte has an excellent mechanical strength and an

electrochemical stability in the range of up to 2.4V. An all-solid-state Zn–air battery was also

assembled that revealed an electrochemical performance that was much better than those of

conventional cells with polyethylene/polypropylene or cellulose separators. These recent

developments are just a few examples of the ongoing developments in this field, but they suggest

also new research directions that can be followed by PLD.

The first results of PLD films of a bifunctional catalyst for a Zn–air battery were shown by

Striebel et al. [1995]. The rates of the oxygen reduction and evolution reactions of PLD films of

La0.6Ca0.4CoO3, La0.6Ca0.4MnO3, and La0.5Sr0.5FeO3 were measured with the rotating ring disk

electrode technique. The order of activity was La0.6Ca0.4MnO3 4 La0.5Sr0.5FeO3 4 La0.6Ca0.4CoO3.

The La0.6Ca0.4MnO3 film showed a slow increase in porosity with measurement time, while

the La0.5Sr0.5FeO3 was unstable. The La0.6Ca0.4CoO3 was stable and also active for H2O2 reduction,

and partially carbon-coated films showed higher currents for oxygen reduction than the bare

films, due to oxygen reduction on the carbon. It has been determined that the oxygen reduction

proceeds through a four-electron process, and that the crystallinity of the catalyst has an influence

on the catalytic activity.

Thin films of La0.6Ca0.4CoO3 have also been studied in detail by Montenegro et al. [2002]. The

films revealed an epitaxial growth on (001) MgO in the (200) orientation (c direction of the MgO

substrate) with a cubic symmetry. The epitaxial growth was also confirmed by high-resolution

transmission electron microscopy (TEM) images (shown in Fig. 22.11). The activity of the PLD

films for both oxygen reactions (O2 evolution and O2 reduction) was determined by using a three-

electrode arrangement. The polarization curves in Figure 22.12 show a comparison of the activity of

a PLD film, of a real electrode, and of pure carbon. The curves reveal clearly that carbon is an active

material for the oxygen reactions, confirming the concept of PLD films as model systems. The

Figure 22.11 TEM image of a La0.6Ca0.4CoO3 (LCCO) film deposited on MgO (001). The interface between

the MgO and LCC is clearly visible as a darker region in the lower half of the image.
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polarization curves also show that PLD films present a slightly smaller overpotential than the

optimized gas diffusion electrode, but also a slightly lower activity for the oxygen reduction

reaction. A comparison of the activity of single-crystal and polycrystalline films (Fig. 22.13) shows a

higher current density at the same voltage for a single-crystalline film on MgO than for a

polycrystalline film on stainless steel. This result shows for the first time for this type of

electrocatalyst that the crystallinity has a pronounced influence on the catalytic activity, that is,

Figure 22.12 Polarization curves for carbon (Vulcan XC 72), a PLD film (LCCO film on MgO [SC (single

crystalline)] and a ‘‘real’’ gas diffusion electrode (Optimized LCCO/thin active layer). Zn was used as a

reference electrode.
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Figure 22.13 Polarization curves for a single-crystalline La0.6Ca0.4CoO3 electrode on MgO (100) [SC (single

crystalline)] and a polycrystalline LCCO electrode [PC (polycrystalline)] on stainless steel (SS). Zn was used as

a reference electrode.
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higher activity of the epitaxial film. This is even more remarkable when we consider that the

reactions are performed in a liquid alkaline solution with an applied potential, where changes of the

surface are expected.

22.4 OTHER ELECTROCHEMICALLY ACTIVE MATERIALS DEPOSITED BY PLD

22.4.1 NASICON

The growing interest in solid-state sensors has resulted in various new developments, such as gas

sensors, based on advanced ionic conductors [Saito and Maruyama, 1988; Miura et al., 1994],

such as NASICON (Na SuperIonic CONductors). NASICON is a ceramic with a complex

stoichiometry (Na1þxZr2SixP3�xO12 with x ranging between 0 and 3) where the specific metal can

also be varied, for example, Zr or Ti. The reason for testing PLD films lies in the fact that devices

usually require bulk ceramics or thick membranes, and these materials have relatively low ion

conductivity and require, therefore, a high operating temperature. Thin ionic conducting films are

therefore necessary for sensors to be used at room temperature as well as for microscale

integration. Such films can, of course, be prepared by other methods, such as sol–gel [Schmutz et

al., 1993] or sputtering [Ivanov et al., 1994], but these methods normally result in porous films

with a possible deficiency of P and Na. PLD is a potential candidate for the preparation of thin

NASICON films because one of its inherent capabilities is to achieve congruent film deposition of

materials with complex stoichiometries.

The first NASICON PLD film was deposited on SiO2/Si substrates. X-ray photoelectron

measurements were performed to prove that congruent transfer from the target had been achieved.

The films revealed lower roughness when deposited at lower fluences; at higher fluences rough

surfaces with columnar structures were obtained. Electrical measurements revealed good ionic

conductivity with an activation energy for ion transport of 0.5 eV, which is in good agreement with

the value of 0.46 eVobtained for NASICON pellets [Izquierdo et al., 1996]. Thin NASICON films on

Si with varying compositions, such as NaM2(PO4)3 with M ¼ Zr or Ti, have been studied with

various techniques [Morcrette et al., 1997). Titanium-based compositions yield smooth films that

can only be crystallized by postdeposition techniques, while zirconium-based films crystallize

during the deposition process but exhibit a rough morphology. Mixtures of Ti and Zr in the target

lead to smooth partly crystallized films. The composition of the films was analyzed by Rutherford

backscattering spectrometry (RBS), and a systematic deviation of the Zr-based film composition

from the target (Zr enrichment with P depletion) was found. In the case of Ti-based NASICON films

a loss of phosphorus was also detected, but this loss could be minimized by increasing the oxygen

background pressure during deposition, and nearly congruent transfer was achieved for a pressure of

0.5mbar. No tests of the ion conductivity were performed for these films.

Another application of NASICON films is in electrolysis and bipolar membrane electrodialysis

cells for splitting salts into their acid and base components. Thick NASICON films (4 25 mm)

[Joshi et al., 1994] and composite membranes [Yelon et al., 1999] have been used as sodium

selective membranes for sodium sulfate splitting, which is used for the regeneration of chemicals.

The composite membrane combines the advantages of polymeric membranes (thin and flexible but

with low selectivity and lifetime) and ceramic membranes (high selectivity, long lifetime, but rather

thick). One way to produce these composite membranes is the deposition of the ceramic NASICON

onto a polymeric membrane (e.g., Raipore). PLD has been used to deposit NASICON films on

Raipore and resistivities between 3� 103 �cm and 5� 104 �cm have been obtained (depending on

deposition conditions), which are slightly larger than the best values for crystalline and amorphous

bulk NASICON. Almost no Na depletion on the membranes was detected by elastic recoil detection

analysis (ERDA), if the polymeric membrane was soaked prior to deposition in Na2SO4.

The performance of the membranes was evaluated by measuring the current efficiency for

the production of NaOH from Na2SO4 using electrolysis. The composite membrane with the
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PLD-deposited NASICON film showed a 23% improvement compared to the polymeric Raipore

membrane [Izquierdo et al., 1997; Meunier et al., 1998]. Further tests of the composite membranes

with the NASICON film grown by PLD revealed a remarkable resistance of the membrane to

fouling by iron compared to the polymer membrane. The ceramic layer did not affect the water

transport properties of the base polymeric membrane or its selectivity to potassium and sodium.

The lower electrical resistance of the thin composite membrane compared to thick freestanding

ceramic membranes resulted in lower energy requirements for the production of NaOH and H2SO4

from Na2SO4 [Girard et al., 1999]. A comparison between composite membranes where the

ceramic NASICON film was deposited by PLD or magnetron sputtering revealed that there was

nearly no difference between the composite membranes fabricated by the two deposition

techniques, although the PLD-deposited films appeared to degrade less (physically and chemically)

during electrolysis [Cormier et al., 2002].

22.4.2 Noble Metals in Polymer Electrolyte Membrane Fuel Cells

It has been known for years that the cost of polymer electrolyte membrane fuel cells (PEMFCs) must

be lowered to realize a commercially viable product. The amount of the platinum catalyst must be

reduced to the lowest possible levels, and a first step has been taken by applying supported platinum

on carbon black. This has already reduced the amount of Pt loading from several mg/cm2 to about

0.4mg/cm2, but further reductions are still necessary. One possibility to lower the Pt loading is to use

a deposition technique that allows very precise control of the amount of deposited Pt. One very

promising techniques is PLD where deposition rates of approximately 6:75� 10�7 mg Pt/cm2/pulse

[Cunningham et al., 2003] can be achieved. The Pt was deposited onto commercially available (E-

TEK) uncatalyzed gas diffusion electrodes and compared to standard electrodes with a Pt loading of

0.4mg/cm2. The PLD-loaded electrodes that contained as little as 0.017mg Pt/cm2 performed as

well as the standard electrodes that contain about 25 times more Pt (shown in Fig. 22.14). XRD and

SEM analysis of the PLD-deposited Pt suggests that the deposits are made of 13-nm-diameter

crystalline Pt that is evenly dispersed on the electrode. This study clearly proves that the Pt loading

in PEMFCs can be further reduced, which is one important step in the direction of commercially

available PEMFCs.

Figure 22.14 Fuel cell tests using Pt PLD electrodes on the anode side. Polarization curves for the standard E-

TEK (0.4mgPt/cm2) and for 2wt % Pt/C are shown for comparison. The cathode is always a standard E-TEK

(0.4mgPt/cm2). The figure has been adapted from Cunningham et al. [2003].
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22.5 FUTURE DIRECTIONS: DIAMOND-LIKE CARBON

One class of materials that has been prepared by PLD but has not been tested in an electrochemical

context is diamond-like carbon (DLC). The properties of amorphous carbon films, both

hydrogenated (a-C:H) and pure (a-C), resemble those of polycrystalline diamond films: they are

very hard, electrically insulating, chemically inert, very good heat conductors, light weight, with

large bandgaps, and a high index of refraction. Therefore, a-C and a-C:H are commonly referred to

as diamond-like carbon, with its unique mixture of sp2 and sp3 carbon bonding. The combination of

ceramic-like (high-hardness) and polymeric-like (high ratio of hardness to elastic modulus and low

surface energy) properties suggests tribological applications that have recently been reviewed for

PLD films by Voevodin et al. [1997], and see Chapter 23. Applications of DLC in electrochemical

applications can be as corrosion protection of materials such as superconductors, ferroelectrics

[Aoqui et al., 1998], and magnetic materials [Tomcik et al., 2000]. An additional field of application

is possible for conductive doped DLC (doped with transition metals, nitrogen, boron, etc.). The

resistivities of the doped DLC can be lower by 18 orders of magnitude (10�4 �cm) than for undoped

films (1014–1015 �cm) [Bozhko et al., 1995]. The low resistivity of these films allows an application

as electrodes for electrochemical analysis [Kautek et al., 1996; Zeng et al., 2003]. Special features of

a conductive-DLC electrode are a low double-layer capacitance, a large electrochemical potential

window, and a relatively high electrochemical activity toward reduction of various species, such as

ferricyanide. In addition, these electrodes may exhibit catalytic activity as well as durability to high

anodic potential, and a high signal for the trace analysis of, for example, Pb2þ. These characteristics
demonstrate a great potential of DLC films as a novel electrode material for electrochemical analysis

[Pleskov et al., 2002; Ting and Lee 2002; Zeng et al., 2002]. Both types of application (protective

coating and as an electrode) have not yet been tested for DLC films prepared by PLD. For a full

discussion of PLD-deposited DLC, see Chapter 15.

22.6 CONCLUSION

The application of PLD films for electrochemical applications is still a young and growing field.

Most advanced electrochemical studies to date are directed at Li ion batteries, where all components,

that is, cathode, anode, and solid electrolyte, have been prepared by PLD, which were used to

assemble complete all-solid-state Li ion batteries that have, of course, a great potential in the future

field of miniaturization. PLD has clearly shown its potential to explore new materials, for example,

the ZnTa2O6 phase, or the layered structures that cannot be prepared easily by other methods. An

improved understanding of the functionality of different materials and of the processes, such as the

Li intercalation (Li diffusion coefficients), is an important aspect of Li ion battery research. Further

improvements of Li ion battery technology are closely related to the development of improved

material research, and PLD is a very promising technique for these studies. Another already quite

advanced research field of NASICON films as electromembranes has already resulted in a patent

about the application of PLD for membrane synthesis.

The utilization of PLD films in other electrochemical fields still requires detailed electrochemical

characterization of the thin films, and this is especially true for films related to SOFCs, where many

studies stop with the physical/structural characterization of the films. A better correlation between

film growth and electrochemical application is imminent in this new exciting field. The design and

characterization of the electrocatalysts in Zn–air batteries and polymer electrolyte fuel cells have

already proven that PLD has an important future in electrochemistry. The application of PLD films

for a fundamental understanding of the catalytic processes in Zn–air batteries has already provided

detailed insight and yielded new results. It could be determined that the oxygen reduction proceeds

through a four-electron process, and that the crystallinity of the catalyst has an influence on the

catalytic activity. Future studies will also help to identify better catalysts. Another strength of PLD,

namely the precise control over the deposited material, could be used to determine the minimum

CONCLUSION 581



amount of Pt necessary as a catalyst in PEM fuel cells, which is of great importance for cost

reduction. The high cost of PEM fuel cells is one of the major drawbacks, and the Pt concentration is

one important contribution.

Other future directions of PLD lie in the preparation of miniaturized all-solid-state devices, such

as Li ion batteries, Zn–air batteries, SOFCs, and even supercapacitors (where RuO2 films could be

used as electrodes).
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CHAPTER 23

Pulsed Laser Deposition of
Tribological Coatings

ANDREY A. VOEVODIN, JEFFREY S. ZABINSKI, and JOHN G. JONES

Air Force Research Laboratory, Materials and Manufacturing Directorate,

Wright-Patterson Air Force Base, Ohio

23.1 INTRODUCTION

The application of pulsed layer deposition (PLD) for growing wear-resistant and friction-

reducing coatings dates back to the early experiments on laser ablation of carbon to obtain hard

diamond-like carbon (DLC) coatings [Fujimori et al., 1982; Marquardt et al., 1985]. These were

followed by extensive research with several reviews of DLC growth by PLD [Ogale et al., 1993;

Voevodin and Donley, 1996; Wei and Narayan, 2000]. Chapter 15 of this book summarizes the

most recent developments. Although DLC remains a good example of a successful application

of PLD, much progress has been made with respect to deposition of new materials and advance-

ment of PLD processes. In the first book on PLD deposition published 10 years ago, a special

chapter was devoted to tribological applications with examples provided on hard coatings made

of carbides and nitrides and solid lubricant coatings made of chalcogenides and oxides [Donley

and Zabinski, 1994]. Since that book was published, PLD has flourished and has been key in

the nanostructured materials revolution. This chapter provides a brief summary of the most

recent developments in PLD for tribological applications and encompasses process configuration,

interrelation of deposition parameters with plasma chemistry and coating properties, process

control, use of PLD in hybrid deposition methods, new tribological coating materials, and new

coating architectures.

Much of the material in this chapter is based on the authors’ own experience in the development

of PLD for advanced tribological coatings in the Air Force Research Laboratory (AFRL). This

activity has been ongoing for the past few decades and has produced a number of new process

configurations, hybrid deposition arrangements, and new tribological materials. In fact, several

unique functional gradient and nanocomposite tribological materials were first successfully synthe-

sised in AFRL and the PLD process is being scaled up to evaluate commercialization of those

coatings. Some of the nanostructured materials have shown such high potential that alternate,

commercially available, deposition technologies are being sought to reproduce them as the PLD

technique continues to mature. The success in rapidly discovering new nanostructures confirms

that PLD remains a leading tool in the exploration and synthesis of new materials. At the same time,

laser power is increasing and laser cost is decreasing so that PLD is advancing toward commonly
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accepted methods of tribological coating growth, such as magnetron sputtering and vacuum arc

technologies. PLD is becoming more competitive with such processes on a cost basis in addition to

its capability of producing unique and often superior coatings. There is growing interest within both

the research and industrial communities in using PLD for ‘‘engineering’’ applications, such as wear

and friction-reducing coatings. This chapter is intended to provide a solid foundation for those who

decide to look into the PLD process for tribological coating applications.

23.2 PULSED LASER DEPOSITION CONFIGURATION

FOR TRIBOLOGICAL COATING GROWTH

A general introduction and overview of PLD process equipment has already been provided

earlier, with specific reference given in Chapter 9 to commercial PLD systems. In this section,

attention is focused on specific PLD configurations for producing wear-resistant and friction-

reducing coatings. Tribological applications require coating deposition on engineering components

that are subjected to severe contact conditions and that operate in severe environments. This dictates

a certain deviation of the process configuration from what is used for microelectronic or optical

applications.

The coated parts can have very complex geometries compared to flat Si wafers and, thus, more

sophisticated substrate positioning is needed to achieve uniform coating growth. Most typically, a

planetary motion mechanism is used to rotate parts through the plumes generated by PLD. These

mechanisms require large deposition chambers and loading is simplest using batch processing

(Fig. 23.1). Deposition chambers are designed with heating elements for quick bake-out of the

residual water vapor after each batch of parts is processed.

Deposition temperatures typically do not exceed 400�C due to the danger of annealing or shape

distortion of engineering substrates, which are most commonly made of steels and metal alloys. At

such relatively low growth temperatures, coating adhesion is not enhanced by interface diffusion

between coating and substrate. However, strong adhesion is a paramount requirement due to the

extreme stresses caused by mechanical loading during operation. To compensate for the lack of

Figure 23.1 Large deposition chamber for pulsed laser ablation and magnetron sputter depositing hybrid.

Laser ablation target is in the upper center of the chamber and two magnetron sputter guns are at the chamber

upper left and right.
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strong diffusion bonding, an effort is made to provide good chemical and mechanical matching

between the substrate and the coating. Plasma etching is frequently used to clean metal surfaces and

remove oxide layers to produce good interfacial bonding. Typically, etching is accomplished using

an inert gas (e.g., Ar) plasma created with a negative high voltage supplied to the substrates (e.g.,

800–1000V). Furthermore, specially designed coating architectures are used to match chemical and

mechanical properties at the coating–substrate interface and then coating properties are gradually

transitioned to those required by the application (i.e., wear and friction resistance). This may require

the use of different PLD targets or combinations of PLD with other deposition methods. Hybrids of

PLD with magnetron sputtering and ion beam bombardment are described in the following section.

A separate section in this chapter is devoted to gradient coatings, one function of which is to improve

adhesion.

Coating structure control is critical for most tribological coatings, whether this is a monolithic

hard coating, a low friction solid lubricant, or a multilayer or composite coating. The most effective

method of controlling structure is to adjust the energy and density of the generated plasma plumes,

which in turn controls the chemistry, crystallinity, and/or texture. A typical procedure is to vary laser

beam fluence, which, however, changes both flux density and energy of the plumes. An alternative

method is to maximize ion concentration in the plasma and use the substrate bias to accelerate them

to a selected energy (see following sections).

Coating growth rate should be reasonably high to ensure a practical thickness (few micrometer

coating) may be produced in a couple of hours. This dictates the use of high fluences (on the order

of 10 J/cm2) and high repetition rates (20–40Hz) of the pulsed laser. The ongoing increase in

commercial laser output power and repetition rates may soon bring PLD to the same production

rate as those from modern magnetron sputtering and vacuum arc techniques, which are now at about

3–5 mm/h.

Finally, some droplet emission from laser–target interaction can be tolerated for most tribological

coating applications. However, high laser fluences on metallic targets lead to considerable droplet

contamination and low deposition rates, which suggests that a combination of laser ablation for

ceramic targets with other plasma sources for metals is the best overall strategy.

23.3 CORRELATIONS BETWEEN PROCESS PARAMETERS, PLASMA

CHARACTERISTICS, AND TRIBOLOGICAL COATING PROPERTIES

The most typical PLD process parameters are laser wavelength, energy density or flux, repetition

rate, background gas pressure, and substrate temperature. Other important parameters are substrate

bias potential and target-to-substrate distance. Each of them can be critical for obtaining the required

coating chemistry and structure. Most of them control plasma chemistry, composition, and energy,

which, in turn, control coating growth and, hence, coating properties. Therefore, the most efficient

growth control is achieved when correlations between PLD parameters, plasma characteristics, and

coating properties are available and understood. Several examples of such correlations for

tribological coating development are provided here.

23.3.1 Laser Wavelength and Fluence

It follows from the physics of laser–solid interactions, that shorter wavelengths, which correspond to

higher photon energies, lead to higher levels of energy absorbed per unit of subsurface target

volume. This results in the intensification of all processes at the ablated target, including generation

of highly energetic ionic and neutral species. One tribological material, whose synthesis is critically

influenced by the selected wavelength, is DLC. Successful DLC deposition typically has two

distinctive features. First, the process involves high-energy carbon ions, atoms, or clusters (i.e.,

several orders of magnitude above thermal energy). Second, films are grown at a relatively low

temperature (25–100�C). These two conditions, when the energy of arriving atoms is sufficient to
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initiate strong sp3 interatomic bonds (typically within 50–150 eV) and when adatom mobility is

reduced due to a low substrate temperature (reduces relaxation to sp2 bonding), are required for the

DLC growth [Voevodin and Donley, 1996].

A detailed study of the influence of laser wavelength has been performed for graphite ablation

[Murray and Peeler, 1993, 1994]. Nd : YAG and excimer lasers were used at wavelengths of 1064

and 532 nm and 248 and 193 nm, respectively. The lasers were tuned to produce pulses of the

same duration of 15 ns and a fluence range of 1.8� 108– 2� 108W/cm2 (2.7–3 J/cm2). Their results

clearly showed that the shorter wavelengths produce smaller carbon species with higher kinetic

energy. For example, Cþ ions with kinetic energy of 600 eV were obtained with a 193-nm laser,

even though the laser fluence was relatively small. A higher fluence produces species with increased

kinetic energy and helps to better dissociate molecular species in the plume, providing an increase in

atomic and ionic components. Using data published on the synthesis of a high-quality (high sp3=sp2

ratio) DLC films by various researchers, a wavelength/fluence process parameter field was

established for production of high-quality DLC [Voevodin and Donley, 1996], which is

schematically depicted in Figure 23.2. The schematic shows that shorter wavelengths permit the

use of smaller fluences to reach the region of high-quality DLC. More information on DLC synthesis

by PLD can be found in Chapter 15.

23.3.2 Background Gas Effects and Target to Substrate Distance

The presence of a background gas critically influences film growth in PLD through several pheno-

mena. First, the background environment acts as a retarding media for energetic plasma plumes,

and higher pressures result in higher plume scattering and thermalization. Second, the background

environment can change plume chemical composition and energy. Both of these effects were

found critical in the synthesis of fullerene-like CNx tribological materials, which are made of

fragmented and strongly curved graphitic planes with a high degree of cross-linking caused by the

incorporated nitrogen atoms [Hultman et al., 2001, 2003].

Figure 23.2 Schematic representation of fluence-wavelength regions for the growth of diamond-like and

graphite-like films in pulsed laser ablation from graphite targets. The wavelengths (in nanometers) of the five

most commonly used lasers are indicated on the right side of the graph.
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The coatings were produced by 248-nm laser ablation of graphite in a nitrogen environment. A

series of experiments was performed to map the carbon and carbon–nitride species location and

energy as a function of background pressure and time after the pulse, using the characteristic

wavelengths of CN, C2, and atomic C [Voevodin et al., 2002b, 2002c]. At a relatively low pressure of

5mTorr N2, there was little influence of the background on the trajectory of different species. There

was also a very interesting phenomenon of emission intensification near the substrate (Fig. 23.3),

which corresponds to plume excitation by collision with either the substrate surface or with species

rebounding from the substrate surface. This near-substrate excitation was long lasting, with

detectable emission up to 30 ms after the pulse. The reason for the persistence is that large and slowly

moving species (e.g., atom clusters) ablated from the target arrive at the substrate significantly

behind the more energetic leading edge [Geohegan, 1994].

At pressures above 15mTorr, a plasma ‘‘bubble’’ was formed that separated from the target

and moved toward the substrate, causing significant near-substrate excitation upon arrival. The

plasma ‘‘bubble’’ development and near-substrate surface excitation was especially clear in photo-

graphs of emission from CN radicals at 30mTorr (Fig. 23.3). Formation of the confined plasma was

caused by collisions of the ablated plumes with N2 molecules, resulting in both additional excitation

and plume deceleration. For pressures above 75mTorr, collisional deceleration caused plume

termination without reaching the substrate (Fig. 23.3).

Plume collisions with background gas reduce the average kinetic energy of the ablated species

but may also provide an increase in the vibrational energy of molecular species. For example,

in the synthesis of CNx discussed above, kinetic energies were found within 10–20 eV for

monoatomic carbon, 30–55 eV for CN, and 20–40 eV for C2. Excited CN and C2 molecules

were generated by collisions of the plume with the background gas and substrate surface. Their

vibrational energies were strongly influenced by nitrogen pressure and time after the laser pulse.

For pressures between 10 and 30mTorr, vibrational energy was as high as 4.0 eV at 2–4ms for

CN and 2.5 eVat 8–10 ms for C2. The high vibrational temperature was suggested to be beneficial

for the growth of fullerene-like CNx films based on correlations between plasma parameters

and film composition and bonding. Synthesis of the fullerene-like structures required both high

molecular temperatures and concentrations of CN radicals at the condensation surface [Voevodin

et al., 2002b, 2002c].

Figure 23.3 ICCD images tracing the spatial locations of molecular CN radicals at different times after the

laser pulse for graphite ablation in 5, 30, and 100mTorr N2 background. The characteristic emission was

extracted by a 391-nm narrow-bandpass filter. The images were recorded with 1-ms exposures. Near substrate

additional plasma excitation is marked by ovals.
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23.3.3 Substrate Bias Influence

The laser-ablated plumes always have some ionic component, and its energy can be controlled by

substrate biasing with respect to the plasma potential. Optimization of the background gas can

promote both plume ionization and separation of the leading edge ion component from the rest of

the plume. This is illustrated here in application to the growth of yttria-stabilized zirconia (YSZ)

hard coatings. The coatings were produced by 248-nm laser ablation of YSZ targets in the presence

of argon and oxygen gases.

A detailed analysis of ablated YSZ plasma [Voevodin et al., 2000; Jones et al., 2001] indicated

an increased fraction of Zrþ ions for depositions in 0.2-Pa Ar and larger quantities of excited

YO and ZrO molecules for depositions in 0.2-Pa O2. Zr
þ ions had higher velocities than the rest

of the plume. Figure 23.4 demonstrates this with an example of the YSZ ablation in oxygen.

From fitting curves in this figure, the Zrþ velocity distributions did not follow a shifted center-of-

mass Maxwell–Boltzmann model of a supersonic molecular beam, which is typically applied to

laser-ablated plasmas [Geohegan, 1994]. This suggests that zirconium ions escape velocity

attenuation processes within the Knudsen layer at the target surface and fly toward the substrate

before the rest of the plume. The average kinetic energy of Zrþ was 95–105 eV, while for other

species it was about 50–60 eV. For the substrate-target distance used here, the lead arrival time of

Zrþ ions was about 3 ms during YSZ film growth [Voevodin et al., 2001c].

Energetic Zrþ ions, arriving before the bulk of the ablated material, bombard the condensation

surface and may rearrange atoms deposited during a previous laser pulse. However, the 95–105 eV

kinetic energy was not enough to induce detectable structural modification. Films were found to be

nanoscopically smooth with amorphous character. This was drastically changed when a negative

potential of 200V was applied to the substrate for additional acceleration to Zrþ. Crystallite features
were detected with sizes of 50–100 nm for depositions in argon and 100–150 nm for depositions in

oxygen. The larger crystal growth in oxygen was correlated with a larger availability of chemically

active ZrO and YO molecules, accelerating bond formation and growth of YSZ crystals [Voevodin

et al., 2001c, 2001d].

One intriguing result was that YSZ films were grown with (002) texture inependently of

substrate material, when an ion accelerating bias was supplied to the substrate. Thus, it was not

necessary to use (200) textured Ni or Hastelloy substrates to ensure [001] film orientation, as is

done for high-temperature depositions [Yang et al., 1998]. Similar quality YSZ coatings were
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Figure 23.4 Velocity distributions of ionized Zrþ and excited Zr* atoms, ZrO*, and YO* molecules in YSZ
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produced on different substrate materials: single-crystal Si wafers with [001] orientation, (200)

textured Ni, (200) textured Hastelloy, polycrystalline Cu, and polycrystalline 440C steel

[Voevodin et al., 2001d].

The insensitivity of film nucleation and growth processes to substrate chemistry and struc-

ture was explained by key properties of the PLD process. First, it provided ablated plasma

pulses of only 8-ms duration, which were followed by much longer pauses of 25ms between laser

shots. This limited substrate heating and prevented thermal migration of deposited atoms to

energy well sites on the condensation surface. Second, the high density of the laser ablated

plasma forced arriving atoms to form a substrate-independent structure rather than to follow a

substrate surface template. Finally, pulsed and very short (3-ms) duration Zrþ bombardment

provided a short-range adatom mobility. This mobility was enough to rearrange deposited atoms

into YSZ crystals but was not long enough for surface reconstruction in accordance to the

substrate crystal template. The realized YSZ growth under Zrþ bombardment is schematically

shown in Figure 23.5.

Substrate bias rearranges and densifies coating structure and builds compressive stress in the

coatings. It can be used to effectively control film mechanical properties [Voevodin et al., 2001d].

Figure 23.6 shows hardness variation with applied bias, where hardness monotonically increases

over the entire voltage range, reaching maximum values of about 30GPa for 300-V bias. The elastic

modulus of the films increased in a similar fashion from 240 to 320GPa. This value is above the

modulus of 233GPa for single-crystal cubic YSZ due to the high compression stress in the film

plane.

23.3.4 Substrate Temperature

The role of substrate temperature on material synthesis by PLD is the same as in other thin-film

growth techniques—it increases atom mobility on the surface and within the bulk at sufficiently high

temperature. As the temperature increases, the adatom mobility at the condensation surface

increases causing film structure to progress from amorphous to polycrystalline and further to

single-crystal epitaxial growth. For the majority of tribological coating applications, the use of high

deposition temperatures is limited because they cause microstructural and chemical changes that

defeat the annealing and tempering treatments that provide steels with good mechanical properties.

Figure 23.5 Atomic force microscope image of YSZ film grown under inclined Zrþ bombardment with a

schematic of the deposition process and preferred growth direction orientations.
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Thus, tribological coatings are typically produced with amorphous or polycrystalline structures. The

energetic character of the plasma plumes produced by PLD is used to compensate for the low

substrate temperature in synthesis of crystalline materials. For example, crystalline coatings of

TiC, TiCN, WC, and YSZ were produced at temperatures around 100�C [Capano et al., 1997;

Voevodin et al., 1997a, 1997c, 1999a, 2001d]. This provides an exceptional advantage of PLD

over other deposition techniques, where high temperatures are routinely required for the production

of similar coatings.

23.4 PLASMA CHARACTERIZATION, SENSORS, AND PROCESS CONTROL

The PLD process can be viewed as three subprocesses: (1) laser–target interaction, (2) material

transport through vacuum or gas, and (3) film growth at the substrate. Using this template, the PLD

process can be analyzed in detail and unwanted process variability can be removed through process

control. In the case of the first subprocess, although the laser wavelength is generally fixed, the

manner in which the beam is moved across the target will determine thermal effects of the target,

uniformity of the film, and target wear. Typically target materials are rotated to prevent coning,

promote uniform wear of the target, and mitigate thermal effects. The second subprocess, material

transport, can be monitored experimentally using real-time plume sensors to determine physical and

chemical parameters. The third subprocess, film growth, is relatively more difficult to be measured

in situ. Tribological coatings are typically applied to substrates of various geometries and

compositions, and this restricts applicability of in situ ellipsometry or other techniques that require

flat substrates. Thus, plume characterization becomes a critical step in linking the plume compo-

sition to film properties such as composition, structure, morphology, and thickness. Here, a short

description of in situ sensors and process control algorithms from the practice of tribological coating

growth is provided.

23.4.1 Plasma Characterization

While the plume appears to be continuous using a simple video monitor or the eye, it is really a

highly energetic process in which species are ejected from the target surface at speeds in excess of
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Figure 23.6 Hardness variation of crystalline YSZ films grown in 1.5-mTorr Ar at 100�C with different bias

voltage.
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10 km/s. The wavelengths of light that are emitted as these species travel and collide with other

particles and background gas species are dependent upon the composition of the target material and

the background gas composition and pressure. The light emitted by the target and background gas

species can be characterized using a spectrometer. In addition, plasma temperature, potential, and

ion/electron density may be measured using a Langmuir probe. By collecting spectroscopic and

Langmuir probe data as a function of time and in localized regions of space a temporal and spatial

map of plasma chemistry and physics can be generated.

An optical multichannel analyzer (OMA) uses an intensified charge-coupled device (ICCD) array

in which a voltage pulse is used to gate the array. In this manner, images can be taken with

nanosecond precision for microsecond durations with resolutions of several hundred pixels in both

the horizontal and vertical directions. To display the evolution of the plume, many laser pulses need

to be imaged sequentially, and then the images at defined time intervals can be added together and

displayed. By attaching a spectrometer grating in which regions of spectra are mapped across the

ICCD array, spectra can be collected at very high resolution and the data appended as necessary to

show very broad spectral ranges. For molecular species in the plume, vibrational temperatures can

be determined from emission line intensity measurements of different vibrational levels and fitting

the data to a Boltzmann plot of energy state population density. Once spectral analysis of a plume

generated by a particular target has been accomplished, and hopefully unique wavelength ranges

have been identified, optical bandpass filters can be obtained having 10-nm bandwidths. These filters

can be used in conjunction with ICCD cameras to image the location of selected species in time

and/or with photomultiplier tubes to track species concentrations and kinetic energies in time and

space.

23.4.2 Real-Time Sensors

An effective way to monitor the plume generated by PLD is by using a photomultiplier tube

(PMT) in conjunction with a monochromator and oscilloscope. A monochromator provides for

the selection of a particular wavelength of light to monitor, which will then be converted to a

voltage signal by the PMT and captured with high fidelity by an oscilloscope. Digital oscilloscopes

can average plume emission signals from several laser pulses, thereby removing high-frequency

noise and variability that arises such as from steering of the laser beam across a target area, while

maintaining much longer time constant effects such as changes in process conditions like pressure or

laser fluence.

An inexpensive substitute for a spectrometer can be constructed using a collimating tube

containing an aperture at each end and a fixed wavelength bandpass filter, typically having a 10-nm

bandwidth. Furthermore, use of a filter wheel in which several filters may be sequentially selected is

an inexpensive but much more functional solution to plume emission monitoring than using a fixed

wavelength monochromator.

A Langmuir probe provides the ability to measure current–voltage characteristics of the ablated

plasma. Through use of a probe with sequentially different potentials, measurements of the resulting

current allow the evaluation of the plasma potential, electron temperature, and ion density in the

ablated plasma.

A quartz-crystal microbalance measures the change in frequency of a circuit to determine

changes in thickness. This change in frequency results due to the thin-film coating being deposited

onto the oscillating crystal. This method requires that the crystal sensor be near the substrate, and for

large areas or substrates requiring high temperatures this method may not be practical.

23.4.3 Process Control

The challenge for PLD to become commercially viable involves being able to grow coatings

using known recipes, on demand, for long periods of time. By applying feedback, or closed-loop
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control, PLD parameters that are known to be of importance can be maintained. Regulation of

the PLD process first requires the ability to monitor the desired parameter, using techniques

mentioned above to capture waveforms from an oscilloscope that are representative of the plume

plasma emissions. The desired parameter to be maintained could be the peak plume intensity or

the time of flight (TOF) that is detected at the start of a deposition. An algorithm can continuously

monitor the desired process parameter, and when there is deviation of a prescribed significance, a

control variable, for example, laser pulse energy, is adjusted. Modern techniques employing

fuzzy logic may be used to overcome the limitations of direct predetermined algorithms for

process control.

Use of fuzzy logic can make implementation of process control for PLD straightforward and

deterministic. Fuzzy logic requires an expert to define linguistic terms for a few processing

parameters, and outputs. For example, one parameter could be a deviation or error in set point of

peak intensity and actual measured peak intensity. This error could be defined by fuzzy membership

functions of zero, small, and large. A rate of change of the error, or error rate, is defined by fuzzy

membership functions as zero, positive, or negative. With these definitions, an expert must define

how the process should behave for each combination of fuzzy membership functions of error and

error rate. Thus, the expert defines how the process will behave at key states: for a large error and

positive error rate, there should be a large decrease; whereas for a large error and negative error rate

there should be a small decrease. The expert defines these membership functions once, and then

subsequently this rule’s matrix or fuzzy associative memory (FAM) is repeatedly used to compute an

output from the two vectors of error and error rate. The change in process output is then calculated

as the center of gravity of an output matrix through a process known as defuzzification (Fig. 23.7).

This provides a more flexible and fast reacting ‘‘expert’’ algorithm to keep the controlled parameters

at the desired values.

Implementation of a fuzzy controller as detailed above provides the ability to regulate the plume

by using changes in laser energy density, chamber pressure, magnetron power, and the like as control

variables. The choice of which variable is controlled depends on the particular application, but

multiple variables could also be controlled simultaneously if desired, such as the laser energy and

chamber pressure.

The importance of using process control can be demonstrated by using a hybrid technique of

magnetron sputtering and pulsed laser deposition (MSPLD) to deposit YSZ and Au simultaneously.

Any variability in the plume fluence over time would result in undesirable variability of the film

composition. For this YSZ/Au material system, monitoring of the Zr* species was accomplished

using a 470-nm bandpass filter and corresponding collimating tube with a PMT, while the Au*

species was monitored using a fiber-optic monochromator set to 310 nm. For the first of two films

that were grown, the laser was set to a fixed energy setting and the resulting peak intensity monitored

over 90min. For the second YSZ/Au film, the fuzzy logic process control algorithm described above

was used to maintain an initial peak intensity of Zr* for 90min by adjusting the laser energy setpoint.

Figure 23.7 Process control schematic using an emission spectroscopy sensor and a fuzzy logic algorithm to

correct laser pulse energy to achieve a desired plume peak intensity for laser ablation depositions.
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During the growth of the first film, the peak intensity of Zr* decreased monotonically (Fig. 23.8).

X-ray photoelectron spectroscopy (XPS) of the first film showed a monotonic increase in Au

composition with the lowest composition of about 9.6% increasing to 12.5% at the coating surface

(Fig. 23.9). For the second film, the Zr* peak intensity was maintained by the process control

algorithm through continuous updates to the laser energy over the course of the deposition. XPS of

the second film shows that the composition was essentially constant throughout the depth of the

sample, with 11.6% Au (Fig. 23.10).

For a simple case in which desired plume fluence on the target is to be maintained over a long

period of time, a problem can be seen in that the chamber windows were being coated, thereby

reducing the plume fluence. Even when special windows are used to control the rate of deposition

on the window, some changes in optical transmission are inevitable. By using process control, the

laser energy was increased overcoming this effect.
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Figure 23.8 Variation of peak emission intensity of Zr excited atoms in plumes produced by laser ablation of

an YSZ target with Au co-sputtering. Signal degradation with time is caused by the laser window coating,

leading to a decrease of laser fluence on the YSZ target.
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Figure 23.9 Profile distribution of Au in a YSZ/Au nanocomposite coating produced by MSPLD without

process control. X-ray photoelectron spectroscopy with a 1-keVAr sputtering was used for the depth profiling of

Au concentration. A high concentration of Au at the coating surface is due to a decrease in supply of YSZ

component in a result of a laser fluence variation.
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23.5 HYBRIDS OF PLD WITH OTHER DEPOSITION TECHNIQUES

The major drawback of PLD in comparison to other deposition techniques, for example, magnetron

sputtering or vacuum arc, is a relatively low deposition rate. This is aggravated by the high initial

investment expense for laser equipment, which results in high coating cost. Evaluation of process

economics under those circumstances limits PLD to mainly microelectronic applications, where

precision in composition control and film purity may override higher cost. However, the cost of laser

energy has drastically decreased in recent years, and the low deposition rate has become the

predominant factor restricting broader commercial use of PLD. This is especially true for film

growth using laser ablation of carbides, nitrides, some oxides, and graphite. A possible solution to

the problem is combining PLD with other deposition methods to increase deposition rate. The

additional plasma sources may be selected to overcome specific limitations of laser deposition. For

example, deposition of many oxides and DLC is quite effective using PLD compared to magnetron

deposition, whereas metal deposition is usually more effective via magnetron. Hybridization of PLD

with other techniques can also facilitate a high degree of structural control at low substrate

temperatures, permitting growth of materials that are not possible to produce by other methods.

Development of two such hybrid technologies is discussed in this section: One is a combination of

PLD and magnetron sputtering deposition, and the other is a combination of PLD and ion beam

deposition.

23.5.1 Hybrid of Magnetron Sputtering and Pulsed Laser Deposition

A hybrid of magnetron sputtering and pulsed laser deposition (MSPLD) was initially developed for

preparation of functionally gradient transition-metal carbides and multilayer structures in the TiC

and DLC material systems [Voevodin et al., 1996a, 1997a]. MSPLD was then expanded toward

WC/DLC, WC/DLC/WS2, YSZ/Au, and YSZ/Au/MoS2/DLC nanocomposites for wear protection

of engineering components [Voevodin et al., 1999a, 1999d, 2001b, 2002a]. The technique was

adapted by other researchers for the synthesis of TiC/Ag nanocomposite coatings with advanced

mechanical characteristics [Endrino et al., 2002; Phani et al., 2002].

A schematic of MSPLD is shown in Figure 23.11. A pulsed laser beam is used to generate a

carbon flux, while a magnetron generates a flux of titanium, tungsten, or tungstenþ sulfur atoms.
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Figure 23.10 Profile distribution of Au in a YSZ/Au nanocomposite coating produced by MSPLD with a

fuzzy logic process control. X-ray photoelectron spectroscopy with a 1-keVAr sputtering was used for the depth

profiling of Au concentration. Constant concentration of Au across coating depth is a result of a laser fluence

control based on an emission signal.
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The target orientations define the point of intersection of the fluxes from the different sources.

Magnetrons are placed into an unbalanced configuration to sputter metal (Ti, W, Au, Ag, etc.) and/or

dichalcogenide (WS2, MoS2) materials with kinetic energies of several electron volts in the direc-

tion of the substrate. For sputtering, an argon pressure of 0.2 Pa is typically maintained in the

deposition chamber, which is low enough to prevent thermalization of the ablated plumes. The main

task of magnetron sputtering is to deliver a high flux of metal and/or sulfur atoms to the condensation

surface and thus provide a high growth rate. Carbon plumes from the laser ablation of graphite or

Y–Zr–O plumes from YSZ targets are also directed to the condensation surface, intersecting with the

metal atom flux from magnetron sputtering, as shown in Figure 23.12.

In the case of carbide growth, the independent operation of metal and C sources provided a

means to control composition and was based on the relationship between film stoichiometry and

the deposition rates of each element. In particular, a direct dependence of the TixCy and WxCy film

stoichiometry on the laser repetition rate (R) and a linear relationship between R and the ablation

rate of carbon was found, which made composition control easy. When a y/x ratio of stoichiometric

coefficients is used, the film composition can be predicted with the following equation:

y=x ¼ abR

where a is the ratio of the product of mass and density for the two elements a ¼ ðMTirCÞ=ðMCrTiÞ,
and b is the ratio of the sputtering rate of Ti or W to the ablation rate of C. The energetic carbon

atoms arriving at the condensation surface provide sufficient energy for the growth of nano-

crystalline carbide phases at low substrate temperatures.

With MSPLD, crystalline TiC, WC, and ZrO2 coatings with grain sizes regulated between 10 and

100 nm were grown at near room temperature, and the deposition rates were similar to that in

magnetron sputtering. MSPLD has a significant advantage over regular magnetron sputtering, where

Figure 23.11 Schematic of MSPLD arrangement. Magnetron sputter sources provide W, Ti, and/or WS2
fluxes, while laser ablation provides the carbon plume.
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substrate temperatures of at least 350–400�C are required for carbides and 500–600�C for ZrO2.

Furthermore, MSPLD opens the possibility for growing ‘‘next-generation’’ coatings of unique

composite materials made of amorphous DLC, MoS2, WS2, and crystalline carbide or oxide phases.

The task is not trivial, which is evident from the fact that DLC is typically grown at temperatures

below 200�C to escape graphitization during growth, while carbides require 350–500�C tempe-

ratures to form crystalline phases. Similarly, both MoS2 and WS2 dissociate at the typical growth

temperatures of crystalline ZrO2. MSPLD solved these problems by compensating for a low

substrate temperature with a high kinetic energy of laser-ablated carbon or zirconium atoms,

providing crystalline carbide and oxide formation without raising substrate temperature. Growth

rates of about 1mm/h were maintained, which were close to that of magnetron sputtering. While

local growth rates on a par with magnetron sputtering have been achieved, additional work is

required to coat numerous parts at once—in other words, scaleup is the next issue (see Chapter 9

for a full discussion of industrial-scale PLD systems). Tribological properties of some composite

coatings produced by MSPLD are briefly reviewed in later sections of this chapter.

23.5.2 Hybrid of Ion Beam and Pulsed Laser Deposition

The combination of ion beam bombardment and PLD is sometimes referred as ion-beam-assisted

pulsed laser deposition (IAPLD). IAPLD was found to be very successful in structure control of

Y2O3–ZrO2 and CeO2 buffer layers for subsequent epitaxial growth of superconductive oxides

[Reade et al., 1995]. Another application of IAPLD was the production of b-C3N4 [Niu et al., 1993]

and cubic-BN [Friedmann et al., 1994] hard films for surface wear protection. In both cases, high

kinetic energy and activation of gas species in the ion beam plasma were key factors for film

synthesis.

A generally accepted model of IAPLD growth considers separately the processes of film

deposition during short (5–10ms) pulses of ablated plasma and structure/chemistry adjustment by

ion bombardment during relatively long (10–100ms) pauses between laser pulses. Until recently,

little attention was paid to a synergistic interaction between the plasma generated by the ion beam

and laser. However, such interaction could lead to new chemical reactions in the plasma as well as

the generation of additional excitation states important for control of film growth.

Figure 23.12 Photograph of the MSPLD process, showing intersection of plasma fluxes from magnetron (left)

and laser ablation (bottom) on a substrate holder above.
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Some of these interactions were explored while growing Al–O–N films [Voevodin and Zabinski,

2001], which have enhanced thermal, tribological, and dielectric properties. Plasma plumes

from laser ablation of Al2O3 and a nitrogen ion beam were intersected in the vicinity of the substrate

(Fig. 23.13). A KrF excimer laser (Lambda Physik, COMPex 205) produced pulses of 248 nm

wavelength and 300mJ energy with 20Hz frequency. The laser beam was directed onto a rotating

polycrystalline Al2O3 (alumina) target under a 45� angle and focused to an instantaneous energy

density of about 1.5GW/cm2. A 3-cm-diameter Kaufman ion beam source (Commonwealth

Scientific Corp.) was operated using high-purity nitrogen gas at a beam voltage of 300V. Temporal

and spatial plasma distributions of the plasma generated by laser ablation and the ion beam were

investigated with a gated image-intensified charge-coupled detector (ICCD) camera at nitrogen

background pressures from 0.1 to 3.9 Pa.

An interaction effect was discovered, revealing plasma channels connecting the ion beam plasma

and laser-ablated plume (Fig. 23.14). These plasma channels existed only during the short period of

the ablated plume development, and their spatial location was dependent on the nitrogen background

pressure in the chamber. Increasing the pressure resulted in interaction channel locations closer to

the plasma sources and away from the substrate. The plasma connection between the ion beam and

laser ablation sources resulted in an instantaneous 40–60% increase of the current extracted from the

ion beam source during laser plume development. Furthermore, plasma spectroscopic analyses

indicated the presence of excited NOmolecules during this short 5- to 10-ms interaction event. These

molecules were identified from rotation/vibration A2�þ ! X2	 and B2	 ! X2	 excitation

transitions. There were also additional excitation and ionization states for atomic nitrogen and

oxygen occurring within plasma interaction channels. The ionization level of atomic aluminum was

not dependent on the ion beam source operation, and the emission bands of AlO or AlN molecules

were not detected.

This interesting result demonstrated the influence of short-duration plasma interactions in the

IAPLD process on plasma chemistry and allowed identification of film growth mechanisms.

Figure 23.13 Schematic of IAPLD arrangement for AlON film growth. An ion beam source above the

substrate provides the Nþ beam, while laser ablation is used to generate plasma plumes from an alumina target.
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The maximum development of NO radical lines coincided with the arrival of the plasma plume at the

substrate at about 4–6 ms, followed by quick deterioration of line intensities (Fig. 23.15). From the

main chemically active elements in the plasma, Al, N, O, and NO radicals, it was reasonable to

suggest that nitrogen and oxygen predominately react with each other in the gas phase to form

Figure 23.14 Photograph of the IAPLD process obtained at 10-ms ICCD exposure, showing a plasma

interaction channel between the ion beam and laser ablation sources. The white circle indicates the substrate

position, where AlON films with a high nitrogen content were produced.
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Figure 23.15 Development of NO molecular emission bands in the plasma interaction channels between ion

beam and laser-ablated plumes in IAPLD on a real-time scale after the laser pulse. Spectra were obtained using

500-ns exposures of ICCD detector with 2–12ms exposure delays after a laser pulse.
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molecular NO. The reaction may occur only during short intervals of the interaction between the ion

beam, supplying nitrogen, and laser-ablated plumes, supplying oxygen. The growth of Al–O–N films

then occurs through a heterogeneous reaction on the sample surface between arriving atomic Al and

molecular NO species.

The synergistic effect of plasma enhancement in IAPLD growth was used to produce highly

nitrogenated (20–30 at % N) AlON films by moving substrates into the brightest part of the

interaction channel (Fig. 23.14), where the strongest emission signal from excited NO radicals was

detected. This sample location was off-axis from the nitrogen ion beam source and thus would not

be considered as an optimum location to maximize nitrogen content, when considering ion beam

source operation separately from laser ablation. However, this location provided a factor of 2

increase in film nitrogen content as compared to the film grown on a substrate located at the center-

line of the ion beam source. Furthermore, the increase in plasma excitation of both atomic and

molecular species helped to produce nanocrystalline AlON films at about 300�C substrate

temperature. Such moderate temperature was very favorable in comparison to 600–800�C tempe-

ratures required by other deposition techniques to achieve film crystallinity. This success of

IAPLD technology confirmed once more that hybrids of PLD with other deposition techniques

have great potential for the discovery and production of unique materials.

23.6 TRIBOLOGICAL COATINGS PRODUCED BY PLD AND HYBRID TECHNIQUES

There are a number of good reviews on hard tribological coatings that have been published lately.

Monolithic coatings of transition-metal carbides/nitrides and oxides dominate the literature

[Holmberg and Matthews, 1994; Bushan and Gupta, 1991], however, attention has recently been

focused on moving away from monolithic coatings to duplex, functionally gradient, multilayer, and

nanocomposite coating architectures to improve overall friction and wear response. The same

trend is observed with respect to coatings produced by PLD technology. The coating examples

discussed in this section are divided into monolithic or single-phase coatings, gradient and/or layered

coatings, nanocomposite coatings, and advanced multifunctional tribological coatings.

23.6.1 Monolithic Coatings

Over a number of years, PLD has been successfully used to produce a number of single-phase

monolithic tribological coatings, which are briefly reviewed in this section. They include both hard

wear-resistant coatings and solid lubricants.

Hard ceramic coatings have been the most widely explored for PLD synthesis. They include

coatings made of TiC, SiC, Cr3C2, WC, c-BN, and TiN [Donley and Zabinski, 1994]. Most of the

hard coating research demonstrates that PLD provides excellent structure control, but they also

report slow growth rates, reducing their commercial impact.

Solid lubricant coating growth with PLD has been one of the prime focuses of our recent

efforts. PLD is an excellent tool to permit the growth of near stoichiometric coatings, with respect

to target composition, with a minimum loss of low-melting-point elements. Therefore, it provides a

simple and technologically robust process for depositing MoS2, WS2, NbS2, NbSe2, NbTe2, and

similar coatings [Donley and Zabinski, 1994]. These coatings provide very low friction coefficients

and can be tailored to both vacuum and atmospheric applications.

Lubricious oxide materials are another class of monolithic tribological coatings produced by

PLD. These oxide coatings, for example, PbO and ZnO, are beneficial for friction and wear

reduction at elevated temperatures [Zabinski et al., 1992, 1993]. They can also be incorporated into

composites, by preparing laser ablation targets by mixing powders of different materials. One

interesting combination is the PbO–MoS2 composite, which was shown to exhibit adaptive

lubrication by chemical transition from MoS2/PbO to PbMoO4 as the temperature is increased from
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room temperature to 1000�C [Zabinski et al., 1996]. Cs2MoOS3 coatings have been prepared by

PLD to provide low friction at temperatures up to 700�C [Strong and Zabinski, 2002].

Hydrogen-free superhard DLC coatings are produced only by either PLD or filtered vacuum arc

techniques. In the PLD process, ultraviolet lasers are used for graphite ablation with instant power

densities of 108–109W/cm2 per laser pulse, which is sufficient to form hard DLC coatings on steel

substrates at temperatures below 150�C [Voevodin et al., 1996b]. Coatings have mainly sp3 C–C

interatomic bonding, hydrogen contamination below 0.1 at %, and a density of about 3.0 g/cm3.

Their nanoindentation hardness is about 70GPa and elastic modulus is about 600GPa. These

superhard DLC coatings have a friction coefficient as low as 0.05–0.10 in sliding against steel and

sapphire counterparts in dry, humid, and vacuum environments [Voevodin et al., 1995a]. However,

they possess large compressive stresses and can be easily fractured and delaminate from steel

substrates if a transition layer interface is not provided. The problem is mitigated by DLC doping

with metal atoms, as, for example, in a PLD growth from sectioned graphite/metal targets or

sequential ablation of graphite and metal targets [Wei et al., 1998, 1999a]. Incorporation of carbide

forming metals, for example, Si and Ti, was found beneficial for the stress reduction and adhesion

improvement of DLC coatings produced by PLD.

Hydrogenated DLC is less hard and more flexible, due to the termination of strong s-type C–C

bonds. H:DLC coatings can be produced in high-vacuum conditions by ultraviolet (UV) ablation of

polymer targets, such as polycarbonate [C13O3H14]. Carbon, hydrogen, and oxygen are then

incorporated into an amorphous DLC network, as well as some amount of polymer fragments. These

coatings contain approximately 25 at % H and have sp3-type CH3 and polymer O–CH3 interatomic

bonds. Their density is about 2.2 g/cm3, hardness values are about 15GPa, and elastic moduli are

about 180GPa [Voevodin et al., 1995b].

Composite H:DLC/DLC coatings were prepared by PLD, where laser ablation targets were

constructed from graphite and polycarbonate sectors (Fig. 23.16). The resulting coatings consisted

of a mixture of DLC and H:DLC layers, with incorporation of polymer particulates, which can be

seen in Figure 23.16. Even with nonuniform morphology, the coatings were dense and had

considerable fractions of sp3-bonded carbon, which yielded hardnesses of about 20GPa and elastic

moduli of about 270GPa [Voevodin et al., 1997b].

Fullerene-like CNx is another carbon-based tribological material recently produced by PLD.

These coatings were originally synthesized by magnetron sputtering and have a unique resilient

behavior, providing hard and yet flexible material [Hultman et al., 2003]. The fullerene-like CNx

coatings were reported to contain about 20 at % N, have predominantly sp2 configuration of

interatomic bonding, a high degree of graphite plane bending and cross-linking, hardness around

10–20GPa, elastic modulus of 40–120GPa, and friction coefficients of about 0.3 at ambient

conditions [Hultman et al., 2003; Neidhardt et al., 2003; Broitman et al., 2001]. Using the PLD

process, fullerene-like CNx coatings can be obtained by graphite ablation in a nitrogen gas back-

ground. The process needs to be tuned for production of hexagonal graphitic-like clusters, where

nitrogen is used to improve coating stiffness as described above. In comparison to magnetron

sputtering, PLD provides less order in the graphitic plane arrangements, a considerably higher

hardness of 30GPa, and elastic modulus of about 200GPa [Voevodin et al., 2002b, 2002c].

23.6.2 Functionally Gradient and Nanolayered Coatings

One approach for improving the toughness and adhesion of DLC is to use a multilayer architecture,

where the superhard DLC layers are separated with metal layers and are incorporated in a func-

tionally gradient coating to accommodate stresses and reduce microcracking. This coating design

includes a gradual transition of chemistry, structure, and properties from substrate material to DLC

producing no sharp interfaces, which are potential locations for crack initialization [Voevodin et al.,

1997a]. A typical architecture includes formation of an adhesive thin-metal layer, a transition to a

load-supporting carbide layer, then addition of a metal-doped DLC layer, and subsequent deposition

of multiple pairs of metal–DLC or carbide–DLC layers [Voevodin et al., 1997d].
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For example, a coating with a Ti–TiC–DLC–20[TiC–DLC] architecture was designed and

produced by MSPLD, where 20 pairs of 60-nm-thick DLC and 10-nm-thick TiC layers were

deposited on top of a Ti–TiC–DLC layer. The composition of this coating was gradually varied from

pure Ti on the substrate surface to Ti1�xCx, a columnar carbide layer, to Ti-doped DLC, and then to

pure carbon in the first DLC layer, after which the TiC–DLC multilayer stack was deposited

(Fig. 23.17). The result was a gradient coating with an upper nanolayered structure consisting of

amorphous DLC and crystalline TiC layers. From composite mechanics, such a structure arrests and

deflects cross-sectional cracks, improving the toughness. This can be seen in a cross-sectional frac-

ture micrograph of this coating (Fig. 23.18).

In contact toughness tests, the upper critical load (65 N) exceeded the toughness of wear-resistant

single-layer ceramics. A maximum contact pressure of about 10GPa was estimated to correspond to

the critical load from the contact geometry measurements. It is important to note that this coating

maintained a 0.1 friction coefficient for over 1,000,000 cycles in sliding against a sapphire ball in

an ambient environment at initial contact pressures of about 1.4GPa. The concept of functionally

gradient and nanolayered DLC-based composites was also tested on coatings with stacks of Ti–DLC

and CNx–DLC layers. Both these coatings passed one million cycle tests in similar sliding

conditions. For the CNx–DLC multilayer coating, the friction coefficient was about 0.07, while the

Ti–DLC multilayer coating had a friction coefficient of about 0.12.

Pulsed laser deposition processes with a sequential ablation from different targets or from

rotating targets made of different segments can provide a simple and well-controlled way of building

Figure 23.16 A PLD schematic with a composed graphite/polycarbonate target and a scanning microscope

image of a cross-section fracture of a DLC/H:DLC composite coating.
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nanolayered and gradient structures from nitrides, carbides, and metals. Such PLD processes were

used to build microlaminates of B4C/TiC with a high hardness [Radder et al., 2002] and functionally

gradient DLC coatings, where Cu, Ag, and Ti were incorporated to enhance tribological coating

adhesion [Wei et al., 1999b]. Considerable enhancements in mechanical and tribological properties

of these materials open the way to use PLD as an alternative tool in producing multilayer and

functionally gradient tribological coatings.

Figure 23.17 Schematic of a DLC/TiC multilayer with a functionally gradient Ti–TiC–DLC interface and a top

layer stack of DLC/TiC pairs. Gradation of composition and hardness across the coating thickness is indicated.

Figure 23.18 Scanning microscope image of a cross-section fracture of a TiþTiCþDLCþ 20[TiC/DLC]

multilayer coating.
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23.6.3 Nanocrystalline/Amorphous Composites

Incorporation of nanocrystalline grains in an amorphous matrix generates unique improvement in

hardness [Veprek, 1999], due to suppressing formation and motion of cross-grain dislocations

in favor of deformations by grain boundary mechanisms. These nanostructure designs can be also

applied to improve toughness [Mitterer et al., 1999] by activating grain boundary deformation

mechanisms, and they can improve wear resistance and friction reduction by appropriate selection of

crystalline and amorphous matrix material [Voevodin et al., 1999d].

The first wear resistant nanocrystalline/amorphous materials synthesized by PLD were TiC/DLC

and WC/DLC nanocomposite coatings, produced by MSPLD in a configuration similar to the one

shown in Figure 23.11. In the case of TiC/DLC nanocomposites, deposition parameters were tuned

to produce coatings with a Ti0.3C0.7 stoichiometry as determined by XPS. In such overstoichiometric

films, the carbon was bonded in both TiC and DLC phases, producing two characteristic peaks

in XPS in the C1s region at 281.8 and 284.6 eV. Formation of nanocrystalline TiC was confirmed in

transmission electron microscopy (Fig. 23.19). Sizes of TiC crystallites were about 5–10 nm and

they were completely encapsulated in the DLC matrix.

Nanoindentation hardness of the TiC/DLC composite was about 32GPa. This was higher than

the 27-GPa hardness of nanocrystalline stoichiometric TiC, but not so high as 60-GPa hardness of

hydrogen-free DLC. However, the TiC/DLC composite showed 40% plasticity during indentation

deformation, which was four times more than that observed for superhard, but brittle, DLC. An

extremely high contact toughness was found for these coatings. TiC/DLC coatings (0.5-mm thick

on steel substrates) withstood 70-N load without brittle failure. At this load, considerable substrate

deformation is inevitable, which can lead to brittle failure of hard coatings, such as DLC or ceramics.

In comparison tests, the contact toughness of TiC/DLC composites exceeded the toughness of

nanocrystalline TiC and single-layer DLC by 400 and 600%, respectively, permitting the designation

of these composites as supertough.

Very similar dramatic enhancement in coating toughness was observed for WC/DLC compo-

sites prepared by MSPLD [Voevodin et al., 1999a]. Friction tests of both TiC/DLC and WC/DLC

composites showed friction coefficients of about 0.15 in unlubricated sliding against a steel ball

Figure 23.19 Transmission electron microscope image of a TiC/DLC nanocomposite coatings. Randomly

oriented nanocrystalline inclusions of TiC (circled) are embedded in amorphous DLC matrix.
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in air with 50% relative humidity. This was considerably lower than the friction coefficients of TiN,

CrN (0.5–0.6), and TiC (0.3–0.4) films in similar sliding conditions.

The universal applicability of the nanocrystalline/amorphous design concept was proved in the

synthesis of such structures using entirely different material systems. Nanocrystalline YSZ was

used as a hard nanograin component together with an amorphous Au/YSZ matrix to provide a

crystalline/amorphous tribological coating with improved high-temperature lubrication [Voevodin

et al., 2001a, 2001b]. The MSPLD process was able to provide (i) size and orientation control of

nanocrystalline YSZ grown at near room temperature; (ii) toughness enhancement by embedding

5- to 10-nm crystals of YSZ separated by about 5 nm into an amorphous YSZ/Au matrix, which

required about 10 at % Au in the film composition; and (iii) high-temperature lubrication with gold

through nucleation of approximately 100-nm-sized gold grains on the coating surface during 500�C
sliding tests.

23.6.4 Multifunctional and Adaptive Coatings

Nanocomposite coatings offer a unique opportunity to design and produce adaptive or smart

tribological coatings, which have been termed ‘‘chameleon’’ for their ability to resist friction and

wear by changing surface chemistry and microstructure in response to environment and loading

changes [Voevodin and Zabinski, 2000; Voevodin et al., 2002a], much like a chameleon changing its

skin color to avoid predators.

Although quite challenging, practical realization of smart coatings is extremely rewarding

for tribological pairs subjected to multiple environmental changes, as, for example, in aero-

space applications. The first realization of such coating growth with PLD was made using a

mixture of oxides and dichalcogenides (PbO/MoS2, CFx/WS2, ZnO/WS2), which could operate

over a broad range of temperatures [Zabinski et al., 1992, 1993, 1996]. Advanced multilayer

structures were then designed to combine these composites with buried diffusion barrier layers

and achieve surface self-adaptation during repeated temperature cycling. Recently, novel wear-

resistant materials were developed that combine nanocrystalline carbides (TiC, WC), oxide-

based ceramics (YSZ and AlON), dichalcogenides (MoS2, WS2), and amorphous diamond-like

carbon (DLC) into nanocomposite structures [Voevodin and Zabinski, 2000; Voevodin et al.,

2001a, 2002a].

For example, chameleon coatings made of amorphous DLC matrix with incorporation of nano-

crystalline TiC [Voevodin et al., 1997c; Voevodin and Zabinski, 1998], WC [Voevodin et al., 1999a,

1999c], WS2 [Voevodin et al., 1999b; Voevodin and Zabinski, 2000], and laser-processed MoS2
reservoirs [Voevodin et al., 1998] have demonstrated an order of magnitude improvement in

toughness above that of single-phase carbides while maintaining the same level of hardness, a low

friction coefficient in cycling from dry to humid environments, and an extremely long life in both

ambient and space environments. The surface chemistry, structure, and mechanical behavior of these

nanocomposite materials were shown to reversibly change in tribological contact, depending on

applied loads and operational environment to maintain low friction and prevent wear.

To achieve reversible adaptation, the following design concepts should be fulfilled and combined

with the concepts of tough nanocomposites described above:

1. Solid lubricant reservoirs are introduced as amorphous or poorly crystalline inclusions to

minimize reduction in composite hardness and elastic modulus, since crystalline solid

lubricants are typically very soft [Voevodin et al., 1999d; Voevodin and Zabinski, 2000].

2. Friction forces and surface reactions with the environment are used to generate a lubricious

transfer film or ‘‘skin’’ at the tribological contact, which can self-adjust with each environ-

mental change [Voevodin et al., 1999d; Voevodin and Zabinski, 2000]; that is, coating

components serve as reservoirs to supply material for the ‘‘tribo-skin,’’ where formation of a

lubricating film with the required chemistry and structure reduces friction.

606 PULSED LASER DEPOSITION OF TRIBOLOGICAL COATINGS



Because they are made of nanosized lubricant inclusions, the reservoirs are always just underneath

the rubbing surface. Therefore, the active tribo-skin can adapt immediately to changes in the

environment.

Figure 23.20 presents a schematic of the YSZ/Au/MoS2/DLC coating design structure. Indi-

vidual phases of the coating are marked together with their tribological function in Figure 23.20a,

and coating cross-sectional layout is shown in Figure 23.20b together with the expected formation

of an environmentally adaptive transfer film on the friction surfaces. Similar to the previous

chameleon coating examples discussed above, an amorphous matrix and a hard nanocrystalline

phase (YSZ) were used to optimize mechanical performance and load support. Nanocrystalline and

amorphous Au, MoS2, and DLC were added to achieve chemical and structural adjustment of

transfer films formed in friction contacts during dry/humid environment and low/high temperature

variations. The coating design in Figure 23.20 was primarily tailored to aerospace applications, but

similar design concepts can be applied for chameleon coating development for other applications.

23.7 FUTURE DIRECTIONS

Pulsed laser deposition is an effective tool for producing coatings for many different applications,

and the tribological coating category is rapidly growing with the emergence of hybrid deposition

techniques and the new nanostructured coatings that they enable. Recently, coating hardness was

significantly increased by evolving away from monolithic designs toward those with multiple
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Figure 23.20 Schematic of a YSZ/Au/MoS2/DLC tribological coating with chameleon-like surface adaptive

behavior: (a) composite layer structure and (b) cross section of a coating at the friction contact.
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components and layers. Now it is realized that the properties of nanostructures can be harnessed to

not only provide high hardness but also to improve toughness and control friction. Therefore, present

and future R&D will progressively concentrate on nanostructured and multiphase tribological

coatings, such as heterostructures and nanocomposites. Following this trend, PLD may soon develop

into a mature technology for engineering applications. There are several foreseeable directions of

this progress. First, the process configuration will change from that of ‘‘standard’’ PLD to fit more

closely engineering applications. This includes larger deposition chambers, complex rotation

substrate tables, substrate biasing and heating arrangements, reliable process control based on in situ

plasma diagnostic technologies, and powerful cost-effective lasers with short wavelengths. Second,

PLD will likely be integrated with other deposition techniques to permit growth of unique materials

and to allow for better process flexibility, both technologically and economically.

The unique advantage of PLD is that it can be used to synthesize tribological materials, which are

not possible or very difficult to produce by other methods. Superhard DLC was the first of such

materials, which was followed by a variety of hard coatings, solid lubricants, high-temperature

lubricants, fullerene-like structures, functional gradient materials, and multifunctional smart nano-

composites. The list is rapidly expanding and PLD will continue to lead new material discoveries

in the field of tribological coatings and interfaces.
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24.1 INTRODUCTION

In sufficiently dense gas atmospheres, the gaseous products of laser ablation can condense before

they reach any solid substrate. Among such nanoclustered materials are new forms of carbon

discovered in the soot produced by laser ablation under a background gas pressure. This chapter

describes the laser ablation synthesis of the most intriguing form of carbon—single-wall carbon

nanotubes.

The chemical element carbon has a unique ability to hybridize its outer electron orbitals in three

different ways and thus to exist in a number of allotropies with completely different properties. The

graphitic forms of carbon consist of subunits of covalently sp2-bonded atoms organized in a

trigonally coordinated network. These graphitic subunits (graphene sheets) are held together by

weak van der Waals forces. The natural stress- and defect-free spatial organization of these subunits

is a parallel stack with an interplanar separation of 0.335 nm (Fig. 24.1a). This spatial organization

of the crystal is responsible for the known softness and lubricating nature of the most common

graphitic representative graphite.

It appears, however, that the flat stack is not the only possible form of spatial organization of

graphene sheets. In carbon onions and nanotubes, the graphene layers are arranged in unusual

concentric and coaxial shells with the intershell separation about that of planar graphite (Fig. 24.1b).

The study of Radushkevich and Lukyanovich [1952] is perhaps the earliest published observation of

such a tubularly organized carbon phase. They have observed hollow carbon ‘‘particles’’ less than

100 nm in diameter and many micrometers long in the soot of iron-catalyzed, thermally decomposed

CO. However, the clarification of the structural details of these particles was only possible with more

recent advances in the electron microscopy. It is well established now [Dresselhaus et al., 1988] that

they consist of coaxially rolled graphene sheets with a maximum length up to millimeters and a

diameter in the nanometer range. Although this is typical in biological macromolecules, this tubular

structure is rather uncommon for inorganic materials. They can be also synthesized from other
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layered materials such as h-BN, mixed BN/C, BC3, WS2, and MoS2 (see, e.g., Feldmann et al.

[1995], Suenaga et al. [1999], and Tremel [1999]).

A detailed description of physical properties and expected applications of carbon nanotubes can

be found in a number of reviews and books currently available [Dresselhaus et al., 1996; Yakobson

and Smalley, 1997; Ebbesen, 1997; Subramoney, 1998; Saito et al., 1998a; Tanaka et al., 1999;

Ajayan, 1999; Tomanek and Enbody, 2002]. The potential applications of nanotubes are mostly

related to their small dimensions and outstanding electronic and mechanical properties. One expects

they can find use as interconnects, arrays of resistors, quantum electronic devices, ‘‘suspended’’

circuitry, artificial muscles in MEMS, low-k dielectric insulators or intercalation for battery

applications, field emitters in flat displays, high-Q nanoresonators, reinforced composite ultralight

materials, functionalized/customized nanoprobes for scanning probe microscopes, or as a new

zeolite-type hydrogen-storage material for fuel-cell electric vehicles and many others. At the same

time a broad spread of physical properties of individual nanotubes associated with a statistically

distributed number of concentric layers creates complications in their practical implementation.

When the diameter of a single nanotube becomes comparable to the graphite interplanar

separation, they cannot be surrounded by the second carbon shell due to purely geometric reasons,

and as a result, they cannot form coaxial structures. Instead they stick together into thick

honeycomb-packed bundles (Fig. 24.1c). Such single-wall nanotubes (SWNTs, Fig. 24.2) do not

have these layer number-related structural variations and their properties are much more predictable.

Some selected properties of bundled SWNTs are summarized in Table 24.1.

Since the covalent carbon s bonds in graphene sheets are among the strongest in nature, the

SWNTs have a high inherent structural strength and a correspondingly high phonon thermal

conductivity. At the same time, the material is extremely light, making its strength–density ratio 1–2

orders of magnitude higher than that of steel.

Figure 24.1 Spatial organization of graphene sheets in different graphitic forms of carbon: (a) a graphite

crystal, (b) a multiwall nanofiber, and (c) a bundle of single-wall nanotubes.

Figure 24.2 Fragment of helical single-wall carbon nanotube with a diameter of 1.05 nm. The wrapping angle

determines the helicity of the nanotube.
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The untwisted armchair SWNTs (the tubes having an armchair atomic arrangement as viewed in

cross section, see Fig. 24.2) always have a metallic-type conductance. They can transmit current

densities in excess of 109 A/cm2, which is orders of magnitudes higher than noble metals

[Radosavljevic et al., 2001]. The large critical current density can be attributed to the strong covalent

bonding of the atoms in the tube with no defect scattering. The majority of helical SWNTs (as

sketched in Fig. 24.2) are semiconducting.

The thinnest SWNTs can be fabricated in the zeolite crystal channels and have a diameter, dSWNT,

as small as 0.4 nm [Wang et al., 2000]. The thicker the SWNTs, the less mechanically stable they

become. According to calculations of Gao et al. [1998], SWNTs with dSWNT 43 nm should tend to

collapse. This is in accordance with observations of Cheung et al. [2002] who have managed to

synthesize mechanically very unstable SWNTs with dSWNT 48 nm.

Single-wall nanotubes were first synthesized by Iijima and Ichihashi [1993] and Bethune et al.

[1993] in an arc discharge. To date a number of techniques including arc discharge, laser

evaporation, solar furnace, chemical vapor deposition, and high-pressure CO disproportionation

have been demonstrated for synthesizing macroscopic quantities of SWNTs [Ebbesen, 1997; Journet

and Bernier, 1998; Laplaze et al., 1998; Terrones et al., 1999; Nikolaev et al., 1999] and one can

purchase these commercially. A distinguishing feature of the SWNT synthesis in all these techniques

is the necessity of the addition of 1–50 at % of an iron-group metal catalyst (usually Fe, Co, Ni, or

their mixtures) into the initial carbon material source. Binary catalysts have been proven to function

better than elementary ones [Guo et al., 1995; Takizawa et al., 2000; Jost et al., 2004]. SWNTs

appear to grow radially from these catalyst particles closed with hemispherical domes [Subramoney

et al., 1993; Zhou et al., 1994; Saito, 1995; Saito et al., 1995].

Despite the enormous progress in synthesis, understanding of the catalytic growth of SWNTs

currently lags behind. To a certain extent this is a consequence of the fact that the abundance and

properties of SWNTs are sensitive to practically all the process variables, including the composition

of the source material, synthesis parameters, and methods of SWNT collection and purification.

It is widely accepted that the SWNT synthesis is a multistep process that comprises

atomization of the starting material, nucleation, and growth stages. In continuous techniques like

arc discharge, solar furnace, continuous-wave, or long-pulse laser evaporation, as well as CO

disproportionation, the SWNT growth conditions are closely connected with the carbon source

material atomization and cannot easily be controlled independently. A better management of the

growth conditions is achieved using a laser-furnace method first implemented by Guo et al.

[1995]. In this technique, a graphite target containing a metal catalyst is ablated by nanosecond

duration laser pulses, thereby temporally separating the target atomization and the SWNT

formation stages.

The influence of the main operator-controlled variables (such as the environmental conditions,

the target composition, the laser power, the process temperature, and geometry), perhaps up to a

TABLE 24.1 Selected Properties of Diamond, Graphite, and Bundles of Single-Wall Nanotubes

Physical Property Diamond Graphite SWNT

Lattice structure Cubic Hexagonal Hex. packaged bundles

Bond length, Å 1.54 1.42 1.42

Interlayer spacing, Å — 3.35 3.38 (10,10 armchair)

Density, g/cm3 3.52 2.26 1.33 (10,10 armchair)

Thermal conductivity, W/cm K 25 1.29 20

Electrical conductivity �10�20 800 (� cm)�1 n(12.9 k�)�1

(� cm)�1 (polycryst.) (quantized)

Bandgap, eV 5.5 � 0.04 0 (metallic)

(band overlap) �0.5 (semiconducting)

Elastic modulus, GPa 107 410 (polycryst.) 1000

Maximum tensile strength, GPa 0.7 2–20 (fiber) 30 200
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dozen parameters in total, on the product output even in the laser-furnace technique, still remains

contradictory. In this chapter we review the known experimental findings about the laser synthesis of

SWNTs, describing them on the basis of a unique solid–liquid–solid growth mechanism and

summarize them in a temporal scenario of the first one second of the SWNT life.

24.2 LASER-FURNACE TECHNIQUE

24.2.1 Typical Experimental Setup

Figure 24.3 presents a typical setup for the laser ablation synthesis of SWNTs. A solid target pressed

from intimately mixed powders of pure charcoal and metal catalyst is positioned in a high-

temperature tube furnace. The target is ablated by pulsed Q-switched laser radiation, in a streaming

chemically inactive carrier gas (typically Ar or N2) at a pressure somewhat below 1 atm. The

ablation products in the form of smoke are transported by the carrier gas and deposited onto a water-

cooled collector positioned downstream from the target. The soot can then be washed off the

collector using water. Typical experimental conditions are summarized in Table 24.2.

Figure 24.3 Typical laser-furnace setup for the laser ablation synthesis of SWNTs. The sketch is adapted from

Yakobson and Smalley [1997].

TABLE 24.2 Typical Synthesis Conditions of SWNTs in

Laser-Furnace Technique

Furnace tube diameter 25–50mm

Pressure P0 66 kPa

Carrier gas flow velocity V0 1 cm/s

Furnace temperature T0 1200�C
Laser wavelength 532 nm, 1064 nm

Laser pulse frequency 10–30Hz

Laser pulse length t 10 ns

Laser fluence � 1.5 J/cm2

Target metal content 1 at % Co þ 1 at % Ni

Mean bundle diameter 20 nm

Estimated nanotube yield 50%

[Guo et al., 1995; Bower et al., 1998; Bandow et al., 1998; Rinzler et al., 1998;

Yudasaka et al., 1999c, 2002; Gorbunov et al., 1999; Puretzky et al., 2000, 2002;

Jost et al., 2002, 2004].
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24.2.2 Characterization of SWNTs-Containing Soot

24.2.2.1 Microscopic Characterization

Scanning electron microscopy (SEM) and high-resolution transmission electron microscopy

(HRTEM) are the most important microscopic methods used in the majority of experimental studies.

A typical appearance of the SWNTs containing soot is presented in Figure 24.4. It consists of

SWNTs hexagonally packed into bundles of up to 20 nm thickness and many micrometers long,

apparently extruding from round particles of metal catalyst 2–15 nm in diameter. These particles are

partly encapsulated by a graphitic cage. Gorbunov et al. [2002b] have postulated that this graphitic

cage builds up through massive precipitation of dissolved carbon upon solidification of metal–

carbon melt when quenching the smoke on the collector. When this is the case, the initial carbon

concentration in the molten particle should be as high as 50 at %. Besides the SWNT bundles, the

soot contains a pronounced amount of amorphous carbon. Some amount of fullerenes can also be

traced in the reaction products. As will be shown in Section 24.3, both species play an important role

Figure 24.4 (a) High-resolution TEM image of the soot synthesized under typical synthesis conditions:

(1) bundles of SWNTs, (2) amorphous carbon, and (3) round metallic particles. The 4� enlarged insert

demonstrates a hexagonal packing of nanotubes in a bundle. (b), SEM image of a rope of bundled SWNTs.
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in the SWNT synthesis as a metastable carbon source material and presumably nucleation agents. No

other forms of carbon are usually found, and this is typical for most physical SWNT synthesis

techniques.

Despite the direct imaging, all the microscopic methods suffer from the lack of overall averaging.

As a matter of fact, the soot is very inhomogeneous even within the same sample and one cannot

extend any locally measured property to all of the material synthesized. Despite this principal

difficulty, HRTEM pictures are widely used for a subjective estimation of the absolute SWNT

abundance in the unrefined soot. By our own conservative estimate, the absolute abundance of

SWNTs in the soot derived from the HRTEM images never exceeds 50%, although some groups

report it to be above 70% [Thess et al., 1996; Bower et al., 1998; Rinzler et al., 1998].

24.2.2.2 SWNT Abundance and Diameters

Due to their resonant nature, Raman spectroscopy and optical absorption spectroscopy hold a central

position among spectroscopic methods for SWNT characterization. These methods provide sample-

averaged quantitative information on the structural and electronic properties of SWNTs including

the relative abundance Y and diameter distribution of SWNTs in the soot.

Along with G- and D-bands, which are characteristic for all polycrystalline graphitic materials,

the Raman spectrum of SWNTs contains a strong low-frequency band of radial breathing mode

vibrations, which is specific to the tubular geometry and provides a good indication of the nanotube

abundance in the soot [Rao et al., 1997]. The position of this band is controlled by the

circumference of the nanotubes and to a good approximation is inversely proportional to

dSWNT : o½cm�1� ¼ 224=dSWNT½nm� [Saito et al., 1998b].

The characterization of SWNTs by optical absorption spectroscopy provides comparable data on

dSWNT [Jost et al., 1999a, 2002; Liu et al., 2002] and is based on the existence of one-dimensional

van Hove singularities in their electronic density of states (DOS) as first proposed by Kataura et al.

[1999]. Within the simple tight-binding model, the gap between these sharp DOS spikes is inversely

proportional to dSWNT:

Eg ¼
2gaC�C

dSWNT

where g is the overlap integral between the next pp-orbitals, and aC�C 
 1:42 Å is the carbon bond

length. For graphite g ¼ 3:16 eV. In SWNTs g is usually smaller and is controlled by both dSWNT and

specific tube–tube interactions in SWNT bundles.

Early investigations of Yand dSWNT in the laser-furnace technique have been reviewed by Journet

and Bernier [1998]. More recent studies of the impact of most operator-controlled process

parameters on these two basic properties of SWNTs are summarized in Table 24.3. The degree of

influence of these parameters is roughly evaluated on a three-score system. Parameters having no

observable influence on the SWNT formation are indicated by (� ). An observable but not decisive

impact is labeled with a (� ) symbol. The process parameters, which have a pronounced effect on Y

and dSWNT, are assigned a (þ ) symbol, and when not properly chosen, the latter can completely

inhibit SWNT formation.

As seen in Table 24.3, almost all synthesis parameters influence to a variable degree the SWNT

abundance Y in the soot. By comparison, only the furnace temperature T0, carrier gas type, pressure P0,

and the catalyst relative composition (not the absolute percentage!) can influence their mean diameter.

The furnace temperature T0 belongs to the most critical process parameters. No SWNT formation

was observed at T0 below some minimal temperature (about 800�C for a graphite target) and above

the equilibrium eutectic temperature of the metal–carbon mixture. The maximum Y lies near the

upper limit of this interval (Fig. 24.5). Within the allowed temperature window and a given catalyst,

a monotonic dSWNT increase with T0 is observed [Bandow et al., 1998; Kataura et al., 2000]. Under

the typical synthesis conditions listed in Table 24.2 dSWNT 
1:2 nm. Thin SWNTs with

dSWNT ¼ 0:83 nm were synthesized by Kataura et al. [2000] by using a low-melting-point RhPd
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TABLE 24.3 Influence of Various Process Parameters on SWNT Abundance and Diametera

Abundance Diameter

Dependence Dependence

Process

Parameter Degree Type References Degree Type References

Target carbon Zhang and Iijima, ?

source � 1999; Zhang et al.,

2001

Target

morphology � Yudasaka et al., ?

2000

Catalyst þ Peaked Jost et al., 1999b � Jost et al., 1999b

quantity

Catalyst type þ Complex Guo et al., 1995 þ Complex Kataura et al.,

1998, 2000;

Jost et al., 2004

Catalyst þ Peaked Guo et al., 1995; þ Logarithmic Jost et al., 2004

mixtures Yudasaka et al.,

1999b

Furnace þ Peaked Jost et al., 1999a, þ Linear Bandow et al.,

temperature 2002; Kataura 1998; Kataura,

et al., 2000 2000; Jost et al.,

2004

Type of gas þ Complex Jost et al., 2002; þ Complex Jost et al., 2004

Nishide et al.,

2003

Gas pressure þ Peaked Munoz et al., þ Logarithmic Saito et al., 2000;

2000; Jost et al., Jost et al., 2004

2002

Gas flow þ Peaked Gorbunov et al., � * Sen et al., 2000

velocity 1999; Jost et al.,

2001a

Number of � Yudasaka et al., ?

laser pulses 1999c

Plume � Rinzler et al., � * Rinzler et al., 1998

confinement 1998

Laser pulse � Yudasaka et al., � * Jost et al., 2001b

rate 1999a

Combined � Thess et al., 1996 � * Bower et al.,

laser beams 1998

Laser pulse � Eklund et al., � * Eklund et al., 2002

duration 2002

Laser beam � Braidy et al., � * Braidy et al., 2002b

wavelength 2002b

Laser fluence þ Peaked Gorbunov et al., � * Dillon et al., 2000;

1999; Braidy Braidy

et al., 2002a et al., 2002a

aThe degree of the influence is marked according to the scheme: (þ ) pronounced, (� ) observable, (� ) negligible or none, (?)

unknown, (*) although reported, cannot be unambiguously attributed.
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catalyst. With a more refractory RhPt catalyst, they observed an effective SWNT formation up to

1450�C and dSWNT up to 1.35 nm.

Other parameters that pronouncedly influence the SWNT synthesis are the carrier gas pressure P0

and velocity V0 and the laser fluence F (Fig. 24.5). SWNT formation is only observable at

P0  8 kPa, although the amount of ablated target material is practically independent of P0. With an

increase in P0, Y rises and reaches a broad maximum at a P0 value that depends on the carrier gas

type. Jost et al. [2002] have established that the synthesis conditions, which provide the maximum Y,

correspond to an optimal gas kinetic coefficient

D ¼ �cl

3
/ T

3=2
0

P0s
ffiffiffiffi
m

p

of 1.5–3 cm2 s�1, where �c; l; s, and m are the root-mean-square thermal velocity, mean-free path,

gas-dynamic cross section, and mass of the carrier gas molecules. This optimal gas kinetic

coefficient appears to be the same for all gases studied (He, Ar, N2).

The optimum laser fluenceF lies rather close to the laser ablation threshold of graphite, which is

�1 J/cm2. However, the overall amount of collected soot decreases drastically at low laser fluences.

The carrier gas flow velocity V0 determines the drift time tdrift of the ablation products suspended

in the carrier gas through the hot zone of the furnace before they are quenched at the cold collector.

Surprisingly, it also has a profound impact on Y (Fig. 24.5). This dependence has brought Gorbunov

et al. [1999] to the conclusion that SWNTs nucleate at an early stage of the synthesis process and

grow the whole way between the ablation and quenching sites of the reactor.

24.3 SOLID–LIQUID–SOLID SWNT FORMATION MODEL

The observed experimental dependencies reflect a complex interaction of a number of competing

processes, which makes theoretical consideration of the background mechanisms of SWNT

formation especially complicated and restricts many potential applications of SWNTs. A number of

Figure 24.5 Influence of the furnace temperature T0 (solid circles, solid line), the carrier gas flow velocity V0

(open squares, broken line) and pressure P0 (open circles, dotted line), and the laser fluence F (solid squares,

dash-dot line) on the relative SWNT abundance in the laser evaporated soot (after Gorbunov et al. [1999]). Each

curve represents the effect of variation of one parameter with all other specified in Table 24.2 being constant.
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proposals have been put forward to explain why the precipitating graphitically coordinated carbon

atoms prefer to form tiny tubes instead of flat stacked sheets as in conventional graphite. In the

following section we concentrate on the solid–liquid–solid model first proposed by Gorbunov et al.

[2001, 2002a, 2002b], which traces the SWNT formation from starting materials to the finished

product, provides a self-consistent interpretation of the majority of the experimental dependencies,

giving answers to the following key questions:

� What carbon phase is immediately converted in SWNTs?

� How does the catalyst metal catalyze the SWNT synthesis?

� What forces SWNTs to nucleate?

� What is the driving force for the elongation of SWNTs?

24.3.1 Condensed-State Process

Immediately after the discovery of SWNTs the belief was that their growth occurs solely in a vapor

phase by adding new carbon atoms directly onto the open edge of the growing tube. This point of

view has been criticized by Gorbunov et al. [1999], who argued that SWNTs growth starts initially

some relatively long time after the condensation of the parent carbon vapor cloud. They have

established a relationship that connects the whole nanotube growth time tSWNT with other

characteristic time scales of the ablation process in the background gas:

t � tP < tcond < tT � tdrift 
 tSWNT ð24:1Þ

Here t 
 10 ns is the duration of the laser pulse.

tP 
 1 ms is the characteristic time of the ‘‘fireball’’ formation. Gorbunoff [2002] has estimated

this time by adapting the problem of a point explosion in the atmosphere [Sedov 1967] to the

conditions of the laser-furnace SWNT synthesis.

tcond52ms is the time scale of condensation of the ablation products, which has been

established in a number of time-resolved studies of the condensation of carbon from

laser-ablated targets in gas atmospheres [Kokai et al., 1999, 2000; Kawashima et al.,

1999; Arepalli et al., 2000; Scott et al., 2001]. Puretzky et al. [2000] have found that the

disappearance of C2 and C3 bands in the ablation plume (which corresponds to the

aggregation of C) takes place at tcond � 200 ms, whereas the clustering time of the catalyst

metal is an order of magnitude longer. On the contrary, according to Kokai et al. [2000], the

single Co atom radiation disappears at a time scale between 1 and 10ms, whereas the decay

of C2 lasts 100ms.

tT is the characteristic time for the thermal equalization of the fireball with the background

ambient. The temporal behavior of the thermal emission of carbon species in the decaying

pulsed laser ablation products has been studied experimentally by Arepalli et al. [2000] and

Ishigaki et al. [2000]. They provide tT in the range between 20 ms and several milliseconds.

Gorbunoff [2002] has provided an upper limit of tT5 20ms by considering the time needed

for a thermal wave to penetrate the hot carbon vapor fireball.

tdrift is the drift time of the reaction products through the hot zone of the furnace. At V0 ¼ 1 cm/s

it is of the order of few seconds [Gorbunov et al., 1999; Kokai et al., 1999; Sen et al., 2000;

Puretzky et al., 2000, 2002].

It follows from the relationship (24.1) that the SWNT synthesis is a completely condensed-state

transformation of one solid form of carbon into another. It is now widely accepted that SWNTs

lengthen with a closed end, while carbon atoms are supplied through the precipitation of carbon

species to the ‘‘root’’ of the nanotube where it is anchored to the metal catalyst particle. This root
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growth mechanism has been known since the pioneering works of Baker et al. [1972], Oberlin et al.

[1976], and Tibbetts [1984] on chemical vapor deposition (CVD) grown tubular carbon fibers. In

these early works the precipitating carbon atoms originated as a result of catalytic decomposition of

hydrocarbons on the surface of the catalyst particles. In contrast, in the laser-furnace method, the

effect of the gaseous carbon phase during the SWNT growth can be neglected. This inference has

been supported by direct observations of elongation of SWNT ‘‘seeds’’ after postannealing of the

soot by Geohegan et al. [2001] and Gorbunov et al. [2001, 2002a, 2002b]. We now need to find out

which carbon phase is converted in SWNTs in this case.

As mentioned in Section 24.1, thin SWNTs cannot be surrounded by a second carbon shell due to

their small diameter. This restriction does not alter, however, the graphitic nature of individual

nanotubes. Consequently, SWNT bundles can be considered as crystals with a unique spatial

organization of the tubular graphitic carbon phase (Fig. 24.1c). Gorbunov et al. [1999, 2001, 2002a,

2002b] have proposed and justified a hypothesis that the SWNT synthesis is a kind of catalytic

graphitization of a nongraphitic phase, a reaction that is in many respects similar to the high-pressure

catalytic synthesis of diamond. The fact that counts in favor of the hypothesis is that the same

transition metal catalysts are most effective in both SWNT and diamond synthesis, as well as in

catalytic carbonization of hydrocarbons.

The driving force behind the catalytic graphitization is a higher chemical potential of the initial

carbon phase and consequently its higher solubility in molten metal catalysts as compared to the

ordered graphite. The catalyst metal thus plays a role of the ‘‘atomizing’’ agent, which dissolves the

nongraphitic carbon phase and transports carbon atoms from the dissolution to the precipitation sites

by bulk diffusion. Since there are no other carbon species available in sufficient quantities

(especially no gaseous carbon species), only the amorphous carbon condensed during the time tcond
has an increased chemical potential with respect to the more stable graphitic phase and can serve as

an immediate source material for the growing SWNTs.

24.3.2 Nucleation of SWNTs

In the root growth mode, the diameter of the tubes is determined by the size of the initial nucleus

and remains constant along the whole tube. Dai et al. [1996] and Kataura et al. [2000] have

proposed that the partly dissolved fullerene caps can serve as master precursors for the growing

nanotubes. Indeed, there exists a body of evidence of a close relationship between fullerene and

SWNT formation in the laser-furnace technique. Both processes have similar pressure dependence

[Yudasaka et al, 1998], temperature limits [Ishigaki et al., 2000], and activation energies [Kasuya

et al., 1999; Jost et al., 2002]. A considerable reduction of the lower temperature limit to 400�C
observed by Zhang and Iijima [1999], who have used fullerene materials instead of the usual

graphite in the target material, counts also in favor of the fullerene nucleation hypothesis. The

decomposition of fullerenes on an Ni surface has been observed by Pedio et al. [1999] at a

temperature as low as 420�C.
Alternatively, Kanzow and Ding [1999] have suggested that the SWNT nucleation takes place

through some molecular oscillations of the precipitated graphitic monolayer on the surface of molten

supersaturated metal–carbon droplets. In order to explain the existence of the molten catalyst

particles at a low synthesis temperature, they have assumed that the particles’ temperature rises

above the equilibrium eutectic value due to a release of heat during the catalytic decomposition of

carbon-containing gas molecules. Krivoruchko et al. [1993] have demonstrated, however, that this

heating effect is negligibly small in the gross energy balance and cannot explain the low-temperature

catalyst particle melting.

An alternative mechanism to root growth nucleation has been proposed by Louchev and Hester

[2003]. In their ‘‘nanosheet-nanoring’’ mechanism, the SWNT nucleus is formed through folding of

a graphene nanosheet around the catalytic nanoparticle. In this case only SWNTs with a diameter

equal to or larger than the catalytic particles can form. Such SWNTs with a rather large diameter of
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3–8 nm have been synthesized by Zhang et al. [2002] and Cheung et al. [2002] by CVD from

specially prepared monosize catalyst nanoparticles. However, such large-diameter SWNTs have

never been observed in the unprocessed soot in the laser-furnace technique.

An original zipping mechanism of Rotkin and Gogotsi [2002] is based on the experimentally

observed reconstruction of the graphite crystal edge through the ‘‘lip-lip’’ bond formation between

the next graphene sheets. According to their simulations, the pop-up of a wider sleeve and its

collapse into two thinner SWNTs with an optimum diameter of 1.4–2 nm may be a way of releasing

the additional strain energy associated with these special types of graphite crystal edge

reconstruction.

It must be mentioned, however, that mechanisms involving any graphitic structures as precursors

for SWNT formation imply a considerable amount of crystalline graphite that should be observable

in the SWNT soot. Since this is not the case in the majority of the SWNT experiments (Fig. 24.4a),

these mechanisms seem to be less likely.

Irrespective of the exact formation mechanism, once formed, a SWNT nucleus has to be viable.

Following the approach of Kuznetsov et al. [2001], Gorbunoff [2002] has estimated the work of the

formation of a hollow hemispherical nucleus of Nnucl carbon atoms with a diameter dnucl on the

surface of an elementary nickel catalyst (Fig. 24.6). This work can be presented as a sum by

Unucl ¼ ��Gþ Uedge þ Usurf þ Usp ð24:2Þ

where �G 
 NnuclkBT0 lnðCaC=CGÞ is the free-energy difference of Nnucl carbon atoms in the

amorphous and graphitic phases, kB is the Boltzmann constant, CaC and CG are the atomic

solubilities of amorphous carbon and crystalline graphite in the catalytic metal under the synthesis

conditions. Uedge ¼ pdnucle is the energy of the edge metal–carbon bonds. According to Kuznetsov

et al. [2001], the linear energy density of these bonds e 
 12eV=nm. Usurf ¼ pd2nuclsnucl is the work

of formation of inside and outside surfaces of a hemispherical nucleus, where the surface energy

snucl 
 s ðgraphiteÞ 
 0:08 J/m2. This term is negligibly small as compared to �G and Uedge.

Usp 
 6E5 is the term arising due to the incorporation of six pentagons with an excess energy E5 in

the graphene sheet to form a hemisphere. This term is independent of dnucl. The diameter of the

critical nucleus d�nucl can be obtained by setting dUnucl=dd
�
nucl ¼ 0:

d�nucl ¼
2e

akBT lnðCaC=CGÞ � 4snucl
ð24:3Þ

Figure 24.6 A SWNT nucleus with a diameter dnucl on the surface of a larger catalytic particle.
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The equilibrium solubility of carbon in liquid nickel from a graphitic source at the equilibrium

eutectic point CG = 8–10 at % and its alteration with the particle size (the Gibbs–Thompson effect;

see Section 24.3.3) cannot be considerable. On the contrary, following Gorbunov et al. [2001, 2002a,

2002b], CaC can be as high as 50 at % at T0 ¼ 800�C. It means that the supersaturation of carbon in

the nanoparticles CaC=CG under this temperature can be as high as 6, which yields a reasonable

d�nucl ¼ 1 nm 
 dSWNT.

An increase in the synthesis temperature should be accompanied by a weakening of the driving

force of the amorphous carbon–graphite transformation due to the diminution of the free-energy

difference of amorphous and graphitic carbon phases. As a result, the supersaturation CaC=CG will

decrease and d�nucl grows in accordance with the experimental observations [Bandow et al., 1998;

Kataura et. al., 2000]. Fedorov et al. [1978] have calculated CaC=CG 
 1:2 at Teut, which

corresponds to a critical nucleus with d�nucl 4 10 nm, which is unrealistically large. The critical

nucleus enlargement is, therefore, the main reason why the abundance of SWNTs in the soot

decreases as the synthesis temperature approaches Teut.

24.3.3 Nonequilibrium Melting of Catalyst Particles

The equilibrium binary alloy phase diagrams of carbon and metals, which are catalytically active

in the SWNT synthesis, consist of simple eutectics and a very limited solubility of these metals in

the graphitic carbon phase. The synthesis of SWNTs is typically carried out at a synthesis

temperature T below the eutectic point Teut. Moreover, the abundance of the SWNTs in the soot

diminishes as T reaches Teut (Fig. 24.5). At first glance one would infer that the melting of the

catalyst particles is incompatible with the SWNT formation. It turns out, however, that exactly the

opposite is the case.

First, Puretzky et al. [2002] have experimentally established the growth rates of SWNTs as

between 0.6 and 5.1 mm/s depending on the furnace temperature. The SWNT growth rate in the arc

discharge method is also 
 1 mm/s [Saito et al., 1995]. This growth rate of SWNTs exceeds the

growth rate of carbon nanofibers catalyzed by solid metals by at least one order of magnitude [Baker

et al., 1972, 1973].

Second, according to Rodriguez [1993], Zhou et al. [1994], and Khassin et al. [1998], the solid

catalyst metal should completely lose any catalytic activity due to the formation of a thick

carbonaceous overlayer at a synthesis temperature T0  800�C.
Gorbunov et al. [2001, 2002b] have presented experimental evidence that the melting of the

catalyst particles always accompanies the SWNT formation, even at T0 < Teut. The typical increase

of 1–2 orders of magnitude in the diffusion coefficient upon melting provides an immediate

explanation of the enhanced SWNT growth rate as compared to that of the multiwall NTs and other

carbon nanofilament structures catalyzed by solid catalysts.

The finding of Gorbunov et al. [2001, 2002b] can be interpreted within the framework of the

dependence of the liquefaction temperature Tl on the radius r of the catalytic particle (the Gibbs–

Thompson effect) in contact with graphitic and amorphous carbon phases. For a binary alloy of

constant composition, this temperature equals the equilibrium eutectic temperature Teut corrected for

the effects of surface energy and capillary pressure. To a first approximation,

TlðrÞ ¼ Teut 1þ 3
�s vs

�r
þ 2

ss �v

�r

� �
ð24:4Þ

where �s ¼ sl � ss and �v ¼ vl � vs are the differences in the interface energy and specific

volume of liquid and solid phases of the particle material in contact with a specific carbon phase,� is

the heat of fusion, and Teut is the eutectic temperature of an infinitely large piece of the material,

which is slightly dependent on the nature of the carbon phase in contact with the metal.
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Since the thermophysical characteristics of the metal–carbon solutions are not accurately known,

Gorbunoff [2002] has proposed modeling of the system by using the thermophysical properties of

nickel with the surface tension of the melt as a parameter. As the solubility of carbon in solid metals

under consideration is small, its influence on the thermophysical properties of the metal–carbon

alloy can be neglected to a first approximation, and ss 
 ssðNiÞ ¼ 2:1 J/m2. On the other hand, the

solubility of carbon in a metallic melt at the eutectic point is higher and can vary from 8 at % in the

case of an equilibrium metal–graphite interface to as high as 50 at % under the SWNT synthesis

conditions (see Section 24.2.2.1). Following Gorbunoff [2002], the influence of this dissolved

carbon can be accounted for by assuming that sl lies somewhere between slðNiÞ ¼ 1:8 J/m2 and

sðgraphiteÞ ¼ 0:08 J/m2. The former sl value with Teut ¼ Teut (Ni–graphite) ¼ 1327�C models the

Ni–graphitic phase carbon precipitation site, whereas the latter sl value with Teut ¼ Teut (Ni–

amorphous carbon) ¼ 1294�C [Fedorov et al., 1978] models the Ni–amorphous carbon dissolution

site of the catalyst particle.

The Tl(r) dependencies were calculated with Eq. (24.4) by using the specified values and are

presented in Figure 24.7. As expected, the TlðrÞ dependence for the Ni–graphitic phase carbon (the

Ni–gC curve) precipitation site is only slightly dependent on the catalytic particle radius. On the

other hand, the reduction of the liquefaction temperature for the Ni–amorphous carbon interface (the

Ni–aC curve) becomes very pronounced at r510 nm, which is a typical catalyst particle size in the

SWNT-containing soot. This means, therefore, there is a high probability of liquefaction of a

nanosize metal particle once it comes in contact with the amorphous carbon phase which has

condensed at early stages of the ablation cloud evolution. At the same time both the TlðrÞ curves in
Figure 24.7 represent the absolute limits for the existence of the solid (below the Ni–gC curve) and

liquid (above the Ni–aC curve) metastable metal–carbon alloys.

In the region between these limiting curves in Figure 24.7, the catalytic nanoparticle in contact

with amorphous carbon is molten and supersaturated with respect to a more thermodynamically

favorable graphitic phase. It is the region of a high driving force of the catalytic graphitization.

Which one of the possible graphitic phases sketched in Figure 24.1 will form in the course of the

catalytic graphitization will depend on dnucl and on the degree of wetting of the precipitating

graphitic phase by the catalyst material.

Figure 24.7 Liquefaction temperature Tl of nickel–carbon alloy as a function of the catalyst particle radius

calculated from Eq. (24.4). The Ni–gC curve: sl ¼ sl (Ni) and Teut ¼ Teut(Ni–graphite). The Ni–aC curve:

sl 
 s (graphite) and Teut ¼ Teut(Ni–amorphous carbon). Crosshatched is the region of supersaturated liquid

solutions with a high driving force for the SWNT precipitation.
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24.3.4 Wetting Factor

Within the framework of the solid–liquid–solid (SLS) model of Gorbunov et al. [2001, 2002a,

2002b], the main reason for the radial SWNT growth (as opposed to the concentric graphitic cage) is

the alteration of the character of the wetting interaction between a precipitating graphitic phase and

the surface of the catalytic nanoparticle upon its liquefaction.

Indeed, the degree of wetting of graphite by the catalyst material is known to play a determining

role in the crystalline perfection of carbon tubular nanostructures [Rodriguez, 1993]. Solid catalytic

metals of the iron group undergo a strong wetting (even spreading) interaction with graphite surfaces

at elevated temperatures. As a result, the precipitating graphene layers tend to cover any suitable face

of the solid metal catalyst particle and to form highly ordered graphitelike overlayers. Consequently,

onionlike graphite particles and graphitic nanofibers with different morphologies—tubular,

herringbone, or even stacklike—can be synthesized depending on the crystallography of the solid

catalyst particle [Oberlin et al., 1976; Tibbetts, 1984; Baker et al., 1997].

The interaction of liquid metals with graphite is more complicated. The experiments of Naidich

[1981] on the wettability of solid graphite by melts of iron group metals have revealed a pronounced

dependence of the contact angle on the carbon content in the melt. Pure metal melts exhibit an

intensive reactive spreading along the graphite surface, simultaneously dissolving it. However, the

higher the carbon content in the melt, the poorer it wets the graphite surface. At the solubility limit

(i.e., the saturated metal–carbon solution corresponding to the given experimental temperature), the

metal–carbon melt does not wet graphite at all and the contact angle between both materials

approaches 90�.
As applied to the SWNT synthesis, this experimental finding leads to the inference that graphene

layers precipitating from the supersaturated metal–carbon melt will tend to reduce the contact

between its basal surface and the melt as much as possible. A way to do so is to form graphitic

structures oriented perpendicular to the ground catalytic surface. By taking into account the extra

energy associated with the dangling bonds at graphene sheet edges, one can easily conclude that the

tubular graphitic precipitates on the uncovered nonwettable catalytic surface is the most

energetically favorable form of the graphitic precipitation. Even without any other nucleation

stimuli, any local defect of the graphene sheet (e.g., associated with a high curvature of the catalyst

nanoparticle or transverse thermal vibrations [Kanzow et al., 2001]) can thus result in its

delamination or buckling followed by the nucleation of an SWNT. Recent calculations of total

excess energies of different carbon atom arrangements on the surface of metal liquid of Fan et al.

[2003] supports this inference.

24.3.5 The SLS Model

With the arguments above, one can reasonably interpret the existence of the temperature window for

the SWNT formation. Irrespective of the neighboring carbon phase, the catalyst particle below the

Ni–aC curve in Figure 24.7 is solid. Although the driving force for the graphitization can be strong, a

high wetting interaction forces the graphitic phase to precipitate ‘‘parallel’’ to the surface of the solid

catalyst particle.

Above the Ni–gC curve in Figure 24.7, the saturated metal–carbon particle is molten and the

graphitic phase does not wet its surface. However, the difference �G between the amorphous and

graphitic phases at these high temperatures is minimal and, according to Eq. (24.3), the SWNT

formation requires a large critical nucleus. Only between the two limiting curves in Figure 24.7 are

both conditions—a high driving force for graphitization and a low wettability of contacting

materials—simultaneously fulfilled. This region on the T-r diagram in Figure 24.7 is favorable for

the SWNT formation.

A schematic of the SLS model of the SWNT nucleation and growth is sketched in Figure 24.8.

When a small enough molten metallic nanoparticle comes in contact with an amorphous carbon

aggregate, it starts consuming carbon atoms. Due to its small volume and a rather high diffusion
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coefficient of carbon in the metal melt, it quickly becomes saturated with respect to the amorphous

carbon but supersaturated with respect to a graphitic phase. The latter will tend to precipitate at the

open side of the particle. If a critical nucleus forms at that moment through one of the mechanisms

discussed in Section 24.3.2, the precipitating carbon atoms will be continuously incorporated to the

root of the growing nanotube. It will elongate and the process of the amorphous carbon dissolution–

melt diffusion–SWNT precipitation assumes a steady-state character provided the amorphous

carbon is continuously supplied.

If the critical nuclei do not form, the precipitating carbon atoms arrange themselves in ‘‘parallel’’

graphitic cages around the catalytic particle cutting off the supply of the amorphous carbon and

making the particle catalytically inactive.

24.3.6 First Second of the SWNT Life

Summarizing the results of Gorbunov et al. [1999, 2002a], Puretzky et al. [2000, 2002], Sen et al.

[2000], and Yudasaka et al. [2002], one can propose the following scenario of the SWNT synthesis in

the laser-furnace method.

t ¼ 0�10 ns. The laser pulse ablates the metal–carbon composite target. The ablation products

consist of ionic/atomic/molecular species with a temperature T above the sublimation point

of graphite (4000�C) and a pressure of the order of some kilobars.

t ¼ tP 
 1 ms. The pressure of the ablation products relaxes to P0. The ‘‘fireball’’ forms.

t 
 100ms. The fireball detaches from the target surface and moves quickly off the target. The

ablation products cool down below 4000�C. The condensation of carbon atoms in fullerenes

and amorphous carbon sets in. The releasing heat of condensation keeps T 
 constant at

2500�C.

t 
 1ms. The temperature of the ablation products decreases below 2500�C. The condensation
of metal atoms into molten nanoparticles sets in. If both carbon and metal condensates come

in contact, the metal nanoparticles start to consume the amorphous carbon.

Figure 24.8 SLS mechanism of the SWNT formation. The critical nuclei are shown to form either through an

instability at a single graphene sheet on the nonwetting supersaturated metal–carbon melt or through a partial

dissolution of fullerenes of an overcritical size.
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t 
 2ms. Practically all the ablation products have condensed into fullerenes, large amorphous

carbon aggregates, and molten saturated metal–carbon nanoparticles. The cloud of the

ablation products takes the typical vortex ring form. At this instant T reaches Teut. Further

cooling down of the catalyst nanoparticles makes them supersaturated with carbon with

respect to graphitic phases. It corresponds to the appearance of the driving force for the

catalytic graphitization.

t ¼ tT 
 5ms. The condensed ablation products are thermalized to T0. Catalytic particles in

contact with amorphous carbon remain molten and highly supersaturated. The precipitation

of a graphitic phase sets in. Provided a critical nucleus is formed, the precipitating carbon

atoms are added preferentially to its circumference, which corresponds to the onset of the

SWNT growth. If no critical nucleus forms, the precipitation of carbon atoms results in an

encasement of particle with a graphitic cage and its catalytical deactivation.

t4 5ms. Steady-state SWNT growth with a rate controlled by the rate of carbon dissolution and

diffusion to the SWNT roots. Nucleation of new SWNTs at this stage is improbable.

t 
 1 s. The cloud of the reacting metal–carbon species attains its highest altitude above the

target’s surface of a few centimeters and is slowly blown away with the carrier gas toward the

water-cooled collector.

t ¼ tdrift. In the neighborhood of the cold collector, the cloud experiences a thermophoretic force

toward the cold collector’s surface where it settles down. The reacting species are quenched

to room temperature, the catalytic particles crystallize, the dissolved carbon massively

precipitates, and the SWNT growth is interrupted. The reagents assume the typical form of

SWNT-containing soot as seen in Figure 24.4. One can induce further growth of the SWNTs

by subsequent heating of the soot to a temperature between 800�C and Teut.

24.3.7 Optimization of SWNT Synthesis

A key for the SWNT synthesis improvement is to secure a timely monosize SWNT nucleation on the

one hand and to maintain an unperturbed SWNT growth under optimal conditions for as long as

possible on the other hand. On the basis of the SLS model one can suggest the following guidelines

for an optimal SWNT synthesis in the laser-furnace technique:

1. The enrichment of the evaporation products with fullerenes seems to intensify the SWNT

nucleation. They can be either immediately added to the target material or supplied with the

carrier gas from an external source in a closed-loop reactor as proposed by Bolshakov et al.

[2002].

2. The optimal synthesis temperature lies 100-200 K below the equilibrium eutectic

temperature of the metal catalyst-carbon alloy [Gorbunov et al., 1999; Kataura et al.,

2000]. It has to be maintained as long as possible during the growth of nucleated SWNTs.

This temperature provides a sufficient driving force for the SWNT nucleation and growth

through the amorphous carbon graphitization by molten supersaturated catalyst nanopar-

ticles.

3. An optimal catalyst particle size, which seems to be of the order of 10 nm, has to be provided.

On one hand, the probability of deactivation through the graphitic encapsulation should be

inversely proportional to the surface area of the particles and should grow with the reduction

of r. On the other hand, much larger particles solidify at T0 < Teut. The particles’ size can be

controlled by the metal catalyst content in the target material, its evaporation rate, and the

carrier gas pressure. Presumably, the enhanced SWNT yield in the double-laser pulse

evaporation technique of Thess et al. [1996] results from the improvement of the particles’

size distribution.
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4. It is important to extend the existence time of the molten catalytically active nanoparticles in

order that they could transform the most amorphous carbon into SWNTs. One can prolong

their residence time in the hot zone of the reactor either by reducing the carrier gas flow

speed or by mechanically constraining the outflow of the reactants as is done, for example, by

Rinzler et al. [1998] and Arepalli et al. [2000]. On the other hand, the number density of the

catalyst particles in the carrier gas should be kept low to avoid their coarsening and

solidification [Jost et al., 2001a].

Generally, the SLS model of the SWNT formation does not seem to be unique to the laser-furnace

technique. Critical inspection of the literature data shows that it should also play a role in other

physical vapor deposition techniques of the SWNT synthesis like continuous-wave (cw) laser,

solar furnace, and arc discharge.

24.4 CONCLUSIONS

Single-wall carbon nanotubes (SWNTs) represent a new form of graphitic carbon with promising

physical and chemical properties. Separation of the target atomization and SWNT growth in the

laser-furnace technique permits a deeper insight into the underlying synthesis mechanisms and a

better control of the SWNT growth conditions as compared to the other physical synthesis

techniques. The existing amount of experimental and theoretical data on the SWNT formation

allows drawing the following conclusions.

1. The SWNT synthesis in the laser-furnace technique is a condensed-state process. Under

optimum synthesis conditions, it proceeds through a quick relaxation, condensation, and

thermalization stage, during which the SWNT precursors are formed, a stage of the SWNT

nucleation on the surface of the catalyst nanoparticles, and a longer stage of the steady-state

SWNT growth with a rate of the order of micrometer length per second before the ablation

products are quenched on the cold collector.

2. In the framework of the solid–liquid–solid model, the underlying mechanism of the SWNT

formation is a special radial kind of catalytic graphitization of amorphous carbon by molten

supersaturated catalyst particles, which can be realized under the conditions of a high driving

force for graphitization and a low wettability of contacting graphitic carbon and molten

catalyst materials.

3. The nonequilibrium melting of supersaturated metal–carbon catalyst particles in contact

with amorphous carbon is a necessary condition for the SWNT synthesis. The melting

of the catalytic nanoparticles leads to a pronounced increment of the carbon solubility,

which alters the character of the wetting interaction of the precipitating graphitic form of

carbon with the catalyst particle and promotes the SWNT nucleation on its surface. It

is only possible in a temperature window that lies below the equilibrium eutectic

temperature of the metal catalyst–carbon alloy and is determined by the size of the

catalytic particles.
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Jost, O., A. Gorbunov, J. Möller, W. Pompe, A. Graff, R. Friedlein, X. Liu, M. S. Golden, and J. Fink (2001a),

Chem. Phys. Lett. 339, 297–304.

Jost, O., A. Gorbunov, L. C. Ciacchi, W. Pompe, X. Liu, T. Pichler, L. Dunsch, M. S. Golden, and J. Fink (2001b),

AIP Conf. Proc. 591, 341–344.
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CHAPTER 25

Quasicrystalline Thin Films

PHILIP R. WILLMOTT

Swiss Light Source, Paul Scherrer Institute

CH-5232 Villigen, Switzerland

25.1 INTRODUCTION

Since the first report of quasicrystals (QCs) in 1984 [Shechtman et al., 1984], quasi-periodic order

exhibiting 5- or 10-fold rotational symmetry has been found in over 50 intermetallic alloys, based

mainly on either aluminum or titanium. The most common class of QCs has icosahedral symmetry.

The second class can be described as a periodic stacking of aperiodically ordered planes and is

therefore quasicrystalline in two dimensions and classically crystalline in the third dimension. Such

two-dimensional QCs have the symmetry of a decagonal prism (see Fig. 25.1). The icosahedral and

decagonal quasicrystalline phases are identified by prefacing the QC alloy with i- and d-, respectively.

Quasicrystals have several physical and chemical properties of technological importance: Their

conductivities decrease in a similar manner to those for semiconductors due to a pseudogap at the

Fermi energy, most are very resistant to corrosion, show high hardness, and have a low coefficient of

friction. These last three properties make QCs especially interesting as protective and tribological

coatings, particularly because bulk QCs are highly brittle [Feuerbacher et al., 2001]. In addition, the

Ti-based QCs can reversibly store large quantities of hydrogen, making them potential candidates

for solid-state batteries [Viano et al., 1998] (see also Chapter 22). These work most efficiently with a

large surface area/volume ratio, such as offered by thin films. A list is given in Table 25.1 of some of

the most interesting properties of QCs in comparison with those of industry standards.

As well as having many potential technological applications, QCs are of fundamental interest to

the condensed-matter physicist. There is still a great deal to be learned about the influence of an

aperiodic structure with long-range order on both surface and bulk properties [McGrath et al., 2002].

Despite the fact that different combinations of metals can exhibit a quasicrystalline phase, they share

many physical qualities, suggesting that it is the aperiodic structure itself, rather than the specific

elements that combine to make it, that largely determines the physical properties. The aperiodic

structure of QCs, including the atomic decorations of the canonical-cell tiling geometry [Hennig et

al., 2000, 2003], requires novel methods for detailed structural analysis. Fabricating QCs as high-

quality thin films may help answer fundamental questions regarding their surface properties

(friction, conductivity, corrosion, etc.) by providing well-defined and controllable surface conditions

[Jenks and Thiel, 1998; McGrath et al., 2002]. Ultimately, one would like to be able to achieve a

degree of registry between a crystalline substrate with translation symmetry and a QC film with

rotational symmetry.
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Lastly, the stability of a quasicrystalline phase may depend on the physical extent of the system.

For example, does the quasicrystalline phase spontaneously nucleate from the beginning, or is there

a phase change to the quasicrystalline phase after the alloy reaches some characteristic size? Such

problems may be resolved by monitoring film growth in situ.

25.2 PRESENT STATUS OF THIN-FILM GROWTH OF QUASICRYSTALS

When one considers the technological importance of producing QCs as thin films or coatings, it is

surprising how little basic research has been performed to this end. By August 2005, a simple search

on the ISI Web of Knowledge publication database, using the algorithm ‘‘quasicrystal*’’ AND (‘‘thin

film*’’ OR ‘‘coating*’’) yields 115 papers on QC thin-film growth and/or analysis since 1988, after

some manual filtering to remove spurious hits. Many of these relate to thermal spray coating.

Excluding the ‘‘coating*’’ keyword reduces the number of publications to a mere 71. By contrast, there

have been well over 1600 papers on studies of colossal magnetoresistive thin films since 1994. What is

the cause for such a discrepancy? The primary reason is that QC thin films are difficult to produce.

The successful growth of metallic alloy thin films and especially QCs, is dogged by both

technological and fundamental problems, which are briefly covered here. As a result, it will be seen

that physical vapor deposition methods are more favorable, of which pulsed laser deposition (PLD)

is among the most promising.

icosahedral (i–) 3–Ddecagonal (d–) 2–D

Figure 25.1 Symmetries of quasicrystals. Decagonal QCs are made from a periodic stacking of aperiodic

arrays of atoms exhibiting 10-fold symmetry. The more common QC types show icosahedral (or, equivalently,

dodecahedral) symmetry.

TABLE 25.1 Comparison of Some of the Most Important Properties of

Quasicrystals with Industry Standards

Property Standard QC

Surface energy PTFE (teflon) i-Al–Pd–Mn

[Jm�2] 1.8 � l0�2 2.4 � 10�2

Coefficient of dry friction Steel i-Al–Cu–Fe

0.4 0.08

Vickers hardness Al2O3 i-Al–Cu–Fe

[kg m�2] 2 � 109 1 � 109

Electrical conductivity at 300K Silicon i-Al–Cu–Fe

[��1 m�1] 104–105 1.4 � 104

Thermal conductivity Aluminum i-Al–Cu–Fe

[W kg�1K�1] 170 2

Hydrogen storage TiFe i-Ti–Ni–Zr

[H-atom per host atom] 1 2
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25.2.1 General Problems

The first QCs to be discovered were binary alloys of Al and were thermodynamically metastable.

They could only be produced by rapid quenching from the melt. It was later discovered that the

addition of a small amount of a third element could thermodynamically stabilize the system, and

large single ‘‘crystals’’ could be grown using classical methods such as the Czochralski melt

technique. In general, however, the quasicrystalline phase only forms over a narrow range of

chemical compositions within a few percent of the optimal value. In addition, many QCs are closely

structurally related to true crystalline approximants. These can be thought of as having unit cells that

are fragments of a quasicrystalline structure, and hence their chemical compositions are very close to

that of the quasicrystalline phase. It is therefore essential in QC film growth to have optimal control

over the relative deposition rates of the constituent elements.

Growth of QC thin films using thermal deposition techniques such as chemical vapor deposition

or thermal evaporation [Barna et al., 1988] has two technological obstacles. First, the degree of

control of the film composition is insufficient, unless highly sophisticated growth monitors are

employed, and deposition of the elements is sequential. Second, many of the elements found in QCs

must be heated to well over 1500�C before they have sufficient vapor pressures for reasonable

deposition rates, while metallorganic precursors are normally unusable due to the immediate

incorporation of fragments of the organic ligand in the film after the cracking process.

Indeed, oxygen incorporation during the synthesis of quasicrystalline alloys is a particular

concern. With some exceptions [Kelton, 1993], the presence of oxygen of around 1 at % can destroy

the quasicrystalline structure [Chang et al., 1995; Bonasso et al., 2002]. In the case of the icosahedral

Ti–Ni–Zr (i-TNZ) QC system, even levels as low as a few hundred parts-per-million can stabilize the

Ti2Ni phase and eliminate both the quasicrystalline and Laves phases [Stroud et al., 1997]. As

typical growth rates of thin films of QCs are about 0.1 monolayer (ML) per second, partial

background pressures of oxygen-containing gas species must be held well below 10�8 Pa [i.e.,

ultrahigh vacuum (UHV) conditions] to avoid detrimental oxygen incorporation when growing

i-TNZ.

25.2.2 Growth Techniques

The most successful techniques to grow QC thin films have in general been nonthermal physical

vaporization methods, such as sputtering [Eisenhammer and Trampert, 1997], ion beam mixing

[Plenet et al., 1993], electron beam evaporation [Yoshioka et al., 1995], and PLD [Ichikawa et al.,

1994; Teghil et al., 2000, 2003; Copola et al., 2002; Brien et al., 2003a, 2003b; Willmott et al. 2004,

2005]. Deposition of the constituent elements may be either simultaneous (from either a single

source or a set of individual sources) or sequential [Bonasso and Pigeat, 2003; Willmott et al., 2004].

Recently, elemental multilayers were grown using e-beam evaporation, followed by postannealing,

whereby the desired QC was produced by interdiffusion of the layers [Grenet et al., 2002]. Almost

all reports to date on QC thin-film growth have involved postannealing of the film.

Although there are many thermodynamically stable QCs, suppression of related crystalline

phases is generally best achieved by high nucleation rates, which is often synonymous with rapid

cooling (such as in liquid strip metal quenching [Inoue et al. 1992]). Rapid cooling, however, limits

the diffusion rate, and crystallite sizes are generally small. This apparent ‘‘conflict of interests’’ will

be discussed in more detail in the context of PLD below.

25.3 PULSED LASER DEPOSITION OF QUASICRYSTALS

25.3.1 Why PLD?

Pulsed laser deposition has two properties that set it apart from other deposition techniques and

make it particularly attractive for the growth of QC thin films.
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25.3.1.1 Congruent Material Transfer

There is a wealth of literature that has shown that PLD can reproduce the chemical composition of

chemically complex bulk materials in thin films with greater fidelity than other film growth

techniques [Hubler, 1994]. The narrow range of chemical compositions that leads to QC growth

perhaps sets the most stringent test on this much-vaunted property of PLD, and we discuss this in

more detail here.

For those materials for which one elemental component has a very high vapor pressure, such as

oxygen in the growth of YBa2Cu3O7�x, the degree of its incorporation in the film can normally be

assured using chemical techniques (more precisely, by applying Le Chatalier’s principle and forcing

a reaction equilibrium to one extreme by introducing an excess of the volatile component). When the

target material contains no such volatile component, the degree of congruent material transfer

depends on the one hand mainly on three laser parameters, that is, the laser wavelength l, the pulse

duration t, and the energy flux F, and on the other, the physical properties of the target, in particular

the optical absorption depth and reflectivity at the laser wavelength being used, the thermal diffusion

length, and the heat of vaporization.

Congruent transfer in PLD is in general satisfied if most of the deposited laser energy results in

nonthermal vaporization (i.e., ‘‘rue’’ ablation). This occurs if the thermal diffusion length, given by

lT ¼
ffiffiffiffiffiffiffiffi
2Dt

p
, where D is the thermal diffusivity, is short compared to the optical absorption depth,

given by lA ¼ l=4pk, where k is the imaginary part of the refractive index (i.e., the optical absorption

coefficient) at the laser wavelength l.

This condition is in general not met for metallic alloys, for which the optical absorption depth is

around 10 nm at ultraviolet wavelengths, while the thermal diffusion length is measured in microns

for nanosecond (ns) laser pulses. However, if the vaporization temperature is high and the vapor

pressure at the melting temperature is low, ablation can still be fairly congruent. Early work by van

Ingen et al. [1994] and Krebs et al. [1995b] showed that thin films grown by the ablation of binary

transition metal alloy targets had stoichiometries that typically lay within � 5 percentile of the

targets’ 50 : 50 atomic mixtures (a notable exception was the ablation of Fe : Sn targets, due to the

large difference in their elemental vapor pressures). While this degree of control compares favorably

with most other film growth techniques, it is questionable as to whether it meets the stringent

requirements of QCs.

Arnold and Aziz noted that the steady-state stoichiometry of Si–Ge films grown by ns-PLD differed

substantially from that of the target, which they attributed to differential scattering in the plume

[Arnold and Aziz, 1999]. In their discussion of possible sources for this difference, they made the

reasonable assumption that surface segregation could be excluded as the cause of this difference, as

the melt depth lM , ablation depth lA, and segregation depth lS, are all of similar magnitude. This is

not true for metals, where lm � 1mm [Timm et al., 1996] and the segregation depth

lS ¼ DAB=vM � 10�9m2 s�1=1 m s�1 ¼ 1nm, where DAB is the diffusion coefficient of element A

in B and vM is the velocity of the retreating melt front to the surface, as described in detail by Aziz

[1996]. Consider Figure 25.2. Irradiation of a fresh sample results in the segregation front traveling to

the surface, whichmay have a stoichiometry very different from that of the bulk down to lS (Fig. 25.2a).

Because lA is typically an order of magnitude larger than lS, the next ablation event will entirely remove

the surface segregated layer, and the depleted layer beginning at lM will become larger (Fig. 25.2b).

Assuming that the melt front remains flat and homogeneous, this will continue until the depletion front

approaches the surface (Fig. 25.2c), after which the stoichiometry will begin to approach the bulk value

as the average composition of the ablated material equals that of the bulk (Fig. 25.2d).

This steady-state mass flux is only reached after a depth of the order of magnitude of lM has been

ablated, that is, �1000 nm/10 nm ¼ 100 shots. Because the ablation target is normally being rotated

and/or translated during an experiment, in order to avoid target roughening and macroscopic

particulate production, the number of shots to achieve steady-state mass flux is equal to 100� the

ratio of the ablated target area to the ablation spot area, and is typically of the order of 100,000. Until

then, film growth will therefore be incongruent and the film stoichiometry will change only very

slowly with the aggregate number of laser shots.
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This problem has been tackled by readjusting the composition of the target to compensate for any

effects leading to incongruent transfer. For example, Brien et al. [2003a] found that using a target

composition of Ti45Ni17Zr38, they could grow films with the optimal composition of Ti41.5Ni17Zr41.5.

The cause of this incongruent transfer was not uniquely established, though as they used the

fundamental infrared Nd :YAG wavelength of 1064 nm, ablation was certainly thermal in nature.

Depth profiling of the subsequent film using secondary neutral mass spectroscopy (SNMS) showed

that there was a transition regime of some 15,000–18,000 laser shots, during which the ratio of Ti to

Zr in the film changed from 38 : 50 to 41 : 41. After this, the composition changed only very slowly,

typically from 41 : 41 to 40 : 44 over 50,000 shots [Brien et al., 2003a] (see Fig. 25.3).

Unfortunately, adapting the target composition to correct for incongruent transfer is complicated

by its dependence on laser fluence and angular position relative to the target normal. There are

normally drifts in the laser fluence during an experiment, especially due to the buildup of ablated

material on the inside of the vacuum laser entrance window, which can cause significant reflection

and/or absorption, especially when one is depositing metals—even ignoring reflection losses, a 4-nm

deposition at the laser entrance port for a metal with an absorption depth of 15 nm will result in an

� 25% reduction in laser power. The reader is also referred to Chapter 16 on PLD of metals, in

which other important issues of preferential resputtering of the deposited film by the high-energy tail

of the ablation plasma, and how this can be controlled by ablation in a background gas, are outlined.

In summary, PLD offers perhaps the simplest control of the stoichiometry of QC films grown

using alloy targets. Incongruent transfer due to differential scattering in the plume, surface

segregation, preferential ablation, and resputtering by the impinging ablation plume species at the

l

(a)

(c)

bulk

lA lS

M

[A]

(b)

(d)

Al

Figure 25.2 Change in the concentration [A] of element A in an alloy ablation target due to segregation

effects. The target is melted down to a depth lM and ablated to a depth lA by the laser pulse. A fraction of element

A is transported to the surface region of depth lS due to segregation effects as the material solidifies and the melt

front retreats. Eventually, steady state is achieved as the average concentration of A in the ablated volume equals

that of the bulk.
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film surface can be corrected by adjustment of the target composition. Hence, under carefully

calibrated and constant experimental conditions, the degree of stoichiometric control is sufficient to

reliably achieve the desired composition for the quasicrystalline phase. However, other intermetallic

phases will be favored by even small excursions from the ideal growth conditions.

25.3.1.2 Instantaneous Deposition Flux

The single feature unique to PLD is its pulsed nature. Its instantaneous deposition rate is orders of

magnitude higher than that of other growth techniques: Typically, a single ablation plume will

deposit 0.01 of a monolayer (ML) in 5ms, yielding an instantaneous deposition rate of 2000ML s�1.
This has important consequences on the film growth kinetics by placing growth far from thermal

equilibrium. It is therefore unsurprising that the growth modes in PLD are different from those of

other techniques.

Stable nucleation of seed islands in thin-film growth requires that the gain in volume free energy

exceeds the loss due to increased surface energy. The density of stable nucleation sites N* therefore

depends on the critical free-energy change �G* needed to obtain stable nuclei such that [Ohring,

2002]

N� ¼ ns expð��G�=kTÞ ð25:1Þ

where ns is the maximum possible nucleation site density. In general (i.e., for both homoepitaxy and

heteroepitaxy),�G� is inversely proportional to the square of the change in chemical free energy per

unit volume due to condensation, �GV , that is,

�G� ¼
16pg3f v

3�G2
V

2� 3 cos yþ cos3 y

4

� �
ð25:2Þ

where gf v , gsv , and gfs are the film-vapor, surface-vapor, and film-surface interfacial energies,

respectively, and y is the contact angle between the nucleus and substrate (see Fig. 25.4). Hence,

large absolute values of �GV will result in a high density of stable nucleation sites. In its turn, the

dependence of �GV on the supersaturation S ¼ ðPV � PSÞ=PS 
 PV=PS is logarithmic, that is,

�GV ¼ kT

�
ln
PV

PS

ð25:3Þ
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Figure 25.3 The SNMS stoichiometric depth profile of an i–Ti–Ni–Zr film grown by PLD using infrared

nanoscond pulses and a crystalline alloy target. Adapted from Brien et al. [2003a].
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where � is the atomic volume, PV is the vapor pressure of the supersaturated impinging flux, and PS

is the equilibrium vapor pressure above the solid. Equating pressure with flux is only strictly true for

thermal systems for which there is no net velocity of the supersaturated vapor above the surface.

While this is approximately valid for methods such as chemical vapor deposition (CVD) and

molecular beam epitaxy (MBE), it most certainly is not for PLD. The effective pressure is in fact

higher still than that calculated by the number density in the ablation plume. This ambiguity can be

avoided by replacing the pressures PV and PS with the more general deposition and desorption rates

RV and RS. Because of the logarithmic dependence of �GV on S, a significant increase in N� can

only be realized with a technique for which the vapor pressure of the impinging flux is orders of

magnitude higher than for standard techniques. This is exactly the case for PLD.

The nucleation rate _N is proportional to N� and to the rate of impingement, hence high values of
_N are normally associated with the growth of films composed of many small crystallites. This would

happen for rapid thermal deposition at low temperatures, and PLD has been likened to this regime

[Krebs et al, 1995a].

A high density of nucleation sites can therefore normally be associated with kinetically hindered

systems. Although film nucleation in PLD yields similar nucleation densities to those for low-

temperature thermal growth, it is because there is such a large instantaneous flux ðRVÞ, and not

because the desorption and surface diffusion rates ðRS andRSDÞ are absolutely low. Hence, in

between deposition pulses, processes that would be frozen out in low-temperature growth, such as

Ostwald ripening, can occur and large crystallites can be formed.

What consequences do the high supersaturation and nucleation rates in PLD have on the growth

of quasicrystalline systems? In general, liquids transform to ordered phases as they are cooled below

their equilibrium melting temperature Tm, due to a lowering of the free energy. It has long been

known, however, that very pure metallic liquids can be supercooled far below Tm without freezing

[Turnbull and Cech, 1950]. Such large undercooling is normally associated with high activation

barriers to the ordered phase, which seemed surprising for metallic systems, whose liquid and solid

phases have similar densities and physical properties. As long ago as 1952, Frank proposed that the

supercooled liquid metal contained local structures with icosahedral order that, due to their

incompatibility with periodic crystallinity, act as a barrier to freezing [Frank, 1952]. Very recently,

Kelton and co-workers have been able to directly link enhanced nucleation of icosahedral short-

range ordered structures in supercooled liquid alloys with growing icosahedral order in i-TNZ

θ
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diffusionnucleus
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γ

γ
fv

γsv fs
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Figure 25.4 Competing processes during nucleation of a film on a substrate.
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[Kelton et al. 2003]. This explains why QCs are more often than not most easily formed by rapid

quenching.

The nucleation model outlined above for PLD describes condensation of particles out of the gas

phase and nucleation on a growing surface. The exact phase of the condensed nuclei was not

specified. For growth temperatures well below Tm, the impinging particles will physisorb on the

surface and transfer their kinetic energy to the local volume on the time scale of several picoseconds.

This results in local melting to a depth of a few atomic radii and also surface diffusion over a few tens

of picoseconds, for typical energies of a few tens of electron volts [Gilmore and Sprague, 1991;

Hubler and Sprague, 1996; Park, 1997; Jacobsen et al., 1998]. This is one to two orders of magnitude

longer than typical vibrational frequencies; hence, we can expect the adatom to hop a distance of

�
ffiffiffiffiffiffiffiffi
100

p
¼ 10 atomic spacings before it is thermalized. Seitz and Koehler [1956] were among the

first to develop a model describing the distance that an atom can migrate on a surface due to a

transient high-temperature spike. By equating the kinetic energy of the impinging species with a

temperature, their model predicted that depositing species with energies of several tens of electron

volts increased the mobility radius to some 10 atomic radii, in good agreement with our simple

argument above. More recent molecular dynamics calculations, in which local surface melting

caused by an energetic collision cascade promotes diffusion over several picoseconds, yield similar

values for the enhanced diffusion radius [Diaz de la Rubia et al., 1987; Park, 1997].

The smallest cluster showing icosahedral short-range order contains approximately 40–50 atoms.

For example, the so-called Bergman cluster consists of three layered shells containing 1, 12, and 32

atoms. Formation of these seed clusters therefore requires near-free diffusion over 1 nm or more

[Hennig et al., 2000], which is well satisfied in the transient ‘‘melt’’ directly after impingement of

hyperthermal species in PLD. Hence, the high nucleation rate, thermal spike, and subsequent rapid

quenching of PLD should promote the quasicrystalline phase by freezing the icosahedral seeds

before the crystalline phase can be formed.

25.3.1.3 Summary of QC Films Grown to Date by PLD

There has been so little research into PLD of QC thin films, that it is possible to give a more or less

comprehensive summary, which is presented here in chronological order.

Pulsed laser deposition of QCs was first reported by Ichikawa et al. [1994]. They grew films of

i-Al-Pd-Mn (i-APM) by ablation of crystalline alloy disk targets with the same chemical

composition as that desired in the film. Despite the fact that the composition of the films agreed with

that of the targets within a few percent, the quasicrystalline phase could only be obtained if the

substrate was held at liquid-nitrogen temperatures during growth (see Fig. 25.5). Under these

conditions, however, only the quasicrystalline phase was found in X-ray diffraction (XRD) patterns

of the films. No postannealing was required.

This precise technique was repeated for both i-APM and i-Al-Cu-Fe (i-ACF) in 1997, using the

same laser wavelength (248 nm) and similar deposition rates. Despite this, no quasicrystalline phase

could be identified by XRD analysis [Šonsk
y et al., 1997]. The authors maintained that the

quasicrystalline phase was produced, however, by citing the abnormally high electrical resistivity of

the films compared to that expected for a crystalline alloy, although it was also several orders of

magnitude higher than that reported in the literature for the bulk QCs. They explained this by

claiming that the crystallite size was too small to be identified by XRD, which also led to electron

localization. No information was given, however, about the vacuum quality during deposition, and it

remains an open question as to whether strong oxidization could not have also led to this result.

Teghil et al. [2000] also investigated the growth of i-ACF thin films using frequency-doubled

Nd :YAG (532 nm) ns-laser pulses. They found that the nature of the ablation target played a critical

role in obtaining the quasicrystalline phase. Ablation of a crystalline alloy target resulted in films

that were rich in Al and showed no quasicrystalline phase. If, however, the target was itself a QC,

essentially perfect stoichiometric transfer was achieved above a critical laser fluence of

approximately 6 J cm�2. This could be explained by the fact that the thermal conductivity of the

quasicrystalline phase is several orders of magnitude lower than for the crystalline alloy. The thermal
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diffusion length is therefore smaller than the optical absorption depth and ablation is nonthermal. A

natural question to ask is whether the surface region of a QC target remains quasicrystalline after

irradiation with high-power ns-laser pulses. Mao has recently demonstrated that the QC phase

survives laser fluences typical for nanosecond ablation [Mao, 2003]. An Al–Cu–Fe target was

irradiated with 266-nm, 3-ns pulses with a fluence of 0.1 J cm�2. The target crystallinity was then

measured using micro-X-ray diffraction. The results are shown in Figure 25.6—there is no

significant difference in either the lattice constants or intensities between the regions outside and

inside the ablated area. This can be heuristically explained by the rapid cooling rates of laser-melted

surfaces, which will promote the quasicrystalline phase, as described above.
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Figure 25.5 XRD patterns of i-Al–Pd–Mn films grown on quartz substrates at different temperatures. From

Ichikawa et al. [1994].
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Figure 25.6 Micro-XRD patterns of an Al–Cu–Fe quasicrystalline target irradiated with 266-nm, 3-ns pulses

at a fluence of 0.1 J cm�2 and a laser focus of 100mm. The ablated area shows essentially the same diffraction

pattern as those for the two regions 1mm to its left and right. From Mao [2003].
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Using a QC target, Teghil et al. [2003] could grow films containing a mixture of the icosahedral

and crystalline Laves phase at room temperature. The high laser fluence required to achieve

stoichiometric transfer, however, resulted in rapid target roughening and macroscopic particulate

ejection, which compromised the film quality. This is a particular problem of nanosecond ablation of

Al-based alloys, due to their low melting temperatures.

With this in mind, Teghil and co-workers [2003] later investigated the effect of using picosecond

(ps) and femtosecond (fs) laser pulses. Here, the laser pulse duration is shorter than the time required

to couple energy from the electrons to the lattice. Heat diffusion should be negligible, there is no

collateral damage to the target, and material ejection is entirely nonthermal, resulting in perfectly

congruent material transfer [Willmott and Huber, 2000]. This was indeed found to be the case, but

the films contained both crystalline and quasicrystalline phases and were also found to be

exceedingly rough, consisting of coalesced particles with typical dimensions of the order of microns.

The film morphology was found to be independent of the substrate temperature, indicating that it did

not arise from classical strain relief and wetting phenomena, but that macroscopic particles released

from the target during the ablation process were again accumulating on the film surface. Explosive

melting by volumetric heating [Tokarev and Kaplan, 1999] was invoked as the most likely

mechanism responsible for macroscopic particle ejection.

Copola et al. [2002] attempted to grow i-ACF and i-Al–Cu–Fe–Cr (i-ACFC) thin films from

crystalline and QC targets, respectively. Films were grown on different substrate types in order to

determine the influence of the substrate crystallinity on the growth mode. Growth on glass and Si(001)

substrates at room temperature resulted in amorphous films, though annealing those films grown on

Si at around 650�C for 1 h resulted in a mixture of the icosahedral and approximant phases. Growth

on metallic substrates (Al or stainless steel) promoted the nucleation of crystalline phases.

In 2003, Brien et al. [2003a] were the first to report the successful growth of Ti-based QC films.

They grew i-TNZ thin films on Al2O3(0001) substrates at an optimal temperature of 275�C using

1064-nm nanosecond laser radiation and a very high laser fluence of 72 J cm�2. The films were

textured and consisted of nanosized grains with the fivefold axes at an angle of approximately 6�

from the film normal.

In a subsequent publication, Brien et al. [2003b] reported on a systematic study of the effect of

substrate temperature on the microstructure and morphology of i-TNZ grown on glass substrates,

using both X-ray diffraction and transmission electron microscopy/diffraction. They found that

above approximately 100�C, the films transformed from consisting of nanometer-sized grains in an

amorphous matrix to being comprised of densely packed quasicrystalline columnar structures with

lateral dimensions of the order of 50 nm that seeded from a very thin amorphous initial layer of a few

nanometers (see Fig. 25.7).

Willmott et al. [2004] have also grown i-TNZ thin films on Al2O3(0001) using the fourth

harmonic of an Nd :YAG laser (266 nm, 5 ns, 4 J cm�2, 10Hz). Deposition experiments were

performed in a UHV chamber, with a base pressure of 7 � 10�9 Pa. They adopted a novel approach

to the problem of stoichiometric transfer by using a target geometry that allowed any desired alloy

stoichiometry of TixNiyZr1�x�y to be synthesized over a large range of x and y. The ablation target

rod consisted of Ti and Zr sections, separated by a short Ni section (see Fig. 25.8). During ablation,

the rod was both translated up and down between two turning points at a velocity large enough to

ensure that less than 1ML material was deposited per stroke of the target, resulting in the growth of

alloy material.

This approach circumvents some problems associated with using a fixed-composition alloy

target. First, the film stoichiometry can be varied over a large range by adjusting the turning points of

the translational movement. Second, because each elemental component is ablated sequentially, the

problem of incongruent transfer by segregation, preferential ablation, or differential scattering in the

plume is circumvented. Lastly, high-purity elemental target material with low oxygen content is easy

and cheap to obtain, while similar purity bulk i-TNZ targets are both difficult to produce and also

tend to form ingots containing open needlelike structures, which promotes the production of

macroscopic particles and droplets. In contrast, Ti, Ni, and Zr all behave very well under nanosecond
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ablation [Timm et al., 1996; Willmott and Spillmann, 2002] and no laser droplets on the film were

found. The relative deposition rates of the three elemental components, and thereby the required

amount of each section of the rod to ablate, were established by Rutherford backscattering

spectrometry of the final films.

Figure 25.7 Transmission electron microscopy data of an i-Ti–Ni–Zr film deposited at 275�C. The columnar

quasi-crystal structures seen in the (a) dark-field image extend over the full thickness of the film and have typical

widths of 50 nm. In (b), the bright-field image at higher resolution shows that the columnar structures are seeded

in a nanocrystalline layer (N) just above a thin amorphous layer (A) in contact with the glass substrate. From

Brien et al. [2003b].

Figure 25.8 Schematic diagram of a compound target rod geometry used for QC thin-film synthesis. During

ablation, the rod is translated up and down along its axis with a velocity vtrans between the two limits z1 and z2
and rotated with an angular velocity orot. vtrans is sufficiently large that less than 1 atomic layer is deposited for

every full stroke of the target rod. Adapted from Willmott et al. [2003a].
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The crystallographic properties of the films were similar to those found by Brien et al.,

although the fivefold axis was shown to point exactly along the surface normal [Willmott et al.,

2005]. This was confirmed by pole figures for both the fivefold and twofold reflections (see

Fig. 25.9).

In further growth studies performed in situ in a UHV PLD chamber mounted on a 5-circle

surface diffractometer at the Materials Science beamline of the Swiss Light Source synchrotron

facility at the Paul Scherrer Institute (l ¼ 1 Å), the evolution of the QC phase as a function of film

thickness was investigated [Willmott et al., 2005]. The results are summarized in Figure 25.10 for

in-plane diffraction studies, in which only the upper 30 Å of the film were probed at any one

time. They confirmed the general findings suggested by Brien et al. in their scanning electron

microscopy (SEM) studies [Brien et al., 2003b] and additionally showed that the initial amorphous

layer had an anomalously low density, and that the preferred out-of-plane orientation of the

crystallites (along the fivefold axis) only began to dominate after 15 to 20 nm, and was driven by

energy minimization of the surface to adopt the most densely packed plane perpendicular to the

fivefold axis.

For the same reason, all films showed clear Kiessig fringes in the X-ray reflectivity curves even up

to thicknesses well over 100 nm, indicating film roughnesses of the order of 1 nm. This is consistent

with modern opinion on the development of surface morphologies of QCs. It is now thought that the

role of energetically and mechanically stable clusters [Jeong and Steinhardt, 1994; Mikulla et al.,

1998] plays a secondary role to the energy minimization of the closest packed surface, normal to the

fivefold axis [Chattopadhyay et al., 1997; Barbier et al., 2002]. Crystallites with other orientations

perpendicular to the growth direction hence grow more slowly and are kinetically hindered.

25.4 SUMMARY AND OUTLOOK

Despite both the obvious advantages in fundamental studies and the enormous technological

promise of producing QCs as thin films, there has been very little effort to use PLD to this end. This

seems surprising, in the light of its otherwise ubiquitous application in synthesizing thin films

Figure 25.9 Pole figure of the (100000) fivefold reflection of a 100-nm-thick i-Ti–Ni–Zr film mapped on to the

surface of a hemisphere. An icosahedron has been placed at the center for purposes of understanding. The pole

figure shows the out-of-plane texture as the intense spot at the pole, plus a ring that lies exactly at the

dodecahedral dihedral angle of 63.43� and demonstrates the random distribution of crystallites around the

fivefold axis in the plane of the film. Adapted from Willmott et al. [2005].
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of other inorganic materials. The reasons are twofold—first, the control required in chemical

composition makes QCs perhaps the most challenging class of materials to date, and second, the best

vacuum conditions must be maintained in order to avoid the deleterious effects of oxidation and

other impurities. A further reason is, perhaps, more based on conventions than science—PLD has

traditionally been used for chemically complex materials and materials for which true nonthermal

ablation occurs, while metals and alloys have been more the province of sputtering techniques, for

which there is a great deal more literature on QC thin-film growth. A comparison of issues relating to

Figure 25.10 In-plane grazing-incidence X-ray diffraction patterns of i-Ti–Ni–Zr thin films as a function of

the momentum transfer q ¼ 4p sin y=l and film thickness. Intensities between different film thicknesses can be

directly compared. The XRD pattern for the 14.5-nm film is labeled, as it contains the important features,

including the in-plane equivalent (100000) fivefold axis reflection (5i), the (01�1000) and (0100�10) twofold

reflections (2i), two further weak reflections (i) associated with the icosahedral phase, and the two Laves phases,

(L). Note that, because the twofold icosahedral axes are perpendicular to the fivefold axes, the in-plane patterns

are dominated by the two inequivalent twofold reflections as the film become thicker, in agreement with data

shown in Figure 25.9. From Willmott et al. [2005].
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PLD of QCs, crystalline metals and metallic alloys, and complex metal oxides, highlighting the

problems faced with QC growth, is given in Table 25.2.

With few exceptions, films grown by sputtering and other techniques only become

quasicrystalline after a postannealing process. As was pointed out by Grenet et al., [2002], PLD

is notable in that QC thin films can be grown at modest temperatures without the need for further

heat treatment. The reasons for this should be further investigated.

All QC films grown by PLD to date have been icosahedral. No decagonal thin films have been

grown, although this has been successfully achieved using sputtering [Li et al., 1997; Widjaja and

Marks, 2003]. Because decagonal QCs are periodic in one direction, they would be ideally suited for

growing ‘‘heteroepitaxially’’ and with atomic flatness on conventional crystalline substrates. Such

systems could therefore be used for detailed and systematic studies of the microscopic properties

of QCs.

Many QCs contain aluminum, and ablation of aluminum-containing alloys is fraught with

technological difficulties, due mainly to droplet production, and aluminum’s relatively high vapor

pressure. Such problems may be ameliorated by using sub-nanosecond laser pulses, though Teghil et

al. [2003] found that using pulses of around 1 ps or less also resulted in macroscopic particulate

production. An ideal pulse length may lie in the 100–500 ps range.

Finally, the incorporation of thin-film constructions based on QCs in, for example, solar cell or

fuel cell applications, presents a formidable challenge. PLDmay play an important role in producing

such devices, in which widely different material types must be combined in a single device.
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TABLE 25.2 Comparison of Issues Concerned with PLD of QCs, Crystalline Metals/Alloys,

and Complex Metal Oxidesa,b

Influence of . . .

Laser Substrate

Desorption Deposition Changes in Deposition Orientation, Processing

Material Mechanism Impurities Conditions Stoichiometry Flux Mismatch Temperature

QCs Xstal target: Very Very Critical High Low/none No post-

thermal sensitive sensitive instanta- annealing

to O neous flux needed

QC target: QC phase

nonthermal

Metals/ Thermal Moderate/ Low/ None/ High K.E. Strong Lowered

Alloys high moderate low process by K.E.

temp. +, of flux

surf,

mobility *
Oxides Nonthermal Low Low Moderate High K.E. Strong Lowered

(‘‘true’’) (e.g., Pb- process by K.E.

containing temp. +, of flux

compounds) surf,

mobility *
aComments in bold indicate important issues.
bK.E. refers to kinetic energy.
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REFERENCES 647



Stroud, R. M., K. F. Kelton, and S. T. Misture (1997), J. Mater. Res. 12, 434.

Teghil, R., L. D’Alessio, M. A. Simone, M. Zaccagnino, D. Ferro, and D. J. Sordelet (2000), Appl. Surf. Sci.

168, 267.

Teghil, R., L. D’Alessio, A. Santagata, M. Zaccagnino, D. Ferro, and D. J. Sordelet (2003), Appl. Surf. Sci.

210, 307.

Timm, R., P. R. Willmott, and J. R. Huber (1996), J. Appl. Phys. 80, 1794.

Tokarev, V. N., and A. F. H. Kaplan (1999), J. Phys. D 32, 1526.

Turnbull, D., and R. E. Cech (1950), J. Appl. Phys. 21, 804.

van Ingen, R. P., R. H. J. Fastenau, and E. J. Mittemeijer (1994), J. Appl. Phys. 76, 1871.

Viano, A. M., E. H. Majzoub, R. M. Stroud, M. J. Kramer, S. T. Misture, P. C. Gibbons, and K. F. Kelton (1998),

Philos Mag. A 78, 131.

Widjaja, E. J., and L. D. Marks (2003), Philos. Mag. Lett. 83, 47.

Willmott, P. R., and J. R. Huber (2000), Rev. Mod. Phys. 72, 315.

Willmott, P. R., and H. Spillmann (2002), Appl. Surf. Sci. 197/198, 432.

Willmott, P. R., R. Herger, and C. M. Schlepütz (2004), Thin Solid Films 453/454, 436.
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