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Preface

Since its invention in 1961, the semiconductor diode laser has been the
most important of all types of lasers. It has found widespread applications
in numerous fields ranging from basic research to industrial photonic sys-
tems such as coherent fiber telecommunications because of its well-known
features: mass productivity, high reliability, miniature size, lower power
consumption, wide tunability, high efficiency, and excellent direct modula-
tion capability.

There are numerous books on semiconductor diode lasers and tunable
lasers. However, to the best of my knowledge, this is the first book on tun-
able external cavity semiconductor diode lasers that provides an up-to-date
exploration on physics, technology, and performance of widely applicable
coherent radiation sources of tunable external cavity diode lasers. I hope
this book give undergraduate and graduate students, scientists, and engi-
neers the practical information needed to study the tunable external cavity
diode laser; to build up the systems of the tunable external cavity diode
laser, and to develop advanced laser systems for their own particular appli-
cations.

The purpose of this book is to provide a thorough account of the state-
of-the-art in relation to tunable external cavity diode lasers. This is ac-
complished by explaining this account with basic concepts of semiconduc-
tor diode laser and its tunability with monolithic structures as described
in Chapters 2 and 3, characteristic features of components and system of
tunable external cavity diode lasers as elucidated in Chapters 4, 5 and 6,
frequency stabilization of external cavity diode lasers introduced in Chap-
ters 7 and applications of external cavity diode lasers in a wide variety of
fields investigated in chapter 8. In this way, this book can be used in a
variety of ways by a broad range of readers: as a text book in special topics
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for undergraduate and graduate students; as a handbook or reference book
for researchers, scientists and engineers who are working in related areas.

This book starts with the fundamentals of semiconductor diode lasers,
including principles of diode laser operation as well as diode laser structure
and its spectral characteristics. Then the essential properties of single-mode
tunable monolithic laser diodes are summarized. The principles, design, and
practice of tunable external cavity diode lasers are described with emphasis
on their wide tuning, narrow linewidth, high power, and extreme stability.
Stabilization of external cavity diode lasers by various methods is briefly
introduced. Numerous examples of applications of tunable external cavity
diode lasers in different fields are developed. A brief outlook concludes this
book. The material contained in this book are representative of state-of-
the-art research and development in tunable external cavity diode lasers. I
hope the readers will find this book useful.

I would like to take this opportunity to thank many people who gave
so generously of their time to help me finish this book. First of all, Dr.
Marlan O. Scully was not only my Ph.D. advisor for my dissertation on
laser physics and quantum optics but also illuminated science for me as
well as offered me the opportunity to do postdoctoral research at Texas A
& M University. Without his support, this book would not exist. Secondly,
I am deeply indebted to Dr. Shiyao Zhu, who brought me to the family
of Dr. Scully, the best in the world, to study laser physics and quantum
optics. Thirdly, I acknowledge the help from all my colleagues with this
book, including Dr. Alexander S. Zibrov, Dr. Zuhail S. Zubairy, Dr. Yuri
V. Rostovtsev, Dr. George R. Welch, Dr. P. R. Hemmer, Dr. Alexy
Beleinyn, Dr. Edward S. Fry, Dr. Kishor T. Kapale, and special thanks to
Kim Chapin and Terri Tomaszek.

Finally, I want to acknowledge the tireless efforts of the editor and
editorial staff members for making sure that this book was produced.

C.Y. Ye
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Chapter 1

Introduction

In this introduction, we demonstrate the reasons why we need tunable exter-
nal cavity diode lasers by giving some typical examples of their widespread
applications in various areas. A brief history of semiconductor lasers is then
given. An overview of tunable monolithic semiconductor lasers and tunable
external cavity diode lasers is introduced. A comparison of different tunable
diode laser technologies concludes this introduction.

1.1 Need for tunable external cavity diode lasers

Tunable external cavity diode lasers are of considerable interests in coher-
ent optical telecommunications, atomic and molecular laser spectroscopy,
precise measurements, and environmental monitors. With the development
of semiconductor diode lasers, tunable external cavity diode lasers are find-
ing a wide variety of applications in a broad range of fields. An overview
of the most important applications is outlined as follows:

e Optical coherent telecommunications

(1) Reduction of inventory and sparing

(2) Easy access for new service without hardware change
(3) Drop-add multiplexers

(4) Elimination of wavelength blocking

(5) Easy use of optical core

e Sensing

(1) Ultra-high resolution spectroscopy
(2) Optical radar
(3) Atmospheric and environmental studies
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(4) Industrial processing monitoring
e Precise measurements

(1) Atomic clock and magnetometer
(2) Optical spectrum analysis
(3) Device characterization

In addition to typical applications exemplified above, there are many
other applications, including nonlinear optical conversion, optical data stor-
age, coherent optical transient processing, and quantum optical manipula-
tion and engineering.

1.2 Brief introduction of semiconductor diode lasers

Semiconductor diode lasers, since it was first demonstrated in several
laboratory more than forty years ago [Bernard and Duraffoug (1961);
Basov et. al. (1961); Hall et. al. (1962); Nathan (1962); Holonyak and
Bevacqua (1962)], are thought to be an innovation that has revolution-
ized the world in which we are living. As early as the late 1960s and
early 1970s, semiconductor lasers were found the utility in optical data
storage, fiber optic, and free space communications. However in its early
stage, the simple p-n homojunction device was far away from the practical
use because it needs large injection current and at cryogenic temperature.
The development of double heterostructure lasers [Hayashi et. al. (1970);
Alferov et. al. (1970)] and subsequently the breakthroughs in device design
made possible to fabricate reliable diode lasers that operate with sufficiently
low currents at room temperature [Thompson (1980)]. In many points of
view, semiconductor lasers are second only to the transistor and integrated
circuit as to their influences on modern technological arena .

However, advances in diode laser designs strongly depend on the fabri-
cation technologies. Liquid phase epitaxy (LPE) is used to fabricate simple
configuration of diode lasers, the performance is limited by the inability of
LPE to grow uniform thin epitaxial layers and accurately tailored doping
profiles that result in low power output of a diode laser. The first impor-
tant technology improvement necessary for the realization of high-power
lasers was the development of two new growth technologies: metal organic
chemical vapor deposition (MOCVD) and molecular beam epitaxy (MBE).
These two key technologies produced a powerful tool that enables the laser
designer to control the crystal deposition to an atomic scale, which lead to
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uniform material deposition and ultimately quantum well active layers.

With these technologies, the next development is in the 1980s and the
early 1990s. More complicated semiconductor devices were developed in-
cluding single-mode lasers with high modulation speed, diode laser arrays
with high power output, distributed feedback lasers for use in a long-haul
optical communication system[Green (1993); Agrawal (1992)]. Moreover,
progresses in engineering new diode laser material covering emission wave-
length from the violet-blue to mid- and far-infrared have been motivated by
replacing many kinds of bulk gas and solid state lasers with compact, lost
cost, and efficient semiconductor lasers. The utilization of quantum well
heterostructure, especially strained structures, makes it possible to operate
quantum well diode lasers at very low threshold current (sub-mA) with
higher efficiencies and high modulation speed (multi-GHz) [Buus (1991);
Agrawal and Dutta (1993); Zory (1993); Carroll et. al. (1998)].

The development of cavity configurations with state-of-the-art epitax-
ial technology have recently attained extremely narrow linewidth(kHz) and
wide tuning ranges for diode lasers. Laser structures incorporating micro
and nano-structure such as micro- cavity, quantum wires, and quantum
dots have demonstrated the improved lower noise, ultrahigh speed mod-
ulation and even high conversion efficiency. Quantum cascade lasers and
blue-violet lasers have been widely used in many applications with better
understanding of physical principles of semiconductor lasers[Nakamura and
Fasol (1997); Kapon (1999)].

1.3 Review of tunable diode lasers

Tunable diode laser are developed primarily for applications in wavelength
division multiplexing (WDM) technology in coherent communication sys-
tems, sensing, as well as in precise measurements/Wieman and Hollberg
(1991); Yamamoto (1991); Fox et. al. (1997)].

1.3.1 Tunable monolithic semiconductor lasers

Wavelength tunable lasers are very desirable for increasing the capacity,
functionality, specialty, and flexibility of the current and next genera-
tion all-optical devices and networks. An ideal continuously tunable sin-
gle mode laser is one that the output can be tuned smoothly over the
whole gain bandwidth without any significant reduction in output power.
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The important factors for tunable diode lasers include the tuning range
and speed, side-mode suppression ratio (SMSR), spectral purity, output
power and reliability [Kobayashi and Mito (1988); Koch and Koren (1990) ;
Amann and Buss (1998); Coldren (2000)]. There are at least four various
configurations of tunable lasers in the applications of telecommunication
networks and other fields. All of these tunable lasers have promising to
replace the current commonly-used distributed feedback (DFB) [Kogelnik
and Shank (1971)] lasers.

One of the DFB configurations can achieve their wavelength tuning by
thermal control over a small range of 2 nm to 4 nm with a high power
output of more than 20 mW. Improvements of DFB configuration can lead
to the widely tuning range to 10 nm to 15 nm with reduced output power.

The next configuration is the distributed Bragg reflector (DBR) [Wang
(1974)] lasers that use a gain medium sandwiched between two Bragg grat-
ing sections whose optical properties are changed by current injection.
Different modifications of the DBR include the super-structure grating
DBR (SSG-DBR), the sampled-grating DBR (SG-DBR), and the grating-
assistant codirectional coupler (GACC) DBR. Tunable DBR usually present
a wide tuning range of about 40 nm, however, output power is reduced by
the extensive losses in the tuning sections.

Another configuration is a vertical-cavity surface-emitting laser (VC-
SEL) [Chang-Hasnain (2000); Li and Iga (2003)] with a MEMS based tuning
element. Typically, the top mirror of the VCSEL is mechanically supported
by one or multiple spring. An electrostatic potential actuates the mirror
resulting in the tuning of the cavity length, and hence its lasing wave-
length, the tuning range can be up to 40 nm. The output power depends
on whether the VCSEL is electrically or optically pumped.

The laser arrays DFB have been demonstrated both with monolithic
waveguide combiner as well as with external optics. MEMS mirror has
been used to select one of the several lasers to couple to a single output
fiber [Berger and Anthon (2003)].

1.3.2 Tunable external cavity diode lasers

There are many possible techniques for the wavelength tunability of semi-
conductor diode lasers as describe above. One of practical approaches is
tunable external cavity diode lasers (ECDLs), which could provide an alter-
native to monolithic semiconductor diode laser for accomplishing the widely
tuning of diode laser. Tunable external cavity diode laser system consists
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primarily of a semiconductor diode laser with or without antireflection coat-
ings on one or two facets, collimator for coupling the output of a diode laser,
and an external mode-selection filter. In general, the features of a diode
laser in an external cavity can change greatly, depending on the length of ex-
ternal cavity, feedback strength, optical power, and diode laser parameters.
Littman-Metcalf and Littrow cavity configurations are typical examples of
ECDLs source in which gratings are used to provide optical feedback, se-
lect single-mode operation, and tune the wavelength over the whole range of
gain bandwidth by moving and rotating the grating position [Duarte (1996);
Zorabedian (1996)].

1.3.3 Comparisons of technologies

After having discussed the various tunable diode laser, we summarize the
key performance properties of these technologies in Table 1.1. The column
of tuning range illustrates wavelength tuning range achievable. Tunable
external cavity diode lasers show the widest tuning range. Multiple-section
distributed-Bragg-reflector (DBR) can cover a quite wide range of wave-
length. Distributed feedback (DFB) is rather limited due to its inherent
wavelength stability, but its arrayed devices have wide tuning ranges. The
VCSEL can in principle have a broad tuning range.

Table 1.1 Comparison of tunable diode laser technologies.

Devices | Tuning Spectral Mode Tuning Modulation
range purity control speed speed

DBR 8 ~80 nm >40 dB Fair Fast(us) Fast(GHz)

DFB 3~ 4 nmx | >55dB Very Slow(ms) | Fast(multi-

array # of DFBs good GHz)

VCSEL | >12 nm ~45 dB Hard Fast(us) Slow(<GHz)

ECDL >32 nm >50 dB Fair slow(ms) | Slow(<GHz)

Spectral purity includes both linewidth of diode laser and side-mode
suppression ratio (SMSR). Tunable external cavity diode laser behaves itself
good spectral characteristics. DFB laser is famous for its very narrow line
width with good SMSR. VCSEL provide good spectral performance due to
the restriction of spurious longitudinal modes. DBR spectral characteristic
is somehow inferior to other devices since side mode suppression is difficult
to maintain. However, tunable DBR lasers have demonstrated sufficiently
narrow linewidth for most applications in communications.

Modulation speed refers to the ability to directly modulate the laser
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diode at tens of GHz speed while maintaining good spectral performance.
DFB have nice high speed modulation behavior. Therefore, DFB array
are used to direct high speed modulation in telecommunications. Tunable
DBR is not good enough for high speed modulation because of tuning com-
plexities. External cavity diode laser have poor modulation bandwidths,
VCSEL are being a candidate for high speed modulation.

The majority of these tunable lasers suffer from slow tuning speed. DFB
array requires a temperature change. Whereas external cavity and tunable
VCSEL need a mechanical moving. Fortunately, small DFB array thermal
change and small variation of mechanical system of VCSEL allow one to
have millisecond tuning speed. Tunable DBR can be very rapidly tuned
with sub-nanosecond time scale.

The other questions concerned with tunable diode laser are their output
power, which is quite similar for all of these tunable diode lasers. The power
can be greatly amplified by semiconductor optical amplifiers(SOA).



Chapter 2

Basics of Semiconductor Diode Lasers

The development of the semiconductor laser diode traces its origins to the
early 1960s shortly after the invention of other laser systems. Semicon-
ductor diode laser has been the most important of all lasers since it was
invented in 1961 [Quist et. al. (1962)]. Semiconductor diode lasers are used
in a wide variety of applications ranging from readout sources in compact
disk players to transmitters in optical fiber communication systems because
they have well-known features: high reliability, miniature size, lower power
consumption, wide tunability, high efficiency, and excellent direct modula-
tion capability, and other characteristics.

In this chapter, we shall introduce some of the basic ingredients needed
to understand the operation of semiconductor diode lasers [Kittle (1982);
Yariv (1991); Coldren and Corzine (1995)]. First, the interaction of light
with a two energy level system and the requirements for lasing in the semi-
conductor laser are introduced. Then energy levels and bands in various
semiconductor laser structures are described. Finally basic characteristics
of semiconductor diode lasers are briefly reviewed.

2.1 Principle of diode laser operation

In this section we explore the fundamentals of light absorption, spontaneous
emission, and stimulated emission induced in a two-level system in a single
atom or molecule with a monochromatic electromagnetic wave. We also de-
scribe the basic conditions necessary for laser operation in a semiconductor
laser [Svelto (1998)].
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2.1.1 Absorption, spontaneous emission, and stimulated
emission

E,
E. Excited levels

E,

E a Ground level

Fig. 2.1 Energy level diagram.

Any electron in an atom or molecule has its own stable orbits that is
called stationary states, in which atom has a specific energy level as shown
in Fig. 2.1. Atom radiates in terms of light emission when an electron
makes a transition from one stationary state to another. Frequency of the
radiation is related to the energies of the orbits by Bohr’s principle

E; - E;

v=——, (2.1)
where Ey, E; are any energy levels of final and initial states in an atom
or molecule, h=6.625x10"3*Joul-sec is Planck’s constant. There are three
different kinds of electron transitions between two different states by the
interaction with the light, the processes are shown in Fig. 2.2. The first
type of transition of an atom illustrated in Fig. 2.2(a) is referred to as
resonant absorption. Assume an atom is initially residing in the ground
state with energy E;, the atom stays in the ground state until light with its
frequency v = v is applied, where 1 is the transition frequency between
two energy levels. In this case there is a most probability for an atom to
make transition from lower E; to the higher level E; by absorption of a
quanta of light. This is called resonant absorption process.

Fig. 2.2(b) presents spontaneous emission. When an electron jumps
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before after
E¢ @
(a) Resonant Incident
absorption light
E; @
E, ®
Emitted
(b) Spontaneous light
emission
E¢ @
. Incident Emitted
(c) Stimulated light light
emission YaVaVa’ JAVAVA
VAVAVA
E; @

Fig. 2.2 Three fundamental radiation processes associated with the interaction of light
with an atom or molecule. (a) resonant absorption, (b) spontaneous emission, and (c)
stimulated emission.

to the higher energy level by absorbing light, an atom has a tendency to
decay to the lower stable level with a definite lifetime in the final level,
the corresponding energy difference Ey — E; must be therefore released
by spontaneously emitting a quanta of light. Since each electron makes a
transition independently, light is emitted in all direction at random phase,
such light is incoherent as compared to coherent light later on we will see,
this process is defined as spontaneous emission phenomenon.

The third kind of transition shown in Fig. 2.2(c) is referred to as stim-
ulated emission. Suppose an electron is initially found in the final state
and light with frequency v = 14 is incident in an atom or molecule, the
incident light will enforce an atom to undergo transition from E; —E; in
such a way that a new light is generated in addition to the incident light,
this phenomenon is called stimulated emission. The generated light has the
same phase and direction as that of incident light, such stimulated emission
light is known as coherent light.
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2.1.2 Requirements for lasing of semiconductor diode
lasers

We have examined basic concepts of light absorption, spontaneous emis-
sion, and stimulated emission. In order to generate lasing, one must make
atoms or molecules working in the condition of stimulated emission. Two
conditions must be fulfilled to have stimulated emission occurred: Firstly,
more atoms must be in the higher excited states than in the lower energy
levels, i.e., there must be a population inversion (necessary condition for
lasing). This is necessary otherwise stimulated emissions of light be directly
re-absorbed by atoms that populate in lower energy states. But usually an
atom has more population in lower energy level than in the higher levels
because population obeys Boltzmann thermal distribution law. Therefore,
external pumping of atoms to higher states is required to accomplish pop-
ulation inversion.

The second important condition is that there be more stimulated emis-
sions than spontaneous ones in an active medium (sufficient condition for
lasing). Therefore, an optical resonator must be used to feedback new gener-
ated coherent light into the medium. The two most important components
in a laser are thus active light-emitting medium and optical resonator for
regenerating the radiation field besides the pumping.

As atoms and molecules are squeezed into semiconductor crystal, the
discrete atomic energy level smears into energy bands of solid, which is
significantly different from discrete energy levels, as shown in Fig. 2.3.
Semiconductor valence band is formed by multiple splitting of the high-
est occupied atomic energy level of the constituent atoms; Likewise, the
next higher-lying atomic level splits apart into conduction band.

Consider some electrons in the valance band are excited to the conduc-
tion band via proper pumping scheme for nondegenerate semiconductor.
Initially the conduction band is completely empty, to make things simple
and without loss of generosity, we start off our analysis by supposing the
absolute temperature to be T=0 K. The valence band is filled with electrons
while the conduction band is empty as indicted in Fig. 2.4(a). In between
these bands is the forbidden region of the bandgap, the energy difference
between the bottom of conduction band and the top of the valence band
is the bandgap energy E, whose value differs for different materials. The
valence band is completely filled, if some electrons are excited from valence
band to conduction band by forward bias current, after about 1 ps short
time, electrons in the conduction band spontaneously drop to the lowest
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Fig. 2.3 Energy level diagram for atom and solids.

unoccupied levels in the intraband. We name the upper boundary of the
electron energy levels in the conduction band the quasi-Fermi level Ep..
The occupancy probability of electron in the quasi-Fermi level, as shown in
Fig. 2.4(b), is

_ 1
fe= 1+ e(Ba—Ero)/kT

(2.2)

where Es is a given level of energy in the conduction band, k is Boltzmann
constant. Meanwhile holes appear in the valence band when electrons near
the top of the valence band drop to the lowest energy levels of the un-
occupied valence energy levels, leaving on the top of the valence band an
empty part. We call the new upper boundary energy level of the valence
band quasi-Fermi level Er,. The occupancy probability of holes in the
quasi-Fermi level is

_ 1
fU - 1 _|_ e(E1—Ep,,)/kT’

(2.3)

where E; is a certain level of energy in the valence band. At T=0, f(E)=1
for E < Ep, and {(E)=0 for E > Ep so that all levels below Fermi level are
occupied while those above it are empty.

When electrons in the conduction band run into the valence band, they
will combine with the holes, in the same time they generate photons, this
is recombination radiation. In order to make this recombination radiation
to lase, several conditions must be met, one can see these prerequisites
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fy  1-f,

(a) (b)

Fig. 2.4 (a) Electron energy versus wave number for a bulk semiconductor, and transi-
tions between energy levels in the conduction and valence bands. (b) Level occupation
probability f.(E) and fy,(E) for conduction and valence bands under thermal equilibrium
within each band. The finite width of energy levels indicate the finite energy uncertainty
due to relaxation processes limiting carrier life time.

from band to band transitions. Fig. 2.5 illustrates band to band stimulated

absorption and emission process, the rate of stimulated absorption is given
by

R12 - Rr[fv(l - fc)]a (24)

which outlines photon absorption that stimulates generation of an electron
in the conduction band while leaving a hole in the valence band. Where
R, is the transition rate of two levels in the respective band. The rate of
stimulated emission is given by

R21 - Rr[.f((l - fv)]a (25)

which shows that an incident photon interacts with a system, stimulating
combination of an electron and a hole, and simultaneously generating a new
photon. The net stimulated emission rate is

Rpet = Ro1 — Ri2 = Ry (fe — fo)- (2.6)

This result is of central importance to understand population inversion in
semiconductor diode lasers.
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Fig. 2.5 Band-to-band stimulated absorption and emission, black dots represent elec-
tron, while grey ones holes.

For the radiation to be amplified, the net stimulated emission rate must
be positive, that requires occupancy probability in the conduction band
be larger than that in the valence band, viz., f. > f,, this means the
population inversion in the semiconductor diode laser (necessary condition),
and is the equivalent, in a semiconductor laser, to the conventional inversion
condition No > N;j. From the population inversion condition f. > f,, one
can have AFp = Ep. — Ep, > Eo — F1 = hv, where v is the frequency of
emission photon. Therefore, only photons with frequencies whose photon
energies hy are smaller than the quasi-Fermi level separation are amplified,
and the net stimulated emission rate becomes positive. Since photon energy
must at least be equal to the bandgap energy Eg4, from this relation, we
have

h2 k2 h2 k‘2

AEFZEFC—EFU>E21=E9+—+ -
2m%  2mj

> B, (2.7)

where m} and mj, are effective masses of an electron and a hole, respectively.
This determines the critical condition for lasing, the gain is zero at the
frequency where Fr. — Er, = hv, at high frequencies, the semiconductor
absorbs photon.

The values of Ep. and Ep, are influenced by pumping process, i.e.,
by the carrier density (N) of the electrons being excited to the conduc-
tion band. Ep. increases and Ep, decreases as N increases. N satisfying
Ep.(N) — Ep,(N) = E4 is named as the carrier density at transparency
Ny,.. Carriers are injected into the semiconductor material to make the free
electron density at some threshold value Ny, to be larger than Ny., then
semiconductor exhibits a net gain. When this active medium is placed in a
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suitable cavity, laser action occurs when this net gain overcomes loss. The
pumping of semiconductor lasers can be realized by the beam of another
laser, or by an electron beam, but the most convenient way is to apply
electrical current that flows through the semiconductor junctions.

2.2 Semiconductor diode laser structures

Without the development of the heterostructure diode, semiconductor
lasers would probably been always an impractical cryogenic laboratory de-
vices. In this section, we first introduce bulk diode lasers including the
homojunction, then heterojunction diode laser structures, and then inves-
tigate the one-dimension quantum well and zero-dimension quantum dots
laser structures.

2.2.1 Homojunction lasers

Consider the homojunction diode laser, the pumping process is achieved
across the p-n junction, where both p-type and n-type materials are in the
form of semiconductor, as shown in the Fig. 2.6. Assume no current is
applied to p-n junction, the band structure is schematically shown in the
Fig. 2.6(a).

Depletion
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Fig. 2.6 Homojunction lasers, (a) open-circuited device; (b) energy vs. position diagram
for open-circuited homojunction; (c) forward biasing; (d) energy versus position for
forward biasing.
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When two material is brought into contact, the Fermi level is not
aligned, but in a very short time (~ps), majority carrier holes in the p
region diffuse across the junction from p side to n side, similarly, majority
carrier electrons in the n region diffuse across the junction from n side to
p side. However, as these holes and electrons diffuse across the junction,
many of them combine instantly, which leaves the p region populated with
a few less holes, and similar for electrons in the n side. Therefore, it follows
that a carrier-depletion region will exist on both sides of the junction, with
the n side of the region positively charged and p side negatively charged,
this is shown in Fig. 2.6(b). The charges on both sides of the depletion
region generate an electric field across the region, the resultant electrical
field opposes the diffusion of holes into n region and electron into the p
region. By this way an energy barrier is produced and Fermi level is lined
up, the height of energy barrier is called barrier voltage.

The dynamic equilibrium could be destroyed when a forward bias cur-
rent is applied to the device as shown in Fig. 2.6(c). The two Fermi levels are
misaligned (Fig. 2.6(d)). The injection of electrons into conduction band
while holes into valence band reduce the barrier voltage, more of carriers
are now able to cross the narrowed depletion region, many of electron-hole
pairs combine radiatively and generate spontaneous emission. Therefore,
for appropriate values of current density, the transparency and the laser
threshold conditions can be satisfied. However, it is found that, for lasing,
the densities of the electrons and holes in the conduction and valence band,
respectively, are required to be significantly greater than 10'8¢m=3. A ma-
jor obstacle to achieving these densities in the p-n junctions formed with
a single material is that carriers rapidly diffuse away from the junction, so
a homojunction laser has a very high threshold current density at room
temperature, which prevents practical use of this kind of semiconductor
laser.

2.2.2 Double-heterostructure lasers

We have seen in the proceeding section that p-n junction can be lasing.
Unfortunately, the current required to achieve lasing is of tens of thou-
sands of Amperes per square centimeter, making it impractical for many
applications. A more efficient solution is to use heterostructure and dou-
ble heterostructures. A heterostructure is a junction formed by two dif-
ferent types of semiconductor, with one a larger bandgap than the other.
When two semiconductor are put together, potential barriers are formed
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which can confine the electrons and holes, while the single heterojunction
lasers do perform better than homojunction lasers, it is much more advan-
tageous to extend heterojunction to double heterostructures. The better
confinement of carriers and optical field resulted in the first successful con-
tinuously working diode laser at room temperature [Alferov et. al. (1970);
Hayashi et. al. (1970); Thompson and Kirby (1973)].

N—-(GaAlAs): p-GaAs | P—(AlGa)As
: ; E.

Fig. 2.7 Operation principle of double-heterojunction laser diode, (a) cross section
structure, (b) effect of carrier confinement, (c) refractive index profile, (d) light intensity
profile.

Figure 2.7 shows a n-p-p double heterostructure, when no current is ap-
plied, the Fermi-level is constant across the junction as show in Fig. 2.7(a).
When the double heterostructure has been forward biased, the depletion
region is reduced and the bands of the n-type shifts towards. The electrons
are injected into the small bandgap active region from the n-doped cladding
layer with higher bandgap E,, while the holes enter the active region from
the p-doped cladding layer on the opposite side. Because the active layer
are sandwiched between the higher bandgap cladding layer, electrons can-
not climb over the p-type cladding layer and holes cannot penetrate into the
n-type layer. So the injected electrons and holes are confined in the active
layer as illustrated in Fig. 2.7(b). Where population is inverted and it can
combine radiatively and lase [carrier confinement as shown Fig. 2.7(c)]. The
refractive index of active layer is higher by some percent that of cladding
layer which confines the generated light with the p active layer (photon con-
finement in Fig. 2.7(d)). Light penetrating into the p and n cladding layer
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is not absorbed due to its wide bandgap. These three properties greatly
decrease the threshold current density.

Because charge carriers in heterojunction lasers are confined to a much
smaller region than in homojunction lasers, the change in index of refraction
at the interface between the p GaAs and the p AlGaAs can provide a
guiding effect for the laser beam. This is known as index guiding. Double
heterojunction structure provides even more control over the size of the
active region, and also provides additional index of refraction variation
that allows for guiding of the optical wave.

2.2.3 Quantum well lasers

The carrier-confining effect of the double heterostructure is one of the most
important features of modern diode lasers. With the advent of modern
epitaxial growth techniques that allow one to fabricate active regions in the
heterojunction structure on the atomic scales. It is possible to produce thin
layers in semiconductor heterostructures, the so-called quantum well (QW)
structures [Dingle et. al. (1974); Dupuis et. al. (1979); Zory (1993)] as
shown in Fig. 2.8(a). Since the quantum effects occur only in one dimension,
the energy level can be attained by considering an electron as a particle in
one dimension potential well, it can be expressed by

n?m2h?

_ 2.
2m*w?’ (2:8)

n

where n= 1,2... is the energy state, m* is the effective mass of a particle,
and w is the length of the well. Hence, when the confined electrons in
the conduction band and holes in the valence band combine, the photon is
radiatively emitted with its frequency v, which is given by
2,212

hv = B, + %(1/@ +1/m}), (2.9)
where m} and mj are the effective masses of an electron and a hole, re-
spectively.

Quantum well diode lasers and bulk double heterostructure lasers share
many common characteristics, but with a thin core layer of the order of
a few nanometers, in which quantization effect occurs and the density of
states is a function of energy as shown in Fig. 2.8(b). Several advantages
of quantum well lasers, compared with bulk lasers, can be deduced from
Fig. 2.8. Fewer states have to be filled to reach population inversion. There-
fore, the threshold current should be reduced. Further consideration shows
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that if only one energy level is filled, the spectral width of spontaneous
emission and gain should be much smaller than for bulk lasers. QW laser
diodes have gained many important applications for their good performance
as compared to the conventional bulk laser diodes.

P InGaAsP| InP ‘ Energy
w _" Bulk
Ee Qw |
Eqo [ } 77777777777777777777777777 =
By |
B | I ,,,,,,,,,,,,,,,,,,,,,,,, s
EV \“‘
@ (®) i
SCH-QW

_|_|_|_|_ Density of state
SQW
—|_|7 GRINSCH-QW MQwW

(c) (d) (e)

Fig. 2.8 (a)InGaAsP/InP single quantum well. Layer structure, energy band diagram.
(b)Density of states of quantum well and bulk semiconductor (dashed lines). (c¢) Bandgap
energies in a thin single QW, (d) in a SCH QW structure, and (e) in a MQW structure.

Now consider the operation of single quantum well (SQW) laser
[Fig. 2.8(c)], if one would simply miniaturize the dimensions of a bulk dou-
ble heterostructure to QW sizes, it would be pretty hard for carriers to
be injected into the well, this would result in the increase of the threshold
current and loss of optical gain. A novel approach to circumvent this is
to separate the well from the cladding region by a composition in such a
way that the barrier height is much less than the cladding’s. This is called
separate confinement heterostructure (SCH) as indicated Fig. 2.8(d). Al-
ternative method is to modify the bandgap of the cladding region by the
collection of carriers, this is called graded index separate confinement het-
erostructure (GRIN-SCH) laser. In this way, the optimization optical con-
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finement and carrier confinement are effectively decoupled so that optical
confinement can be significantly improved for typical QW lasers. Effec-
tive optical confinement and larger optical gain could also be achieved by
multiple quantum well (MQW) structure as shown in Fig. 2.8(e).

2.2.4 Quantum dots lasers

Quantum dots, the ultimate in confinement, are still the subject of in-
tensive research particularly in university laboratories in North America,
Japan, and Europe. Quantum dots have been called artificial atoms [Har-
rison (1999)], despite the fact that they generally consist of hundreds of
thousands of atoms. Confined in a dot or box, electrons should occupy dis-
crete energy levels of the bottom of the conduction band and the top of the
valence band. Lasing in devices confined in this way is therefore restricted
to a much narrower range of wavelengths than in a conventional semicon-
ductor, approaching the atomic ideal of infinitely narrow linewidths. The
emission wavelength is determined by the dot size, which means that by
controlling the size distribution, the range of emission wavelengths can be
tailored for individual lasers. Restricting the effective bandgap also en-
hances the material gain and reduces the influence of temperature on laser
performance. A QD laser therefore enables the practical applications of
atomic physics in semiconductor devices. This leads to low operating cur-
rents due to an enhanced gain, very narrow linewidth, and minimal adverse
effects with increased temperature [Reithmaier and Forchel (2002)].
Figure 2.9 illustrates four typical semiconductor laser crystal geometries
and their corresponding functions for density of states versus energy. The
quantum wires are also included. Table 2.1 summarizes the expressions of
density of states for various semiconductor laser crystal structures, where

m™* is effective mass of an electron, E is the total energy of an electron.

Table 2.1 Density of states for
various dimension of semiconductor

lasers.

Dimension g(E)
3D(bulk) x VE — Ey
2D(quantum well)  constant
1D !

(
(quantum wire) o JE-E.
0D(quantum dot) x 0(E — En)
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Fig. 2.9 Schematic of crystal geometries and expressions for density of states as a
function of energy.

2.3 Basic characteristics of diode lasers

In this section we consider the threshold condition of Fabry-Perot diode
laser and some elementary properties of diode laser characteristic such as
output power, beam divergence, and spectral contents.

2.3.1 Threshold condition

Threshold current is the most important and basic parameter for laser
diodes. Fig. 2.10 shows the structure of a general-purpose Fabry-Perot
diode laser, which is modelling as a resonator containing plane optical waves
travelling back and forth along the length of diode laser. Incident spon-
taneous emission light propagating to the reflection mirror is amplified by
stimulated emission and comes back to initial position after a round trip
inside the laser cavity. This process is subject to losses arising from light
going through or diffracting at the reflection mirrors, and scattering or ab-
sorption within an active light-emitting medium. When the total loss is
higher than the gain, the light attenuates. Injected current strengthens the
amplification light in the diode laser, and when the gain and loss are bal-
anced, initial light intensity becomes equal to the returned light intensity,
this condition is referred to as threshold. A diode laser oscillates above the
threshold when the gain is high enough.

Population inversion is not guaranteed to lase, in order to make the
stimulated emission much larger than absorption, one has to build up a
resonant cavity in which the light is reflected back and forth many times
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Fig. 2.10 Structure and lasing mode of laser diode.

before leaving the cavity. If the gain equals loss, lasing might occur in the
resonant cavity.

Table 2.2 Typical parameters for semiconductor diode

laser.

Parameter Symbol  Typical value
wavelength A 0.4~ 2.0 p m
small signal gain g 10% ~ 10°
cavity length d 200~ 500 m
index of refraction n 3.4
confinement factor T 0.2~ 0.5
mirror reflectivity 1,72 0.55
absorption coefficient « 45cm =1
operating temperature T 300K

output power P milliwatt to Watt

Consider a semiconductor laser cavity of length d with a plane wave of
complex propagation constant k = S+ j(g — «), as shown in Fig. 2.11. « is
internal attenuation per unit length, g8 is propagation coefficient, g is gain
per unit length, that is produced by the stimulated effect, n is refractive
index of cavity material, and A is the wavelength of wave in the free-space.
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The amplitude of wave F; is incident on the left hand side of the cavity,
the ratio of transmitted light is ¢1, the ratio of transmitted to incident light
fields at the right is taken as to, the ratio of reflected to incident fields with
the optical cavity is e at the right hand mirror and r,e? at the right-
hand mirror. For a low loss medium, phase shifts #; and 6 are small and
are generally neglected. Typical parameters for Fabry-Perot semiconductor
diode laser are summarized in Table 2.2.

r] t r2 ty

tlEi g tlEie_jkd t]tin e_jkd
r2t1Eie_"2kd

Lagl .
Ity EiC_Jkd

E;
—

5 Taka| T - o-i3kd
Nt Eied - nnyE e P n 201G e

2 ) :
r 12t B ok T I E. —_|3kd>
MU 1@tiBie
1Ei¢e i

Fig. 2.11 Schematic of optical field propagation inside a diode laser cavity.

The plane wave electric field independent of time is expressed as
E;e~7%#_ At the first transition boundary, the light field E; enters the cav-
ity, transmits the first mirror, the field just inside left boundary becomes
t1E;. The electrical field then proceeds into the laser cavity, in which the
wave is reflected successively from one mirror to the other. The laser first
arrives at the right boundary with filed ¢, F;e7*¢. The first portion of the
field transmitted output at the right boundary is ¢, ¢, F;e~7*¢, and a portion
tiro Eje~ 7% is reflected back into the cavity toward to the left boundary,
the next portion of the light transmitted output becomes t;torro Fye ™73k
and so on. Adding up all the successive contributions, the output FE, is
given:

E, = tltge_jkd(l + T‘1T2€_j2kd + (7‘17’2)26_j4kd + ), (210)
the sum is a geometric progression which permits the last equation to be
written as

tltgeijkd

Sp——Tl] (2.11)

E, = Ei|

When the denominator of Eq. (2.11) tends to zero, the condition of a finite
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transmitted wave E, with zero E; is obtained, which is the conditions for
oscillation. Therefore the oscillation condition is reached when

rirge IR = 1, (2.12)

Substituting the term k defined above in the gain medium, the resonance
condition turns out to be

rree29—@do=i2dB _ 1 (2.13)

The condition for oscillation represents a wave making a round trip 2d
inside the cavity to the starting plane with the same amplitude and phase,
within an integer multiple of 27, the general amplitude condition is:

rirge?M9=d = 1, (2.14)

where we have incorporated the confinement factor I inside the cavity into
the gain, Eq. (2.14) is generally written as

I‘gth:a—i—zidln%:a—i—am. (2.15)
This is the condition for threshold, where ., is mirror loss. The gain
coefficient per unit length strongly depends on the emission energy, on
the operation conditions, and on light intensity in an active layer. If one
replaces the r1 and 7o with power reflectivities R; and Rs, respectively,
Eq. (2.15) can be rewritten by

1

Lgip, = o+ 2_1d In NG (2.16)
The phase condition is found to be:
¢ = 2dp = 2qr, (2.17)
which reduces to
q = 2nd/A, (2.18)

where ¢ is an integer, a resonance occurs when an integer number of half-
wavelength A fits into the cavity.
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2.3.2 Output power

Output power is one of the important parameters to characterize a diode
laser. Fig. 2.12 shows an experimental result, which depicts output power of
a typical continuous wave (cw) in a semiconductor diode laser as a function
of injection current (L-I curve).

|
LED Mode | Laser Mode

AP

Threshold
/ Current

Injection Current (mA)

Laser Output Power

Y

Fig. 2.12 Output light vs. current (L-I curve) characteristics for a diode laser.

When the forward bias current is low, the laser diode operates like a
light-emitting diodes (LEDs) where the carrier density in the active layer
is not high enough for population inversion, spontaneous emission is dom-
inated in this region. As the bias increases, population inversion occurs,
stimulated emission becomes dominant at a certain bias current, the cur-
rent at this point is called threshold current. The injection current above
the threshold induces the abrupt onset of laser action and coherent light is
emitted from the diode laser. The laser threshold current is evaluated by
extrapolating the linear part of the characteristic to zero output power. The
slope of the increase in the lasing region is proportional to the differential
external quantum efficiency as described below.

Lasing occurs for every wavelength mode as we can see from the
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Eq. (2.18), the longitudinal mode separation Ag = 1 is given by differ-
entiating Eq. 2.18), we have

/\2

ANy = —
4 2neffd

(2.19)

where n.ss is an effective index refraction, which can be written as neyy =
n[l — (A/n)(dn/dN)].

In order to obtain the output power, the simple way to do is the rate
equation from a single pair of coupled equations. Rate equations for carrier
density N and photon density IV, of the i-th longitudinal mode oscillation
read

AN I N
=~ =~ S(N = NN, (2.20)
dN, N,
=P — §(N — Nyp)N, — =2 :
7 =5 th) Np . (2.21)

where 7 is the recombination lifetime of carrier, 7, is the photon lifetime
in the cavity, V is the volume of gain medium, I is injection current, Ny, is
the threshold density of carrier, e is the electron charge, S is combination
factors accounting for confinement factor, gain efficient, cavity volume, an
other parameters. Under steady state condition. dN/dt = dN,/dt = 0, we
have the carrier density and photon density

1
N =N, —_— 2.22
th + STp’ ( )
and
p
Np = — I — L), (2.23)

eV

where Iy, = %Nth is threshold injection current, one finds the photon
density above the threshold is a linear function of injection current I, the
total photon energy E in the laser cavity within an active volume V is
written as £ = N,Vhv, where hv is a photon energy. Therefore, the
optical power emitted by stimulated emission in the cavity is

Pin = nzn?(]’ - Ith)a (224)
where 7;,, is defined as the internal quantum efficiency, which is the fraction
of carriers that radiatively recombined in the layer.
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The practical interesting power is the output power emitted from each
end mirror of the laser cavity, which reads

hv foin
Pout - nzn?(]’ - Ith) 5 (225)

Qtot

where agor = o + «y, 18 the total loss of the laser. We can also define the
external quantum efficiency 7., as
d(P/hv) Oy,
= — =N —. 2.26
Nex d(1/e) Nin s ( )
In addition to the external quantum efficiency, the slope efficiency of diode
laser is also used quite often and given by

dP hv o,
Nslope = E = Nin— .

(2.27)

Now, if we use the slope efficiency, the output power of laser is simplified
Pout = nslope(I - Ith)- (228)

If the injection current is increased to excessively high values, L-I curve
becomes sub-linear. Operation at overly high currents shortens the lifetime
and can fatally damage the laser.

2.3.3 Beam divergence and astigmatism

Divergence of output laser beam from a diode laser is described in Fig. 2.10.
The beam is diffraction-limited in the plane of orthogonal and parallel of
the junction due to the small size of the laser diode chip. Assume d; and d
be the beam dimension (full width between 1/e points of the electric field)
in the two directions, and suppose a Gaussian field distribution in both
transverse directions. The beam divergence | in the plane parallel to the
junction and ¢, in the plane orthogonal to the junction are give by 6 =
2)\/7md) and 6, = 2)\/md respectively, where X is the lasing wavelength.
For an output beam with an elliptical cross section (e.g., ~ lum x 5um),
thus 0, is larger than HH.

In many applications, for example, optical recording, near field of the
laser is focused to an almost diffraction-limited spot. Many types of laser
diodes have some astigmatism in the emitted beam. This is due to the
presence of an optical loss at both sides of the laser stripe combined with
the fact that the injected charge carriers in the stripe region contribute
negatively to the refractive index. The magnitude of the astigmatic distance
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D depends on the wavelength A, the radius of curvature of the wavefront R,
and the width of the near-field at the laser mirror w. The relation between
these quantities for a Gaussian beam propagation can be given by

D=R/[1+ (%)2]. (2.29)

For gain-guided lasers, the dimensionless quantity AR/mw? is comparable
to or smaller than unity; for index-guided lasers, it is much larger than
unity. R is usually of the order of 20 ~ 80 um. It can be inferred from
Eq.(2.29) that for gain-guided lasers, D~R, whereas for index-guided lasers,
D«R. The question of which value of D are tolerable depends strongly on
the numerical aperture used, and hence on the type of applications.

2.3.4 Spectral contents

The basic spectral characteristics of semiconductor diode laser with free
running (solitary laser) have been studied in the last sections. As a last
section in this chapter, we are going to examine the spectral contents of
diode laser. Fig. 2.13 illustrates a schematic of experimental setup for
examining the spectrum of a free-running diode laser.

Current ||
supply
Temperature
control

Fig. 2.13 Schematic of experiment setup for observing the spectrum of a free-running
diode laser.

The diode laser (Sharp LT024 MD specified output power 30 mW)
is index-guided, single-mode laser, its temperature can be controlled by
high precision temperature controller. Injection current is supplied by high
precision current source, the current can be readily scanned by an external
ramp voltage. Therefore, the output wavelength of diode laser can be tuned
by changing the temperature and/or current. Fig. 2.14(a) shows the chip
oscillation modes as a function of wavelength for a typical Sharp LT024
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780 nm laser diode. This spectrum was obtained with no external cavity and
the laser running at a current just below threshold. All wavelengths that fit
in the cavity by an integral number of half-wavelengths gain intensity. The
crystal itself emits wavelengths over a large range but only those that fit
properly will add constructively after reflection at the crystal’s end facets.
Fig. 2.14(b) shows the intensity of spectrum as Fabry-Perot interferometer
is scanned, the free spectral range of this F-P cavity is 1.5 GHz. One can
see that the line width of this laser diode is about 150 MHz.
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Fig. 2.14 Spectra of free-running uncoated diode laser, (a) intensity of spectrum as a
function of wavelength, (b) intensity vs spectrum analysis of the output of laser obtained
by scanning Fabry-Perot interferometer.



Chapter 3

Tunable Monolithic Semiconductor
Diode Lasers

In this chapter, we review the state-of-the-art of monolithic single-mode
and wavelength-tunable diode lasers, which have found many important
applications in a variety of fields such as wavelength division multiplexing
(WDM) technology in optical communication systems, advanced optical
sensors, and optical test and measurement systems [Laude (1993)].

3.1 Introduction

Tunable semiconductor lasers continue to be of great interest for long time
in scientific and engineering applications. Various designs are reviewed in
this chapter with particular emphasis on the broadly tunable types in the
application of coherent optical telecommunications [Coldren (2003)].

3.1.1 DBR and DFB lasers

We have introduced the Fabry-Perot (F-P) cavity diode lasers in the pre-
vious chapter, in order to make single-mode tunable lasers, one has to
modify the two-facet Fabry-Perot laser structure. The cleaved-coupled-
cavity or C3 laser is a derivative of the F-P laser, where a F-P laser is
cleaved into two shorter F-P laser of incommensurate lengths with the
cleaver forming a third shorter (typically < 1um) air-filled cavity between
the two laser sections [Tsang et. al. (1983); Coldren and Koch (1984);
Tsang (1985)]. Such lasers have many attractive properties such as single-
mode operation with tunability. However, their manufacturability and sta-
bility in operation have been proved problematic in a real system. The
distributed Bragg reflector (DBR) lasers and distributed feedback (DFB)
lasers can fulfil this objective, this is one of approaches to achieving the

29
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tunable lasers by monolithic configuration.

A distributed feedback laser (DFB) consists of an active medium in
which a periodic thickness variation is produced in one of the cladding
layers that form the part of the heterostructure [Carroll et. al. (1998)].
The periodic spatial distribution of the index of refraction within the gain
medium can be written as

Tz

+ ¢], (3.1)

2
n(z) = ne, + ny sin| g

where q is any integer value, usually taking q=1, A is the pitch of the
periodic thickness change, ng is the effective refractive index of the structure
without the grating and much larger than n;. The forward and backward
propagation beams of the DFB laser are effectively coupled to each other
if the Bragg condition is satisfied for the first order structure such that

A= )\B = 271()/\, (32)

wavelength can be selected by changing the refractive index and/or the
pitch A in the medium. Fig. 3.1(a) shows a schematic of a DFB laser.

DBR lasers have the advantage, as compared to DFB lasers, that the
grating is fabricated in an area separated from the active layer as shown in
Fig. 3.1(b). Consider a dielectric waveguide as illustrated by Fig. 3.2(a).
There is a corrugation in the dielectric region, which forms a grating of pitch
A length per cycle, whose strength depends on the contrast of the indices
and on the lithographed physical depth. The fundamental characteristics
of optical-wave coupling with the grating can be described by the coupled
mode equations, where there are two solutions of the optical wave equation,
the two waves propagating in opposite directions. One wave is represented
by €1, which is travelling in the 4z direction with propagation constant 3, =
27n, /. The counter propagating wave is expressed by €5 with propagation
constant 3, = 2mny /.

The resonance condition required by Bragg condition is

A =)/2ng, (3.3)

it is required by the phase matching condition in the waveguide. The
coupling of €; and €9 can be described by the coupled mode equations
[Yariv (1991)],

9L S (3.4)



Tunable Monolithic Semiconductor Diode Lasers 31

Active (pumped) region 4*‘

(@ A <— Confining layer
(n—GaAlAs)

—— Passive waveguide
(p—GaAlAs)

~— Active layer (p—GaAs)
~— Guiding layer

~—— Confining layer
Substrate (n—-GaAlAs)

Passive Pumped Passive
region region region ‘
| Bragg reflectors
(b) < Confining layer
o o > 2 (n—-GaAlAs)
/ ~
D20 0 2

1\

o2 P y
- e i

—— Active layer (p—GaAs)

= Guiding layer

~— Confining layer
(n—GaAlAs)

|

Substrate

Fig. 3.1 Two typical laser structures using built-in frequency selective resonator grat-
ings: (a) distributed feedback (DFB) laser, (b) distributed-Bragg-reflector (DBR) laser.

% = re1ed 287 (3.5)
where k is coupling coefficient between the two modes, the parameter A =
Oy — Ba — gk — j7v is the phase-mismatching, q is an integer, and +y is the
exponential gain constant of the medium. The coupling of €; into €9 is
shown in Fig. 3.2(b) for the case where there is no gain in the region of
the grating, and in Fig. 3.2(c) where there is. These two solutions of the
coupled mode equations with different initial conditions correspond to the
DBR (v = 0) and DFB lasers as shown in Fig. 3.1.

In a DBR laser, the active region provides the gain, and the grating
functions as wavelength selectivity, they are separated along z. In a dis-
tributed feedback (DFB) laser, the two functions are combined, where the
grating is actually along the entire length | of the active region, two waves
are getting amplified in both directions of z. Fig. 3.2(b) and (c) show the
change of the intensity of two wave as a function of z in both directions.
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Fig. 3.2 Grating structures for single-mode lasers. (a) Grating is a slab waveguide. (b)
Field strengths of forward and counter propagating wave, no gain. (c¢) Same as (b) with
gain.

However, in a perfect DFB laser, there are actually two modes produced,
a way of avoiding this is to have both ends AR coated, the added reflection
acts to make device asymmetric and suppress one of the spectral lines. In
this way, the DFB will be used as a resonant filter so that there are many
passes back and forth through the grating. In order to have maximum
transmission exactly at Bragg resonance, the grating must be modified by
adding a A/4 phase shift in the middle section of the grating as shown
in Fig. 3.3(a). This shift introduces a sharp transmission fringe into the
grating reflection band in Fig. 3.3(b) (right), which narrows the linewidth
of the laser significantly.

3.2 Tunable monolithic diode lasers
In this section, we introduce the various methods to achieve continu-

ous tunable single-mode wavelength in monolithic DBR and DFB lasers
[Westbrook et. al. (1984); Dutta et. al. (1986); Dutta et. al. (1986);
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Fig. 3.3 Grating with quarter wavelength (A/4). (a) Quarter wavelength shifted gating,
(b) reflection characteristic spectrum (left) without phase shift (right) with phase shift.

Murata et. al. (1987); Coldren and Corzine (1987)]. Tunable monolithic
semiconductor lasers are developed based on the DBR and DFB diode
lasers as described in the proceeding section, where a waveguide corruga-
tion, which forms a grating, functions as a basic element of single mode
selection and tunability [Kobayashi and Mito (1988)], DBR diode laser in-
corporates separate active and passive grating reflector region. There are
three configurations to achieve the tunable diode lasers, which are DBR
diode laser with Bragg wavelength control, those with phase control and
those with Bragg wavelength and phase control, the combination of con-
trol of Bragg wavelength and phase results in a widely tunable range. In
DFB diode laser, phase control for the light reflected from one facet or non-
uniform excitation along the cavity causes a change in the lasing condition,
which gives rise to the wavelength tunability.

3.2.1 Distributed Bragg reflector diode laser

The principle of how to tune the DBR diode laser was discussed by
Kobayashi and Mito [Kobayashi and Mito (1988)]. The schematic diagram
is illustrated in Fig. 3.4. The lasing mode must satisfy the phase matching
condition:

1 = ¢2 + 2qr, (3.6)
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where ¢, and ¢o are phase change of the Bragg reflector in the active and
the phase control regions, respectively. ¢ is an integer. Phase change ¢o
is written as ¢2 = B.ls + Bplp, where subscripts a and p denote the active
and phase control regions, respectively, propagation constants 3, and 3,
depend on the equivalent refractive index for each region n, and n, as
Bap = (2m/XN)nq,p, where X is the wavelength [Pan et. al. (1988)].
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Fig. 3.4 A diagram for operating principles for a DBR laser diode based tunable LD.
(a) Fundamental configuration. (b) Phase versus wavelength. (c) Mirror loss versus
wavelength. (d) Connection of the Bragg reflector region and the phase control region
to a current source through resistors. (e) Wavelength vs total current. Adapted with
permission from J. Lightwave Tech. 6, 11, pp. 1623-1633. Kobayashi and Mito (1988).

The phase change in the Bragg reflector can be derived from complex
reflectivity r for the Bragg reflector [Yariv (1991)] as

- —jksinh~l
~ ~ycoshyl + (o + jAB) sinh vl

= |r[exp(j1), (3.7)
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here,

7 =K+ (i + JAB), (3.8)

™
N
where A, k, @; and n; denote the corrugation period, the corrugation cou-
pling coefficient, the loss, and the equivalent refractive index for the Bragg
reflector, respectively, 1 is the total cavity length. Since the Bragg reflectiv-
ity profile with wavelength is a function of 5 = 27n; /A, a change of Any, in

AB=p—Po = 2{% - (3.9)

nyp yields a wavelength shift in the reflectivity profile peak, which is simply
given by

A\ An,

: 3.10
S (3.10)

Thus, the Bragg wavelength can be changed by varying the refractive index
of layers near the corrugation.

The possible lasing modes are given by the points where the ¢; and
@2 + 2g7 curves cross. As shown in Fig. 3.4(b). The lasing mode will be
the highest total gain with the lowest mirror loss mode, mirror loss with
the Bragg reflector reflectivity can be written as

1 1

where R is the output facet reflectivity. Fig. 3.4(c) shows the mirror loss de-
pendence on the lasing wavelength, these curves could be shifted with phase
and mirror loss by varying the injection current in each region. Therefore
the wavelength of DBR, could be tuned. In a specific example as shown in
Fig. 3.4(c), the lasing mode changes from mode A to mode B with mode
jumping. Three operating schemes are considered in the following, depend-
ing on the combination of Bragg wavelength and phase control.

3.2.1.1 Bragg wavelength control

When only the Bragg wavelength is controlled, the lasing wavelength moves
to the shorter wavelength with mode jumping. The process is demonstrated
in Fig. 3.5(a). Assume any mode A on one of many phase lines ¢o + 2¢m,
it moves towards the shorter wavelength on this line, when it reaches the
point A’ where ¢; line and ¢ line intersects. Another mode B on another
@2 line has same mirror loss, beyond this point, mode B has lower mirror
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Fig. 3.5 A diagram for a tunable DBR with (a) Bragg wavelength control, (b) phase
control, (c) Bragg wavelength and phase control. I: Isolator. Adapted with permission
from J. Lightwave Tech. 6, 11, pp. 1623-1633. Kobayashi and Mito (1988).

loss than mode A, and begins to lase, which results in the mode hopping.
The continuous tuning range can be enlarged by reducing the active region
length with respective to the total cavity length, because the slope of phase
@2 line is proportional to the active region length.

3.2.1.2 Phase control

It is possible to shift the phase ¢, line in parallel toward the shorter wave-
length by means of the injection current into a phase control region. As
show in Fig. 3.5(b), here the mirror loss curve and phase ¢; curve for the
Bragg reflector are fixed. The mode A has the same mirror loss as mode
A’ with the current increasing, the lasing mode moves in the cyclic way as
A— A" — A" — A. Thus, the wavelength tunable range is limited to the
value A\, as depicted in Fig. 3.5(b).
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3.2.1.3 Bragg wavelength and phase control

A wider tuning range will be achieved by combining the two schemes of
Bragg wavelength control and phase control as described above. The fun-
damental configuration is shown in Fig. 3.5(c), in this way, two various
operating schemes are involved, i): quasi-continuous tuning; ii): continu-
ous tuning.

i) Quasi-continuous tuning: this scheme is defined as continuous wave-
length tuning with different longitudinal modes. The tuning method is
shown in Fig. 3.5(c). When mode A comes to the point A’, in similar way
to the phase control, the Bragg wavelength is changed in such a way that
the new mode B coincides in wavelength with the previous A’. By vary-
ing the phase again, mode B begins to lase and moves to the B’ through
mode B”. By applying the phase control current in a repeated fashion and
the Bragg wavelength control current in the step-like fashion, the lasing
wavelength can be varied over a wide range, as shown in Fig. 3.5(c).

The maximum tuning range in the quasi-continuous mode in the three-
section DBR laser diode is mainly limited by the Bragg wavelength variation
range, which is determined by the change in the refractive index for the
Bragg reflector. Another factor limiting the tuning range is the threshold
current increase and the light output power decrease caused by the loss
increase due to free carrier absorption and by the heating in cw operation
with the injected carrier density increase in Bragg reflector region and the
phase control region. This kind of limitation is intrinsic because when a
carrier injection scheme is applied, the refractive index changes through the
plasma effect [Okuda and Onaka (1977)].

ii) Continuous tuning: some changes in both the Bragg wavelength and
the phase simultaneously makes it possible to tune lasing wavelength contin-
uously, while keeping the identical longitudinal cavity mode, this is shown
in Fig. 3.4(d) and (e). If the change of Bragg wavelength A\, is equal to
that in phase A\, the emission wavelength can be varied without changing
the other lasing condition. Suppose that the refractive index change with
current is proportional to the square root of the injection current, injection
current to the Bragg reflector and the phase control regions should meet
the requirement by

Il ol

— 3.12
Ip lo +1p ly ’ ( )

this relation can be satisfied by applying the injection current from a single
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current source through a suitable dividing resistor to each electrode as
shown in Fig. 3.4(d).

More recently, Debregeas-Silard [Debregeas-Silard et. al. (2002)] have
demonstrated for the first time an integrated DBR modular with two-
section and simple operating conditions, that can provide a constant 20 mW
coupled output power and SMSR above 40 dB over 40x 50 GHz spaced
channel.

3.2.2 Distributed feedback diode laser

The operation principle of tuning DFB laser diode is not as simple as DBR’’s,
because it is difficult to control the phase and the Bragg wavelength sepa-
rately in DFB diode laser. However, the basic idea for tuning is identical,
i.e., to change the lasing conditions to satisfy phase matching condition.
Two schemes have been proposed to achieve the lasing conditions, (a): cor-
rugation phase control, and (b): nonuniform excitation along the cavity.

3.2.2.1 Corrugation phase control

The lasing condition for DFB lasers depends on the corrugation phase at
the facet where the reflectivity is not small enough. If the corrugation
phase is varied, the lasing mode moves on a locus in the threshold gain
versus propagation constant. The corrugation phase can be equivalently
controlled by changing the phase of light reflected from the facet [Kitamura
et. al. (1985); Murata et. al. (1987)]. With the variation of the corrugation
phase at the facet, lasing mode moves towards the shorter wavelength until
another mode at the longer wavelength reaches the same threshold gain
as the original mode. Beyond this point, the lasing mode jumps to the
longer wavelength mode, which leads to mode hopping and repeats the
cyclic wavelength change with the tuning current.

3.2.2.2  Multielectrode

Nonuniform excitation along the cavity in DFB laser enables a change in the
lasing condition, Multi-electrode DFB lasers have been realized to achieve
nonuniform excitation[Kuznetsov (1988)], where the electrode is divided
into two or three sections along the cavity. The tuning function is provided
by varying the injection current ratio into the two sections. Typical ge-
ometries are shown in Fig. 3.1(b), tuning in these devices results from the
combined effects of shifting the effective Bragg wavelength of the grating
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in one or several sections, together with the accompanying change of the
optical path length from the change of refractive index itself.

DFB and DBR lasers based on Indium phosphide (InP) have been ma-
tured due to the wide applications in 1300 and 1550 nm telecommunication
wave band. To attain shorter wavelength of 770 to 860 nm DFB and DBR
lasers which are useful in exciting and cooling cesium and rubidium atoms
for atomic clock, laser cooling and BEC. Gallium arsenide (GaAs) technol-
ogy combined with aluminium (Al), In, and P alloying must utilized. Wen-
zel et al [Wenzel et. al. (2004)] presented a ridge-waveguide GaAsP/AlGaAs
laser, emitting an optical power of up to 200 mW in a single lateral and
longitudinal mode at a wavelength of 783 nm. The distributed feedback is
provided by a second-order grating, formed into an InGaP/GaAsP /InGaP
multilayer structure. The laser is well suited as a light source for Raman
spectroscopy and even as primary sources in frequency conversion systems.

3.2.3 Summary of tunable monolithic diode laser

To summarize the monolithic laser diode developed in the last sections,
typical examples are listed in Table 3.1 with configurations, operating prin-
ciples and tuning ranges.

Table 3.1 Typical examples of monolithic laser diodes.

Configuration Operating principle | Tuning References
range

Bragg wavelength Alp 4 nm [Woodward et. al. (1992)]

control

Phase control A¢p 5.8 nm [Tohmori et. al. (1993)]

Bragg wavelength Alg + Ag 2.4 nm [Murata et. al. (1987)]

and phase control

3.3 Widely tunable diode lasers

It can be seen in the proceeding sections that the tuning range A\ is limited
by the relationship AA/A = An/n, where An is the change of refractive
index and n is the index of the tuning section. In general, the tuning
range is limited within 7 nm at 1.55 g m, although the use of thermal ef-
fect [Woodward et. al. (1992)] has extended this to 22 nm [Oberg et. al.
(1991)]. The tuning range could be broadened because the gain curve in
the semiconductor can be as wide as 100 nm. In this section, we con-
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sider several ways to extend the tuning range beyond the AXN/A = An/n,
one can have the tuning range AA/A = An/n — Agq/q + Al/l, where Al
is the change of cavity length, and Agq is varied by mode-selection fil-
ter. A generic tunable single-frequency laser is illustrated schematically
in Fig. 3.6 [Coldren (2003)]. In this way, one might achieve the full
range tuning of semiconductor lasers. A number of novel widely tun-
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Fig. 3.6 Schematic of generic tunable single-frequency laser.

able semiconductor lasers have been developed in the early 1990s [Coldren
(2000)]. These include the configurations that employ two multielement
mirrors and Vernier-effect tuning enhancement [Jayaraman et. al. (1992);
Tohmori et. al. (1993)] structure using grating-assisted codirectional
couplers for enhancement tuning [Kim et. al. (1994)], some Y-branch
configurations|Lang et. al. (1987); Hildebrand et. al. (1993)], and recently,
VCSEL with movable mirrors [Larson and Harris (1996); Li et. al. (1998);
Chang-Hasnain (2000)].

3.3.1 DBR-type lasers

It is possible to achieve an extended tuning range by use of a structure with
multiple cavities and of a short grating as reflector for each cavity. Sampled
grating and super-structure grating DBR lasers turn this possibility into
reality.
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3.3.1.1 Sampled grating DBR (SGDBR) lasers

Jayaraman et al. [Jayaraman et. al. (1993)] gave the first detailed de-
scription of widely tunable DBR lasers using sampled-grating theoreti-
cally and experimentally, they achieved the tuning range of 57 nm lim-
ited by the beat period. Other groups have also reported wide tun-
ing range of 72 nm using a SG-DBR lasers [Mason et. al.  (1997);
Mason et. al. (2000)]. Fig. 3.7 shows the sampled-grating DBR (SGDBR)
laser, which was the first monolithic device to ever tune over a wavelength
range of 30 nm [Jayaraman et. al. (1992)]. The originally proposed four

1 L1
EEEEEEEEER | 1 1 1 7 0 |
Mirror-2 . Mirror-1
Sampled o Gain Sampled
grating grating
Ro R,

Substract contact

(a)

R
Lasing R 1

wavelength
(b) A

Fig. 3.7 Tunable laser based on mirrors with periodic spectra. (a) Schematic of
sampled-grating DBR, (b) Vernier effect, two reflection combs from mirror 1 and 2.

Reflectivity

section design and Vernier mirror tuning concept, along with the early dis-
continuous tuning concept that used only three-section, are illustrated in
Fig. 3.7. The sampled-grating design uses two different multielement mir-
rors to create two reflection combs with the different wavelength spacings.

The laser operates at a wavelength which a reflection peak from each
mirror coincides. Since the peak spacings are different for various mir-
ror, only one pair of peaks can line up at a time, the reflection peaks are
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separated by

)\2

A= —— 1
2neffA’ (3 3)

where n.sy is the effective index of structure, and A is the length of grating
sampling period. This is typically chosen to be a little less than the available
direct index tuning range, i.e., 6~8 nm so that the range between peaks can
be accessed by tuning both mirrors together. Since the difference in peak
spacing for either mirror is § )\, only a small differential tuning is required
to line up the adjacent reflection peaks. Thus by Vernier effect, one can
have the tuning enhancement factor by

AN
F=—— 14
=, (3.14)

for typical value, the factor could be eight. This process of equal and
differential mirror tuning can be used to cover the full desired tuning range
of typical value 40~80 nm, depending on the specifics of the design [Fish
(2001); Shi et. al. (2002)]. One major advantage of SGDBR laser is that
the fabrication process is very similar to that of a conventional DBR laser,
the main difference is that for the same value of the peak reflectivity, the
passive section has to be longer than the net effective cavity length.

3.3.1.2  Superstructure-grating DBR (SSGDBR )lasers

Most of the features of the SGDBR are shared by the super-structure grat-
ing DBR (SSGDBR) design. In this case, the desired multi-peaked reflec-
tion spectrum of each mirror is created by using a phase modulation of
grating rather than an amplitude modulation function as in the SGDBR.
Periodic bursts of a grating with chirped period are typically used. This
multielement mirror structure requires a smaller grating depth and can pro-
vide an arbitrary mirror peak amplitude distribution if the grating chirping
is controlled [Ishii et. al. (1996)]. However, the formation of this grating is
very complicated. The SSGDBR was the first widely tunable laser structure
to provide full wavelength coverage over more than 30 nm with good single
mode suppression ratio [Ishii et. al. (1994)]. This range was improved to
over 60 nm with further refinement [Ishii et. al. (1996)]. The structure of
SSGDBR laser is shown in Fig. 3.8, The laser consists of four segments: a
600 pm-long active region, a 125 um-long phase-control region, a 400 um-
long front SSGDBR region, and a 600 pm-long rear SSGDBR region. A
1.58 um strained 6 quantum wells was used in the active region.
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Fig. 3.8 Schematic structure of SSG DBR. Adapted with permission from FElectron.
Lett. 32, 5, pp. 454. Ishii et al. (1996).

The phase of the diffraction grating in the DBR regions is periodically
modulated to create multiple peaks in the reflection spectra. As the reflec-
tion peak spacing of the front SSG is different from that of the rear one,
the total reflection spectrum has a maximum of the wavelength at which
the peaks are lined up with each other, and hence single mode operation is
achieved. Wide tuning can be obtained based on the principle of Vernier
effect as shown in Fig. 3.7(b). The tuning range of A); is approximately
given by Al = ApAr/(Af — A), where Ay and A, are the peak spacings of
the front and rear SSG, respectively, and assuming Ay > A,.. Experimental
results are shown in Fig. 3.9, the tuning currents to three ports, the output
power from the front facet, and the single mode suppression ratio (SMSR)
as a function of lasing wavelength was studied. A quasi-continuous wave-
length tuning range of 62.4 nm was obtained with maximum power variation
10 dB. However, output powers are limited by the excessive mirror losses.

3.3.2 Grating-assisting co-directional coupler (GACC-
DBR)

Very soon after the first viable SGDBR was produced, the first 1550 nm
lasers incorporating grating-assisted codirectional- couplers (GACC) were
demonstrated [Alferness et. al. (1992)]. A discontinuous tuning range of
57 nm was reported. However, the single mode suppression ratio (SMSR)
was <25 dB over much of the range. This was soon improved to more ac-
ceptable levels, but sporadic tuning characteristics of this vertical-coupler
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Fig. 3.9 Wavelength tuning characteristics of 1.55 um SSG-DBR CW laser with a
temperature of 30 °C, I,=100 mA. Adapted with permission from FElectron. Lett. 32,
5, pp. 455. Ishii et al. (1996).

filter (VCF) laser seemed to be inherent. As shown in Fig. 3.10, the wide
tuning range in this case is due to the enhanced tuning of the filter peak in
a GACC, which is placed in the center of the VCF laser [Kim et. al. (1994)].
This enhanced tuning derives from the fact that the center frequency tunes
as the index change in one guide relative to the difference in modal indexes
between the two guides, rather than relative to the starting index, as in grat-
ing mirror or other phase shifting elements [Chuang and Coldren (1993)].
Thus, the tuning enhancement factor is given by F = ni4/(n1g — neg), the
index of the tunable guide divided by the difference in modal group indexes.
This factor can be easily ten times or more. Unfortunately, the GACC fil-
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Fig. 3.10 Schematic of the broadly tunable VCF tensile strained MQW laser. Adapted
with permission from Appl. Phys. Lett. 64, 21, pp. 2764. Kim et al. (1994).

ter bandwidth also is proportional to F. Therefore, as F is increased, more
axial modes of the laser tend to fall under the filter passband and become
candidates for lasing.

The CW light-current characteristic of the laser with no timing current
exhibits a threshold current of 30 mA with a ~ 9% external differential
quantum efficiency. Output light is TM- polarized because TM gain domi-
nates over TE gain in the tensile-strained quantum well material. A tuning
range of 74.4 nm with side mode suppression ratio of >25 dB and as high as
34 dB have been obtained by injecting as much as a 500 mA tuning current
and applying a —3.4 V reverse-biased voltage into the VCF section. The
entire wavelength tuning was achieved under CW operation.

3.3.3 Grating-coupled sampled-reflector (GCSR)

The solution to the GACC filter bandwidth problem is to add a SGDBR
grating for one mirror in combination with the GACC. This approach was
found to provide much better SMSR because near-in modes are not reflected
by the SGDBR, the enhanced tuning of GACC does not translate into
greater sensitivity to tuning current noise, etc.. The first good result with
this so called GCSR (grating coupled sampled-reflector) laser was reported
by Oberg et al. [Oberg et. al. (1991)]. A SSG-DBR back mirror was used in
intermediate work to show full coverage over a range of 40 nm and 114 nm
discontinuous tuning [Rigole et. al. (1995)].

As shown in Fig. 3.11, the GCSR structure is relatively complex with
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Fig. 3.11 Schematic of GCSR laser. Adapted with permission from IEEFE J. Photon.
Tech. Lett. 7,7, pp. 697. Rigole et al. (1995).

two vertical waveguide, three different bandgap regions, three changes in
lateral structure, and different gratings. It is significantly more difficult to
fabricate than the SGDBR laser. All wavelength measurement were made
at a constant gain current of 250 mA and a fixed heat sink temperature
of 20 °C. The tuning characteristic of the laser can be divided in three
parts. Coarse tuning is obtained by changing the coupler current alone,
the laser is tuned in large steps corresponding to the peak separation of
the SSG-DBR, Fig. 3.12 shows the coarse tuning at zero bias of the SSG-
DBR section (Bragg current). The total tuning range is more than 100 nm,
wherein all the possible 20 peaks are accessed.

All the peaks of the SSG-DBR . can be selected by a suitable current in
the coupler with side mode suppression better than 20 dB, as it is shown in
Fig. 3.13. The separation of the peaks of the comb varies between 5.7 nm
and 4.6 nm, the variation in frequency spacing is mainly due to the dis-
persion of the group index. The output power at 250 mA with no tuning
current reaches 4 mW and varies with 12 dB over the tuning range [Rigole
et. al. (1995a)]. The medium tuning is performed when the coupler current
and reflector current (Bragg current) are changed simultaneously, in this
way, the selected peak is tuned at the same time as it is tracked for maxi-
mum coupler transmission by slightly increasing the current in the coupler.
Apart from the coupler current change, the medium tuning is similar to the
tuning of the Bragg wavelength in a DBR laser. By changing the current
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Fig. 3.12 Measured coarse tuning of the GCSR laser. Adapted with permission from
IEEE J. Photon. Tech. Lett. 7, 7, pp. 698. Rigole et al. (1995).

in the phase section, the lasing wavelength can be continuously fine tuned
over the longitudinal mode spacing.

Combining the three types of tuning, one can access 16 wavelengths
spaced by 1 nm from 1545 nm to 1560 nm as shown in Fig. 3.14. The current
was set manually using conventional current source with 0.1 mA current
resolution and monitoring the wavelength on an optical spectrum analyzer
with a wavelength resolution of 0.1 nm, the SMSR was from 20 dB to 35 dB.
It can be seen that a multi-section DBR laser typically requires for or more
electrodes to achieve a wide tuning range and a full coverage of wavelengths
in the range. The tuning characteristic is quasi- or discontinuous, and
typically contains many steps. One advantages of a multi-section DBR
laser structure is its easy integration with other devices such as a modulator,
amplifier, and coupler.
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Fig. 3.13 Superimposed measured spectra of the 20 lasing peaks of the SSG-DBR ob-
tained by tuning the coupler current only. Adapted with permission from IEEE J.
Photon. Tech. Lett. 7, 11, pp. 1250. Rigole et al. (1995).

3.3.4 D:iode laser arrays

Laser arrays, where each laser in the array operates at a particular wave-
length, are an alternate to tunable lasers, these arrays incorporate a com-
biner element, which makes it possible to couple the output to a single
fiber. If each laser in the array can be tuned by an amount exceeding the
wavelength difference between the array elements, a very wide total wave-
length range can be achieved. The DFB laser diode array might be the most
promising configuration for WDM optical communication systems due to
its stable and highly reliable single-mode operation.

A wavelength laser array with an integrated amplifier and modulator
designed for transmission of a single selectable wavelength has been demon-
strated [Young et. al. (1995)]. The lasers have thresholds of ~20 mA, and
the single-step printed grating provided A/4-shifted DFB lasers with an av-
erage channel spacing of 200 GHz. Output powers through the modulator
of several milliwatts have been obtained from all six lasers when 75 mA is
applied to the amplifier. A 12 nm tunable source with up to 15 mW fiber
coupled output power has been fabricated by integrating four DFB lasers
and a booster amplifier to provide a single output based on the technique
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Fig. 3.14 Superimposed measured spectra of the 16 wavelengths spaced by 1 nm, ob-
tained by controlling the three tuning currents. Adapted with permission from /EEE J.
Photon. Tech. Lett. 7, 11, pp. 1251. Rigole et al. (1995).

of high-yield and low-cost. The chip is tunable over 30 ITU channels with
50 GHz spacing [Pezeshki et. al. (2000)].

Recently, Kudo et al. [Kudo et. al. (2000)] have developed compact
eight-channel wavelength-selectable microarray distributed feedback laser
diodes with a monolithically integrated 8 x 1 multimode-interference (MMI)
optical combiner, a semiconductor optical amplifier (SOA), and an electro-
absorption (EA) modulator. Figure 3.15 schematically shows the scheme
of the eight-microarray DFB laser diode wavelength-selectable microarray.
The laser section is 400 pum long and 80 pm wide. The MMI section is
640 pm long and 80 wm wide. The SOA and MOD sections are 500 um
and 250 pum long, respectively. A \/4-shift grating is introduced to the
DFB cavity and a 25 pum long window structure with an antireflection
coating was also made on the rear facet of the laser diode and the front
of the modulator, respectively. In such a way, we can yield the high single
longitudinal modes. Continuous L-I characteristics for the eight channel
LD is shown in Fig. 3.16 with fixed SOA current 100 mA and no biased
MOD current at a temperature of 25 °C. Uniform L-I characteristic with
an average threshold current as low as 13.3 mA and an average output
power of 6.9 mW at Iprp=100 mA were obtained. Fig. 3.17 shows the cor-
responding eight-channel lasing spectra measured at Iprp=50 mA. Stable
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Fig. 3.15 Schematic of wavelength-selectable eight-stripe microarray DFB-LD’s with
monolithically MMI, SOA, and MOD. Adapted with permission from IEEE Photon.
Tech. Lett. 12, 3, pp. 242-244. Kudo et al. (2000).

single-longitudinal-mode operations with a SMSR, of >40 dB and an optical
signal-to-noise ratio (SNR) of 0.43 dB were obtained for all channels.

Figure 3.18 shows the wavelength tuning characteristics, a CW tunable
wavelength range of 15.3 nm is obtained by switching the LD channels
and changing the operating temperature from 5 °C to 25 °C. The tunable
wavelength ranging from 1552.5 nm to 1567.8 nm covers 40 WDM channels
with a 50 GHz spacing between each. The SMSR of >40 dB was maintained
over the entire wavelength range.

A commercial laser diode arrays has been developed for simultaneous
generation of laser output at two wavelengths at a grazing-incidence grating
external cavity. By moving vertically with respect to the optical axis V-
shaped double slit at the end mirror, tuning of the spectral separation of the
dual-wavelength laser output from 3.52 to 11.29 nm has been demonstrated
[Wang and Pan (1994)]. The side-mode suppression ratio is 10~20 dB.

3.3.5 Vertical-cavity surface-emitting lasers (VCSEL)

It is worthwhile to mention another monolithic tunable laser: tunable ver-
tical cavity surface emitting lasers (VCSELs). The advantages of VCSEL
include easier fiber coupling, simpler packaging and testing, and the ability
to be fabricated in arrays. Vertical-cavity surface-emitting lasers (VCSEL)
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Fig. 3.16 Eight-channel L-I characteristics. Adapted with permission from IEEE Pho-
ton. Tech. Lett. 12, 3, pp. 242-244. Kudo et al. (2000).

are now routinely used in photonic applications such as telecommunica-
tions, primarily at wavelength of 850 nm. Their long-wavelength devices, at
wavelengths of 1300 nm and 1550 nm, still have much room to improve be-
fore they achieve such success. VCSEL can be classified roughly into three
major categories based on mechanical and optical designs: cantilever VC-
SEL [Chang-Hasnain (2000)], membrane VCSEL [Yokouchi et. al. (1992);
Larson et. al. (1995); Harris (2000)], and a half-symmetric cavity VCSEL
[Vakhshoori et. al. (1997)]. In this section we mainly introduce the can-
tilever VCSEL, then briefly examine the deformable membrane VCSEL.

A tunable cantilever vertical cavity surface emitting laser (c-VCSEL)
with a dozens of nanometer wavelength tuning for an applied voltage of
several volts has been reported, both blue and red shift have been obtained
[Wu et. al. (1995); Li et. al. (1997)]. Fig. 3.19 shows a schematic diagram
of the tunable c-VCSEL. The top reflector of the laser cavity is formed as a
composite mirror including a movable top DBR in a freely suspended can-
tilever, a variable air spacer layer and a fixed DBR. The bottom reflector
of the laser cavity is a stationary fixed DBR. By applying a reverse bi-
ased tuning voltage between the top n-DBR and p-DBR across the air gap
to create electrostatic attraction, the cantilever may be deflected towards
the substrate, thereby changing the air spacer thickness and consequently
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Fig. 3.17 Eight-channel lasing spectra from modulator facets at Ippp=100 mA.
Adapted with permission from IEEE Photon. Tech. Lett. 12, 3, pp. 242-244. Kudo et
al. (2000).

changing the resonant wavelength of the cavity.

The ¢-VCSEL lasing spectra is shown in Fig. 3.20 for different tuning
voltage V; when the active region is pumped at 1.21y, [Li et. al. (1998)]. As
the tuning voltage increases, the lasing wavelength blue-shifts and reaches
a minimum of 919.1 nm at 19.8 V. The next order Fabry-Perot mode at
950.7 nm becomes the lasing mode at tuning voltage of 20.1 V. Increase
of the tuning voltage blue-shifts the lasing mode until the tuning voltage
reaches 26.1 V and lasing wavelength returns to the starting wavelength. A
wide tuning range of 31.6 nm centered at 950 nm was achieved with the laser
under room temperature of 22 °C continuous-wave operation. Fig. 3.21
shows the measured and calculated VCSEL wavelengths as a function of
the tuning voltage from a tunable VCSEL with a single transverse mode,
excellent agreement is achieved between the experimental measurements
and theoretical calculations. The monotonic and well-behaved tuning curve
confirm that a very simple wavelength locking mechanism can be sufficient
to insure wavelength accuracy during tuning, that is a distinct advantage
of a tunable c-VCSEL.

Recently fabricated MEMS VCSEL with a bridge structure has been
shown its mechanical characteristics superior to those of cantilevered VC-
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SEL as described above. Both VCSELs have a top distributed Bragg reflec-
tor suspended above the body of the laser, their wavelength can be tuned by
applying an electrostatic force between the suspended DBR and the body
of laser. The VCSEL with bridge structure is designed to avoid the insta-
bility of the cantilevered VCSEL and to make it insensitive to mechanical
vibration. The laser could be tuned over most of the C-band from 1543 nm
to 1565 nm with a tuning voltage of 46 V, the wavelength is relatively linear
with voltage, and the maximum output of power is approximately 1.3 mW
[Sun et. al. (2004)].

An alternative approach for VCSEL similar to the previous one is to use
a deformable membrane instead of cantilever, as shown in Fig. 3.22. Contin-
uous wavelength tuning of 15 nm was achieved micro-electromechanically
in a vertical cavity surface emitting laser operating near 960 nm with a
micromachined deformable-membrane top mirror suspended by an air gap
above a p-i-n diode quantum well active region and bottom mirror [Larson
and Harris (1996); Larson et. al. (1998)]. Applied membrane-substrate
bias produce an electrostatic force which reduces the air gap thickness, and
therefore tunes the lasing wavelength.

It has been reported [Sugihwo et. al. (1998)] that an improved tunable
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Fig. 3.19 Schematic of a tunable cantilever VCSEL. Adapted with permission from
IEEE J. Select. Topics on Quantum FElectron. 6, 6, pp. 979. Chang-Hasnain (2000).

structure that incorporates a partial anti-reflection coating to increase cou-
pling between the air gap and the semiconductor cavity. A more flexible
micromachined process has been modified that enables independent opti-
mization of the central reflector region and deformable membrane structure.
This combination of structural and process modification makes it possible
to decouple the tradeoffs between wavelength tuning rate and threshold
current, as well as the tradeoffs between top mirror reflectance and tun-
ing voltage. With these improved approaches, single-mode devices with a
30 nm wavelength tuning range have been produced by a 2.5 pair dielectric
distributed Bragg reflector hybrid membrane top mirror.

Recently Kner [Kner et. al (2003)] presented the performance of a micro-
electromechanical system tunable vertical-cavity surface-emitting laser op-
erating at 1550 nm and incorporating a tunnel junction for improved current
injunction and reduced optical loss. These lasers show single-mode output
power of 0.28 mW and a tuning range of 10 nm.

3.3.6 Other widely tunable monolithic diode lasers

There are many different types of widely tunable monolithic diode lasers,
here we introduce the double-ring resonant coupled lasers recently reported
lensless tunable external cavity lasers.
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Fig. 3.20 The tuning spectra of a large aperture top-emitting ¢c-VCSEL under various
tuning bias. Adapted with permission from IEEE Photo. Tech. Lett. 10, 1, pp. 19. Li
et al. (2000).

3.3.6.1 Double-ring resonant coupled lasers

So far, we have introduced the monolithic structure lasers of sampled-
grating distributed Bragg reflector lasers, super-structure grating DBR
lasers, and VCSELs. A novel wavelength tunable source called double-
ring resonant coupled lasers (DR-RCL) has been proposed and analyzed
[Liu et. al. (2002)]. Benefiting from the uniform peak transmission, narrow
bandwidth and other superior characteristics of travelling wave supported
high-Q resonators, DR-RCLs offers many promising advantages over the
conventional tunable lasers, including ultra wide wavelength tuning range,
high side mode suppression ratio, uniform threshold and efficiency, narrow
linewidth, low frequency chirp, and simple fabrication.

Figure 3.23 shows the proposed tunable double micro-ring resonator
coupled laser structure, this laser is composed of four regions: gain re-
gion, two passive micro-ring resonators, passive waveguide, and absorption
regions. The gain region provides light amplification. The two passive
micro-ring resonators have slight different radii providing the mode selec-
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Fig. 3.21 Measured and calculated VCSEL wavelengths as a function of tuning voltage
from a tunable VCSEL with a single transverse mode. Adapted with permission from
IEEE J. Select. Topics on Quantum Electron. 6, 6, pp. 982. Chang-Hasnain (2000).

tion and wavelength tuning mechanism. Four passive waveguide connect
the ring resonators and the gain region. They could also serve as fine
tuning phase regions. The absorption region extinguish the light possible
back reflection from the facets and the rings. The front and back reflective
facets form a laser cavity. The asymmetric double ring coupled laser is sim-
ilar to the SG-DBR laser by replacing the front and back sampled-grating
with two ring resonators. Compared to standing-wave supported SG-DBR
structures, travelling-wave supported ring resonators have superior charac-
teristics: very high-Q, narrow filter bandwidth and very large effective light
travelling length.

The ring resonator provides a strong mode selection filtering. Only light
at the resonance wavelength can be effectively coupled from gain region to
the front or back passive waveguide and reflected by one or both facets to
the gain region via the ring resonator again. Fig. 3.24 illustrates the basic
tuning idea of double ring resonator coupled lasers. Each ring resonator
has a set of transmission spectra, the wavelength period is the free spectra
range FSR =)\?/(nl), where n is the effective index of the ring and 1 is the
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Fig. 3.22 Schematic of deformable membrane VCSEL. Adapted with permission from
IEEE Photon. Tech. Lett. 7, 4, pp. 382. Larson et al. (1995).

round trip distance in the ring. The two rings have slight different radii.
Therefore, the two sets of transmission peak combs have small different
peak spacing.

Similar to SG and SSG-DBR lasers, wavelength tuning is achieved by
aligning the peaks in the two sets of combs with adjustment of index in one
or both ring resonators in DR-RCLs. The wavelength tuning enhancement
factor is expressed by F=A\,/FSR, where A\, is the half bandwidth of the
material gain. Compared to SG and SSG-DBR lasers, double ring resonant
coupled lasers could offer a much larger tuning enhancement because of
uniform peak transmission and ultra-narrow bandwidth.

3.3.6.2 Lensless tunable external cavity lasers

A novel lensless tunable external cavity laser using monolithically integrated
tapered amplifier, grating coupler and external half mirror has been pro-
posed and demonstrated [Uemukai et. al. (2000)]. It can be fabricated by
a simple process and emits a collimated output beam. The schematic dia-
gram of the propose tunable external cavity laser is shown in Fig. 3.25. The
semiconductor device is constructed with a tapered amplifier and a grat-
ing coupler, it is fabricated from an InGaAs-AlGaAs single-quantum-well
graded-index separate-confinement heterostructure waveguide. The laser
cavity consists of a facet mirror, the tampered amplifier, the grating cou-
pler, and the external half mirror. By rotating the semiconductor device
with respect to the half mirror as shown in Fig. 3.25, the lasing wavelength
can be tuned.
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Fig. 3.23 Double ring resonator coupled laser structure. Adapted with permission from
IEEE Photo. Tech. Lett. 14, 5, pp. 600. Liu et al. (2002).

The device was mounted on a rotating stage, an half mirror with a 50%
reflectivity was aligned at a distance of 10 mm, which forms the grating
coupler. For all the measurements, the heat-sink temperature is fixed at
10 °C by a thermoelectric cooler. Fig. 3.26 shows the dependence of the
output power through the half mirror on the injection current measured
for CW lasing at exit angle of 11.5 °. The threshold current was about
1.0 A, and the maximum output power was 84 mW. The inset shows the
lasing spectrum at I=1.8 A, the lasing wavelength was 1002.0 nm, and the
linewidth was 0.08 nm. Wavelength tuning characteristics are examined by
rotating the device as shown in Fig. 3.25. The dependence of the lasing
wavelength and the output power on the device angle for I74=1.8 A and
Inc=3 mA is shown in Fig. 3.27. By varying the device angle from 13.0°
to 17.5°, linear and continuous wavelength tuning over a wide range of
21.1 nm from 985.2 nm to 1006.3 nm was achieved.

In conclusion, we summarize the characteristics of monolithic tunable
diode lasers in Table 3.2.
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Fig. 3.24 The transmission spectra of two different rings. Adapted with permission
from IEEE Photo. Tech. Lett. 14, 5, pp. 601. Liu et al. (2002).

Table 3.2 Summaries of the features of monolithic tunable diode lasers.

Device Integration| Tuning SMSR References

range
Tunable Yes >16 nm >40 dB | [Debregeas-Silard et. al. (2002)]
DBR
SGDBR Yes >50 nm >45 dB [Shi et. al. (2002)]
SSG Yes >62.4nm | >35 dB [Ishii et. al. (1996)]
DBR
GCSR Yes >100 nm | >35dB [Rigole et. al. (1995)]
DBR
MEMS- No > >35 dB [Chang-Hasnain (2000)]
VCSEL 31.6 nm
Others No >21.5nm | <35dB [Uemukai et. al. (2000)]
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Chapter 4

Elements for Tunable External Cavity
Diode Lasers

4.1 Introduction

In previous chapters, we have studied the basic properties and the tun-
ability of monolithic single-mode semiconductor laser. A number of other
components are related in function, technology, and application. Tuning
of diode lasers can be achieved by use of an external cavity as pointed out
previously, in the following chapters, we are going to explore the properties
of tunable external cavity diode lasers.

Recently, semiconductor diode lasers have been widely used in the scien-
tific research and engineering technology. The application of diode laser to
spectroscopy, the fundamental study of the interaction between matter and
photons, especially in atomic physics have been extensively studied [Wie-
man and Hollberg (1991); MacAdam et. al. (1992); Ricci et. al. (1995);
Fox et. al. (1997)], while the application to optical fiber telecommunica-
tions as local oscillator and coherent transmitter source have been soaring
in recent years [Coldren (2003)].

The first experiment on laser diode coupled to external cavity has been
demonstrated in 1964 [Crowe and Craig (1964)] soon after the first suc-
cessful operation of diode laser. External cavity diode lasers (ECDLs)
were studied in the early and late 1970s by a couple of research groups
in Russia. Ludeke and Harris [Ludeke and Harris (1972)] reported the
tunability of the cw radiation from GaAs injection laser in an external
dispersive cavity over a range of 15 nm about the center wavelength of
825.5 nm at a temperature of 77 K. Single mode operation with cw out-
put power as large as 17 mW with a linewidth of 350 MHz was ob-
served. Fleming and Mooradian [Fleming and Mooradian (1981)] pub-
lished the first paper in 1981 to study the property of ECDLs in de-

63



64 Tunable External Cavity Diode Lasers

tails. Considerable works have been done in the early to mid-1980s
at British Telecom Research Laboratory, motivated by the prospect of
applying external cavity diode lasers as a transmitter and local oscil-
lator in coherent optical telecommunications [Wyatt and Devlin (1983);
Bagley et. al. (1990)]. In the same time, a lot of research have done at
AT&T Bell Laboratories and Center National d’Etudes des Telecommuni-
cations (CNET) [Favre et. al. (1986)]. The end of 1980s and early 1990s
witnessed growing interests in ECDLs as coherent radiation sources for
spectroscopic research and in commercial fiber optic test and measurement
equipment [Favre and Le Guen (1991)]. Nowadays, A widely tunable coher-
ent sources are being developed for the applications in telecommunications
and research by use of micro-electromechanical system to achieve the fast
and accurate tuning of ECDLs.

A tunable external cavity diode laser could provide an alternative to
monolithic semiconductor diode laser for accomplishing the widely tuning of
diode laser. It is composed of a semiconductor diode laser with or without
the antireflection coatings on one or two facets, collimator for coupling
the output of the diode laser, and an external mode-selection filter. In
general, the features of a diode laser in an external cavity can change greatly,
depending on the external cavity length, the feedback level, optical power
level, and the diode laser parameters [Lang and Kobayashi (1980) ; Sigg
(1993)].

Monolithic semiconductor diode lasers are compact and robust, but they
have numerous limitations for many applications. Solitary diode lasers
are operating in multi-mode and exhibit broad linewidth, although they
can be tuned by varying the temperature and current, the small tuning
range can not meet many applications. However, external cavity diode
lasers have very attractive linewidth as narrow as a few kilohertz, wide
continuous tuning range of hundreds of nanometers, good single mode, and
high stability.

In this chapter, we begin with an analysis of some basic but necessary
elements of optics and electronics for ECDLs. Then, we move on to review
the mode selection filters used as dispersive elements in the ECDL systems.

4.2 Optical coupling components

The external cavity diode lasers are basically composed of diode laser,
beam collimator, dispersive elements, and good electronic control on the
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diode laser. In this section, we introduce elementary optical ingredients for
ECDLs.

4.2.1 Optical coating on laser facet

A diode laser operation in an external cavity configuration can be opti-
mized if the reflectance of the laser’s output facet is extremely low. ECDLs
are inherently coupled to the external cavity systems and are known to
have their operating regions of stability and instability. Reduction of the
reflectance of the output facet can dramatically improve the performance
of the ECDLs: the range of the stable operating region (in temperature,
current, feedback power) is enlarged; the usual output power is increased;
and the laser’s tuning range is broadened.

The requirement for strong external feedback is that the mirror losses of
the solitary diode cavity are much greater than the combined mirror, mode
selection filter, and coupling losses of external cavity [Zorabedian (1996)].
At a minimum, the solitary cavity loss should exceed the external cavity loss
by at least 20 dB. For an external cavity configuration, in which the solitary
and external cavities have one mirror in common, the requirement becomes
Ryacet < 1072 X Reyt, where Rjfacer and Reyy are the power reflectivities of
the feedback-coupling facet and the external feedback optics, respectively.

For an ECDL system, an external feedback level of R scer = 0.1 to 0.3
is typical value. Therefore, a rule of thumb is that the facet reflectance
should 1 x 1073 or less in order to maintain good ECDLs performance.
Because the Fresnel reflectance of semiconductor-air interface is 0.31, some
procedures to reduce the facet reflectance must be applied.

Almost all the commercial solitary diode lasers have already been coated
on the laser’s output facets. These coatings serve as two functions. Firstly,
they protect the facets from degradation. Secondly, they adjust the facet
reflectance to optimize the output power [Ladany et. al. (1977)]. Most
commercial lasers can be greatly improved for operation in ECDLs configu-
ration by reducing the reflectance of the output facet. In order to utilize the
general-purpose lasers into the ECDL system, one has to find some special
technologies to reduce the facet reflectance. One of the most commonly
used methods is the deposition of a dielectric anti-reflection (AR) coating
by single-layer.

For a plane wave incident at an interface between with index of re-
fraction ng and a substrate of index ng, a single dielectric layer of index
ny = y/nons and the thickness ¢ = A/4ny will reduce the reflectance to
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zero at a wavelength A in air. Because of the finite lateral extent of the
guided optical wave in the laser diode, the optimal coating design cannot
be derived analytically as for a plane wave. The optimal film index and
thickness values are nopt > M and that tope > A/4npt, respectively, where
n,, is the modal refractive index of the active region waveguide. A facet
reflectance of 104 can be achieved with the film index and thickness tol-
erance of + 0.02 and £+ 2 nm, respectively. However, with careful process
control or real time in situ monitoring the facet emission during coating,
facet reflectance on the order of 10~* can be obtained reproducibly with
single-layer coatings [Wu et. al. (1992)].

Multi-layer dielectric coating is used to broaden the low-reflectance
bandwidth and relax the thickness tolerances of the individual layers.
Double-layer coating is applied in a high-low index sequence with the higher
index layer in contact with the substrate. A maximally broad double-layer
coating is obtained

n1 = no(nm/n0)>*, n2 = no(nm/no)**, (4.1)

and
tl = /\/4n1, t2 = )\/4Tl2, (42)

where n; and t; are the index and thickness, respectively, of the inner
layer, and ny and to are those of the outer layer. This principle can be
extended to three layers by incorporating a third quarter-wave layer with an
intermediate index of refraction ng = ng(n.m,/ no)l/ 2 between the two layers
specified above. Other index and thickness combinations for two-and three-
layer antireflection coating are possible as well. Antireflection coatings with
three dielectric layers in a low-high-low sequence of refractive indices have
been used to relax the tolerance and broaden the low reflectance bandwidth.

The most widely used material for antireflection coatings on AlGaAs
and InGaAsP facet is nonstoichiometric SiO,, which can be deposited by
two simple methods: First, thermally evaporated silicon monoxide. Second,
e-beam- deposited HfO5 and/or AloOs. Either of these coatings can achieve
reflectance below 1073, even on commercial lasers that already have been
coated on their facets. Silicon monoxide is convenient because the equip-
ment required for thermal evaporation is relatively simple. It also has useful
property that the variation of the oxygen pressure in the coating chamber
changes the oxygen composition (x) in the film, and hence the index of re-
fraction from 1.6 to 2.0. With all the coatings, but with SiO, in particular,
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the apparent index of refraction of the coating can change over time as the
laser is exposed to and operated in air.

A detailed coating procedure has been described with SiO coating on
standard commercial diode lasers [Boshier et. al. (1991)]. The first step is
to expose the laser by removing the cap window of package. The coating
is applied by evaporating a thin film onto the exposed output facet of the
laser using a resistively heated thermal source. Of the materials which can
be evaporated thermally, SiO is convenient and leads to an adequately low
reflectivity (~ 1%) for a quarter-wave layer. Moreover, films of SiO have
good stability and adhere well to cold substrates. The SiO is contained in a
special boat which is baffled to prevent sudden eruption of the SiO onto the
diode and is directly heated to 1250 K by passing a current of 250 A through
it. The pressure in the coating chamber must be low enough to obtain the
films of low reflectivity and good stability because the composition of the
evaporated layer is affected by residual gases. Good results can be attained
with a base pressure of 3 x 10~7 Torr.

The second step is to mount the diode in a holder that is approximately
30 cm away from the boat. Electrical feedthroughs in the vacuum chamber
allows one to pass the current through the laser, and to monitor the light
output using a photodiode. After heating and outpassing the boat, a shutter
can be opened and the laser diode can be deposited. The correct thickness
of the evaporated layer cannot be gauged with sufficient accuracy using a
standard crystal monitor. Instead, one monitors the decrease of reflectivity
directly by observing the corresponding decrease in the intracavity power
of the laser. One has to increase the injection current to keep the laser just
above the threshold, and when the reflectivity passes through the minimum
value, the signal on the photodiode goes through a minimum, and thus
the shutter should be closed. Since the power emitted from the coated
front is considerably higher than emerging through the back facet into the
photodiode, which is given by

Py (1 - Ru)\/R_c7
where R, and R,, are the coated and uncoated reflectivities, respectively.
Typically, the deposition takes three minutes, the boat is then allowed to
cool down, the vacuum system is backfilled with dry nitrogen.
Figure 4.1 shows the output power versus the injection current for a
gain-guided 670 nm laser diode before and after coating. If the coating
is carried out as described above, it is typical to find no change in the
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Fig. 4.1 L-I characteristic of a semiconductor laser diode before and after anti-reflection
coating. Adapted with permission from Opt. Commun. 85, pp. 356. Boshier et al.
(1991).

power-current characteristic even after the diode has been operated for
several months. Some lasers usually have a partial anti-reflection coating
of Al,O3 (n=1.65). In this case, the minimum of reflectivity due to an
additional layer of SiO is not so low and the tunability of the laser is ad-
versely affected. Since almost all the commercial diode lasers have been
coated on their facets, some of them work well in the ECDLs even with-
out additional coating [Harvey and Myatt (1991); Atutov et. al. (1994);
Andalkar et. al. (2000)]. Uncoated Fabry-Perot AlGaAs semiconductor
lasers have been tuned over 105 nm in a grating-coupled external cavity
with stripe contact single quantum lasers grown by molecular organic va-
por chemical deposit [Mehuys et. al. (1989)].

Recently 80 GHz of mode-hop-free tuning from an external cavity diode
laser without the need for additional coating on the diode facet has been
reported [Petridis et. al. (2001)]. A wide continuous single mode tuning has
been obtained by combining a simple electronic circuit and external cavity
length in an appropriate ratio. The applicability of this technique to the
most commonly available single-mode diode lasers without the need of an-
tireflection coating makes it an attractive approach for the accomplishment
of mode-hop-free tuning over a wide range.

Alternatively, lower facet reflectivity (R = 107°) can be achieved with
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an angled-facet structure [Rideout et. al. (1990)]. Angling the facet pre-
vents reflected light from coupling back into the waveguide mode, that
provides an inherently broadband reduction in facet reflectivity compared
with AR coating. ECDLs based on a single-angled facet laser diode has
been implemented and demonstrated for the first time [Heim et. al. (1997)]
that wide tuning and high spectral purity can be achieved by use of the
single-angled facet in the conventional external cavity configuration.

Output

Output

SAF-LD

A2
Grating waveplate (b)

Fig. 4.2 Schematic diagram of single-angled facet laser diode (SAF-LD) external cavity
diode laser. (a) Littrow configuration, and (b) Littman-Metcalf configuration. Adapted
with permission from Electron. Lett. 33, 16, pp. 1388. Heim et al. (1997).

Figure 4.2 illustrates Littrow and Littman-Metcalf configuration with
InGaAs and InGaAsP single-angled facet laser diode mounted in, respec-
tively. The lasing wavelength of both ECDLs configuration is adjusted by
rotating the diffraction grating. The tuning range for the InGaAs ECDL
is shown in Fig. 4.3. At a low bias current (I=90 mA), the tuning range is
~40 nm. A tuning range of 70 nm is achieved at a bias current of 190 mA
corresponding to a 7% tuning bandwidth (A=980 nm). The output power
and spectral purity of the InGaAsP ECDL is measured, an output power
of 13.5 mW (A=1590 nm) has been obtained at a current of 160 mA with
a threshold current 50 mA. The laser linewidth is measured by employing
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Fig. 4.3 Tuning range of single-angled facet external cavity diode laser at I=90 mA.
Inset: Output spectra of SAF-LD at I=100 mA. Adapted with permission from Electron.
Lett. 33, 16, pp. 1388. Heim et al. (1997).

the self-delayed homodyne method and is found to be <50 kHz as shown in
the inset of Fig. 4.3. A tuning range of 66 nm was observed at I=110 mA,
that corresponds to a 4% tuning bandwidth (A=1590 nm).

4.2.2 Diode laser collimators

The associated optics is required when the diode laser is used in the ECDLs
because of the inherently wide angle radiation pattern of diode laser, arising
from its small source dimensions. The radiation pattern can be as large as
90° in one dimension, which means that for efficient collection of laser ra-
diation, the optics must have a large numerical aperture (NA). In addition,
the highly coherent nature of the single-mode radiation dictates that the
optics used with diode lasers must be diffraction limited if its full potential
in terms of producing highly collimated beams or sharply focused spots is
to be tapped. The wavelength, beam divergence, and beam ellipticity are
the main diode laser properties that affect the design of the associated op-
tics. The collimators must be relatively free of spherical aberration, with
a maximum spot size of the order of the active-region cross-section dimen-
sions. High optical throughput and negligible scattering are necessary to
minimize cavity losses. If there is a window on the diode, window thickness,
material, and separation from the diode laser surface must be taken into
consideration as well.
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Many different types of collimator lenses have been used to collimate
the active area emission in ECDLs. Brief description of the most commonly
used one and their properties are discussed as follows [Zorabedian (1996)].

i) Microscope objectives: These multi-element spherical lens system are
available with numerical apertures as high as 0.8. To minimize the loss
and spurious etalon effects, all external and internal optical surface should
be antireflection coated. The selection of a specific set of lenses is based
on an assessment of potential needs, it is presumed that the shorter focal
length, high numerical aperture objectives would most often be used alone
as beam collimator, while the longer focal length, lower numerical aperture
lenses would be most useful for refocusing the beam. A large diameter,
moderate numerical aperture lens is also included for producing a larger
collimated beam for long distance applications. A beam expanding tele-
scope that could be used in conjunction with one of the high numerical
aperture collimating objectives is also included for long distance situations
in which high throughput is needed.

ii) GRIN rod and silicon lenses: Rod lenses with a radically graded
index of refraction are quite useful for ECDLs, but they have higher wave-
front distortion than the best multiple- element systems, which probably
reduces somewhat the maximum external feedback that can be obtained.
The plano-plano versions have numerical apertures up to ~ 0.45 NA, a
plano-convex version has a 0.45 NA have been used [Mellis et. al. (1988)].
Singlet silicon lenses have lower spherical aberration for a given NA due
to the high refractive index of silicon. Because silicon experiences strong
absorption for wavelength less than 1.1um, these lenses are only useful for
ECDLs working in the wavelength range of 1.3um to 1.5um. Material dis-
persion may cause significant chromatic aberration and limit the tuning
range otherwise that can be covered in the range of gain bandwidth.

iii) Spherical and ball lenses: Molded glass and plastic aspherics can be
made with low wavefront distortion and are available with numerical aper-
tures up to 0.55, glass is superior to plastic with respect to birefringence.
Special high-index glasses reduce the severity of the aspheric curve needed
to correct for spherical aberration, making the lenses easier to fabricate con-
sistently. Molded aspherics are single-element lenses. Therefore, correction
of chromatic dispersion is not possible. Dispersion in the lens material may
limit the wavelength range that can be achieved without working distance
adjustment. An ECDLs containing a molded- glass aspheric collimating
lens has been reported [Harvey and Myatt (1991)]. Glass spheres can be
used to couple the gain medium to waveguide or fiber-pigtailed external
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filters [Lau (1991); Lohmann and Syms (2003)]. However, the spherical
aberration is too great to be useful for collimating in bulk optical cavity.
iv) Camera lenses: There are at least several published reports on the
use of camera lenses as collimator in ECDLs. Heckscher and Rossi[Hech-
scher and Rossi (1975)] reported the use of a TV camera lens for intracavity
collimating of a Littrow grating. The lenses gave only about 1% feedback
when used with a grating, and it was concluded that spherical aberration
was responsible for the poor performance since the lenses were not used
in their intended geometry. Fleming and Mooradian successfully employed
camera lenses in an ECDL system[Fleming and Mooradian (1981)].

4.2.3 Beam expander and shaping

There are two general and simple approaches to transform the elliptical
diode laser beam cross-section emerging from a collimating lenses into a
circle by utilizing an anamorpheric beam expander. One way is to use
cylinder lenses, the other is to employ prisms [Zimmermann et. al. (1995)].
Beam expander which use cylinder lenses to circularize the beam usually
do so in the form of a Gallilean beam expanding telescope. A cylinder lens
has been used in ECDLs system to form a line illumination on a diffrac-
tion grating, this implements a degenerate resonator in one dimension and
provides a high degree of angular misalignment tolerance with maintaining
the high speed selectivity [Zorabedian and Trutna (1990)]. The advantages
of using cylinder lens over prisms are that the beam is not displaced from
the original centerline as it is expanded and two cylindrical elements can be
adjusted to correct for any natural astigmatism in the diode output. Thus,
the expander serves two purposes: shape and wavefront correction.
Unfortunately, the advantages described above are more than offset by
a number of significant disadvantages. For large magnifications, a two ele-
ment Gallilean telescope length becomes excessively long. An ideal anamor-
pheric expander should be made adjustable to accommodate the different
elliptical ratio of the major and minor axis of the uncorrected output beam
from diode lasers, which varies from diodes to diodes, cylinder lenses are
also difficult to fabricate when quarter-wave quality or better is required.
The use of prisms allows one to overcome the disadvantages mentioned
above in an ECDL system. The prisms are relatively easy to make with
good transmitted wavefront and are easy to align [Zorabedian (1992)]. The
most common prism configuration is the Brewster telescope as shown in
Fig. 4.4. If the exit face of the wedge prism is made normal to the emerging
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beam, then the anamorpheric magnification, M of the prism is given by
M = H'/H = cosA/cosB, (4.4)

the magnification of a pair of prisms is just the square of this value. A

Fig. 4.4 Schematic diagram of magnification of a pair of prisms.

particular useful geometry is when the apex angle « is cut so that
o =m/2 — arctan n, (4.5)

where n is the index of refraction of the prism material, this value of apex
angle makes the maximum expansion of the pairs. The output beam is nor-
mal to the exit the prism when the incident angle equals the Brewster angle.
The magnification of each prism is then equal to the index of refraction of
the prism material, viz., M=n. It has the advantage of being compact and
producing an exit beam parallel to the incoming beam. Difference in ellip-
tical ratios can be accommodated by rotating the prism pair to different
angles. The disadvantages are, at high magnification, the input faces of the
prisms have to be antireflection coated and the beam is displaced off center
from the incoming beam.

4.2.4 Optical isolators

ECDLs are very sensitive to the spurious optical feedback reverse-coupled
through the output mirror. For very short cavity length, the feedback
tolerance is as high as 20 dB, however the sensitivity increases with the
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cavity length. Isolation of at least 30 dB is typical used for external cavity
length of 1 cm to 10 cm, up to 60 dB isolator is sometimes used. High
isolation from back reflection is especially important when the output of
the laser is being observed with a highly reflective instrument like a scanning
Fabry-Perot interference.

4.3 Electrical control parts

Precise control over temperature and current of diode laser is highly de-
sirable to an external cavity diode laser system, which can be achieved
by accurately using the combination of Peltier cooler, sensitive thermistor,
high precision temperature controller, and high precision current controller.

4.3.1 Peltier cooler

The principle of Peltier cooling is based on a basic concept named ther-
moelectric technology, which is known as Peltier effect. The effect occurs
whenever electrical current flows through two dissimilar conductors, de-
pending on the direction of current flow, the junction of the two conductors
will either absorb or release heat. The cold side of the Peltier will simply
absorb the heat and the flow of electrons will do the job of transferring the
heat to the hot side to be dissipated. All this is only achieved with electron
flow (electricity) from DC source, Fig. 4.5 shows the flow process.
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Fig. 4.5 Schematic diagram of Peltier cooler.
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4.3.2 Temperature sensor

Thermistors are thermally sensitive resistors and have, according to type,
a negative (NTC), or positive (PTC) resistance/temperature coefficient.
Manufactured from the oxides of the transition metals - manganese, cobalt,
copper and nickel, NTC thermistors are temperature dependent semicon-
ductor resistors. NTCs offer mechanical, thermal and electrical stability,
together with a high degree of sensitivity. PTC thermistors are also temper-
ature dependent resistors manufactured from barium titanate. The other
commonly used temperature sensor is AD590/592, which is a two-terminal
integrated circuit temperature transducer, that produces an output current
proportional to absolute temperature. For supply voltages between + 4 V
and + 30 V, the device acts as a high impedance, constant current regulator
passing 1 pA/K. This device allows one to read the temperature of diode
laser easily.

4.3.3 Temperature and current controller

The electronics required to operate diode laser are relatively simply if one
does not require precisely tuning the laser. Since the laser’s output and
frequency depend sensitively on the chip temperature and injection current,
both of which are needed to be precisely controlled. Although it is adequate
for some purposes to use only a single stage temperature control on the
laser. In the long run, it is usually worth the same extra effect to add a
second stage of temperature control on the base of the mount or on the box,
that encloses the laser assembly [A1-Chalabi et. al.(1990); Talvitie et. al.
(1997)].

For stable operation of diode lasers, it is necessary that both injection
current and laser temperature be controlled. A detailed discussion of tem-
perature control servo-loops has been given by Williams [Williams (1977)].
The basic idea is to employ a thermistor as one leg in a balanced bridge
circuit, any voltage across the bridge is amplified and used to drive a the
Peltier cooler, the reference voltage and the bridge resistors must have low
temperature coefficients. One must carefully consider the thermal time de-
lay and time constants in the electronics to achieve optimum performance.
It is desirable to have the thermistor very close to the laser diode to accu-
rately measure the laser’s temperature, also very close to the Peltier cooler
so that the time delay in the servo is small and the loop can have fast
response and high gain.
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These considerations indicate that a very small thermal mass should
be used to support the laser. But the mount should also be mechanically
stable and have a large thermal mass so that rapid temperature fluctuations
do not perturb the laser’s temperature. It is advisable to enclose the laser
mount in some sort of hermetically sealed container to keep the dust out
of the system and isolate the laser system from acoustic vibrations, thus to
improve both thermal and opto-mechanical stability.

Temperature controller commonly employs a temperature sensor in a
resistance bridge in a feedback loop, which regulates the power supplied
to a heating/cooling element. Bridge feedback loop designs using either
a constant or alternating reference voltage yield stability of better than
+100pK [Esman and Rode (1983); Dratler Jr. (1974)],

The most important requirement of current sources used for diode lasers
is that they must be free of electrical transients that can be seriously damage
the laser. The simplest laser current supply is just a battery and current-
limiting resistor. A variety of good diode laser current sources are commer-
cially available, for the ECDLs system, one needs to start with a low-noise
current source and some protection against unwanted transients. An ex-
ample of a good quality diode laser current source can be found in Refs.
[Libbrecht and Hall (1993); Milic et. al. (1997)], where a new diode laser
current controller was described, respectively, which features low current
noise, excellent dc stability, and the capacity for high-speed modulation.
While it is simple and inexpensive to construct, the controller compares
favorably with the best presently available commercial diode laser current
controllers. A constant current supply and a temperature control circuit
have been developed for frequency-stable operation of laser diode [Bradley
et. al. (1990)]. These instruments can stabilize laser diode injection cur-
rent and temperature to better than +1 pA and +0.3 mK, respectively,
over time periods exceeding 1 h. Others in literature [Cafferty and Thomp-
son (1989)]. The primary consideration of design is to have good stability,
low noise, and modulation capability.

4.3.4 Piezoelectrical transducer (PZT)

The last electrical part worth mentioning is piezoelectrical transducer
(PZT). Piezoelectric transducers are solid state (ceramic) actuators, that
convert electric energy directly into mechanical energy by motion of ex-
tremely high resolution. In the ECDLs, we use the PZT to alter the cavity
length, thus to cause the tuning of the laser frequency with electrical con-
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trol. Usually one uses the PZT stack or disk to provide displacement of
about several micrometers by applying the scanning voltage to PZT.

4.4 Mechanically tuned mode-selection filters

In order to select the single mode from many modes of diode lasers, A num-
ber of mode selection filters are used in ECDLs system, which ideally have
a bandwidth narrower than the longitudinal mode spacing of the external
cavity, and zero insertion loss at its peak. Various mode-selection filters are
considered in this section.

4.4.1 Diffraction gratings

Diffraction gratings are the most common used filter in the ECDLs, a
diffraction grating can consist of a periodic variation of thickness in a
medium of constant refractive index or a periodic variation of refractive
index in a medium of constant thickness [Palmer (2002)]. The first type of
diffraction grating is a surface relief grating, we mainly introduce this kind
of grating. The second type of grating is a volume phase grating, this kind
of fiber Bragg grating will be briefly discussed.

Figure 4.6 schematically shows a cross section of a surface relief grating.
The period d is generally referred to as the grating spacing, or the groove
spacing, the inverse of this period is called spatial frequency, or groove
density, p. When a beam of light is incident on a grating, each groove pro-
duces a diffracted wavelet. For each wavelength component in the incident
beam, the constructive interference of the diffracted components from each
groove occurs, this means the interference condition is fulfilled when the
path difference is equal to multiples, diffraction orders g, of the wavelength
of incident light. This gives rise to the grating equation:

g\ = d( sina +sin ), (4.6)
or
gpA = sina + sin 3, (4.7)

where )\ is the wavelength of incident light, o and § are the incident and
diffracted angles, respectively. A special but very common case is that in
which the light is diffracted back toward the direction from which it came,
i.e., a = f3, this is called the Littrow configuration, for which the grating
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Fig. 4.6 Geometry of diffraction for plane wavefronts.

equation becomes
g\ = 2dsina. (4.8)

The primary purpose of a diffraction grating is to disperse light spatially
by wavelength. Dispersion is a measure of the separation from diffracted
light with various wavelengths. By differentiating with respect to the out-
put angle, one obtains the angular dispersion

B q

D:ﬁ:dcosﬂ

= pgsec (. (4.9)

Substitution of the grating equation in Eq. (4.9) yields the following equa-
tion for the angular dispersion

B % __ sina+sinfj3

D =
o\ Acos 3

(4.10)

This becomes even clear when we consider the Littrow configuration, that
is
0B 2

= 55 = ;i b (4.11)
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In the grazing-incidence configuration, also called Littman-Metcalf con-
figuration [Littman and Metcalf (1978)], one of the other popular ECDLs
schemes, the intracavity beam passes through the grating twice. The
diffracted laser beam from the second pass is retroflection of the incident
laser from the first pass. Thus the angular dispersion of the retroreflected
light is twice that of the laser diffracted on one pass. The dispersion in this
case is

D= 22—? = %tanﬂ. (4.12)
The wavelength resolution of a grating-tuned external cavity is determined
by the angular dispersion multiplied by the acceptance angle for coupling
back into the diode laser. The angular dispersion can be a kind of figure of
merit for an ECDL system.

The resolving power of a grating is a measurement of its ability to sepa-
rate adjacent spectra lines of average wavelength A. It is usually described
by

R=—, 4.13

AN (4.13)
here A\ is the limit of resolution, the difference in wavelength between two
lines of equal intensity that can be distinguished. The theoretical resolving
power of a planar grating is given by

Nd(sin « + sin 3)
h\ )

where q is the diffraction order and N is the total number of grooves illumi-
nated on the surface of the grating. The maximal resolving power can be
Rinaz = 2W/A, where W = Nd is the width of the illuminated region on
the grating. The maximum condition corresponds to the grazing Littrow
configuration, i.e., « =  (Littrow) and o = 90° (grazing).

The wavelength resolution is obtained by dividing the angular spread of
the beam waist (beam divergence) at the grating by the angular dispersion,
that is

R=gN = (4.14)

_ A8

AN D (4.15)
The beam divergence can be obtained by
N (4.16)

Tw
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where w is the Gaussian beam of radius. Therefore, the wavelength resolu-
tion for the Littrow and Metcalf-Littman cases are, respectively,

AB A2

A= —=—"—
D 2mwtanpf’

(4.17)

and

_AB__ ¥

AN =
D 4w tan 3

(4.18)

The above expression can be simplified by introducing the filled depth of
the grating, which is the projection of the illuminated region of the grating
onto the optical axis of the cavity and given by

Ly =2wtanf, (4.19)

Egs. (4.17) and (4.18) turn out to be

)\2
AN = — .
Ly , (4.20)
and
)\2
AN = . 4.21
2rLg ( )

The diffraction efficiency (DE) of a diffraction grating is simply the ra-
tio of the power in the diffracted beam to that in the incident beam. In
addition to the fundamental diffraction efficiency of the grating itself, the
overall diffraction efficiency includes the reflection losses at the entrance,
exit surfaces, any internal scattering and absorption losses. The term in-
sertion loss (IL) is expressed in decibels (dB), it is defined as:

IL =10 x log(1/DE) (dB). (4.22)

The diffraction efficiency of a grating is wavelength dependent and the
degree to which it is wavelength dependent will determine the grating’s
usefulness as a dispersive element in the ECDLs system. The diffraction
efficiency of a grating is also generally polarization dependent. That is, the
diffraction efficiency of the grating will depend on the polarization direction
of the incident beam relative to the plane of incidence. This polarization
dependence results in a difference in insertion loss that is defined as the
polarization dependent loss, or PDL, like IL. PDL is expressed in dB and
is just the difference in insertion loss for two orthogonal polarizations.
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PDL is a concern in an ECDL system, for laser beam polarization per-
pendicular to the grating rulings, high efficiency is expected, while for
beams parallel, the efficiency can be significantly reduced. In the Littrow
configuration, the number of grating lines covered by the laser mode is
constrained by the focal length, numerical aperture of the collimating lens,
the orientation of laser spatial mode, the line spacing, and corresponding
cutoff wavelength of grating. Since the beam from a laser waveguide is
normally polarized in the direction parallel to the junction. When the laser
asymmetric mode is incident on a diffraction grating, there is a compromise
between high resolution and high grating efficiency. In some cases it can
be advantageous to use a half-wave plate between the laser and grating to
decouple the polarization from the spatial mode orientation.

4.4.2 Fiber Bragg gratings

A fiber grating may be manufactured by exposing a length of the fiber core
to a nearly sinusoidal varying intensity of UV light. The fiber is exposed
to the interference pattern of the two laser beams or to that created by a
laser beam traversing a phase mask, this UV light intensity exposure then
impose a periodic index along the length of the fiber core by creating a
corresponding periodic concentration of the glass defects.

Fiber Bragg grating generally refers to the device with refractive index
maximum spacing on the order of 1/2 or 1 times the wavelength of the
guide mode. These grating couple the forward-propagation core mode to
back- propagation guided modes. As shown in Fig. 4.7, the grating reflects
light of wavelength Apyqgg4, such that

)\Bragg = 2TLeffA, (4.23)

where n.sy is the mode effective index of the guided core mode and A is
the periodicity of the index grating. In addition, the use of a fiber grating
enables the wavelength of operation to be selected from the broad optical
gain bandwidth of a single facet antireflection coated diode lasers. The
low coupling loss, narrow linewidth of 50 kHz, and simplicity of packaging
a fiber external cavity with Bragg reflector in an ECDL system has been
demonstrated [Bird et. al. (1991)].
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Fig. 4.7 Schematic of fiber Bragg grating.

4.4.3 Fabry-Perot interferometer and bandpass interfer-
ence filter

The Fabry-Perot interferometer consists of two plane or spherical mirrors
with amplitude reflectivities r; and ro separated by a distance d, it contains
a medium of refractive index n. The power transmission is given by

_ (1— ) (1= /T2)
= [1 - (7"17’2)1/4]2 + 4(7"17"2)1/4 Sil’l2 ¢’ (424)

where ¢ = 2mvnd/c, the maximum transmission occurs at ¢ = gm, where
q is positive integer. Therefore, the frequencies v, of these maxima are
obtained by

gc

Vv, = —, 4.25
the frequency difference between two consecutive maxima is called free spec-
tral range of the FPI, we have

Cc

—. 4.26
2nl ( )

Al/fsr =
If we define the reflectivity R associated with the intensity as R=r%. The
half-power bandwidth (HPBW), or its 3dB bandwidth, is given by

Av, = & Lo VERiRe (4.27)

2nl 7T(]:,glRQ)l/‘l

The very important performance parameter characterizing a FP filter is
the finesse, the ratio of FSR to HPBW, which express the sharpness of the
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filter relative to the repeated peak, the finesse is defined as

_ Avp,e  w(RyRo)Y4
T Ave 11— (RiRo)V?

F (4.28)
it is typically much greater than 1.

The simplest bandpass filter is a very thin Fabry-Perot interference, the
gap is a thin layer of dielectric material with a half-wave optical thick-
ness. The high reflectors are normal quarter-wave stacks with a broad-
band reflectance peaking at design wavelength. The entire assembly of two
quarter-wave stacks is applied to a single surface, the simplest bandpass
interference filters are sometimes called cavities. Two or more such filters
can be deposited on top of the other, the advantages of multi-cavity filters
are steeper band slopes and the improved near-band rejection.

A common characteristic of single- and multi-layer dielectric coatings
and interference filters is that the transmittance and reflectance spectra
shift to shorter wavelengths as they are tilted from normal to oblique inci-
dence. In terms of the external angle of incidence «, it can be shown that
the wavelength of peak transmittance at small angles of incidence is given
by

A = Anagz \/1 — (no/n)?sin? a, (4.29)

where n, is the external medium refractive index and n is the spacer effective
refractive index, which depends on wavelength, film material, and order
number. Bandpass filters can be made with HPBW 2 nm or less in the
near infrared and 1 nm in the visible. The peak transmission can be as
high as 50% to 70% [Boshier et. al. (1991)].

4.5 Electronically tuned mode selection filters

4.5.1 Liquid crystal spatial light modulator

A liquid crystal spatial light modulator (LC SLM) can be thought of as
a pixellated variable wave plate, with each pixel acting as an individual
waveplate, it provides an ability to fast modulate the phase and amplitude
of light with very high resolution. As such, the SLM can act in two different
modes, in an amplitude modulation mode and a phase modulation mode.
The modulation is achieved by feeding the desired signal to the SLM either
optically (signal is imaged through a LCD onto the SLM) or electrically
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(pixels are addressed individually).

4.5.1.1 Liquid crystal

Liquid crystals are material which shares many features attributable to
liquids, together with molecular ordering properties normally associated
with crystals in particular. The molecular ordering of any particular liquid
crystal is usually temperature related (thermotropic), the particular state
of the liquid crystal is termed as a mesophase.

Liquid crystal molecules are generally rod shaped and each molecule
has an associated net dipole moment as a whole. It is this diploe moment
that leads to the spontaneous molecular ordering within the material, and
which allows this ordering to be changed upon application of an external
electric field. Liquid crystals are commonly classified into three groupings
- nematic, cholesteric and smectic, and of particular interest is the nematic
liquid crystal.

Nematic liquid crystals posses a dielectric anisotropy, so that the dielec-
tric permittivity € varies with respect to the angle relative to the director
orientation. As a matter of fact, nematic liquid crystals are uniaxial and
birefringent. Therefore, linearly polarized light propagating through the
medium experiences two different index of refraction according to whether
the dipole moment is parallel or perpendicular to the director orientation.
The dielectric anisotropy de¢ is defined as

de=¢|—¢L. (4.30)

The birefringence associated with nematic liquid crystals is extremely large.
If n. denotes the index of refraction as seen by light polarized such that the
electric field vibration is parallel to the director, and n, the corresponding
index for light polarized perpendicular to the director, the birefringence is
defined as

0N = ne — No. (4.31)

The most straightforward electro-optical effect utilizing nematic liquid crys-
tals is known as ‘field induced birefringence’. This effect has the distinct
advantage that either amplitude or phase modulation can be achieved by
suitable orientation of a polarizer-analyzer pair as described below.

Both phase modulation and amplitude modulation strongly depend on
the voltage controllable molecular tilt, and consequent variation of n, with
depth for their success. Consider a linearly polarized beam of light incident
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at an angle « to the director at the surface of the cell. The optical phase
of the beam component traversing the cell perpendicular to the surface
director is given by

_ 2mdn,l
Yo = N

(4.32)

where 1 is the cell thickness, A is incident wavelength. The optical phase
of the beam component polarized parallel to the surface director is, on the
other hand, given by
o [
Ve =— | me(z,V)dz, (4.33)
A Jo
where z denotes distance through the cell, V is the voltage across the cell.
As n,. is both a function of depth and applied voltage. As such, the par-
allel, homogeneous cell configuration utilizing nematic liquid crystal (of
positive dielectric anisotropy) acts as a wave plate of continuously variable
retardance. Eq. (4.33) is of particular interest for the integral relatively
insensitive to variations in the cell thickness.

4.5.1.2  Amplitude modulation

Amplitude modulation is achieved by ensuring the incident light field polar-
ized at 7/4 to the surface director, the components of the beam perpendicu-
lar and parallel to the surface director have equal intensity. Upon emerging
from the cell, the relative phase difference between both components, the
ordinary and extraordinary rays, is given by

!
Ap = 2%[/0 ne(z, V)dz — nol]. (4.34)

The output intensity emerging from an analyzer at /2 to the first polarizer
in this situation is given by
A
I = Iysin? 7@, (4.35)
where Ij is the maximum transmitted intensity, so that an optical phase
difference of Ay = 2¢m, q integer, results in a minimum of transmitted
light. In practice the voltage is selected to obtain this state, and may also

be adjusted to obtain a maximum cell transmittance. A cell which gives
maximum transmission is said to be in an ‘ON’ state (with applied voltage
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Von) and the other giving minimum transmission as being in an ‘OFF’
state (with applied voltage Vopr).

4.5.1.3 Phase modulation

Pure phase modulation is fulfilled by ensuring the input light beam polar-
ized parallel to the surface director. As such only the voltage-dependent
extraordinary refractive index of the liquid crystal causes the phase delay
as the beam passes through the cell. Increasing the voltage across the cell
causes molecular tilt towards the cell normal, reducing n. on average, and
thus decreasing the optical path of the material. By this mechanism, a
spatial light modulator with variable pixel voltage can advance or retard
the phase of the light emerging from a pixel relative to another that from
another pixel held at a fixed voltage.

Phase modulation where the difference in phase between light emerging
from two pixels is either 0 or 7 radians is achieved as follows. Consider one
pixel of a spatial light modulator (or a liquid crystal test cell) which has
been set up to perform amplitude modulation, and the cell is in an ‘OFF’
state. The difference optical path length through the cell for the orthogonal
polarization states of the incident light beam is

0e(OFF) — ¢, = 2qm, (4.36)

where q is an integer. Now consider a neighboring pixel (or another test cell)
in an ‘ON’ state. The optical path length difference between the orthogonal
beam components is now

0e(ON) — @, = (2 + 1)7. (4.37)

Note that ¢, is independent of the applied voltage in each case. If the input
polarizer is now rotated so that the incident polarization lies completely
parallel to the surface director, the difference in optical path for the e- rays
in pixels which were ‘ON’ and ‘OFF’ in amplitude mode is

©e(ON) — 9. (OFF) = 7, (4.38)

so that if the analyzer is removed from the system, pure binary phase
modulation of 0 or 7w radians between pixels occurs. This method of phase
modulation was chosen to achieve pure phase modulation using nematic
liquid crystals.
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4.5.2 Birefringence filter

More than 50 years ago, B. Loyt introduced new types of optical filters
called birefringent filters, commonly referred to as Brewster angled Loyt
filters [Loyt (1933)]. Such filters take advantage of the phase shifts be-
tween orthogonal polarization to obtain narrow band filters. It requires
birefringent wave plates introducing the phase retardation between the two
orthogonal components of a linearly polarized light that correspond to the
fast and slow axes of the birefringent material.

Loyt filter comprises of an alternating stack of N uniaxial birefringent
plates separated by polarizers. The thickness of plates varies in a geomet-
rical progression d,2d,4d,...,2Y ~!d. The transmission axes of the polarizers
are all aligned. The light propagates in a direction perpendicular to the
c axis of each of the plates. Transmission through each segment will vary
sinusoidally with a maxima at wavelength for which the retardation of the
plate is an integral multiple of 2w. For a plate of thickness d, the free
spectral range AApsgr between successive maxima is approximately by

>

1
AARSR S G 5 o) = onj (4:39)

For each segment, the separation between transmission maxima and the
full width at half maximum (FWHM) of one of the maxima is inversely
proportional to the plate thickness. Thus, the resulting transmission for
the entire stack will consist of narrow bands having the FWHM of the
thickest plate and separated by the free spectral range of the thinnest plate.
Electrically tuned birefringent filters can be realized using liquid crystal
cells as the birefringent plates as described previously.

A six-stage birefringence filter placed in an external cavity of an AlGaAs
diode laser has been used to scan the laser electronically over 10.3 nm
[Andrews (1991)]. Continuous electronic tuning of the single mode over the
free spectral range of the external cavity 182 MHz was also demonstrated
by use of a variable-phase plate. Nematic liquid-crystal cells are used to
attain both tuning of functions with applied voltage less than 2 V.

The laser schematic is shown in Fig. 4.8(a). The diode laser was placed
at one end of an external cavity consisting of a collimator, and a partially
transmitting mirror with 90% reflectivity. An intracavity six-stage birefrin-
gent filter is used for fine tuning the cavity resonance frequency. By placing
the wavelength-dependent loss of the birefringent filter in the laser external
cavity, the maximum net gain, and consequently the laser wavelength, is the
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(a)
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Fig. 4.8 (a) Experimental setup for external-cavity laser. The birefringent filter consists
of six stages. (b) A single stage of the filter, each filter stage varies in the thickness d
of the LiNbO3s crystal, LD: lase diode; LC: liquid crystal; OC: output coupler. Adapted
with permission from Opt. Lett. 16, 10, pp. 732. Andrews (1991).

transmission maximum of the filter. The variable-phase plate permits fine
wavelength tuning by changing the effective optical length, which in turn
changes the resonance frequency of the external cavity Fabry-Perot modes.
Each stage of the birefringent filter, as shown Fig. 4.8(b), consists of a fixed
birefringence LiNbOg crystal, a variable birefringent plate, and a thin-film
polarizing cube. The polarizer transmission for each filter stage is parallel
to TE polarization of laser diode. The voltage to each of the liquid-crystal
cells originated from a single square-wave generator operating at 1 kHz. A
parallel voltage divider network supplies an adjustable voltage of as much
as 5 V to each of the cells.

The variable-birefringence plate in each of the six filter stage and the
variable-phase plate are liquid-crystal cells of the same design. The cell
has a nominal spacing of 6.5 um and contained the nematic liquid crystal.
The surface alignment for the liquid crystal is anti-parallel. This results in
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a refractive index that varies with the voltage for light polarized parallel
to the alignment direction and a voltage-independent refractive index for
light polarized perpendicular to the alignment direction. In each filter stage
the alignment direction of the liquid-crystal cell is oriented at 45 ° to the
transmission axis of the polarizers, which leads to a voltage-dependent bire-
fringence. For the variable-phase plate, the alignment direction is parallel
to the polarizer transmission axis, then resulting in a voltage-dependent
refractive index. The ECDL containing an antireflection-coated lithium
tantalate electro-optic crystal has been demonstrated to provide a rapid
frequency tuning [Greiner et. al. (1998)]. The crystal provides continuous
frequency over approximately one external-cavity spacing of ~4 GHz with
the 3 cm-optical-path-length external-cavity.

4.5.3 Acousto-optic tunable filter

Principle of operation of acousto-optic tunable filters (AOTFSs) resem-
ble interference filters in operation. An acousto-optic tunable filter is a
solid state, electronically tunable bandpass filter which is based on acous-
tic diffraction of light by the acousto-optic interaction in an anisotropic
medium. The filter allows one to select and transmit a single wavelength
from the broadband semiconductor laser.

Teo, Crystal + Acoustic absorber
Laser beam L Diffracted beam

Sy
(—4—f>————F——Zero order beam

Travelling [ /\CD
[

acoustic wave Diffracted beam

Variable

Acoustic RF generator

transducer

Fig. 4.9 Schematic diagram of acousto-optic tunable filters.

As shown in Fig. 4.9, the device consists of a piezoelectric transducer
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(PZT) bonded to a birefringent crystal. When the transducer is excited
by an applied radio frequency (RF) signal, acoustic waves are generated in
the medium. The propagating acoustic wave produces a periodic modula-
tion of the index of refraction, this provides a moving phase grating that,
under proper conditions, will diffract portions of an incident beam. For
a fixed acoustic frequency, only a limited band of optical frequencies can
satisfy the phase-matching condition and be cumulatively diffracted. The
RF frequency applied to AOTFs transducer controls the transmitted laser
wavelength, the center of optical passband is changed accordingly so that
the phase-matching condition is maintained. The RF amplitude applied to
AOTFs transducer controls the transmitted laser intensity level, this is a
unique feature provided by the AOTFs, a AOTF has a fast response time
of microsecond scale and exhibits a high extinction ratio.

AOTF devices fall into two categories in terms of their configurations
(see Fig. 4.9). In a quartz collinear AOTF, the incident light, the diffracted
filtered light and the acoustic wave all interact collinearly in a birefringent
crystal. As a result of the acousto-optic interaction, part of the incident
light beam within the filter spectral passband is coupled to the diffracted
light beam. The polarization of the incident light beam is orthogonal to
that of the diffracted light beam. Because of the zero-order beam and the
diffracted beam are collinear, polarizers must be used to separate them.

In a tellurium dioxide (TeO2) noncollinear AOTF, the acoustic and op-
tical waves propagate at quite different angles through the crystal. In this
configuration, the zero-order and diffracted beam are physically separated,
so that the filter can be operated without polarizers. Also, the two orthog-
onally polarized beams do not separate until they exit from the crystal,
and the angle of diffracted beam is absent for the change in the first order
with a change of wavelength. This implies that only a single fixed detector
is necessary during a spectral scan. Most AOTF devices are designed with
two types of birefringent crystals depending upon operational wavelength.
TeOg is preferred AOTF material because of its high acousto-optic figure
of merit. The crystal, although useful in the visible and infrared region
up to 4.5 pum, is not suitable for ultraviolet applications due to its short-
wavelength transmission cutoff at 350 nm. For ultraviolet spectroscopy,
crystalline quartz is used.

The peak wavelength of the transmission passband A, is given by

von

Ap = f—%

(4.40)
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where v is the acoustic velocity, f,. is the acoustic frequency, and dn is
the crystal birefringence, and ~ is a dimensionless parameter, whose value
depends on the orientations of the various beams with respect to the crys-
tallographic axis. The passband width of an acousto-optic filter is given by
Ap

2
AFWHM = 12\5_2771% (4.41)

where [ is the acousto-optic interaction length, sub-nanometer resolution in
the visible and a FWHM of ~1 nm at around 1.3 pm have been achieved.
An electrically tunable semiconductor laser system was demonstrated
[Hidaka and Nakamoto (1989)] using an acousto-optic (AO) device and
commercially available semiconductor laser, rapid scanning of laser oscilla-
tion frequency was obtained using frequency modulation of the driving RF
power for the AO device. The experimental setup is shown schematically
in Fig. 4.10. The laser are free running with wavelength 788 nm without

Laser
diode <@ ©> Detector

Lensl1 fr Lens2

Mirror

V

Fig. 4.10 Experimental setup of electrically tunable laser diode with acoustic-optic
modulator (AOM). SG: signal generator; fr: frequency of radio frequency. Adapted
with permission from Electron. Lett. 25, 19, pp. 1320. Hidaka and Nakamoto (1989).

antireflection coating, the output beam is collimated by lens L1, the colli-
mated beam is diffracted by an acousto-optic device made from TeOy. The
oscillation wavelength is given by Eq. (4.40), here ~ is diffracted angle.
When a mirror reflects the diffracted beam vertically, the light returns
to the laser diode, resulting in the extra gain at wavelength \,, one can
tune the laser oscillation wavelength A, by tuning the radio frequency f,.
Coquin and Cheung [Coquin and Cheung (1988)] have demonstrated elec-
tronic tunability of 35 nm in an external cavity GaAs semiconductor laser
by using a pair acousto-optic tunable filter (AOTF) and an AO modulator
inside the cavity to select the wavelength. This allows fast and accurate
selection of the lasing wavelength by varying only the drive frequency of
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the AO devices and in times of approximately 10 us or less.



Chapter 5

Systems for Tunable External Cavity
Diode Lasers

In the previous chapter, we considered commonly-used components for de-
veloping external cavity diode lasers. In this chapter, we are in a position
to examine the system of external cavity diode lasers. General external
optical feedback effects on diode lasers are concerned with a three-mirror
laser cavity model, and in the case of steady and dynamic state analy-
sis with various feedback strengths. Spectral characteristics of ECDLs are
presented in terms of output power, single mode tunability, linewidth, and
wavelength dependence of temperature. Systems of the tunable external
cavity diode laser are introduced with a number of external cavity designs.
Finally we deal with the alignment procedures for single-mode operation
and the configuration for mode-hop suppression in external cavity diode
laser systems.

5.1 Optical feedback in external cavity diode lasers

The sensitivity of the output intensity of a diode laser to both the am-
plitude and phase of external optical feedback is well documented [Eliseev
et. al. (1969); Salathe (1979); Glasser (1980); Olsson and Tang (1981);
Liu et. al. (1984); Sivaprakasam et. al. (1996)]. There has been substan-
tial interest in the spectral characteristics of the emission under various
external feedback, including the introduction of external-cavity dispersive
elements. The effects of optical feedback on the behavior of diode laser are
complicated and have been studied in the early 1980s [Lang and Kobayashi
(1980) |. It has been shown that the dynamic properties of injection lasers
are significantly affected by the external feedback, depending on the inter-
ference conditions between the laser field and the delayed field (returning
from the external cavity). The essence of the optical feedback method is

93
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to increase the quality factor (Q) of laser’s resonator, therefore narrowing
the linewidth and stabilizing the laser’s wavelength. Petuchowski et al. has
reported [Petuchowski et. al. (1982)] the behavior and spectral features of a
constricted heterojunction injection laser in a regime, where the lasing char-
acteristics is dominated by a cavity composed of two external mirror. The
Fox-Smith configuration was shown to limit the laser’s multimode emission
to a single longitudinal mode with a linewidth of less than 200 kHz.

In this section, we attain the threshold and phase conditions for exter-
nal cavity lasers by use of three mirror model in the case of steady state.
Further insights into the dynamic properties of diode laser are developed by
deriving the well-known Lang-Kobayashi equations with inclusion of single
reflection or multiple reflections, depending on the case of external feed-
back strengths. The solution of equations explain the variety of influences
of external feedback on the properties of diode lasers. We also introduce
different schemes for the implementation of optical feedback.

5.1.1 General effects of external optical feedback on diode
lasers

It is well-known that external optical feedback strongly affects the prop-
erties of semiconductor lasers, the returned light into laser cavity causes
variations in the lasing threshold, output power, linewidth, and laser spec-
trum [Olsson and Tang (1981)]. Most of the models dealing with these
problems neglect the multiple reflections in the external cavity and simply
incorporate the optical feedback by adding a time delayed feedback term
to the standard laser equations [Lang and Kobayashi (1980) ; Hirota and
Suematsu (1979)], some take into account multiple reflections [Osmund-
sen and Gade (1983); Hjelme and Mickelson (1987); Hui and Tao (1989);
Zorabedian (1994)], which depend on the strength of the feedback. If the
laser is antireflection (AR) coated (Re < Rj3 as shown in Fig. 5.1), then
only a single external-cavity round trip needs to be considered.

5.1.1.1  Three-mirror laser cavity model

The extended feedback model of the Fabry-Perot diode laser with external
cavity is based on the three-mirror model [Petemann (1988)] as indicated
in Fig. 5.1. M;, My, and M3 denote the two facets of the F-P laser and
the external mirror, R; and Ry are the real numbers of power reflectivities
of mirrors M; and Ms, respectively, R3 of external mirror. d and L are
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Fig. 5.1 External cavity laser and equivalent cavity with effective mirror to model the
external section.

the lengths of the laser diode cavity and the external cavity, respectively.
The reflection from the external mirror M3 can be treated by combining it
with the reflection of the laser end facet Ms, ending up with an effective
reflectance Ro, also shown in Fig. 5.1 is an equivalent two-mirror cavity
which replaces the passive section by an effective mirror with power reflec-
tivity J2. This substitution is valid for steady state analysis, but it will
not necessarily proper model for dynamic operation. The power effective
reflectivity is given by
o0

Ro = /Ro + IJR_]? > [V RaRse 74mk, (5.1)

k=1

it can be further simplified to

R3 1 — Rg)e JjéL i
/Ry = Roesre 700, 5.2
(1 4+ VRyR3)e—dwre 2ef$€ (5:2)

where ¢; = w7y, and w is the angular frequency of the diode laser, 7, is
the round trip delay in the external cavity given by 7, = 2L /¢, where ¢
speed of light in the vacuum. Ry.r¢ and ¢y, are the notations representing
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the power reflectivity and phase of the effective reflectance Rs, respectively.
The threshold condition can be rewritten based on Eq. (2.14)

VR Raeppe? 9= de=i(éF0n) — 1, (5.3)

Then, the gain and phase conditions can be obtained by replacing Ry with
Ro,

1 1
l'g=a+ —1In

_ 5.4
2d " /Ry Raesy (54)
and

¢ = 27Tq - QSLa (55)

any losses incurred in external mirror are included in Raeyy.

5.1.1.2  External cavity modes

In the absence of feedback, Eq. (5.5) for Fabry-Perot diode laser cavity
becomes

¢ = 2nq. (5.6)

We consider a single-mode laser characterized by the integer go with a lasing
wavelength A\g = 2nd/qo. For small deviation in X\ from Ag, ¢ is a linearly
decreasing function of A, which is given by

¢ = 2mqo — 4mnd(\ — \o)/ 3. (5.7)

When feedback is present, the mode of the three-mirror cavity must satisfy
Eq. (5.5) as well, but ¢ is no longer a linear function of A. In general,
the phase condition has multiple solutions for certain combination of the
external cavity length L and the external reflection coefficient Rs. This
is illustrated by plots of ¢ as a function of A for increasing levels of the
feedback in Fig. 5.2.

Generally, if Rj3 is less than some value, then ¢(\) will decrease mono-
tonically and the laser will remain single-mode regardless of the phase of
the feedback. For large feedback values, ¢(A) is no longer monotonically
decreasing and the laser will exhibit multiple external cavity modes for at
least some range of phase of the feedback. Finally, for R3 greater than
a second value for which a minimum in ¢()\) is lower than the next two
subsequent maxima, as indicated in Fig. 5.2(c), the laser will be multimode
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Fig. 5.2 Wavelength dependence of round-trip phase shift in external cavity laser plot-
ted for different levels of feedback: (a) weak feedback, single-mode operation; (b) moder-
ate feedback, single-mode operation; (c) strong feedback, multiple external cavity mode
operation. In (d), the feedback level is same as (b), but the phase in the external cavity
is shifted by 7 rads to give multimode operation. In (a)-(d) the thin line corresponds
to no feedback (Rs = 0). Adapted with permission from IEEE J. Quantum Electron.
QE-18, 4, pp. 555-563. Goldberg et al. (1982).

regardless of the phase of the feedback. Thus, an external cavity or etalon
can be used to filter out unwanted modes.

Figure 5.3 illustrates how the length of the external cavity determines
the selection of the modes for the three cases of (a) L<d,(b) L~ d, and (c)
L>d [Coldren and Corzine (1995)]. It presents the variations of mirror loss
Qpm, and the generic net gain curve I'g — a versus wavelength along with
indications of the mode locations. It is worth to note that the maxima in
Racgy corresponds to minima in ayy,.

In Fig. 5.3(a), the external cavity is somewhat shorter than laser diode,
the modes of the laser diode cavity will be more closely spaced than the
minima in «a,,. In this case a single loss minimum can effectively select a
single axial mode of the active cavity if «,, varies enough. If the lengths
of the laser diode and cavity are comparable as indicated in Fig. 5.3(b),
the resonances of both cavities are spaced by about the same amount, and
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the active cavity modes will slowly slide across the minima of v, providing
an action similar to a vernier effects. Relatively good mode suppression is
possible if the beat period is not too large or too small. In the third case
of Fig. 5.3(c), good mode suppression is generally not possible unless the
external cavity mirror itself is a filter. In fact, a grating mirror is widely
used to select the single mode from diode lasers with a long external cavity.

Fig. 5.3 Schematic illustration of net propagation gain I'g — «, and the net mirror loss
am as a function of wavelength for external cavities, (a) L < d, (b) L ~d, (¢) L > d.

The influence of the optical feedback on diode laser properties with
external cavity lengths ranging from 1 — 2 ¢m has been investigated [Lang
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and Kobayashi (1980) ]. Experiments have shown the periodic change in the
output power, the laser spectrum change with the mirror distance, and DC
excitation current, which arises from the change in interference conditions
in the compound laser cavity. It has also been found that the external
optical feedback can cause the laser to be multistage and to behave the
hysteresis phenomena.

5.1.1.3 Dynamical properties

Some insights of the dynamical properties of semiconductor lasers can be
gained from the characteristics of the light power versus current of diode
laser when the diode laser is coupled to external cavities [Besnard et. al
(1993)]. It was found that slight change of experimental conditions may
result in considerable changes of the L-I curves, especially in the vicinity
of the kink. Figure 5.4 shows five typical cases with L=30 cm, the char-
acteristic curve without feedback is drawn for comparison and for quick
estimation of the feedback levels. Each of the L-I curves (c) and (d) corre-
sponds to a situation with optimum feedback, curves (a) and (b) to poor
alignment. Curves (c¢) and (d) demonstrate the strong dependence of the
system on the exact experimental conditions. For low injection currents,
the two curves follow an identical path reminiscent of coherent feedback
effects, they separate into two different branches above the solitary laser
threshold. In the upper branch [curve (d)], the output intensity remains
stable along the whole curve, while it comes out in the form of an enhanced
noise beyond the transitions region c1-c2 of the curve (c).

L-T curves (b) and (¢) have been obtained with poor alignment, their
properties are summarized as follows: i) The compound cavity nature of
the system still dominate even below the threshold, and fewer feedback into
the active region, because of the lower Q of the external cavity as compared
to the perfect alignment case; ii) When the injection current is increased
with the exact external cavity geometry, the smooth kink in the vicinity of
the solitary laser threshold is observed [curve (a)]. In some other cases, the
kink does not show up as average output power is increased [curve (a’)].

The phenomena described above can be explained by the well-known
Lang and Kobayashi [Lang and Kobayashi (1980) | rate-equation, that gov-
erns the dynamical properties of an external cavity laser,

dEd—it) = iwo + %(1 +ik)E(t) + EE(t — 1), (5.8)
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Light output (mW)

Current (mA)
60

Fig. 5.4 Various light-output versus current characteristics obtained with slight vari-
ations in the optical feedback configuration. Adapted with permission from IFEFE J.
Quantum Electron. 29, 5, pp. 1271-1284. Bernard and Duraffoug (1993).

and

dN (t) N(t)
S =g -2 e EP, (59)
-
in which G(N) is proportional to the difference between the actual gain and

the gain at transparency:

G(N) = (N — No)T'G. (5.10)
The net gain
AG(N) = G(N) — Ti (5.11)

depends on the rate of loss 1/7, of the cavity, the coefficient of linear gain
of the medium Gy and the actual carrier density N, I' is the filling factor.
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¢ is the feedback strength, that is given by

e= 11 iRy,

TL

(5.12)

where 77, is the round trip delayed time in the laser cavity. 7 is the sponta-
neous carrier lifetime, J is the injection current, wq is the lasing pulsation at
solitary laser threshold in the absence of reflection, x the phase amplitude
coupling coefficient. Parameters used in these equations and their typical

values are listed in Table 5.1.

Table 5.1 Parameters for expression of external cavity feedback effects.

Parameters Expression Typical values
LD cavity length d 300 ~ 500 pm
width of active zone w ~ Sum
thickness of active zone t ~ 0.1 pm
refractive index n 3.5
reflectivity at the laser end facets Ri =Ry = (%)2 0.31
roundtrip delay T = % ~ns
photon lifetime Tp ~2 ps
carrier lifetime T ps~ns
confinement factor r 0.25
carrier density at transparency No ~1-10%/m3
carrier density at threshold N¢n ~2- 1024/m3
differential gain Gn = (O—)N:NO ~3.10712m3s 1L
gain compression efficient € ~25-10717m3

The field can be written as:

E(t) ~ £(t) exp[j(wt + (1)), (5.13)

and for optical intensity I(¢) = ¢2(t). Egs. (5.8) and (5.9) take into account
only a single feedback term, thus they are valid in the limitation of the
case of weak feedback, i.e., {77 < 1. The inclusion of multiple feedback
contributions yields the improved rate equations:

0 — g (t) ~ N1 (1) — gV (1) — N2 (1)
+ 2 rem(pli) + 6™ + i), (5.14)
a0t _ wo —w+ 2g(N(t) = Niy) + iIm[ln(f)]l(t) + Fy(t), (5.15)

dt 2 TL
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PO - T yv ey - Mo
+eNLg(N(t) — No)I%(t) + Fn (1), (5.16)

which are valid for arbitrary levels of feedback. g is I'Gn, Fn, Fi, Fy are
Langevin noise terms, eV £ g(N (t) — No)I?(t) describes the saturation effect.
The coupling coefficient f is a sum over all the feedback terms and can be
written as:

f=1+ 1—R2

s It— T S0P (4)_
Z R3R2 P 1Ref (p )%619 (t) Pd’v

(5.17)
where ¢ = w7 is the round trip phase change in the external cavity and
OP(t) = ¢(t — pt) — P(t). Resp(p) is the effective reflectance for the p-th
round trip beam.

This set of Eqs. (5.14)~ (5.16) have been the subject of the exten-
sive studies on the behavior of strongly asymmetric external semiconduc-
tor lasers [Meziane et. al. (1995); Langley et. al. (1994); Langley et. al.
(1995)]. Numerical solutions yield a noisy time trace, its correlation to
the so-called coherence collapse has been proposed [Lenstra et. al. (1985);
Dente et. al. (1988)]. Most of the various experimentally obtained phenom-
ena seem to be contained in these equations owing to the delayed nature
of the feedback term which renders the system of infinitely high dimension.
Coherence collapse [Dente et. al. (1988); Schunk and Petermann (1988);
Fischer et. al. (1996)], low-frequency intensity fluctuations [Mork et. al.
(1988); Takiguchi et. al. (1998)], intermittent of noise [Sacher et. al.
(1989)], as well as low-frequency intensity self oscillation with multiple de-
layed terms [Park et. al. (1990)], have been studied following extensive
numerical calculations based on the various values of the system’s control
parameters.

5.1.2 Implementation of optical feedback

In general, the uncontrolled optical feedback in the design of external cavity
diode laser systems is undesirable. There are a couple of ways to implement
the optical feedback as follows [Fox et. al. (1997)]:

i) Using simple optical elements, such as mirrors,[Salathe (1979);
Akerman et. al. (1971); Voumard et. al. (1977); Harrison and Moora-
dian (1989)] to feed some of its output power back to the laser diode, the
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diode’s facet and the external optical elements constitute a net resonator as
shown in Fig 5.1. Optical feedback-induced changes in the output spectra of
several GaAlAs lasers operation at 830 nm were described [Goldberg et. al.
(1982)]. The feedback radiation obtained from a mirror 60 cm away from
the laser is controlled in its intensity and phase. Spectral line narrowing
or broadening is observed in each laser depending on the feedback condi-
tions. Minimum linewidth observed with feedback is less than 100 kHz.
Improved wavelength stability is also obtained with optical feedback re-
sulting in 15 dB less phase noise. An analytical model for the three-mirror
cavity has been developed to explain these observations. The influence of
optical feedback on the laser frequency spectrum and on the threshold gain,
taking into account multiple reflections, have been analyzed [Osmundsen
and Gade (1983)]. The first systematic study of the effects of feedback
asymmetry, as determined by misalignment of an external mirror, such as
tilted mirror, on the characteristics of external-cavity semiconductor lasers
has been demonstrated [Seo et. al. (1988)].

ii) Applying weak optical coupling of the laser’s output to a high-Q op-
tical resonator [Dahmani et. al. (1987); Hollberg and Ohtsu (1988); Li and
Telle (1989)]. With the appropriate optical geometry, the laser optically
locks itself to the resonance of a separate Fabry-Perot reference cavity, the
method depends on the occurrence of optical feedback only at the resonance
of a high-Q reference cavity, and is used to stabilize laser frequencies, and
thus to reduce linewidths by a factor of 1000 from 20 MHz to approximately
20 kHz. A confocal Fabry-Perot (CFP) cavity [Laurent et. al. (1989);
Hemmerich et. al. (1990a)] is used to feedback the beam from the diode
laser and provide resonant optical stabilization of the semiconductor laser
at same time[Hollberg and Ohtsu (1988)]. The choice of a confocal cavity
greatly facilitates the mode coupling of the diode laser to the CFP, the CFP
is tilted in such a way that it can be considered a four-ports device which
eliminates the reflection-like beam, but still provides optical feedback to
the laser from the transmission-like beam. It is demonstrated experimen-
tally that static frequency noise reduction of 50~60 dB is achieved and a
dramatic reduction of the laser linewidth from 20 MHz to less than 4 kHz
is obtained.

iii) Using the antireflection (AR) coating on the diode laser chip and
some external optics to provide the laser resonator, the external optics may
contain frequency selective elements such as grating and/or etalon [Fleming
and Mooradian (1981); Wyatt and Devlin (1983); de Labachelerie and Cerez
(1985); Mittelstein et. al. (1989); Harvey and Myatt (1991); Boshier et. al.



104 Tunable External Cavity Diode Lasers

(1991); Schremer and Tang (1990)]. For grating-tuned feedback with AR
coated diode laser (Re < R3 ), Eq. (5.2) can be simplified to single round-
trip reflection, which is given by

= Rz + (1 — Ry)\/Rs(w)e 72L/e, (5.18)

where w is the angular frequency of the diode laser, R3(w) is the round trip
power transmission of the single-sided external cavity into the lasing mode
just outside the diode laser, it has peak at the Littrow frequency wy, i.e.,
the frequency which is retroreflected by the grating. As w deviates from
wp, the coupling back from the grating into laser mode just outside the
facet becomes progressively smaller. Therefore, the spectra reflectivity o
is changed from Ry alone only near the Littrow frequency. The threshold
condition after one round trip in the diode laser resonator can then be
written as

Ry Ry pe?la@)—aldg=yn(@wd/e 4 (5.19)

where g(w) is the modal gain of the semiconductor medium, « is its dis-
tributed modal loss, and d is its length.

The requirements for the modal gain at threshold and the compound
cavity oscillation frequencies then become

1 1

glw)=a+ ¥ In \/ﬁ’ (5.20)
and
2rrq = 2n(w)wd/c+ P, (5.21)
where

1 — Ry)y/R3(w)sin(2wL/c)
\/_-l- 1 — R3)y/R3(w) cos(2wL/c)

® = Arg(Rocfy) = arctan| l, (5.22)
and q is an integer. The phase condition indicated by Eq. (5.21) is satisfied
for a group of frequencies (as discussed previous section) clustered near
the grating-selected longitudinal mode of solitary diode laser, the spacing
within the group is approximately wL/c. The corresponding threshold of
these modes varies. In general, there will be one mode which corresponds
closely to constructive interference from external cavity if the number of
solutions of Eq. (5.21) in the vicinity of each mode of solitary diode laser
is sufficiently large.
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In the case of constructive interference at w = wy, the gain requirements
is minimized, and Eq. (5.20) becomes

1
VRIR; + (1 — R2)|\/R3(w)|]'

1
glwo) = a+ ¥ In| (5.23)

If the round trip gain first reach unity at the tuned frequency wy, the
compound diode laser will lase at the corresponding photon energy. The
tuning range is then determined by the flatness of the gain spectrum relative
to the amount of grating feedback. If the change in gain is small over a
wide spectral range, then broadband tuning is possible even with a small
amount of external feedback.

(iv) Combining two different diode laser concepts: the diode laser with
(a) feedback from a grating and (b) resonant optical feedback from a sep-
arate cavity. The novel concept is to unite the excellent tunability and
well known reliability of grating diode lasers with resonant optical feed-
back. The experiment is based on an AR coated diode laser emitting at the
wavelength of 852 nm. An overall tuning range of 36.4 nm, a continuous
tuning range of 45.1 GHz, and a narrow linewidth below 60 kHz have been
obtained [Wicht et. al. (2004)].

5.2 Spectral characteristics of ECDLs

In chapter 2, we have introduced the spectral characteristics of solitary
diode laser. In general, the wavelength of the solitary laser emission cannot
be completely controlled, a typical device may operate in several modes,
with mode competition and hopping. Moreover, variation of the injection
current in an isolated laser diode causes simultaneous and inseparable shifts
in the frequency, the output power, and the allocation of power among
the different modes for a multimode laser. As described in the foregoing
sections, the external-cavity laser with feedback operates in a single mode
with linewidth considerably less than that of a solitary laser diode. The
insertion of dispersive element in the external-cavity configuration allows
one to select and tune the emission wavelength by external control, without
the complication associated with the variation of the pumping level.

In the following, we are concerned with the primary characteristics of
external cavity diode laser such as output power, single-mode tunability,
linewidth, and frequency dependence on the diode laser temperature.
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5.2.0.1 OQutput power

The laser configuration is schematically shown in Fig. 5.5. For maximum
grating dispersion, the diode laser should be mounted with its junction
plane parallel to the grating rulings. The left lens collects the diode radia-
tion and collimates it onto the diffraction grating, which is mounted in the
Littrow configuration, whereby the first-order diffracted beam is reflected
collinear with the incident beam and re-imaged on the left diode facet.
The radiation from the right facet is collimated onto the output coupler, a
dielectric-coated, partially reflecting plane mirror.

> - M< Output
. LD =
grating mirror

Fig. 5.5 Schematic diagram of two-sided external cavity diode laser. Adapted with
permission from IEEE J. Quantum Electron. QE-17, 1, pp. 44-59. Fleming and
Mooradian (1981).

The laser output power is plotted against the injection current with
solitary laser and ECDLs system. The stimulated power leaving the cavity
through the output coupler can be obtained based on Eq. (2.25),

In

1
R

Vi ), (5.24)

VT RyR;

where 7; is the internal radiative recombination efficiency, R, and R3

are the grating and output coupler reflectivities, respectively. T} is the lens
transmission. One yields the threshold conditions

1 1
Tg=a+-In——— (5.25)

Il \/T*R3R,
where T is the mode confinement factor and g is threshold gain. The above
equations for power output and threshold condition indicate that, for a
given injection current, the external-cavity laser generally has a somewhat
lower power output than that of the solitary diode laser, (despite the fact
that the differential efficiency may be nearly same), moreover, has higher
threshold current, as shown in Fig. 5.6

hv
Poi=mn—I—1
¢ =1 e ( th)(al—l—ln
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Fig. 5.6 Optical output power of the solitary diode compared with that of the external-
cavity laser with various mirror and lens combinations. For solitary diode, Ry =0, Ry =
Ro = 0.32, for external cavity, Ry = 0.9, R1 = R2 = 0.01. Adapted with permission
from IEEE J. Quantum Electron. QE-17, 1, pp. 44-59. Fleming and Mooradian (1981).

5.2.0.2  Single-mode tunability

The output of the solitary diode is usually multimode, as exemplified in
Fig. 5.7. The external cavity diode laser operates in a single frequency,
typified by the spectrum in the inset of Fig. 5.7. Fig. 5.8 shows the typical
laser mode tuning range, which extends over more than 10 nm for an output
coupler reflectivity of 20%. Continuous tunability of the laser emission de-
pends on the precision with which the cavity aligned and upon the quality
of the antireflection coated facet of diode laser. The laser mode frequency
could be adjusted to any desired point between adjacent mode frequencies
of the solitary diode. This fact indicates that the single-mode behavior of
the external-cavity laser is not critically dependent on the frequency selec-
tivity of the intracavity Fabry-Perot etalon composed of the diode facet,
but is rather a result of the essentially homogeneous spectral saturation of
the laser gain. Neither is the single-mode behavior simply a result of the
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Fig. 5.7 Spectrum of solitary laser diode before operation in the external cavity. Inset:
spectrum of the diode operated in the external cavity. Adapted with permission from
IEEE J. Quantum Electron. QE-17, 1, pp. 44-59. Fleming and Mooradian (1981).

wavelength selectivity provided by the grating.

5.2.0.3 Linewidth

The most striking feature of the stable external-cavity laser is its nar-
row linewidth. By extending the optical cavity length, the spontaneous-
recombination phase fluctuation in the laser linewidth can be dramatically
reduced. The power spectrum of the electric field is Lorentzian, with a full
width at half maximum (FWHM) given by the modified Schawlow-Townes
formula, [Welford and Mooradian (1982); Henry (1986)]
2

Av, = %at (1462, (5.26)
where F, is the power in the mode, n,, is the number of spontaneous
emission photons in the mode, g is the gain, h is Planck constant, v, is
frequency of laser. The total loss oy = o — In\/R1 R, for solitary diode;
and oy = a — Inv/T*Ry Ry for external cavity diode laser, Ry and Ry are
the facet reflectivities, respectively. The spectral linewidth enhancement
factor 3 is given by (dn/dG)(dG/DN), the typical values range from 2 to 8
[Osinski (1987)]. Ay, is the bandwidth (FWHM) of the Fabry-Perot cavity,
it is related to the photon lifetime 7, and consequently, to the single-pass
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Fig. 5.8 Stimulated power tuning spectrum of the external-cavity laser. Adapted with
permission from IEEE J. Quantum Electron. QE-17, 1, pp. 44-59. Fleming and
Mooradian (1981).

cavity loss. For a solitary diode laser, the appropriate expression for the
cavity bandwidth is

1 c

A == _—,
Y9SD 2rt,  2mnd

(5.27)
where n is the refractive index of the medium. Eq. (5.27) must be modified
when the diode is operated in an external cavity, where the photon lifetime
is significantly longer due to loss-free propagation over a distance L > nd:

c

Avgpo = 2n(nd + L)’

(5.28)

In terms of linewidth for no feedback Avysp, and for a given mode power
P,, we have

AI/gSD
(1+7)

AVgEC = (5.29)
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where v = L/nd > 1, the spontaneous phase fluctuation limit to the laser
linewidth is reduced by about five orders of magnitude in the external cav-
ity. For an output power of 1 mW, the linewidth limit is several megahertz
in a typical GaAlAs diode laser. However, the linewidth reduction propor-
tionality is valid only for low feedback (<1%). A theory for linewidth of
steady state external cavity valid for arbitrary strong feedback has been
considered [Hjelme and Mickelson (1987)].

Concomitant with its reduction of the spontaneous phase fluctuation,
the external cavity decouples the resonant laser frequency from the strong
dependence on the semiconductor refractive index. Since the optical length
of the external cavity is (nd 4+ L), the mode frequencies are

vg= I _ 4=1,2,.. (5.30)

where v, ' (9vg/0n) = n7 (1 +v)]7'. For v > 1, the relative changes in
the mode frequency due to the changes in the refractive index are reduced
by the factor ~y, therefore, the external cavity decouples the resonant laser
frequency from the strong dependence on the semiconductor refractive in-
dex, while the refractive index fluctuation contribute significantly to the
observed linewidth of a solitary diode laser, for an external-cavity lasers,
they are negligible.

5.2.0.4 Wawvelength dependence of temperature

The temperature sensitivity of laser threshold current in single mode
wavelength tunable diode laser has been measured in the temperature
range 293 K (20 °C) < T < 355 K (82 °C) and the wavelength range
1.23 um < A < 1.35 pym [Ogorman and Levi (1993)]. When proper account
is taken of peak gain variation with temperature, the laser threshold cur-
rent dependence on temperature is insensitive to lasing wavelength over a
wide tuning range. The variation of lasing threshold with temperature can
be fitted to the phenomenological expression

Iy, = ToeT/To. (5.31)

where Ty is the overall characteristic temperature, note that small values
of Ty indicate a larger dependence on temperature. The devices used in
the experiment are a standard bulk active InGaAsP buried heterostructure
design. The experimental arrangement for the external cavity is shown
in Fig. 5.9, light output from a high quality antireflection coated facet is
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Fig. 5.9 Schematic diagram of external cavity laser diode laser. LD: laser diode, L:
lens, AR: antireflection coating.

efficiently coupled to the external cavity by a low loss lens. The external
cavity of length 20 cm is closed by a 600 groove/mm diffraction grating,
that allows laser emission to be tuned in a single instrument limited line
across the semiconductor gain spectrum.

The experimental results show that over a large temperature range
(293 K< T <355 K) and wide tuning range 1.23 um < A < 1.35 um
the threshold current can be well characterized by a simple expression:

L\, T) = Iy(\)eT/ o, (5.32)

where A = A — £T'. Eq. (5.32) is a remarkable result. Since the diffraction
grating is blazed at A = 1.25 pwm and the optics coupling to the cavity
has broadband antireflection coating, the magnitude of cavity coupling effi-
ciency does not vary substantially over the range of detunings investigated.
Consequently, the increased threshold current required with detuning from
the gain peak is not a consequence of changing loss level, but of changing
energy distribution of charges carriers in a forward biased laser diode.

5.3 System of tunable external cavity diode lasers

It can be seen from the previous sections that the optical feedback can ac-
complish the tuning of diode laser in the broad ranges and the narrowing
of linewidth by use of some forms of optical elements. In this section, we
utilize the dispersive high optical feedback power to obtain a large tun-
ing range and narrow linewidth in different external cavity configurations.
The optimal external cavity designs and alignments are examined. Diffrac-
tion gratings are the most commonly used dispersive feedback element,
though intracavity etalon, prisms, electronically tuning birefringent filters,
and acousto-optic tunable filter have also been widely used successfully,
which will be discussed in the next chapter.
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5.3.1 ECDL configuration

There are a number of good designs for external cavity lasers, they have
their own advantages and disadvantages. Figure 5.10 presents four various
constructions of optical feedback that can be mostly utilized to control the
diode lasers. For good performance, antireflection coatings on the output
facet of diode chip are highly desirable[Fox et. al. (1997)].

mirror

N

@ LE])<O B grating

Fig. 5.10 Different optical feedback schemes: (a) and (b) a two-side external-cavity
design, (c) a one-side external cavity designs in the Littrow configuration, (d) an external-
cavity design using a grating in a grazing-incidence Littman-Metcalf scheme.

In Fig. 5.10(a), two-sided external cavity design is shown [Fleming and
Mooradian (1981)], this scheme contains an diode chip with AR coated on
both facets. Each extended-cavity section retroreflects into its respective
facet. One of the extended-cavity sections contains the grating for wave-
length selectivity, the other has only coupling output mirror. The config-
uration in Fig. 5.10(b) is similar to that in Fig. 5.10(a) by replacing the
output mirror with optical filter. The two-sided external cavity as shown in
Fig. 5.10(a) and (b) offer advantages of the increase of suppression of diode
cavity resonance obtained by reducing both facet reflectivity and no move-
ment of output beam when the grating is rotating to tune the wavelength.
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On the other hand, it has disadvantages of special laser package to get the
unobstructed access to both facets, and the increase of alignment difficulty
and additional coupling loss associated with the second extended-cavity
section.

Fig. 5.10(c) is the single-sided extended-cavity design in Littrow config-
uration, which is the most commonly used configuration for the following
reasons: 1) only one AR coated facet; ii) commercially available package
with one facet output; iii) simplicity and easy alignment; iv) excellent
performance. However, even with high quality facet coating, the effects
of the residual diode cavity resonance are still observable and sometimes
the cause of non-ideal behavior. There is also the disadvantage that the
beam moves as the laser wavelength is tuned. A remedy to this prob-
lem is to use a mirror mounted with its surface perpendicular to the
grating surface so as to form a retroreflector [Hawthorn et. al. (2001);
Turner et. al. (2002)]. Rotation of both the grating and mirror together
leaves the output beam direction unchanged, although there will be some
beam displacement if the axis of rotation is not defined by the intersection
of the grating and the mirror.

An extremely simple laser of this type has been developed [Arnold et. al.
(1998); Lancaster et. al. (2000); Turner et. al. (2002)] by building from
inexpensive commercial components with only a minor modifications. A
780 nm laser built to this design has an output power of 80 mW, a linewidth
of 350 kHz. As shown in Fig. 5.11, the ECDL systems are based on the
Littrow configuration design. Each consists of a Sanyo DL-7140-201 laser
diode and aspheric collimating lens mounted in a collimation tube fixed to
a modified mirror mount. A 10 k{2 thermistor sensor and Peltier thermo-
electric cooler are used to stabilize the diode temperature. A gold-coated
diffraction grating with 1800 lines/mm on a 15 x 15 x 3 mm? substrate
provides wavelength-selective feedback with a typical diffraction efficiency
of about 15 % up to 80 % of the intra-cavity power, which is directly re-
flected to form the output beam. The grating is attached to the front face of
mirror mount, which provides vertical and horizontal grating adjustment.
A 1 mm thick PZT piezoelectric transducer disk under the grating is used
to modify the cavity length for fine frequency tuning. The output beam is
reflected from a mirror attached to the grating arm. The double reflection
from grating and mirror maintains a fixed output beam direction as the
grating angle and lasing wavelength is adjusted. The output power is typi-
cally 40 mW at 780 nm, and the wavelength can be tuned discontinuously
over a 10 nm range by rotation of the grating alone, and over a wider range
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with suitable temperature adjustment.

Piezo
stack

Fig. 5.11 External cavity diode laser design. An AlGaAs laser diode, aspheric collima-
tion lens, and diffraction grating in a Littrow configuration, are mounted in a kinematic
mirror mount. A thermistor temperature sensor is used for feedback to stabilize the laser
temperature with a thermoelectric cooler (not shown). An LM35 semiconductor sensor
provides a separate temperature readout. The mirror maintains a fixed output beam
direction as the grating angle is adjusted. A piezoelectric stack is used to adjust the
grating angle and hence wavelength (20 GHz/100 V) and a piece disk adjusts the cavity
length for frequency locking feedback. Adapted with permission from Opt. Commun.
201, pp. 394. Tuner et al. (2002).

The lasers also have a stacked piezoelectric transducer which drives
the grating-mirror pivot arm, this stack alters the grating angle and the
cavity length, allowing electronic wavelength adjustment of 20 GHz over
the 100 V range of the stack. This allows greater scanning range and much
safer voltages compared to the original design. Each laser is mounted to
a heavy metal base to provide inertial and thermal damping. The base is
isolated from the optical bench with viscoelastic polymer at the corners and
enclosed with an aluminum cover, which is also isolated from the laser by
strips of Sorbothane. The laser and saturated absorption optics are covered
with an acrylic enclosure, the aluminum cover and acrylic enclosure shield
the lasers from air currents, improve temperature stability, and suppress
acoustic vibrations.

An external cavity diode laser system with diffraction-grating feedback
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has been developed near the cesium D1 transition at 894 nm, producing
over 20 mW of single-mode power with a continuous tuning range of up
to 25 GHz [Andalkar et. al. (2000)]. Compared to the usual Littrow con-
figuration described above, their design consists of a pair of custom-built
kinematic mounts, one holding the diode and collimating lens, and the other
the diffraction grating. This allows one to easily and precisely optimize the
laser output and diode temperature can be controlled with minimum effect
on the cavity length.

Fig. 5.10(d) is an extended-cavity laser that uses a grating in a grazing-
incidence configuration. This design, implemented with diode laser by Har-
vey et al [Harvey and Myatt (1991); Day et. al. (1995)], is often called the
Littman-Metcalf configuration because they introduced the use of grazing-
incidence grating to control the Dye lasers [Littman and Metcalf (1978);
Littman (1984)].

It is a three-mirror cavity that consists of a high-reflection-coated
rear facet of the diode laser, the lasing medium of the diode laser, the
antireflection-coated front facet of the diode laser, a collimating lens, a
diffraction gratin at grazing incident, and an external mirror. The zeroth-
order reflection from the grating is the output of the laser. The first-order
reflection from the grating is reflected back into the laser by the external
mirror. One end of the laser cavity is the rear facet of the diode laser, and
the other end is the external mirror. The arrangement is similar to the
Littman [Littman and Metcalf (1978)] configuration for the pulse lasers.
However, it differs in that here a lens is added to collimate the beam, the
gain medium is in a waveguide, and the laser is continuous wave. This
configuration has important advantages of significantly higher spectral re-
solving power and no movement of the output beam when the laser is tuned.
A spectral width based on this configuration is determined by

AX A

A mwsind’ (5.33)
where A\ is the half width of the spectral distribution of the output laser
at wavelength A, w is the width of the illuminated part of the grating, and
0 is the angle between the grating normal and incident beam. To reduce
the spectral linewidth of the diode laser one tries to cover the laser beam
to the grating by increasing the incident angle.

Fig. 5.12 (a) is a resonant optical-locking configuration using a confocal
Fabry-Perot cavity [Dahmani et. al. (1987); Olsson et. al. (1987)]. In this
system one uses the weak optical coupling of the laser output to a high-
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Fig. 5.12 Different optical feedback schemes: (a) a resonant optical-locking configura-
tion using a confocal fabry-Perot cavity. (b) Ring cavity scheme.

Q optical resonator, the laser sees optical feedback from the Fabry-Perot
cavity only when the laser’s frequency matches a resonance of this cavity.
In this way the laser’s linewidth can be reduced to a few kilohertz and the
laser’s center frequency is stabilized to the cavity resonance. The laser is
tuning by changing the length of Invar Fabry-Perot cavity with a PZT.
One of the limitations of this system is that it requires some additional
slow electronics to keep the laser locked to the same cavity diode for long
time and keep the laser synchronized with the cavity mode for long scans.
The major advantages of this system are that the linewidth is very narrow
and the stability is determined by the external cavity. The disadvantages
are the sensitivity to cavity laser separation and the fact that laser tuning
range is still essentially the same that of the basic unstabilized laser since
it is restricted to the weak-feedback regime.

Fig. 5.12(b) shows a ring-cavity laser, which is the most difficult type
of the external cavity to align. Like the two-side external cavity, the ring-
cavity has the advantage of the increase of solitary resonance suppression
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because of reflectance suppression on both facets. It can be made unidirec-
tional by inserting an optical isolator into the cavity. An all fibers, widely
tunable, single frequency, semiconductor ring laser has been constructed
with a narrow linewidth of 350 kHz, tuning over 50 nm was electronically
achieved by use of a fiber Fabry Perot filter [Chawki et. al. (1993)].

In contrast with Littman configuration described previously, the tuning
mirror can be replaced with a second grating at Littrow angle [Wandt
et. al. (1997)]. This double grating arrangement was first implemented
theoretically by Littman [ Littman (1978a)] and experimentally by [Shoshan
and Oppenheim (1978)], respectively, in order to develop the narrow band
pulsed dye lasers. As shown in Fig. 5.13, the passive bandwidth of the
combination of the grazing-incidence grating and a Littrow grating is

2c

0vgg = (5.34)

TwA(2

dy cqols B + ds chQS B2 ) gz:(ﬂyi ,
where c is the velocity of light, w is the beam radius, d; and dy are the
groove spacing of the grazing incidence grating and the Littrow grating,
respectively, ¢g1 and g2 the corresponding diffraction orders. «a; is the angle
of incidence, (3 is the diffraction angle of the first grating, Go the Littrow
angle of the second grating, and A is the laser wavelength. Eq. (5.34)
simplifies for the grating-mirror combination (g2 = 0) to

OVsg = W;d;)\ cos oy . (5.35)
By comparing Egs. (5.34) and (5.35), one finds that the double-grating con-
figuration permits a bandwidth that is a factor of (1 + d; cos 31/2ds cos 32)
smaller than that of the grating-mirror cavity (g1 = g2 = 1). At a fixed
groove spacing of the grazing-incidence grating, this reduction is strongly
dependent on the groove spacing of the Littrow grating. Using a Littrow
grating with a grating period of 1200 g/mm and a typical angle of incidence
of 80 ° at a wavelength of 770 nm, one obtained a factor of 1.3 of bandwidth
reduction.

However, by using the same parameters but a grating with twice the
above-mentioned grating period, one can achieve a reduction factor of 2.6.
Therefore the angle of incidence «; can be reduced for operation with a
given bandwidth. This reduces cavity losses, and hence increases the tun-
ing range. In addition, the double grating arrangement allows one to syn-
chronize the cavity mode scan and the feedback wavelength scan by a sim-
ple mechanical construction, and therefore wavelength tuning with mode
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Fig. 5.13 Schematic of the double-grating arrangement. LD: laser diode, AR: antire-
flection, L: Collimator. Adapted with permission from Opt. Lett. 22, 6, pp. 390-392.
Wandt et al. (1997).

hop-free [Mcnicholl and Metcalf (1985)]. Finally, the dependence of the
wavelength on the rotation angle of the tuning element is smaller in the
double-grating design than that in grating mirror configuration. Hence the
laser can be tuned with high-frequency resolution.

The tuning curve of an optimized 80 nm laser system is shown in
Fig. 5.14(a), the laser is continuously tuned in a single longitudinal mode
without mod hops in the wavelength from 805 nm to 840 nm at current
90 mA and a temperature 20 °C. At the center of the tuning curve at
820 nm, a maximum output power of 6 mW is achieved. The modulation
of the output power arises from the weak residual reflection of the front
facet of the laser diode, forming a low-quality resonator. The dependence
of the output power on the wavelength for 775 nm external-cavity laser
system is shown in Fig. 5.14(b). The laser is continuously tunable from
758 nm to 785 nm with an output power of 4.5 mW at the peak of the
tuning curve at 775 nm. By using the same components in a single-grating
Littman configuration but with an angle of incidence on the grating of 84 °,
a continuously tuning range of 20 nm has been achieved.

The integration of micromachined mirror and laser diode to form minia-
turized external-cavity tunable laser has been proposed [Kiang et. al.
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Fig. 5.14 Output power versus wavelength for the (a) 820 nm laser system and for the
(b) 775 nm external-cavity laser. Wavelength tuning is performed without any mode hop
across the entire spectra. Adapted with permission from Opt. Lett. 22, 6, pp. 390-392.
Wandt et al. (1997).

(1996)]. A micromachined tunable diode laser has been made by the in-
tegration of a surface micromachined 3-D mirror, and FP diode laser and
butt-coupling optical fiber, as is shown in Fig. 5.15. The optical fiber is
aligned very near to the other exit window of the laser diode with the
intention of directly coupling the output laser beam from the laser diode
without the need for optical coupling lenses. The 3-D mirror sitting on
the a translating stage can be driven to move by the comb drive. The
suspension beam are used to maintain the translating stage hanging over
the substrate. The micromirror surface is located parallel to one of the
exit window of the laser diode and reflect part of the laser beam back into
the laser diode itself. By applying different driving voltages to the comb
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Fig. 5.15 Schematic diagram of tunable laser using a translating vertical micromirror
to change the external cavity length. Adapted with permission from IEEE Photo. Tech.
Lett. 8, 1, pp. 95-98. Liu et al. (2002).

drive, the 3-D mirror translates and changes the external cavity length,
resulting in the tuning of wavelength [Liu et. al. (2002)]. As shown in
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Displacement of 3D mirror (|1 m )

Fig. 5.16 Wavelength variation of the tunable laser with the displacement of 3-D mirror.
Solid line is the simulated curve based on experimental data. Adapted with permission
from IEEE Photo. Tech. Lett. 8, 1, pp. 95-98. Liu et al. (2002).

Fig. 5.16, a wavelength tuning range of 16 nm is achieved by moving the
micromirror laterally by driving an electrostatic comb drive attached to the
three-dimensional micromachined mirror. When the 3-D mirror displaces
from about 0.3 to 0.9 um, the wavelength changes from about 1544 nm to
1528 nm.
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5.3.2 ECDL design

In designing all of the external cavity diode laser system, a few elementary
concerns must be taken into consideration. One needs to maximize the
feedback, to precisely align the laser cavity to select the wavelength, and to
accurately control the laser chip temperature and extract the excess heat
[Zorabedian (1996)].

Sufficient feedback strength to the diode laser waveguide mode is re-
quired to have stable ECDL operation, to improve the single-mode tun-
ability without mode hopping. The optimal feedback strength depends on
the characteristics of the laser and the reflectance of the output facet. The
figure of merit for external feedback strength is the cavity loss ratio, i.e.,
the ratio of the mirror loss of the solitary cavity to the loss of the external
cavity. The cavity loss ratio should be at least 20 dB for any external cavity
design. To obtain the strong feedback, it is highly desirable to use good
quality high numerical objective with numerical aperture of NA> 0.55 for
collimating lens.

There are two figures of merit for wavelength selectivity. The first one is
solitary cavity mode selectivity, which is the ratio of the mode selection filter
FWHM bandwidth to the solitary axial mode spacing, it can be written as

ANrwHM
Nipt = ———. .
‘ A)\int (5 36)

Good tunability in the tracking between the oscillation wavelength and the
peak feedback wavelength will be obtained with N;,; < 0.3 as long as the
cavity loss ratio >20 dB. The other one is external cavity mode selection:

ANrpwHM
N, = SOEWHM .
¢ Ao (5:37)

which is the ratio of the mode selection filter FWHM bandwidth to the
external cavity mode spacing. To ensure single mode operation, it is neces-
sary to have Ng;; < 1. Care must be taken to ensure a stable thermal and
mechanical structure by using good material and kinematic design princi-
ples. Though the ECDLs provide narrow spectral linewidth, they are also
much more susceptible to external perturbation than are the solitary lasers
that we start with. For stable single-frequency operation, ECDLs need
to be isolated from vibrations and pressure fluctuations [Hawthorn et. al.
(2001)].
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5.3.3 ECDL alignment

Figure 5.17 depicts the layout of external cavity diode laser of Littrow con-
figuration, which requires a stable thermal and mechanical structure by
using good material and kinematical design principle. ECDL consists of a
stainless steel baseplate (not shown) that acts as a rigid backbone for laser
resonator and heat sink. A Sharp diode laser with antireflection coating
is mounted in a small copper fixture that bridges the Peltier cooler and
attached to laser baser mount. The base mount is then fixed onto the
baseplate. The collimating lens is connected to the laser mount by a stiff
spring-steel flexure that is clamped, the lens is mounted in the eccentric ring
that is clamped in place after initial coarse alignment. Fine adjustment of
focus is done with high-quality fine-pitched screw. A high quality dielectric
mirror is glued on the mirror mount with fine-pitched screw. A piezoelec-
tric transducer (PZT) is sandwiched between the mirror and mount. The
grating is mounted in the Littman configuration in order to couple the first
diffraction order back into the laser diode. A fraction of beam incident on
the grating is reflected out of the resonator and constitutes the output of
laser. The grating used in this setup has 1800 lines/mm for A=780 nm.
Typical feedback power ratio from 5 to 50 % is coupled into first diffrac-
tion order, the grating is glued on a aluminum which is mounted on the
baseplate.

S 5
—
{

i
)

LD mount

—

Fig. 5.17 Schematic diagram of a simple mirror-tuned external cavity diose laser system,
which consists of three basic elements: laser mount, mirror and grating. The diode laser,
Peltier cooler, and collimator are all integrated together in a stable laser mount. LD:
laser diode, PZT: piezo tube.

The optical feedback for the purpose of narrowing the line and stabi-
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lizing the diode laser has been discussed previously [Fox et. al. (1997)].
A diode laser tends to lase at mode frequency with greatest net gain.
Fig. 5.18 shows the various contributions to the laser gain profile: i) the
laser medium, this depends on the properties of the diode laser material,
in particular the bandgap. The gain from this contribution shows a broad
spectrum, whose peak depends mainly on laser chip temperature. ii) The
internal cavity, the diode junction forms a small etalon, which continues to
affect the gain curve even after one of the facets is AR coated. The cavity
gain function shifts in frequency with changes in the diode temperature and
current. As the temperature is increased, the peaks of both the medium
gain and the internal cavity gain curves shift to longer wavelengths. How-
ever, they do not shift at the same rate, and the result is that the laser
mode hops to different peaks of the cavity gain function. For this reason
a typical uncoated diode laser without feedback cannot be tuned to any
arbitrary wavelength. iii) The gating feedback, assuming the diffraction
limit of the grating, the spectral width Av of the grating feedback in the
first order will be given approximately by v/Av = N, where v is frequency
and N is the number of grating lines subtended by the laser beam. Usually
Av could be from dozens to hundreds of GHz. The position of the peak is
determined by the grating position. iv) The external cavity, the back facet
of laser and the grating consists of the external cavity, whose curve shifts
by moving the grating position. One free spectral range is tuned by moving
the grating one wavelength. The grating rotates about a pivot position as
it translates, which shifts the grating’s gain function so its peak partially
follows the external cavity peak. This increases the laser’s tuning range.

The optical alignment of external cavity laser requires precision and
skills. There are several methods to see optical feedback and get the desired
single mode frequency vy, the gain from each of components should peak
at vy as shown in Fig. 5.18. Here are two commonly used ways to achieve
the optical feedback.

5.3.3.1 Threshold current

We begin with setting the injection current so that the diode laser operates
slightly below threshold. By adjusting fine screws, the two fluorescence
beams emerging from the grating, (one beam is much weaker than the main
one because it has made a complete round-trip inside the laser cavity,) are
brought together until they are roughly overlapped. This should have a
sudden increase of the brightness of the emission from the lasing. The
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Fig. 5.18 Schematic representation of the various optical elements of external cavity
diode laser gain.

injection current is then reduced until the lasing action disappears and
alignment is repeated. A sufficiently good alignment is accomplished by
decreasing the threshold current by about 10~15 % as compared to the
threshold current of free-running diode.

5.3.3.2  OQutput power

We start off with monitoring the output power as a function of the swept
injection current, a triangular ramp is applied to the injection current.
Monitoring the output power of the ECDL with a large-area photodiode
and an oscilloscope obtains L-I curve with optical feedback as shown in
Fig. 5.19(a). When there is feedback from the extended cavity, there will be
abrupt discontinuous changes in threshold behavior. Iterative adjustment
of the focus and extended-cavity alignment will result in the graph as shown
in Fig. 5.19(c). The second method is simple and the most often used to
align the ECDLs. Also one can use CCD camera to monitor the change of
the intensity to get the optimized feedback.
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Fig. 5.19 Output power of ECDL versus injection current, which is swept near threshold
with a triangle wave. Three L-I curves are shown for different cavity alignments. Curve
(a) poor cavity alignment and multimode operation, (b) abrupt jump indicating the
single-mode operation, (c¢) optimum alignment.

5.4 Geometry for mode-hop suppression

In this section we describe the geometries that allow for the single-mode
diode lasers scanning for configurations of Littrow and Littman-Metcalf,

respectively.

5.4.1 Littrow configuration

Mode-hop suppression in a tunable laser by employing a Littrow grating
can be obtained in terms of simultaneous sweeping the Littrow grating
angle and external-cavity length. The simplest way to obtain such coupled
movements is to rotate the Littrow grating about a particular axis. It
has shown that the optimal rotation point can been found to obtain a
maximal continuous tuning range [de Labachelerie and Passedat (1993) ].
It is possible to tune a laser wavelength in a very wide ranges of 240 nm near
1450 nm with an external cavity diode laser [Bagley et. al. (1990); Tabuchi
(1990)], but with mode-hops. However, a continuous tuning range of 15 nm
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around 1300 nm without mode hop has been achieved with same type of
ECDLs and with a simple mechanical arrangement [Favre et. al. (1986)].
In such lasers, the grating angle controls the wavelength A, associated with
minimum losses. Nevertheless, the lasing wavelength also depends on the
cavity length that determines resonant mode positions. Continuous tuning
is obtained if the resonant wavelength A\, of the longitudinal mode number
q and the minimum loss wavelength A, are spectrally shifted at the same
rate to keep the lasing mode in a low-loss region. Such a condition can be
fulfilled by use of a rotation-translation combination of the grating position
in despite of complex mechanical setup and stability [Favre and Le Guen
(1991)].

One can tune a single-mode laser by moving the grating. To understand
how the frequency changes when one moves the grating, we investigate
several cases [Levin (2002)]. In Fig. 5.20(a), the grating is moved along the
laser beam direction, the standing wave oscillating inside the cavity will
be stretched, resulting in the continuous tuning of frequency. But as the
frequency changes, this stretching also varies the diffraction angle from the
grating, after a while, a mode with one more half-wave period inside the
cavity will be pointing more directly toward the mirror; i.e., the mode will
have low losses, leading to a abrupt mode hop back in frequency as shown in
right side of Fig. 5.20(a). If, however, the grating is moved perpendicular to
the beam as illustrated in Fig. 5.20(b), the distance between any particular
groove on the grating and the mirror does not change, which means that
even the cavity is becoming longer, there is no change in frequency. One can
also vary the frequency of the laser by changing the angle of the grating,
thereby choosing the frequency feedback to the mirror. If the grating is
turned around the center point of the beam, as shown in Fig. 5.20(c), the
frequency of the cavity at the middle of the beam will not change. This
means there is no variation of frequency until the next possible mode has
lower losses, and then the laser mode hops to the new frequency.

How should the grating be moved if one wants to achieve the contin-
uous tuning with no mode hops. It is possible to use a grating rotation
only to optimize the exact position of the rotation axis to obtain optimum
continuous wavelength tuning. The schematic diagram of ECDL is shown
in Fig. 5.21, The intersection of the laser axis and the grating plane is de-
noted by G, the origin of the axis at point O is defined by OG=L, L is
optical length of the laser cavity. The first diffraction order of the grating
is reflected back to the cavity for a grating angle 6. For a grating period d,
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Fig. 5.20 Different ways to move the grating and its corresponding change in wave-
length. Adapted with permission from Opt. Lett. 27, 4, pp. 237-239. Levin (2002).

A is given by
Ay = 2dsin 6. (5.38)

The resonant cavity-mode wavelength A, is given by well known expression

A¢=2L/q, taking into consideration grating translation in its plane. One
finds Ay,

2L

Ag = I+ @)/d’ (5.39)

where t((0) is the distance from G to a grating groove point that is taken as
reference. It is assumed that the grating is rotated about an axis R(zo, yo)
parallel to the grating lines and that before any grating rotation its initial
angle is 6y, the cavity optical length is L(6y) = Lo, and the g-th mode
frequency is exactly at the minimum-loss frequency A:

Aq(Lo) = Ar (o). (5.40)

When the grating is rotated the angle 8 varies and thus A, is shifted. One
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Fig. 5.21 Schematic diagram of laser configuration. Adapted with permission from
Appl. Opt. 32, 3, pp. 270. Labachelerie and Passedat (1993).

is interested in the difference,
F(6) = A (6) — A (0), (5.41)

which is zero for = 6y and must remain zero as long as possible for a large
grating rotation. If F'(0) keeps smaller than half the cavity-mode spacing
A, the g—th mode will stay dominant and no mode hop will occur while
the wavelength is tuned. Therefore, the condition for mode-hop suppression
is

|F(0)] < AN/2, (5.42)

this condition is obtained for # = 6y and can be maintained for large (6 —6y)
values if the derivatives of F'(f) vanish at 6 = 6.
By use of Egs. (5.38) and (5.39), Eq. (5.41) can be written as

2L(6)

PO = @)

— 2dsin 6. (5.43)
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For simplicity, it is assumed that for (6 = 6y) the reference-grating facet is
exactly on the laser axis [to(fp) = 0] and that there is one resonant mode
at the minimum-loss wavelength F'(6y) = Aq(60) — Ar(6p). Then F(6) can
be written as:

L(0)sin b,

Fo) = 2d[L0 T to(0) sin by

— sin 6], (5.44)

to determine the optimal rotation points, one takes the first derivative of
F(6),

L’(90) sin 9() - té)(eo) Sil’l2 90

F'(60) = 2d| — cos by). (5.45)
Lg
To the first order near 6 = 6 we have
L(Go) — ZR
to(Bg) = [——](6 — 6 4
ol60) = [Z g 10— o) (5.46)
which gives
/ LO — ZR
= .4
t(60) = [Z27E] (5.47)

L'(8p) can be calculated from the expression for L(6), which is obtained
from geometry of Fig. 5.21, that is given by

sin 0, cos, cost,
L(@) = —yR[ cos 0 — tan@] — ZR[ cos 0 — 1] + Lom, (548)
it is then pretty easy to find that F'(6y) = 0 for
Lo
= ) 5.49
YR = g (5.49)

Therefore, the optimum rotation point that provides continuous tuning at
the first order is the point of the line Ry Ry as indicated in Fig. 5.22. If one
now makes an expression of F'(#) to the second order for the point of the
line Ry Ry and uses the value of yr by Eq. (5.49), one can obtain

F(9) = dsin(eo)(i—fz +1)(0 — 60)2, (5.50)

which cancels out for zg = —Lg. Thus the optimum rotation point that
provides continuous tuning to the second order of F(f) is R4, as shown in
Fig. 5.22.



130 Tunable External Cavity Diode Lasers

Fig. 5.22 Particular rotation axes: R4 is optimum rotation point. LD: laser diode, G:
grating. Adapted with permission from Appl. Opt. 32, 3, pp. 270. Labachelerie and
Passedat (1993).

5.4.2 Littman-Metcalf

We here describe a geometry that allows for the single-mode scanning of
diode lasers for Littman-Metcalf configuration, It has been discussed that
the right choice of a grating rotation axis can provide changes simultaneous
in cavity length and diffraction angle that exactly match the requirements
needed for continuous single-mode scanning.

The basic geometry of the single-longitudinal-mode grazing-incidence
diode laser is shown schematically in Fig. 5.23 as proposed by Liu [Liu and
Littman (1981)] and [Shoshan et. al. (1977)]. Tuning is accomplished sim-
ply by rotating a mirror. By carefully selecting the position of pivot point
about which the tuning mirror is rotated. One could scan simultaneously
the cavity length and grating feedback angle, therefore permitting a contin-
uous single-mode scan over a limited range. It has found possible to define
a pivot point that satisfies this tracking condition exactly over the entire
tuning range of the grating.

In order to achieve tracking it is necessary to satisfy the following two
equations as in the Littrow configuration, which together determine the
laser wavelength:

Ar = g(sinﬁo + sin ¢), (5.51)
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Fig. 5.23 Grazing-incidence pulsed dye laser with self-tracking geometry. Adapted with
permission form Opt. Lett. 6, 3, pp. 117-118. Liu and Littman (1981).

and

p= 2O 200 L), (5.52)
q q

where L(¢) is the optical cavity length (L is the optical distance between
the grating) and the fixed mirror. L(¢) is the optical distance between the
grating and tuning mirror, q is the mode number, d is grating period, p is
the diffraction order, 6y is the incidence angle, and ¢ is the diffraction angle.
If one chooses the pivot axis to be the intersection of the surface planes of
the grating and tuning mirror, and designates the distance between the
grating angle center and pivot axis by Ly, then L(¢) is just

L(¢) = Ly + Lysin g, (5.53)

substituting this result into Eq. (5.52) gives
2 .
Ar = E(Lf + L,sin¢). (5.54)
Comparison of Egs. (5.51) and (5.54) reveals that, if

2 d
ZL; =~ sinbp, 5.55
P (5.55)
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and

2= (5.56)

q p
then tracking is achieved exactly for all accessible wavelength. For the
grazing-incidence case we have the additional condition sinfy ~ 1, so that
the pivot is located at a distance L, ~ L;. The proposed laser-scanning
scheme does impose severe requirements on the rotation mount used for
the tuning mirror. In particular, a mechanical runout of as little as a half-
wavelength will result in a mode hop. Care must be taken to set the pivot
location correctly.

Unfortunately, mechanical tuning is slow in all ECDL configurations,
and it is difficult to achieve high repetition rates, high frequency tuning
speed, and good reproducibility. In order to overcome these problems, we
can, instead of moving grating mechanically, tune the frequency of laser
electronically. We will explore them more details in the next chapter.



Chapter 6

Implementation of Tunable External
Cavity Diode Lasers

In the last chapter, we were concerned with the systems of external cavity
diode lasers, and we introduced various configurations of external cavity
diode lasers and approaches for achieving single-mode continuous tuning in
external cavity diode lasers. In this chapter, we demonstrate the various
ways to implement external cavity diode laser systems. Widely continu-
ous tunable external cavity diode lasers are produced by mechanically and
micro-electro-mechanically tuning the external mirrors or gratings simulta-
neously. Electronically tunable external cavity diode lasers are produced
by use of acousto- and electro-optic tunable filters and liquid crystal spatial
light modulators. Finally, we develop some special tunable external cavity
diode lasers such as blue-violet and high powered ones.

6.1 Widely continuous tunable ECDLs

A continuous wavelength tunability of 82 nm is described in this section by
mechanically tuning the mirror and grating simultaneously. Wide tunable
external cavity diode lasers based on micro-electro-mechanical-system in
different forms are introduced as well.

6.1.1 Mechanical wide tuning

As described in the previous chapters, if the wavelength tuning is achieved
by simply rotating the grating without translating it, external-cavity mode
hopping should occur over about the lasing cavity free spectral range, which
is typically 3 GHz for a 5- cm-long cavity. Continuous tunability with-
out longitudinal mode hopping can be obtained with ECDLs by combined
rotation-translation of the grating, as shown in Fig. 6.1, synchronous ro-

133
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tation and translation of the tuning mirror eliminates mode-hopping. The
first demonstration of this technique has been reported with a range of
15 nm without mode hopping around 1226 nm wavelength [Favre et. al.
(1986)].

Grating control

Mirror
rotation

Cavity control
Mirror
translation

<

Wavé]ength

Fig. 6.1 Schematic of continuous tuning with combination of rotation and translation.
Adapted with permission from Laser Focus World, June. Lang (1998).

An improved ECDLs operating around 1540 nm with a wavelength tun-
ability of 82 nm with mode hopping has been demonstrated [Favre and Le
Guen (1991)], the configuration is schematically shown in Fig. 6.2(a). The
1.55 pum buried heterostructure semiconductor laser is AR-coated on one
facet with a residual reflectivity decreasing from 10~% at A=1550 nm to
1075 at A=1582 nm. The output of the AR-coated facet is collimated on a
1200 groove/mm diffraction grating by a 0.615 NA lens with a 6.5 mm focal
length, the optical length of the ECDLs cavity is 50 mm at A=1540 nm,
The output is isolated by an optical isolator with 60 dB extinction ratio.
The grating rotation around the central ruling A is mechanically controlled
by a push rod, the end of which is freely moving along the CB axis. The
rotating grating is mounted on a motorized translator which controls the
simultaneous change of the cavity length L. and of the grating incidence
angle 6.

Single-mode emission is obtained when the wavelength A, of an ECDL
mode matches the wavelength A, of the grating in retroreflection conditions.
The differential micrometer screw shown in Fig. 6.2(a) is used for fine ad-
justment of A, by slightly rotating the grating without changing the cavity
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length L. The wavelength detuning over which the ECDL emission is locked
on a longitudinal mode has been experimentally found to be equal to the
free spectral range of the ECDL cavity. The continuous tuning condition
is satisfied if A\, and A; can be shifted at the same rate which requires that
AB = L/sin# is constant over the tuning range as shown in Fig. 6.2(b).
The mechanical tuning procedure consists of adjusting the CB axis posi-

translator

(@) )

é microscrew

Fig. 6.2 Configuration of external cavity lasers. (a) Arrangement, (b) equivalent geom-
etry scheme, L=50 cm, r=7 mm, R=24 mm. Adapted with permission from Flectron.
Lett. 27, 2, pp. 183. Favre and Le Guen (1991).

(b)

tion with the micrometer screw to maximize the continuous tuning range
without mode hopping. The maximal continuous tuning range A\ can be
calculated as a function of the micrometer detuning de, which is given by

R)?

Ar= 1A
A 26¢(Ltan® —r)’

(6.1)

where A is the mean wavelength and r» and R are mechanical distances
defined in Fig. 6.2(b).
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6.1.2 M:icro-electro-mechanical-system wide tuning

External cavity diode lasers based on conventional stripe-waveguide semi-
conductor diode lasers and piezoelectrically actuated blazed grating were
originally developed in the late 1980s by BTRL and CNET. More recently,
semiconductor lasers have been combined with mirrors and gratings on
micro-machined electrostatic actuators by NEC, Iolon, Fujitsu, Santur, and
Agility, independently. The advantages of this approach are a reduction in
size and cost, combined with an improvement in stability and reliability.

Traditional ECDLs have been piezo-electrically tuned with bulk opto-
mechanical assemble. A new and high power, widely tunable micro-external
cavity diode laser based on a micro-electro-mechanical-system (MEMS)
electrostatic actuator has been demonstrated [Berger and Anthon (2003)]
A schematic diagram shown in Fig. 6.3 is a Littman-Metcalf external cav-
ity diode laser tuned by a silicon MEMS actuator. The light source is a
InGaAsP /InP multi-quantum-well laser diode with high output power and
wavelength at 1.55 um. Reflection of the intracavity facet of the laser diode
is suppressed by use of low reflectance (< 2 x 107%) antireflection coating
in combination with an angled facet, this makes possible and effective facet
reflectance of less than reflectance < 1074,

The laser output beam is collimated at the opposite diode facet, which
serves as the output coupler of the resonator. Light emerging from the intra-
cavity diode facet is collimated by a diffraction-limited, micro-optical lens
and then diffracted at grazing-incidence from a 50% efficiency, free-space
diffraction grating. The directly reflected, zeroth order beam constitutes
the laser output, while the first diffracted order of laser beam propagates to
an external mirror mounted out-of-plane on a rotary silicon micro-actuator.
Wavelength tuning is achieved by applying a voltage to the micro-actuator,
which rotates the mirror to allow a specific diffracted wavelength to couple
back into the laser diode. The actual wavelength of the laser output is
determined by the gain bandwidth of the diode, the grating dispersion and
the external-cavity mode structures. The laser is tuned by applying voltage
to the comb elements of the MEMS actuator to produce an electrostatic
force that rotates the mirror about its virtual pivot. The angular range of
the actuator determines the tuning range. A variety of 150 V actuators,
with ranges of up to £2.8 °, have been used to tune over a wavelength range
of up to 42 nm. The mirror’s geometrical pivot can be designed to adjust
the cavity length. The laser wavelength determined by the diffraction an-
gle then scans synchronously with the grating filter passband, and the laser
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Fig. 6.3 Micro-ECDL photograph and schematic Littman-Metcalf cavity configuration
with a laser diode, collimating lens, diffraction grating, and external mirror mounted
on a MEMS rotary actuator. Mode-hop-free tuning is achieved by rotating the mirror
about a virtual pivot point defined by the intersection of two lines extending from the
actuator suspension beams. Adapted with permission from Optics € Photonics News,
March, pp. 43-49. Berger and Anthon (2003).

tunes continuously without mode hops. The actuator voltage determines
the laser frequency with an open-loop accuracy of approximately 10 GHz,
and the frequency is then stabilized to £1.25 GHz by use of the error signal
from wavelength locker etalon in a servo that adjusts the mirror position.
The collimated output beam from the ECDLs, with output power of up
to 70 mW, passes through an isolator and is coupled into a polarization-
maintaining (PM) fiber pigtail with 65% coupling efficiency. A beam split-
ter reflects 5% of the light into an integrated wavelength locker. The MEMS
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shutter is used to block the output for dark tuning, with suitable external
feedback, it can be used as a voltage-controlled attenuator (VOA). The
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Fig. 6.4 Micro-ECDI lasing spectra exhibiting 40 nm continuous range with >50 dB
side mode suppression ratio. Adapted with permission from Optics & Photonics News,
March, pp. 43-49. Berger and Anthon (2003).

wavelength tunability of the ECDLs based on MEMS is shown in Fig. 6.4,
which presents a superposition of lasing spectra across a continuous 40 nm
tuning range. Peak output power of up to 40 mW has been achieved from
this ECDLs. An external cavity laser can be also fabricated entirely on one
chip, using an etched grating in a semiconductor.

An external cavity diode lasers based on stripe waveguide semiconductor
optical amplifier, a ball lens, and a blazed diffraction grating fabricated by
vertical deep reactive ion etching of silicon has been demonstrated recently
[Lohmann and Syms (2003)]. The fabrication process of grating is very
simple, a 3 pwm thick layer of resist is deposited, patterned into a staircase
layout by contact lithography, and hard-baked to act as a surface mask.
The silicon is then etched using a cyclic etch-passivation process. After
etching, residual resist is stripped in a plasma asher, reflectivity is then
enhanced by use of a sputtered layer of Au. Bandpass characteristics for
the 12-th order grating has been given, tuning of an external cavity laser
over a 120 nm spectra range has been demonstrated, with a maximum
single-mode fiber-coupled power of 1 mW and side-mode suppression ratio
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of 30 dB.

A novel configuration for a wavelength tunable laser [Pezeshki et. al.
(2002)] has been proposed and demonstrated, that provides wide tuning,
distributed feedback (DFB) performance, and reliability at a DFB laser
array, a micro-mechanical mirror has been used to select one element of
the array. The MEMS tilt loosens the tolerances since the fine optical
alignment is done electronically. Only one laser is operated at a time,
with coarse tuning realized by selecting the correct laser and fine tuning by
adjusting the chip temperature.

Collimating MEMS tilt mirror
lens +-2° in X, +/- 0.5 in

Focusing
lens
Multi-A DFB array
(12 lasers, 10 p m)
Output
fiber

Fig. 6.5 Schematic of tunable laser package. The MEMS tilt mirror in the focal plane
of the collimating lens selects one laser from the DFB array and allows for electronic fine
tuning of alignment. Adapted with permission from IEEE Photon. Tech. Lett. 14, 10,
pp. 1457-1459. Pezeshki et al. (2002).

The schematic diagram is shown in Fig. 6.5. Rather than a complex
and lossy integrated combiner, an external MEMS tilt mirror is used to
select the appropriate DFB, the mirror is placed at the focal plane of the
collimator lens, and thus corrects for the spatial variation of the generated
beam. The approach has the advantage of the tremendously simplifying the
chip, since no active/passive translations are needed, and chip can be made
about the same size as the standard fixed wavelength DFB. The optical
loss of passive combiner is eliminated with nearly full output power of the
laser coupled out to the fiber.

The package is simple to manufacture and mechanically robust since
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the time-consuming and costly fine alignment is now done electronically
with the tilt mirror. A feedback loop maintains the optimum alignment
and compensates for any possible mechanical drift and creep. The DFB
array chip contains 12 lasers at a 10 wm pitch with a wavelength spacing
of 2.8 nm. The lasers share the same strained quantum well InGaAsP gain
medium and only vary in grating pitch, it can deliver about 50 mW chip
power at 300 mA current at case temperature of 30 °C, the light-current
curve of such an array is illustrated in Fig. 6.6. With such a closely spaced
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Fig. 6.6 Superimposed light current curves of a 12-element laser array at 35 °C heat
sink temperature. Adapted with permission from IEEE Photon. Tech. Lett. 14, 10, pp.
1457-1459. Pezeshki et al. (2002).

array, only a small deflection of the MEMS mirror is needed, which in this
case corresponds to about £1.5 °. But the mirror in fact is designed to
tilt £2 © in the plane and also tilt £0.5 ° in the other axis, thus allowing
coarse position of the positions. The butterfly package is combined with
control electronics and an external wavelength locker, The 33 nm total
tuning at 20 mW fiber coupled power is obtained in a fully functional
module. Fig. 6.7 shows superimposed spectra at 50 GHz ITU channels,
tuning time is typically a second between channels, the module is locked
on to the ITU grid within 0.4 GHz.

6.2 Electronically tuning external cavity diode laser

Various configurations using electronically controlled acousto- and electro-
optic tunable filters [Harris and Wallace (1969)], as well as spatial light
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Fig. 6.7 Superimposed spectra of module of 84x50 GHz ITU channel at 12 dBm or
20 mW. Adapted with permission from IEEE Photon. Tech. Lett. 14, 10, pp. 1457-
1459. Pezeshki et al. (2002).

modulator have been demonstrated and analyzed in this section. With no
mechanical readjustment, these devices are tuned by changing the frequency
of the radio frequency (RF) driver and/or scanning voltage applied to the
tunable filters which provide tunable wavelength by forward phase-matched
coupling between different index modes in a host medium and incident laser
beams.

6.2.1 Wavelength tunability by acousto-optic modulator

An acousto-optic filter has a narrow optical transmission bandwidth with
the center frequency electronically controlled by the drive frequency, an
acousto-optic modulator to tune a dye laser in the visible spectral range
has been used earlier 1970s [Taylor et. al. (1971)]. Fast tuning of diode
laser at 850 nm using an acousto-optic modulator inside the laser cavity has
been discussed [Coquin and Cheung (1988)]. Electronic tuning of a 1300 nm
InGaAsP semiconductor laser over a wide tuning range of 83 nm using an
acousto-optic filter in an external cavity configuration was reported [Coquin
et. al. (1989); Boyd and Heisman (1989)], both single and multi-wavelength
operation were observed.

The basic cavity configuration for acoustically tuned, external cavity is
shown schematically in Fig. 6.8. The acousto-optic filter devices is made
of TeO4 crystalline material with its FWHM bandwidth 3 nm, and the
peak transmission at center wavelength )y is about 80% for acoustic drive
power 3 W. Tuning is achieved by varying the frequency of the drive voltage
applied to the acoustic transducer, one can tune )y over a range of 1.2 um
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Fig. 6.8 External cavity configuration for acousto-optically tuned semiconductor laser.
LD: laser diode, AR: antireflection. Adapted with permission from IEEE J. Quantum
Electron. 25, 6, pp. 1575-1579. Coquin et al. (1989).

to 1.6 um by varying the electric drive frequency from 55 MHz to 75 MHz
with the time required to change one wavelength to another being 3 us for
the device. Optical spectra of the tuned optical output of the tunable laser
are shown in Fig. 6.9. The upper and lower spectra show the extremes of
the tuning range, while the middle trace is a typical spectrum from center of
the range, which spans 83 nm. Good mode purity with ~30 dB main mode
to side mode suppression ratio is realized over almost this entire range.
However, each main mode contains many external cavity modes which are
not individually resolved by optical spectrum analyzer.

A unique feature of the acousto-optic filter is that multiple grating can
be induced in the crystal by applying simultaneously multiple electric drive
frequencies to the transducer input. By carefully adjusting the levels of
the signals at the different wavelengths, one can achieve lasing at several
different wavelengths simultaneously. The spectra of output light are shown
in Fig. 6.10. One unfortunate characteristic of the acousto-optic filter is the
fact that an optical wave of frequency v is shifted up and down in frequency
when passing through the filter by an amount equal to the acoustic drive
frequency f. This leads to the normal modes of the acousto-optically tuned
external cavity laser being time-dependent chirping mode, that is
= 5@+ Jenirst), (6.2)

where fenirp = 2f is chirp frequency, a factor of 2 arises from the fact that

Vq

the laser go and back the filter twice. For many applications, it is nuance
that the normal mode of the laser is chirping. The frequency chirping due
to the shift can be compensated for by introducing a second acousto-optic
modulator inside the cavity, as shown in Fig. 6.11, the second one can easily
be configured to provide an equal and opposite frequency shift to that of
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Fig. 6.9 Optical spectrum analyzers of output of acousto-optically tuned laser diode at
three values of acoustic drive frequency. viz., (a) {=69.494 MHz, (b) f=71.1 MHz, and (c)
74.57 MHz. Total tuning range shown in the figure is 83 nm. Adapted with permission
from IEEE J. Quantum Electron. 25, 6, pp. 1575-1579. Coquin et al. (1989).

the first one, and thus the chirping is eliminated.

Figure 6.12 shows the optical spectra of the laser output obtained with
a frequency compensated external cavity using two acousto-optic filters in-
side the cavity, with both filters driven at same frequency. In this way, one
eliminates the chirping. However, the laser is still running in multimode
and discontinuously. It has been proposed and demonstrated that a novel
approach can achieve rapid and phase-coherent continuous broadband tun-
ing of a single-mode external cavity semiconductor lasers [Kourogi et. al.
(2000)]. To this end, two acousto-optic modulators have been used to con-
trol the angle of incident light on a diffraction grating and the effective
round trip optical phase electronically. To have the round trip phase, a
long delay line to generate a modulation signal of the acousto-optic device
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Fig. 6.10 Optical spectrum analyzer traces of output of tunable laser showing multiple
wavelength tuning when multiple frequencies are injected into the acousto-optic filter.
(a) f=81.3 MHz and 82.3 MHz, (b) {=80.3 MHz, 81.3 MHz and 82.3 MHz. Adapted
with permission from IEEE J. Quantum Electron. 25, 6, pp. 1575-1579. Coquin et al.
(1989).

is employed.

Figure 6.13 shows the diagram of the proposed electronically tunable
external cavity semiconductor laser. The configuration is different from
that of a previous one in two ways [Coquin and Cheung (1988)]. First,
instead of acousto-optic tunable filter, an external grating and a pair of
acousto-optic modulators are used as the wavelength selective element in
a Littrow configuration. This allows fast and accurate selection of the
lasing wavelength by varying only the incident angle to the grating that
interlocks with the drive frequency (f) of the acousto-optic modulator. Each
acousto-optic modulator is set in the same diffraction direction. Compared
with the previous methods [Coquin et. al. (1989)], this approach gives
high-resolution wavelength selectivity, enables the single-mode operation of
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Fig. 6.11 External-cavity configuration using two acousto-optic filters to compensate
for optical frequency shift. Adapted with permission from IEEE J. Quantum Electron.
25, 6, pp. 1575-1579. Coquin et al. (1989).

this laser. Second, an electrical delay line is incorporated into the line for
microwave signal going to one of the acousto-optic devices. The basic idea is
similar to that in an external cavity laser, in which continuous tuning over
a broad wavelength range has been realized by simultaneous mechanical
control of the external-cavity length and the oscillation wavelength of the
laser [de Labachelerie and Passedat (1993) |.

The continuous tuning of laser frequency is achieved by simultaneously
changing both the electric drive signal frequency f and the relative phase
¢. Fig. 6.14 illustrates the continuous laser frequency tuning. When the
electric frequency f is continuously varying without changing its phase, the
laser experiences a stairway-shaped mode hop through every Fabry-Perot
mode of the external cavity, as shown in Fig. 6.14(a), since one cannot
change the frequencies of the external cavity modes by changing f. When
one continuously changes ¢ without varying the f, the laser experiences a
saw-shaped mode hop for every =, as displayed in Fig. 6.14(b). This is a
so-called chirped-frequency operation in a frequency-shifted feedback laser
that was studied by Nakamura [Nakamura et. al. (1997)]. This operation
explains how one can tune the laser frequency while avoiding mode hop
when f and ¢ are changing simultaneously as depicted in Fig. 6.14(c).

The simplest method of varying both f and ¢ simultaneously is to use
an electrical delay line, as shown in the inset of Fig. 6.13, one can vary
the relative phase ¢ of the electrical drive signals applied to the acousto-
optic devices by changing f in terms of the relation of ¢ = wf7, where 7 is
the delayed time. Hence the effective round trip phase shift of the optical
signal that returns to the laser is 2¢. Therefore the frequency of the Fabry-
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Fig. 6.12 Optical spectrum output of non-chirping tunable laser using two acousto-
optic filters inside the cavity. (a) =68 MHz, (b) {=69 MHz, and (c) 70 MHz. Adapted
with permission from IEEE J. Quantum Electron. 25, 6, pp. 1575-1579. Coquin et al.
(1989).

Perot modes of an external cavity changes its free spectral range (FSR) by
changing ¢ by w. To match the frequency tuning of the laser by f and ¢, one
can obtain the optimum delay time from 7 = (dfigser/df)/(2F SR), where
(df1aser /df) is the tuning of the laser frequency to the modulation frequency.
In Fig. 6.14(a), {(dfiaser/df) can be referred to as the coeflicient of the
center frequency of the passband of the grating feedback to the modulation
frequency. Thus it is possible to tune the laser frequency continuously
by use of an electrical delay line as a phase shifter to vary both f and ¢
simultaneously.

An InGaAs Fabry-Perot semiconductor cavity with antireflection coat-
ing (< .1%) at 1.55 wm on the facet was used to demonstrate the continuous
tuning of laser frequency via the technique described above. The diffrac-
tion efficiency of the acousto-optic modulators was ~ 70%. A grating of
1200 grooves/mm was used. Since the diffraction efficiency of the grating
was 70%, the total reflectivity from the acousto-optic modulators and the
grating was 16%. Single-mode operation and electrical tuning over 2 nm
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Fig. 6.13 Electronically tunable external-cavity semiconductor laser structure: AOMI,
AOM2: acousto-optic modulator; VCO, voltage-controlled oscillator; Amp. microwave
amplifier; LD: laser diode. Adapted with permission from Opt. Lett. 25, 16, pp. 1165.
Kourogi et al. (2000).
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Fig. 6.14 Explanation of the laser frequency tuning: (a) f is changed without changing
¢. (b) ¢ is changed without changing f. (c) f and ¢ are changed simultaneously. Adapted
with permission from Opt. Lett. 25, 16, pp. 1166. Kourogi et al. (2000).

was observed with a scanning Fabry-Perot cavity and an optical spectrum
analyzer. The linewidth of laser is estimated to be less than 1 MHz by beat
note signal. Fig. 6.15(a) shows the wavelength variation when f is tuned
without a delay line. The discontinuities of the tuning wavelength are due
to the Fabry-Perot modes of the internal cavity of the semiconductor laser
itself.

Fig. 6.15(b) shows an enlarged version of Fig. 6.15(a). It is evident that
the laser experiences a stairway-shaped mode hopping, owing to the Fabry-
Perot mode of external cavity, where the mode-hop frequency is equal to
the free spectral range of the Fabry-Perot modes ~1 GHz of the external
cavity. This behavior agrees with that observed in Fig. 6.14(a). From
Fig. 6.15 it is estimated that (dfiser/df) = 3 x 10%, and thus the optimum
value of 7 is about 15 us, Fig. 6.15(c) and (d) show the behavior of the
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Fig. 6.15 Behavior of the wavelength of laser as a result of frequency tuning: (a), (b)
7=0; (¢c) 7="7.5 us; (d) 7 = 15 ps. Adapted with permission from Opt. Lett. 25, 16,
pp. 1166. Kourogi et al. (2000).

wavelength when 7 = 7.5 us and 15 us, respectively. To achieve such a
large delay one utilizes an optical delay line. It is found that wavelength
behaves in a different way when f is tuned with a different delay line. When
T = 7.5 us, a stairway-shaped mode hopping can be seen. It can be seen
clearly that laser is being tuned by f and ¢ being changed simultaneously.
When 7 = 15 us, the stairway-shaped mode hop changes to continuous
tuning for several gigahertz except for some random mode hopping. This
approach lends itself to fully electronic control of external cavity diode
lasers.

6.2.2 Frequency chirping by electro-optic modulator

Integrated optic filter based on narrow-band forward grating-coupling be-
tween TE and TM modes in LiNbO3 has been demonstrated [Alferness and
Buhl (1982)]. With the addition of electro-optic phase shifters, these de-
vices have the potential to provide both mode selection and mode shifting
for continuous access tuning. Tuning ranges of 700 nm and linewidth of
< 60 kHz have been obtained with such devices [Heismann et. al. (1987)].
External cavity diode lasers have proven to be a very powerful tool for
a variety of applications. The ECDLs ability to tune to particular tran-
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sitions makes then invaluable for studies in atomic physics [Wieman and
Hollberg (1991)]. However, new applications are arising requiring ECDLs
capable of producing linear frequency chirps. Frequency chirped lasers have
proven to be very useful for optical coherent transients processing [Merkel
and Babbitt (1996); Kroll and Elman (1993)], memory [Lin et. al. (1995);
Bai et. al. (1986)], true time delay and coherent laser radar [Karlsson and
Olsson (1999)]. Recently, the methods of producing the frequency chirp for
laser radar have been demonstrated.

The first method involves the modulation of the drive current of a dis-
tributed feedback laser diode to produce the frequency chirp [Karlsson and
Olsson (1999)]. The response of the laser to a change in current is not a lin-
ear function so that a complicated modulation function is needed to produce
a linear frequency chirp. The second method used to produce a frequency
of diode laser is to provide frequency shifted feedback to the laser diode
using an intra-cavity acousto-optic modulator [Nakamura et. al. (1998);
Nakamura et. al. (1998a); Kowalski et. al. (1998); Troger et. al. (1999)].
The output of a laser diode is collimated and sent through the AOM, the
first order beam provides the frequency shift feedback. The slope of the
frequency chirp is v = vy /7., where vy is the frequency shift per round
trip time while the duration of the frequency chirp is 1/v¢, 7, is round trip
time.

The third method has been developed by using an intra-cavity electro-
optic crystal to chirp an external cavity laser [Tang et. al.  (1977);
Goedgebuer et. al. (1992); Wacogne et. al. (1993); Andrews (1991);
Boggs et. al. (1998); Mnager et. al. (2000)]. A resonance condition is
set by leqw = gM\/2 so that an integer number of half wavelengths fits into
the optical path length 1 between the back facet of the laser diode and
the grating that forms the external cavity. By applying a voltage to the
electro-optic crystal, the index of refraction changes and thus optical length
changes by Al = An.(V)l, where An.(V) = —(n3/2)rs3(V/d) is the change
in the index of refraction, n. is the extraordinary index of refraction of the
EO crystal with no applied voltage, r33 is the electro-optic coefficient of
the EO crystal, V is applied voltage, and d is the spacing between the elec-
trodes. The chirped ECDLs wavelength thus changes to match this new
resonant condition by l.q, = g\/2.

One can write an expression for the change in frequency as a function
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of the applied voltage

Z/Tlnggg

A =
Y lond

V =RV, (6.3)

where [ is the length of EO crystal, R., is a constant that describes the
response of the EO crystal to the applied voltage. The change in frequency
of the laser is linearly proportional to the applied voltage. The time of the
frequency chirp of a chirp ECDLs with an intra-cavity EO crystal can be
programmed by controlling the voltage of the electro-optic crystal. Thus
flexibility in programming the timing of the frequency chirp is a major
advantage over the frequency shifted feedback laser.

A 1540 nm external cavity laser diode with an intracavity electro-optic
wavelength tuner has been reported [Wacogne et. al. (1994)], coarse- and
fine-wavelength filter has been achieved with a single lithium niobate wave-
length tuner. One section of the crystal is used as a tunable-wavelength
filter to tune the wavelength by mode hoping. The other operates as a
phase modulator to change the optical length of the cavity and to tune the
wavelength continuously.

X2.45 ! EM
Wavelength
Tuner (LiNbO3) E2

Y2
Tuning by
diode Continuous mode hopping

tuning

Fig. 6.16 Wavelength-tunable laser diode: ML, microlens. QP, quartz plate, EM. exter-
nal mirror. Adapted with permission from Opt. Lett. 19, 17, pp. 1334-1336. Wacogne
et al. (1994).

The experimental setup is shown schematically in Fig. 6.16, it consists of
a laser diode, a collimating microlens, an electro-optic wavelength tuner, a
birefringent quartz plate, and an external mirror. A diode laser is a 1540 nm
GaAsInP/InP with one internal facet AR coated. The wavelength tuner is
a z-propagating bulk lithium niobate crystal with two pairs of electrodes
oriented at 90 ° one to each other. The crystal length is 45 mm along the
z direction, and its cross section is 2 mm x 2 mm. The length of long
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electrodes is d;=35 mm. These electrodes induce an electrical field along
the y; axis that is parallel to the TE polarization of the laser chip. The
length of the short electrodes (de=10 mm) induces an electric field along
the x; axis of the crystal. The fast xo and slow o axes of the quartz plate
are oriented at 45° to TE. The optical path difference induced by natural
birefringence of the plate between its slow and fast axes is Dy = 57 um,
the optical cavity length is L = 16 cm.

Tuning with mode hopping is obtained with the short electrode section
of the crystal, which is in series with the birefringent quartz plate. When
a voltage is applied to this short electrode section, the resulting voltage-
dependent optical path difference between two xo and y, axes is

D(Vz) = danjria(Va/w), (6.4)

where n, = 2.2116 is the ordinary refractive index of lithium niobate at
1540 nm wavelength, 712 = 3.4 x 10712m/V is the electro-optic coefficient
and w=2 mm is the aperture width of the crystal. For one round trip of
laser in the laser cavity, the spectral transmission of such a filter is given
by

TW) = COSQ[%T”(DO + D)), (6.5)

transmission peak occur at frequencies v = gc¢/2[D, + D(V2)], where q is
an integer.

Laser emission occurs at the wavelength of the maximum gain. Single-
mode operation is achieved as a single peak is inside the gain curve to avoid
more mode competition. One then obtains wavelength tuning with mode
hopping by varying the peak position in the gain curve through voltage V5,
then the tuning rate with mode hopping is given by

dv/dVy = 2dyenria /quwA? = 630 MHz/V, (6.6)

where q=74 is the transmission peak order for do = 10 mm at A\,=1540 nm.
Continuous wavelength tuning is obtained by phase modulation of the in-
tracavity wave by means of the long-electrode section. When a voltage V;
is applied to the crystal, whose axes are not rotated as described above,
but the n,; refractive index is electrically changed by the Pockels effect:

1
ny1 = no + ingrlgvl/w, (6.7)
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considering the variation of the refractive index n,; with applied voltage
V1, the fine-voltage-tuning rate can easily be written as

dv/dVy = cniriady /(2wAL) = 400 kHz/V, (6.8)
where d; = 35 mm.

210 GHz
AV2=360V

| 300GHz |
AV2=530V

Fig. 6.17 Wavelength tuning by mode hopping (multiple exposure). Adapted with
permission from Opt. Lett. 19, 17, pp. 1334-1336. Wacogne et al. (1994).

Figure 6.17 is multiple-exposure photography of wavelength tuning by
mode hopping obtained with a Fabry-Perot spectrum analyzer when voltage
V5 is applied to the short-electrode section. The measured tuning rate is
580 MHz, The largest tuning range is 700 GHz. Figure 6.18 shows an
example of continuous tuning obtained by applying the voltage Vi across
the longer section of the crystal. The maximum tuning range was 770 MHz,
The corresponding driving voltage is 400 V, which gives a continuous tuning
rate of 480 kHz/V.

The performance of a chirped ECDLs built in the Littrow configuration
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Av=T770MHz AV1=400V

Fig. 6.18 Continuous tuning over 770 MHz, i.e., 82% of the FSR of the laser cavity
(multiple exposure). Adapted with permission from Opt. Lett. 19, 17, pp. 1334-1336.
Wacogne et al. (1994).

with an intra-cavity electro-optic crystal has been studied [Rapasky et. al.
(2002)]. The chirped ECDLs has a center wavelength of 793 nm with a
20 nm tuning range by mechanical rotation of the feedback grating and
rapid tuning is achieved electronically by voltage control of the electro-
optic crystal. The EO tuning response of the laser is 2.01 MHz/V, and
linear frequency chirp of 800 MHz ranging in duration from 3 us to 337 us
has been demonstrated. The maximum electro-optic tuning is set by the
external cavity mode spacing of 2.4 GHz.

A schematic of the chirped ECDLs is shown in Fig. 6.19(a) and the
actual laser is shown in Fig. 6.19(b). Light from a laser diode with a
nominal wavelength of A=795 nm is collimated with a lens of focal length
f=4.50 mm and a numerical aperture of NA=0.55, the lens has a broadband
anti-reflection coating. After the collimating lens, the light is incident on
an EO crystal. The crystal is a x-cut lithium tantalite crystal that is
5 x5 x 10 mm3. Two opposing 5 x 10 mm? sides are coated with a golden
plating and are used for the high voltage electrical connection. After the
EO crystal, the light is incident on an 1800 line/mm holographic grating at
an incident angle of 45°. The first order reflection from the grating which
is used to provide the optical feedback from the grating is incident on a
roof prism. The grating and roof prism form a retroreflector so that as the
laser is tuned, the output does not change its pointing direction.
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Fig. 6.19 (a) Schematic of the CECDL design. The EO crystal provides a method for
chirping the laser, the pointing direction of the laser output is key constant as the laser
is tuned because of the retroreflector formed by the grating and roof prism. (b) Picture
of the completed chirped ECDL. Adapted with permission from Rev. Sci. Instrum. 73,
9, pp. 3155. Rapasky et al. (2002).

A commercial laser diode controller is used to set the current and control
the temperature of the chirped ECDLs. The voltage applied to EO crystal
can be from high voltage supply or an amplified signal from a programmable
ramp driver. The mechanical tuning of the chirped ECDLs is controlled by
a single channel piezo drive. Figure 6.20 is a plot of the laser frequency in
GHz as a function of the applied voltage to the electro-optic crystal. The
electro-optic tuning of the laser via the electro-optic crystal shows a tuning
range of 1.2 GHz without mode hop, which is less than the 2.4 GHz mode
spacing of the cavity. The open circle represent the measured values of the
laser frequency as a function of the applied voltage while the solid line is a
linear fit to the data. The slope of the linear fit of R., = 2.014+0.02 MHz/V,
compared to theoretical calculation of R.,=1.99 MHz/V, agrees well with
theory.
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Fig. 6.20 Plot of the laser frequency as a function of the voltage applied to the EO
crystal. This measurement was made with the SRS voltage supply and wavemeter and
thus represents the dc detuning response due to the EO crystal. The solid line is a linear
fit to the data and has a slope of £0.02 MHz/V. Adapted with permission from Rev.
Sci. Instrum. 73,9, pp. 3157. Rapasky et al. (2002).

The expected response of the chirped ECDL Av(t) can be expressed in
terms of the measured response of the electro-optic crystal R, as follows:

Av(t) = V(t)Guv Rro, (6.9)

where V(t) is the measured voltage output from the ramp generator,
G v =200 is the gain of the high voltage amplifier. The chirped frequency
response of the chirped ECDL is measured using the scanning FP interfer-
ometer. When the chirped ECDL is not chirping, the transmitted intensity
of the scanning interferometer has a Lorentzian line shape as a function of
time.

The transmitted intensity as a function of time will deviate from the
Lorentzian line shape and this deviation is directly related to the frequency
chirped response. The deviation from the Lorentzian line shape can then
be used to find the frequency chirped response of the chirped ECDL. The
solid line in Fig. 6.21 shows the transmitted intensity as a function of time
for chirped ECDL with a linear voltage ramp of 400 V repeated applied to
the EO crystal in 337 us while the dashed line is the Lorentzian envelope.
The deviation from the Lorentzian is evident in this figure.

Fig. 6.22 is a plot of the frequency chirped response of the chirped
ECDL as a function of time. The circles represent the measured value
of the frequency response measured by looking at the deviations from the
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Fig. 6.21 Plot of the transmitted power of the scanning FP interferometer as a function
of time. The solid line is measured when the CECDL is not chirping and thus has a
Lorentzian line shape. The deviation from a Lorentzian line shape is evident when the
CECDL is chirping and this deviation is used to find the frequency chirped response as
a function of time. Adapted with permission from Rev. Sci. Instrum. 73,9, pp. 3158.
Rapasky et al. (2002).

Lorentzian line shape as shown in Fig. 6.21. The solid line is the expected
frequency response as calculated from Eq. (6.9). Good agreement is seen
between the measured and expected responses.

Figure 6.23 is a plot of the frequency chirped response of chirped ECDL
as a function of time for linear voltage ramps applied to the electro-optic
crystal. For this plot, voltage ramp duration of 3, 13, 28, 93, 195 and
337 us were used. The good agreement between the measured and expressed
frequency response indicates that an intra-cavity electro-optic crystal is a
good way to produce linear frequency chirps on the microsecond time scale.

A novel tuning concept has been proposed and demonstrated|[Levin
(2002)], where frequency tuning range is increased by making the electro-
optic crystal thinner. The laser has the chirp rate of 1.5 GHz/us and good
frequency stability. The change in cavity length that is imposed by the
electro-optic crystal is inversely proportional to the crystal thickness. If
the crystal thickness changes across the beam perpendicular to the propa-
gation direction, one can achieve the difference in the cavity elongation that
is required for the mode-hop-free tuning. The proper shape of the crystal
can be derived as follows: If # is the angle of incidence on the grating, y is
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Fig. 6.22 Plot of the laser frequency chirp as a function of time. The circles represent
measured values of the frequency chirp by using the data in Fig. 6.21 while the solid
line is the expected frequency chirped response calculated from Eq. (6.9). Adapted with
permission from Rev. Sci. Instrum. 73,9, pp. 3158. Rapasky et al. (2002).

a coordinate as defined in Fig. 6.24, then the optical length L(y) is given
by L(y)=L(0)+ytan 6. If the height of the crystal h(y) varies slowly, then
the change in the cavity length with applied voltage as a function of y is
given by
a 4 v
AL(y) = —57’1,27'33@, (6.10)

where a is the length of the crystal, n, = n. is the extraordinary refractive
index, rz3 is the relevant element of the electro-optical tensor, and V is
applied voltage.

The conclusion of mode-hop-free tuning is that the elongation of the
cavity should be proportional to the cavity length for all y. Therefore, it
requires that AL(y) = CL(y), where C is a constant. That means

9n37’33V 1
"=~ = MO) T —ana 6.11
g [L(0) + y tan 6]C ( )1+ Ly (6.11)

it is easier to design a crystal with flat surfaces. If the beam width is
considerably smaller than the cavity length, one can have

tan @

(y) ~ hO) ~ s

yl. (6.12)
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Fig. 6.23 Frequency chirped response of the CECDL for chirp duration ranging from
3 to 3.337 pus. The solid line represents the expected frequency chirp while the symbols
represent the measured values. Adapted with permission from Rev. Sci. Instrum. 73,
9, pp. 3158. Rapasky et al. (2002).
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Fig. 6.24 Schematic diagram of moving the grating and consequently tuning the wave-
length. Adapted with permission from Opt. Lett. 27, 4, pp. 237-239. Levin (2002).

To get as high a frequency voltage tuning ratio as possible, it is desir-
able to get thin crystal. Stable single-mode operation is ensured by use
of large value of §. The schematic of setup is shown in Fig. 6.25(a). The
50 GHz continuous single-mode scanning range is shown in Fig. 6.25(b).
The dots on the line are recorded measurement points, but the change is
monitored continuously. The mode-hop-free is monitored by observing the
smooth movement of the fringes from a scanning Fabry-Peort interferom-
eter. Fig. 6.26(a) shows a recording of a 400 MHz scan by applying a
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Fig. 6.25 (a) Schematic of laser setup. LD: laser diode; L: lens; Au: Au-plate; EOC:
electro-optic crystal; W: half-wave plate; G: grating. (b) The line with dots is a recording
of a 50 GHz scan. The sawtooth line shows how the tuning would have appeared with a
nonangled crystal, limiting the scanning to range to 1.3 GHz. Adapted with permission
from Opt. Lett. 27, 4, pp. 237-239. Levin (2002).

high voltage across the crystal. A scan with a maximum scanning speed
of 1.5 GHz/us is also shown in Fig. 6.26(b). The fast scanning capabilities
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Fig. 6.26 Recording of a 400 MHz chirp (a) and of fast scan (b). Adapted with per-
mission from Opt. Lett. 27, 4, pp. 237-239. Levin (2002).

and short-term stability of the laser are analyzed by means of heterodyne
mixing the laser with the other laser with linewidth of 100 kHz.

6.2.3 Wavelength tunability by liquid crystal display

A new concept of an electronically tunable external-cavity diode laser with
simultaneous feedback and intracavity spatial separation of the laser’s spec-
tral components has been demonstrated by use of liquid crystal spatial light
modulator [Struckmeier et. al. (1999)] . As depicted in Fig. 6.27, the ex-
ternal cavity consists of an AR coated commercial 670 nm laser diode, a
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Fig. 6.27 Schematic diagram of the electronically tunable external-cavity diode laser.
Adapted with permission from Opt. Lett. 24, 22, pp. 1573-1575. Struckmeier et al.
(1999).

collimator, and diffraction grating, a liquid-crystal array (LCA), and a high-
reflection end mirror. The output beam of the laser diode is collimated and
sent into the diffraction grating. The grating is placed such that its first
diffraction order is directed toward the lens and that the distance between
grating and lens equals the focal length of the lens. The high-reflection
mirror is placed in the other focal plane of the lens, and the LCA is lo-
cated directly in front of the mirror. The basic advantage of this cavity
geometry is that without the LCA it provides simultaneous feedback for all
spectral components of the laser diode while the spectral components are
spatially separated in the cavity. This separation enables one to introduce
the LCA as an electronically controllable aperture to select feedback for
the various spectral components, which can be independently switched on
and off. This configuration permits both tuning of the emission wavelength
and operation of the laser at various wavelengths simultaneously.
Wavelength tunability without mechanical movement over a range of
10 nm between 665 nm and 676 nm is shown in Fig. 6.28. The linewidth of
the laser was measured with Fabry-Perot interferometer to be smaller than
30 MHz with a single-mode suppression of better than 10 dB. The possi-
bility of multi-color synchronous operation is one of the great advantage of
the electronically tunable external cavity laser diode. T'wo-color operation
are demonstrated with a 670 nm laser diode as shown in Fig. 6.29. Dual
emission is obtained at various spectral positions and with variable spacing
between the emission modes. Using an intracavity Fourier transformation
allows one to demonstrate the multi-color operation, gain extension and
intracavity second harmonic generation in place of LCA with LCD or dig-
ital mirror devices as shown by the figure similar to Fig. 6.27. The new
design can be applied to different lasers as shown on the examples of a laser
diode and a Thulium-doped fiber laser in the mid-infrared at wavelength
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Fig. 6.28 Spectra of electronically tunable external-cavity diode laser emission for sev-
eral settings of the LCA. The traces have been vertically offset. Adapted with permission
from Opt. Lett. 24, 22, pp. 1573-1575. Struckmeier et al. (1999).

2300 nm. In addition, tunable emission in the 490 nm range is obtained
by use of intracavity SHG with one single control parameter [Breede et. al.
(2002)].

6.3 Miscellaneous external cavity diode lasers

In this section, miscellaneous external cavity diode laser systems are de-
scribed, including blue-violet diode lasers which has successfully developed
recently, high power diode laser as an important class of applications requir-
ing high power either in pulsed or continuous-wave operation in a single-
frequency mode, and wide tunability achieved by latest quantum dots lasers
in an external cavity.
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Fig. 6.29 Three emission spectra of electronically tunable external-cavity diode laser
with dual-color operation. Adapted with permission from Opt. Lett. 24, 22, pp. 1573-
1575. Struckmeier et al. (1999).

6.3.1 Blue-violet external cavity diode lasers

The rapid development of gallium nitride (GaN) diode laser has led to
the recent commercial availability of CW blue-violet laser diode with its
wavelength range from 370 nm~430 nm. The main market of these laser is
not only for optical data storage, but also for scientific applications. It is a
good alternate to frequency-doubled dye or Ti: sapphire lasers.

Conroy et al. [Conroy et. al. (2000)] reported a detail characteristics
of a GaN diode laser operating in a Littrow configuration in an external
cavity around 392 nm, giving a tunable, single frequency output power
in excess of 3.5 mW. The laser can be tuned smoothly over 6 GHz and
2.7 nm discontinuously with a upper limit linewidth of 5 MHz. Figure 6.30
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Fig. 6.30 Output power of free-running and external-cavity lasers as a function of laser
current. Adapted with permission from Opt. Commun. 175, pp. 186. Conroy et al.
(2000).

shows the standard output characteristics of the Nichia Corporation NLHV
500 with nominal cw output power of 5 mW at 393 nm in the case of
free running and external cavity in Littrow configuration. As indicated in
Fig. 6.30, it can be seen that the holographic UV (HoloUV) grating with
lower diffraction efficiency (30%) gives a larger slope efficiency of 46%, with
a maximum of 3.5 mW of single frequency output power. The more efficient
holographic visible (HoloVIS) (50%) grating shows a measurably reduced
threshold of 26.4 mA but with a ower slope efficiency of 17%, thereby
limiting the maximum available single frequency power to 1.5 mW.

The tuning range of the external cavity is illustrated in Fig. 6.31 as
the angle and position of the grating is changed manually. The tuning
range are 1.3 nm and 2.7 nm for HoloUV and HoloVIS, respectively. To
compare this tuning behavior, Fig. 6.32 shows the tuning behavior from
635 nm and 670 nm laser diodes with same configuration. Both lasers are
anti-reflection coated with a reflectivity of less than 107°, one finds the
discontinuous tuning range of up to 10 nm for these two diode lasers. The
limited discontinuous tuning of GaN laser diodes in an external cavity is
thus a disadvantage. The output could be continuously tuned by means of a
lower voltage piezoelectrical transducer to change the grating angle and its
distance from the diode laser. The tuning of 6 GHz without mode-hopping
has been achieved by a voltage of 10 V peak to peak. A linewidth of 5 MHz
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Fig. 6.31 Discontinuous wavelength tuning of the violet external-cavity diode laser using
both the HoloUV and HoloVIS gratings. The gain center of the free-running diode was
at 392.7 nm. Adapted with permission from Opt. Commun. 175, pp. 187. Conroy et
al. (2000).

single mode by scanning etalon is shown in Fig. 6.33. The application of
this type of laser in high-resolution spectroscopy and atom/ion trapping
will be given in chapter 8.

A new ECDLs system with a filter cavity have been developed recently
[Hayasaka (2002)], which reflects the most part of the background. The
experimental setup with a violet diode laser at 397 nm is shown in Fig. 6.34,
An output power of 13.2 mW from ECDLs is coupled to a ring cavity with
a measured finesse of 400, approximate 74% of input beam power is coupled
into the cavity, and a output power of 4.1 mW is transmitted through the
output mirror. The locking of the ECDL frequency to the cavity is done by
resonant optical feedback. The spectra of the violet laser observed with an
optical spectrum analyzer is shown in Fig. 6.35(a). Despite the fact that
many small longitudinal modes were observed in the ECDLs (Fig. 6.35(b)),
they are completely eliminated by the filter cavity (Fig. 6.35(c)).

The spectroscopic properties of one of the first samples of blue-emitting
diode based on GaN was characterized by Leinen et al. [Leinen et. al.
(2000)]. With Such a laser diode operated in a standard external cavity
arrangement, a mod-hop free tuning range of more than 20 GHz and a
linewidth of 10 MHz was found. The application of this violet lasers to
high-resolution spectroscopy will be introduced in chapter 8 as well.
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Fig. 6.32 Discontinuous wavelength tuning of both 670 nm and 635 nm laser diodes in
the compact external-cavity geometry. The tuning range is much larger than these for
the violet ECDL. Adapted with permission from Opt. Commun. 175, pp. 187. Conroy
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Fig. 6.33 A measurement of the linewidth of the violet ECDL using a Fabry-Perot
etalon with FSR of 820 MHz and a finesse of 200. Adapted with permission from Opt.
Commun. 175, pp. 187. Conroy et al. (2000).

6.3.2 High power external cavity diode lasers

The distinct difference between lower power and high power semiconductor
lasers is not clearly defined. It may depend on the type of laser and its
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Fig. 6.34 Schematic of experimental setup. Adapted with permission from XVIII In-
ternational Conference on Atomic Physics, Cambridge, Massachusetts, USA, pp. 146.
Hayasaka and Uetake (2002).

applications. In general, power more than 50 mW for single-mode, single
frequency laser and more than 500 mW broad area multimode diode lasers
can be called high power. To obtain high optical powers with high beam
quality, lasers and amplifiers with tapered gain region have been devel-
oped [Kintzer et. al. (1993)], the system provides wavelength tunability. A
diffraction grating can be used to build up an external cavity laser system
including the tapered amplifier as gain element. Output power in excess
of 1 W cw has been obtained with such devices at wavelengths of 850 nm
[Mehuys et. al. (1997)] and 970 nm [Jones et. al. (1995)]. A grating tuned
external cavity tapered laser in the 1055 nm wavelength range has been
reported [Morgott et. al. (1998)]. Fig. 6.36 shows the experimental setup,
the light emitted by the narrow facet of tapered amplifier is collimated
by an aspheric lens (f=6.5 mm NA=0.62) onto a diffraction grating with
1200 line/mm, which is mounted in the Littrow configuration. The grating
is oriented such that the grating lines are parallel to the active region to
disperse the spectrum perpendicular to the epilayers.

The configuration has two advantages: firstly, the diameter of the col-
limated beam is larger in the vertical direction and therefore more grating
lines are illuminated in this configuration, that leads to a larger wavelength
dispersion. Secondly, the only 1 um thick vertical waveguide of the am-
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Fig. 6.35 Spectra of the violet diode laser. Adapted with permission from XVIII In-
ternational Conference on Atomic Physics, Cambridge, Massachusetts, USA, pp. 146.
Hayasaka and Uetake (2002).
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Fig. 6.36 Schematic experimental setup of grating tuned external cavity laser. Adapted
with permission from FElectron. Lett. 34, 6, pp. 558. Morgott et al. (1998).

plifier acts as an entrance slit of a monochromator to capture the lasing
wavelength. To increase the reflectivity of the grating into the first order
by 13%, a half-wave plate is inserted into the external cavity which rotates
the direction of polarization perpendicular to the grating lines [Lotem et. al.
(1992)].

The tuning curve of the external cavity laser for CW operating is shown
in Fig. 6.37, An output power of more than 1 W is obtained over the wide
tuning range of 55 nm, from 1030 nm to 1085 nm at a current of 4 A.
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Fig. 6.37 Tuning curves of external cavity laser. Adapted with permission from FElec-
tron. Lett. 34, 6, pp. 558. Morgott et al. (1998).

Also shown in the figure is the operating current necessary to obtain 1.0 W
of output power with a minimum of 2.3 A at 1055 nm. The emission
spectra for various grating position can be seen in Fig. 6.38. The side
mode suppression over the entire tuning range varies from 40 to 50 dB, the
measured linewidth (FWHM) is ~0.1 nm, that is limited by the resolution
of the optical spectrum analyzer.

An injection-locking technique has been employed to produce single-
frequency tunable output from a high-power A1GaAs laser diode array
[Tsuchida (1994)]. A narrow-linewidth external cavity laser is used as a
master oscillator. With an injected power of 15 mW, a total output power
of 1.0 W was obtained from the laser diode array with a spectral linewidth
of less than 38 kHz, a wavelength tuning range of 13 nm, and a 0.67 ° wide
single-lobed far-field beam. More recently, Bayram and Chupp|[Bayram
and Chupp (2002)] have developed the commercial 2 W laser diode array
in standard Littman-Metcalf configuration, this external-cavity laser diode
array system is operating on a dominant single longitudinal mode of narrow
linewidth of 120 MHz and power of 1 W or more. This improvement enables
applications such as spectroscopy, laser cooling and trapping with relatively
inexpensive high-power laser diode arrays.
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Fig. 6.38 Tuned emission spectra of external cavity laser between 1025 and 1085 nm
at drive current of 3 A. Adapted with permission from FElectron. Lett. 34, 6, pp. 559.
Morgott et al. (1998).

6.3.3 Broadly tunable quantum dots lasers

Quantum dots (QDs) have been called artificial atoms in its ultimate con-
finements in a box or a dot with the discrete energy levels of electrons.
Semiconductor quantum well (QW) lasers in a grating-coupled external
cavity have been widely used for their continuous tunability that is free
of mode-hops and limited by the gain spectral width of the QW active
medium. In contrast to QW lasers, QDs have the following advantages
for tuning applications. (i) inhomogeneous broadening results in broad
gain spectrum; (ii) low density of states leads to low threshold current Jy,
and carrier population of higher energy states at low pump current; (iii)
homogeneous gain broadening enables sufficient gain to occur at selected
frequency along with suppression of free-running lasing; (iv) broad tuning
range is achieved at low bias.

An anti-reflection coated single-stack quantum dot laser in a grating-
coupled external cavity has been shown to operate across a tuning range
from 1.095 pum to 1.245 um [Li et. al. (2000)]. This 150 nm range ex-
tends from the energy levels of the ground state to excited states. At any
wavelength, the threshold current density is no greater than 1.1 kA/cm?.
Among other characteristics, a room temperature J;, = 26 A/cm? and a
0.1 linewidth enhancement factor have been measured. These results sug-
gest that numerous opportunities exist to use QD lasers as tunable coherent
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light sources.

The structure of the dots-in-a-well (DWELL) laser contains one InAs
QD layer incorporated into an IngoGaggAs 10 nm thick QW and is
sandwiched by GaAs waveguide layers. The in-plane density of QDs is
7.5 x 10 1%¢m 2. The laser has a ridge waveguide structure with a width
of 9 um and a cavity length of 2.0 mm. It is mounted epitaxial-side up
on a heat sink that is stabilized at a temperature of 20 °C. The threshold
current, Jy,, for ground state lasing is I =35 mA without any AR-coating.
From this data, Jy, = 194 A/em?. A single A\/4 HFO, layer designed for
minimum reflectivity at 1.24 pm is deposited on one facet. From the differ-
ence in slope efficiencies between the two mirrors, a residual reflectivity of
approximately 1.6% is determined. This low reflectivity increases the total
cavity loss. Thus, the ground state lasing of the solitary laser is completely
extinguished.

The emission spectra of the solitary device under different pump levels
is shown in Fig. 6.39. With a bias as low as 200 mA (1.1 kA/cm?), the
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Fig. 6.39 electroluminescence spectrum of a DWELL laser for different pump levels.
Adapted with permission from IEEE Photo. Tech. Lett. 12, 7, 759-761. Li et al.
(2000).

ground state at 1.24 um is already well saturated and the first excited
state is significantly populated. Since the AR-coating is not especially low,
the device begins lasing under this pump level at the first excited state
around 1.14 pm. The spectrum covered is from 1.1 ~ 1.25 um. Upon
increase of the pump level to 800 mA (4.4 kA/cm?), the second excited
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state starts filling at 1.07 pum, accompanied by obvious carrier filling of
the lowest energy QW state at 1.0 pm. This spectrum spans a wavelength
range of more than 200 nm.

A simple external cavity configuration that includes a collimator and
a diffraction grating is subsequently constructed. Tuning was achieved by
rotating the grating to select a certain wavelength emission to be reflected
back to the laser. The laser is operated in pulsed mode with a pulse width
of 500 ns and a duty cycle of 2%. The distance between the laser and the
grating is about 25 cm, corresponding to a round trip time of ~ 1.7 ns,
which allows the photons to travel many round trips during the pump pulse
time. In this case, pulsed mode operation is equivalent to CW pumping.

Intensity (dB)
L

.1.1(5 - I1.15I ' I1.2(I) — I1.25I
Wavelength (pum)

Fig. 6.40 Lasing spectra of grating-coupled external cavity DWELL lasers.When rotat-
ing the diffraction grating, the lasing wavelength is tuned across the wavelength range
of 1.095 — 1.245um. Adapted with permission from IEEE Photo. Tech. Lett. 12, 7,
759-761. Li et al. (2000).

Figure 6.40 shows the actual tuning range achieved in the experiment
by rotating the grating. At each step the spectrum is measured by an
optical spectrum analyzer. Across most of 150 nm range, the lasing peak
in the spectrum is higher than the pedestal spontaneous level by about
25~30 dB. The lasing linewidth is about 3 nm. A narrower linewidth could
be obtained by using a Littman-Metcalf configuration for the external cavity
and by fabricating a narrower ridge waveguide laser. Significantly, no failure
of lasing occurs across the energy gap between the ground and the first
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excited state. This is, as expected, due to homogenous gain broadening. It
is possible that the double peaks appearing in the lasing spectrum are due
to the spatial modes of the laser. However, it cannot yet be ruled out that
the twin peaks are evidence of inhomogeneous broadening, similar to what
has been observed for the free-running broadband emission in quantum dot
lasers at room temperature.
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Fig. 6.41 The threshold current of the grating-coupled external cavity DWELL laser as
a function of the lasing wavelength. Adapted with permission from IEEE Photo. Tech.
Lett. 12, 7, 759-761. Li et al. (2000).

Figure 6.41 shows the threshold current of the tunable external cavity
DWELL laser as a function of the tuning wavelength. With no more than
200 mA bias (1.1 kA/cm?), one can tune across 150 nm. At 1.18 gm, which
is about halfway in the energy gap between the ground and first excited
states, the threshold current increases only slightly. The lowest threshold
current for the ground state is ~45 mA, which is higher than the original
uncoated laser threshold. This increase is due to the fact that only about
10% of the power is reflected back into the device. Consequently the total
loss is larger than that of the original uncoated laser. An increase of the
external cavity feedback to a realistic 30% would decrease the threshold
current and extend the tuning range further.

Figure 6.42 shows several typical L-I curves measured from the uncoated
facet of the device at different wavelengths. The solid curve is for A =
1.23 pm in the ground state. The dotted curve is measured for A = 1.17 ym
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Fig. 6.42 Peak pulse power versus current for lasing at 1.23 pm (solid line), 1.17 um
(dotted line), 1.12 pm (dashed line). Adapted with permission from IEEE Photo. Tech.
Lett. 12, 7, 759-761. Li et al. (2000).

in the gap between the ground and the first excited states. The dashed curve
is for A = 1.12 pum at the short-wavelength shoulder of the first excited state.
The peak power at ~ 200 mA is about ~ 10 mW for all three wavelengths,
and the slope efficiency is approximately 0.1 W/A. Above 200 mA the slope
efficiency decreases at A = 1.23 wm and A = 1.17 pum mainly because of
the strong carrier filling at the first excited state under this pump level.
A decrease in the reflectivity of the AR-coating will partially improve the
slope efficiency and increase the linear range in the L-I curve. However,
around the center wavelength of the first excited state, the slope efficiency
remains constant for increasing pump level, as the dashed curve shows in
Fig. 6.42 .

At 1.24 ppm and 1.10 pm, a slope efficiency of 0.041 W/A and 0.066 W/A
is measured, respectively, and a useful output power in the milliwatt range
is still obtained. The tuning range and lasing behavior could be improved
by decreasing the reflectivity of the AR-coating and modifying the exter-
nal cavity design. From Fig. 6.39, the Fabry-Perot laser without external
grating lases at a low pump current of ~200 mA. This device feature in-
hibits carrier filling of the higher energy states, therefore hindering the
tuning range on the short wavelength side. If the residual reflectivity of the
AR-coating at the first excited state was 5 x 1074, (which is a reasonable
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requirement for a laser diode used in commercial external-cavity lasers),
the original laser cavity would not reach threshold until ~450 mA. This
situation would extend the tuning range to cover the second excited state
and make a total tuning range of 200 nm possible. This figure represents a
17% tuning capability.

To extend the tuning range to longer wavelengths is not trivial since in-
creasing the pump does not increase the gain very much at the wavelength
longer than the center wavelength of the ground state. Only a reduction
in the total cavity loss or a longer gain region can extend the tuning range
on the long wavelength side. However, decreasing the cavity loss will put
a more stringent requirement on the AR-coating to prohibit the internal
Fabry-Perot modes from lasing. A 201 nm tuning range in a grating-
coupled external cavity quantum dots laser has been reported [Varangis
et. al. (2000)].



Chapter 7

Frequency Stabilization of Tunable
External Cavity Diode Lasers

7.1 Introduction

The development of stabilization of diode laser technology got started after
that of gas and solid state lasers. At the earlier stage, frequency stabiliza-
tion for diode lasers began with a scheme using Fabry-Perot interferometer
as a frequency reference. The research on frequency stabilization for diode
lasers made great progress in the 1980s when coherent optical telecom-
munications were proposed and demonstrated [Yamamoto (1980); Okoshi
and Kikuchi (1981); Yamamoto and Kimura (1981)], and in the 1990s when
when diode lasers found applications in basic research of atomic and molec-
ular physics [Wieman and Hollberg (1991); Hemmerich et. al. (1990a);
Maki et. al. (1993); Snadden et. al. (1997)]. Both require frequency stabi-
lized diode lasers as well as precise frequency stabilization [Ikegami et. al.
(1995)].

Stable and accurate frequency references can be used for single-point
and linear scanning frequency calibration. There are many approaches to
produce frequency references such as the use of elementary atomic, molec-
ular, and solid state absorption lines, artifact references of interferome-
ter etalon, and fiber gratings [Gilbert et. al. (2002)]. The fundamental
references can provide very accurate calibration points. However, some
convenient references are not available in all the wavelength regions, and
artifact references suffer from strong dependence of stability on tempera-
ture, pressure, and stain. Therefore, some other stabilization techniques are
developed by optical feedback and optical self-heterodyne beat-frequency
control. We try to explore these techniques in this chapter.

175
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7.2 Basic concepts of frequency stabilization

The output frequency of an external cavity diode laser depends on the in-
jection current and the temperature as described in chapters 4 and 5. To
obtain a stable frequency output, it is important to stabilize the diode’s
temperature and the injection current. In a diode laser with grating feed-
back the output beam reflects off the grating, while the first-order diffracted
beam is directed back into the laser diode in Littrow configuration. The
optical feedback from the grating is spectrally narrowed and peaked at a
frequency that can differ from the central frequency of the free-running
diode laser. The feedback narrows the laser linewidth to from 50 MHz to
1 MHz. The central frequency will be very close to that of the feedback
signal. Many experiments require a laser with a well-defined frequency. But
over time, the central frequency of a diode laser with grating feedback will
drift, this drift is caused by fluctuations in temperature and injection cur-
rent and mechanical fluctuations. Stabilizing the laser by locking it to an
external reference reduces this drift. Laser frequency stabilization is based
on the generation of a frequency error signal, which passes through zero at
the locking frequency.

External
cavity
diode laser

Frequency
references

Detector

Error signal feedback

<%

Fig. 7.1 Basic scheme for frequency stabilization of semiconductor diode laser.

To achieve the frequency stabilization of diode laser, one has to compare
the operating frequency of diode laser with frequency reference. Fig. 7.1
illustrates the fundamental idea for stabilizing the frequency of semicon-
ductor diode laser. A portion of output diode laser is compared with a
frequency reference, then error signal is converted into the electrical signal
and feedback to diode laser after amplification if necessary. There are a va-
riety of reference frequencies which can be used to stabilize the frequency
of diode laser. The most basic one is to use a Fabry-Perot interferometer
as reference as schematically shown in Fig 7.2.

A laser is driven by DC current source, a sinusoidal AC current is also
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Fig. 7.2 Schematic diagram of frequency stabilization of semiconductor diode laser by
use of Fabry-Perot interferometer.

applied to the laser from a local oscillator. The output beam from laser
passes through the F-P interferometer, the transmission spectrum is shown
in Fig 7.3(a). If the laser frequency is a little lower than the center frequency
of one of the resonant peak of FP, as shown by frequency f_; in Fig 7.3(b),
the output signal is in phase with the initial modulation signal. If the
laser frequency is a little higher than the center frequency of one of the
resonant peak as shown by frequency fi in Fig 7.3(b), the output signal
is out of phase with the initial modulation signal. If the laser frequency
is equal to the center frequency of one of the resonant peak as shown by
frequency fy in Fig 7.3(b), the output signal is cutoff by the low pass filter.
The output signal from the photo detector is discriminated by the phase
detector, and the error signal [Fig 7.3(c)] is feedback to the laser injection
current. Therefore, the laser frequency is stabilized at the point of the
center frequency of the resonant peak. In this way, the relative instability
for the laser frequency was achieved < 10~ in a time interval of couple of
minutes [Wieman and Gillbert (1982); Nakamura and Ohshima (1990)].

There are many candidates for frequency references for laser stabiliza-
tion schemes, such as interferometers, etalons, fiber Bragg grating, atomic
transitions, gas molecular absorptions, and ion absorption. Table 7.1 sum-
marizes some of the frequency reference candidates.
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Fig. 7.3 (a)Transmission spectrum of F-P interferometer. (b) One of the F-P peak
spectrum. (c) Generation of error signal.

7.3 Frequency stabilization schemes and apparatus

In this section, we introduce the frequency stabilization techniques by use
of interferometers, atomic transition lines and gas molecular absorption,
respectively.

7.3.1  Interferometers: F-P etalon

An interferometer, such as a Fabry-Perot Etalon, is the most commonly
used frequency references for laser stabilization in scientific research and
optical communication due to simple setup and wide tuning range. Fiber
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Table 7.1 Summary of candidates for reference frequency.

Candidates Type Media References
Interferometer | Fabry- Air, Quartz Glass | Nakamura et al. (1990);
& Etalon Perot, Waveguide Bykovski (1970);
resonator, FBG Picque et al. (1975)
Atomic tran- | Normal ab- | Rb, Cs Corwin et al. (1998);
sitions sorption, Zeeman Clifford et al. (2000);
shift (DAVLL) Morzinski et al. (2002)
Gas Diatomic, Poly- | I, HI3C™N,CO | Swann et al. (2000);
molecular ab- | atomic molecular Conroy et al. (1999)
sorption
Ton Spectral hole | Er3t:D—:CaF3, Sellin et al.  (1999);
absorption burning Tm3t : CaFy Bottger et al. (2003)

Bragg grating, planar waveguide filters, or any other kind of frequency selec-
tive filters can be used as frequency calibration if appropriate measures are
taken. The first derivative of the Fabry-Perot transmission characteristics
curve can be used as a good discrimination to lock the operation frequency
of the laser diode as shown Fig. 7.3(c). If the laser frequency is modulated
by adding a small sinusoidal component to laser injection current, and given
by

v = vy + vry sin(wt), (7.1)

where 1 is the average laser frequency, vpjys is the frequency modulation
amplitude, w is the modulation frequency.
The light transmission through an ideal etalon can be expressed by

Tm ax

SR . — 7.2
1+ Fsin? ¢ (7.2)

where ¢ = 27(v — vy, )nd cos 0/ ¢, the maximum transmission occurs at ¢ =
qm, where q is positive integer, T4, is the peak etalon transmission, F is
the etalon finesse, nd is optical path length of etalon, v and v,,, denote the
laser and the nearest etalon transmission peak frequency, respectively. If
é < 1, that is

¢ =2m(v—vp)ndcosl/c < 1, (7.3)

then the transmission can be expanded in a Taylor series around the average
laser frequency vy, the first-order approximation of transmission T is

T(v) =T (vo) + T (vo)vra sin(wt), (7.4)
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under the assumption of (v — v,) < ¢/(2ndF cosf). Then the etalon
transmission function and its first derivative are written as to a good ap-
proximation

T = Thaa, (7.5)

and

T'(vo) = Trmaz|—8(vo — Vm)(wccosﬁ)g]. (7.6)

Eq. (7.6) presents the first derivative of etalon transmission curve with
respect to laser frequency. It goes to zero when vy = vy, i.e., the laser
frequency is locked, and change sign whenever vy — v, changes sign as
shown by Eq. (7.4). Therefore, this is a convenient error signal for the
feedback loop of frequency stabilization.

The first experiment of frequency stabilization using Fabry-Perot etalon
was done by Bykovski et al. [Bykovski (1970)]. Picque and Roizen [Picque
and Roison (1975)] made use of the dependence of the output frequency on
the diode injection current to lock a cw single-mode tunable GaAs diode
laser to an external passive cavity. The resulting long-term stability of the
laser optical frequency was checked by making a reference to a microwave
frequency standard in terms of the light-shift effect in a cesium vapor.
The laser frequency was found to track the drift of the cavity bandpass
with residual variations less than 300 kHz rms, servo-controlled frequency
scanning was achieved over 5 GHz.

7.3.2 Atomic transition line

Atomic transitions can offer good frequency references in the wide wave-
length range and stable frequency references in various environmental con-
ditions (temperature, strain, and pressure). Transitions of hyperfine split-
ting of energy levels of the alkali like rubidium and cesium are commonly
used as frequency references [Arditi and Picque (1975); Hori et. al. (1983);
Sato et. al. (1988)].

7.3.2.1 Saturated absorption

One of the popular method of stabilizing the diode laser is saturated absorp-
tion spectroscopy, the schematic experimental setup is shown in Fig. 7.4. A
narrow peak in a saturated absorption spectrum is often used as an exter-
nal reference for frequency locking a diode laser [Kruger (1998)] , a fraction
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Fig. 7.4 Saturated absorption experimental setup. ECDL: external cavity diode laser,
BS: beam splitter, PD: photodetector.

of the laser output is sent through an atomic vapor cell. A saturated ab-
sorption spectrum is measured and the laser frequency is tuned to either
the side or the peak of a narrow, saturated absorption line as illustrated in
Fig. 7.5(a). Side-locking is one of the simplest stabilization methods. On
the side of a narrow absorption line the output voltage V(v) of the differ-
ential photo-detector has a steep slope as a function of the laser frequency
v. To lock the laser to a frequency v,, for which dV (v)/dv|,, # 0, a ref-
erence voltage V(v,) is subtracted from the output signal to produce an
error signal err(v) = V(v) — V(v,). This error signal serves as an input to a
feedback loop which adjusts the laser’s frequency to produce error(v) = 0.
This is accomplished by adjusting the PZT voltage. Side-locking is widely
used in laser-cooling of neutral atoms where a small detuning of the laser
frequency is necessary. A disadvantage of side-locking is that fluctuations
in beam alignment and intensity will alter the lock point and cause a drift
in the laser frequency.

Peak-locking is less sensitive to these fluctuations. But on a peak
dV(v)/dv|,, = 0. If the laser frequency has been adjusted to equal the
peak frequency v,, and the voltage of the differential photo-detector is be-
ing monitored, it is easy to detect a drift in the laser frequency. A drift
towards higher or lower frequency causes a decrease in the output volt-
age and an error signal of the same sign. A non-zero error signal alone is
therefore insufficient to determine whether the laser frequency should be
increased or decreased.
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Fig. 7.5 (a) Saturated absorption spectrum of Rb. (b) DAVLL signal as the diode laser
is scanned across Rb resonances with PZT. A laser can be locked to either of the two
circled zero crossings of the DAVLL signal. These feature are arising from the transitions
of 8 Rb F=2 — F,:1,2,3 and the 85 Rb F=3 — F,:2,3,4A the frequency of locking point
can be tuned optically by rotating the quarter wave plate, or electronically by adding
an offset voltage to the signal. Adapted with permission from Appl. Opt. 37, 15, pp.
3295-3298. Corwin et al. (1998).

To lock onto a peak, the laser frequency is dithered slowly at a frequency
Q. An AC signal with frequency §2 in the kHz range is fed into the reference
channel of a lock-in amplifier and into the controller of the PZT. The PZT
expands and contracts, which changes the length of the laser cavity. The
frequency of the laser light as a function of time varies as

v(t) = v, + Av cos(Qt). (7.7)

Here z/; is the frequency of the laser when it is not dithered and Av > Q;
u; may differ from v, if the laser frequency has drifted. The output voltage
of the differential photo-detector thus varies as

V(t) = V(v,) + Av cos(t). (7.8)

The output voltage of the differential photo-detector becomes the input sig-
nal of the lock-in amplifier. The lock-in amplifier multiplies the reference
signal with the detector signal and outputs a DC signal, which is propor-
tional to the time average of product. A disadvantage of the dither-locking
method is that the output of the laser is modulated directly, or that ex-
pensive electro-optic components must be used to modulate only the light
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entering the saturated absorption cell. Furthermore, both peak and side-
locking techniques have a limited recovery range, since the resonance peaks
are very narrow.

A technique to stabilize in an atomic transition the chirping frequency
of a narrow semiconductor diode laser has been presented [Morzinski et. al.
(2002)]. The technique has been demonstrated to chirp-cool 3*Rb atoms
used for loading a magneto-optical trap. The stabilization process elimi-
nates the long-term fluctuations and drifts in the number of atoms caught in
the trap. This is a simple, easy-to-implement, and robust method for wide
range of laser cooling experiments employing frequency chirping. Moreover,
this technique allows stabilization the chirp for several continuous hours.

7.3.2.2  Dichroic-Atomic- Vapor Laser Lock (DAVLL)

The Dichroic-Atomic-Vapor Laser Lock (DAVLL) technique aims to extend
the recovery range by employing a weak magnetic field to split the Zeeman
components of an atomic Doppler-broadened absorption signal and then
generating an error signal that depends on the difference in absorption rates
of the two components. This technique was first demonstrated with a laser
in helium [Cheron et. al. (1994)] and then developed at 780 nm for rubidium
[Corwin et. al. (1998)], recently 895 nm for cesium [Clifford et. al. (2000)].
The Zeeman effect removes the degeneracy of atomic hyperfine states. A
magnetic sublevel characterized by the quantum number mpg is shifted in
energy by AE = grupBomp , where By is the magnitude of the external
magnetic field, gr is the Lande g-factor, up is the Bohr magnetron. The
shift in the transition energy for two sublevels is then given by

AEjtrans = AE( —AE = ,UBBO(gF’mF’ - gFmF)a (79)

where the primed symbols are related to the upper state. To use the DAVLL
technique, a small fraction of the laser light passes through an atomic vapor
cell, the cell is placed inside a large solenoid. The magnetic field B generated
by the solenoid is parallel or anti-parallel to the wave vector k of the laser
light, the laser light must be linearly polarized.

Let By point into the z-direction in which the light is propagating. The
Zeeman effect splits each formerly-degenerate hyperfine energy level char-
acterized by the quantum number F into 2F + 1 components characterized
by mpg, with mp ranging from F to -F in integer steps. For optical tran-
sitions the selection rules are Amp =0, 1. For Ampr = 0 the electric field
vector must be parallel to the magnetic field By. But the electric field
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vector E of the laser light oscillates in a plane perpendicular to By, so no
Amp = 0 transitions are induced. Right-circular polarized light travelling
anti-parallel to By induces Ampg = 1 transitions, and left-circular polarized
light travelling anti-parallel to By induces Amp = —1 transitions.

The Zeeman effect shifts the transition energies for Ampg = 1 transitions
relative to the transition energies for Amp = —1 transitions. If the Doppler
broadened absorption curve is shifted towards higher frequencies for right-
circular polarized light, then it is shifted towards lower frequencies for left-
circular polarized light.

After the light has passed through the vapor cell, it is split into two
beams with orthogonal circular polarizations. This can be done using a
quarter-wave plate and a linear polarizing beam splitter. The quarter wave
plate changes the two orthogonal circular polarization components in the
beam leaving the vapor cell into two orthogonal linear polarization com-
ponents. The linear polarizing beam splitter directs these component into
different photodiode detectors. The output voltages of the two detectors
are proportional the intensities of the right and left hand circular polar-
ized beams exiting the cell. By subtracting the two output voltages an
anti-symmetric error signal is generated which passes through zero and
is suitable for locking. The advantage of the DAVLL technique over the
side-locking or peak-locking techniques is its large tuning range. The tun-
ing range of the DAVLL technique is limited by the width of the Doppler
broadened absorption peaks, while the tuning range of the other techniques
is limited by the width of the Doppler-free saturated absorption peaks. Fre-
quency modulation is not required.

Servo
electronics

Polarizing
Vapor cell in B field beam splitter

Fig. 7.6 Schematic of a DAVLL setup. G: grating. Adapted with permission from Appl.
Opt. 37, 15, pp. 3295-3298. Corwin et al. (1998).

Corwin et al. [Corwin et. al. (1998)] have demonstrated the robust
aforementioned method to stabilize a diode laser frequency to an atomic
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transition. Experimental setup is schematically shown in Fig. 7.6, diode
laser system is in typical Littrow configuration. The SDL 780-nm diode
laser is tuned by use of a diffraction grating, the output beam from this laser
passes through a beam splitter, and a small amount of power is split off to be
used for locking. After passing through a small aperture, the resulting beam
passes through a linear polarizer. Pure linear polarization is equivalent to
a linear combination of equal amounts of two polarizations. This beam
next passes through a cell-magnet combination, consisting of a glass cell
filled with Rb vapor and a 100-G magnetic field. To generate the DAVLL
signal, the absorption profiles of the o4 light must be subtracted from
that of the o_. To this end, the two circular polarizations are converted
into two orthogonal linear polarizations by passing through a quarter wave
plate. The two linear polarizations are separated by a polarizing beam
splitter, and the resulting two beams are incident on two photo-detectors
whose photocurrents are subtracted. As the frequency of laser is scanned
across an atomic transition, asymmetrical curve is generated, as shown in
Fig. 7.5(b) and Fig. 7.7 . The diode laser is then locked by feeding back
a voltage to the PZT so that a DAVLL signal is maintained at the central
zero crossing. The frequency of a 780 nm diode laser has been stabilized
within the drift of less than 0.5 MHz peak to peak (1 part in 10?) over a
period of 38 hours.

The use of DAVLL in Cs vapor to stabilize an ultra-compact extended
cavity diode laser at 852 nm has been demonstrated [Clifford et. al. (2000)].
The expected laser stabilization error signal for a range of magnetic fields
has been investigated and the ability to tune the locked ECDL by variation
of the magnetic field has been achieved. The ECDL has a linewidth of
520 kHz and the drift when locked is of the order of 5 MHz/h, which is
more than an order of magnitude improvement on unlocked laser system.

Recently, a new design of diode laser frequency stabilization system us-
ing the Zeeman effect has been presented [Yashchuk et. al. (2000)]. A wide
range of regimes of operation are analyzed, this system is different from
the original design of JILA [Corwin et. al. (1998)] in that the magnetic
fields from cell-magnet system are fully contained and thus it can be used in
proximity of magnetically sensitive instruments. It is shown that the simple
readjustment of the respective angles of optical elements allows one to ex-
tend the frequency tuning range to the wings of a resonance line. Baluschev
[Baluschev et. al. (2000)] demonstrated a new scheme of frequency locking
of a diode laser to a two-photon transition of rubidium atomic line by using
the Zeeman modulation technique. Frequency of the diode laser has been
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Fig. 7.7 Original of the DAVLL error signal. (a) A Doppler broadened transition in Rb
in the absence of magnetic field. (b) The same transition, Zeeman shifted in a 100 G
magnetic field, when circularly polarized light is incident on the vapor. (c¢) The same as
(b), but with opposite circular polarization. (d) The difference between (c) and (b) giving
the DAVLL signal. Adapted with permission from Appl. Opt. 37, 15, pp. 3295-3298.
Corwin et al. (1998).

locked and tuned by modulating and shifting the two-photon transition fre-
quency with ac and dc magnetic fields. A narrow linewidth of 500 kHz and
continuous tunability over 280 MHz without laser frequency modulation.

7.3.3 Gas molecular absorption

Many candidates of gas molecular absorption line spectra can be used as
a frequency discriminator for the laser stabilization [Swann and Gilbert
(2000)]. The frequency of a 1.5 pum external-cavity semiconductor laser
has been stabilized by detecting an acetylene (CyHs) absorption line with
an offset-tracking DBR laser. Absolute stability better than 200 kHz is
achieved while a linewidth narrower than 140 kHz and a continuous tuning
range of 4 GHz are retained [Ishida and Toba (1991)]. In contrast with
other candidates, gas molecular as frequency reference have more favor-
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able advantages as follows: (i) molecular vibration-rotation transition have
narrow natural linewidth; (ii) absorption can be obtained thermally pop-
ulated ground states so that perturbing effects can be eliminated; (iii) the
high density of molecular spectra results in high probability of molecular
excitation by a laser field; (iv) molecules with symmetry and insensitive to
Stark and Zeeman shifts are suitable for candidates; (v) the pressure shift
is about two orders of magnitude smaller than that of atomic transition
lines.

Locking electronics and
signal generator

A

Mirror Iodinecell —@

PZT

10 mW stabilized output
@630-637 nm

BS

Fig. 7.8 Schematic of the stabilized laser configuration. BS: beam splitter, ECDL:
external cavity diode laser, PZT: piezoelectrical transducer. Adapted with permission
from J. Mod. Opt. 46, 12, pp. 1787-1791. Conroy et al. (1999).

A compact, high-performance extended-cavity diode laser in the Littrow
geometry has been realized at 635 nm with an upper limit of 470 kHz on the
laser linewidth and obtain an output power of more than 10 mW. The laser
may be tuned continuously over 21.6 GHz and discontinuously from 630
to 637 nm. Spectroscopy of iodine[Arie et. al. (1992)] has been performed
and the laser stabilized to a molecular absorption feature [Conroy et. al.
(1999)]. The laser diode used for this system is a SDL 7501-G1, giving a
nominal output power of 15 mW at 635 nm. The diode is anti-reflection
coated on its front facet (R < 0.01%). The laser is placed in an extended
cavity Littrow geometry with a 15 mm? 1200 lines/mm diffraction grating,
blazed for 300 nm. The grating is placed 10+20 mm from the diode facet
and reflected 20% of the incident light back into the laser. The zeroth order
output of the grating gives the output used for the experiment.

Fig. 7.8 shows a schematic of the laser system used. The diffraction
grating is mounted in a machined holder inserted into a clear quadrant
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design commercial mirror mount. The laser diode is mounted in a com-
mercial collimating tube. These components are mounted on a baseplate,
which was temperature stabilized using a thermoelectric cooler. The tem-
perature itself could be varied over a 30 °C range. The system is isolated
from mechanical vibrations using Sorbathane and enclosed. The diode is
operated in constant current mode with an input current of up to 70 mA
with a maximum output power of 10.85 mW. One records an instrument-
limited ECDL linewidth of 470 kHz for the system in a 10 ms timescale.

4 GHz
Scan range

~ \ PIZT
voltage
/ '\ (

I, Absorption ——m=

Fig. 7.9 Trace of Iy absorption spectrum around 15786 cm~!. Adapted with permission
from J. Mod. Opt. 46, 12, pp. 1787-1791. Conroy et al. (1999).

This laser system is used to perform spectroscopy of iodine for the pur-
pose of finding a frequency reference. The absorption lines of the Iy B — X
system are commonly used for the frequency stabilization of many laser
systems, most notably HeNe lasers. The doppler-broadened absorption
lines are broad, typically more than 1 GHz (FWHM) and of low intensity,
limiting their ability to give ultra-high frequency stability, however their
frequency makes them ideal for discontinuously tunable sources. To lock
the laser system to an iodine feature a fraction of the output ( 5%) is sent
into an iodine cell, as a probe beam. The cell is 10 cm long and a single
photodiode monitored the transmission of this probe.

Fig. 7.9 shows iodine absorption spectra of the lines at 15786 cm™!.
The two peaks can be clearly resolved with an indication of the underlying
hyperfine structure. A simple side-of-fringe locking circuit was used to sta-
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bilize the laser system to the absorption line. The locking circuit bandwidth
is 100 Hz and is therefore prone to high frequency noise that could cause
the laser to jump out of lock. However, in quiet laboratory conditions, this
laser was locked for in excess of one hour, and the long term drift of the
lasing wavelength is eliminated.

7.3.4 Persistent spectral hole burning

The first demonstration of laser stabilization directly to a solid-state per-
sistent hole burning material as a frequency reference has been reported by
Cone group [Sellin et. al. (1999)]. Unlike the gas phase transition frequency
reference and interferometer etalon frequency references as discussed in the
previous sections, spectral hole burning can be prepared at any frequency
within a broad inhomogeneous absorption profile. Such a frequency ref-
erence could be used as a programmable and transportable secondary fre-
quency standard. Many scientific and device application requires highly
stabilized laser source, lasers stabilized to spectral holes have found wide
applications in ultrahigh resolution spectroscopy, optical processing, and
wavelength-division multiplexing, etc. In addition, several lasers can be
stabilized to multiple spectral holes, either in the same or separate absorp-
tion bands, with arbitrary frequency separations.

Servo Low—pass |

amplifier Filter [ 25_MHZ
i Osc.
CaF,: —J

CaF,:
| TR oo™
! L
Servo Low—pass| o
amplifier Filter |

L Mixer
\TJ Frequency
counter

Fig. 7.10 Experimental setup for frequency locking to spectral holes and beat-frequency
characterization of relative laser stability. EOM’S: electro-optic phase modulators.
Adapted with permission from Opt. Lett. 24, 15, pp. 1038-1040. Sellin et al. (1999).

The spectral hole-burning material for first demonstration was deuter-
ated CaFy:Tm™3, other candidates have also been used [Bottger et. al.
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(2003)]. The nominal Tm™? concentration is 0.05% and linear absorp-
tion is 60% with persistent spectral hole burning width of 25 MHz on the
3Hg —3 H, transition at wavelength of 798 nm. The holes have been
shown to be persistent without measurable degradation for at least 48 h at
1.7 K. The experimental setup is shown in Fig. 7.10, two GaAlAs external
cavity diode laser in Littman-Metcalf configuration are externally modu-
lated with electro-optic modulators at 23 and 25 MHz for frequency lock-
ing to the spectral holes with Pound-Drever-Hall technique [Pound (1946);
Drever et. al. (1983)]. This technique used frequency modulation spec-
troscopy to provide a corrective feedback signal to a servo amplifier that
rapidly modulate the laser current and slowly adjust a peizoelectrically
driven grating for optical feedback to keep current servo within operating
limits. Each laser is independently locked to a spectral hole in a separate
crystal. A single cryostat holds both crystals immersed in s superfluid he-
lium at 1.9 K for improved thermal equilibrium and temperature stability.
The stability of the frequency difference between the two lasers is mea-
sured by heterodyne detection and monitored on a frequency counter. The
frequency of the heterodyne beat signal could be chosen arbitrary by the
choice of the relative frequencies of the two spectral holes.

The spectral holes are shown in Fig. 7.11(a) and (b), since the spectra
holes are broader than the free running laser jitter on this time scale, this
procedure is carried out without active frequency stabilization and formed
the initial holes to which the lasers are locked. The error signal for the
hole in Fig 7.11(a) is shown in Fig. 7.11(c) and (d). The dependence of
locking stability on laser power have two opposite factors: low intensity in
the crystal minimizes continued hole burning which modifies the reference
spectral hole; and high intensity incident on detector maximizes the signal-
to-noise ratio of the feedback loop.

Fig. 7.12(a) displays a drift in the beat frequency of 25 kHz/min when
the full laser irradiance used to burn original hole is used to keep the lock.
For comparison, Fig. 7.12(c¢) shows the drift with free-running laser. Addi-
tionally, frequency drifts can be arised from unintentionally locking slightly
off the center of hole. To minimize the drift one can reduce the laser
intensity and therefore slow the rate of continuous burning as shown in
Fig. 7.12(b). The degree to which the laser can be stabilized depends on
the signal-to-noise ratio of the detection, feedback systems, and on the slope
of the error signal determined by the depth and width of the hole. There-
fore a narrow resonance hole burning width provides stronger stability of
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Fig. 7.11 Error signals derived from a shallow persistent spectral hole burned on the
3Hg —3 I, transitions of deuterated Tm3t : CaFs: (a) Transmission over the entire in-
homogeneously broadened absorption profile and (b) transition over a smaller frequency
range; (c),(d) error signals over the corresponding frequency ranges. The arrow in (a)
indicates the spectral hole. Adapted with permission from Opt. Lett. 24, 15, pp.
1038-1040. Sellin et al. (1999).

laser frequency.

More recently, the persistent spectral hole burning has been used as
programmable laser frequency references to the important 1.5 um optical
communication window for the first time [Bottger et. al. (2003)], diode
laser frequency stability of 2 kHz to 680 kHz over 20 ms 500 s has been
demonstrated in the inhomogeneously broadened *I;5 /2 —4 15 /2 optical
absorption of Er3* : D~ : CaF, with inexpensive diode laser. The system
is isolated from vibrational or acoustical disturbance to spectral hole fre-
quency reference, thus provides versatile, compact, stable source for many
applications, for example, optical communications and computing, in either
terrestrial or satellite systems.

7.4 Other frequency stabilization schemes
We have examined the traditional methods for frequency stabilization by us-

ing feedback to minimize laser frequency offset from an absolute frequency
reference, such as atomic and molecular absorption lines, or a reference
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Fig. 7.12 Change in heterodyne beat signal between two lasers that are independently
locked to separate persistent spectral holes and sampled at 50 ms intervals. (a) Laser
locked with moderate irradiance of 900 uW/cm?2; (b) laser locked with tenfold reduction
in irradiance; (c) both lasers free running for comparison. Adapted with permission from
Opt. Lett. 24, 15, pp. 1038-1040. Sellin et al. (1999).

interferometer. The compatibility of these stabilization approaches with
frequency agility is determined by the frequency agility of the absolute ref-
erence. For application in which tuning is important, no-reference or self-
referenced linewidth stabilization are especially attractive. Self-reference
could be accomplished by comparing the past laser output as a refer-
ence with present output, then determining whether the present frequency
has drifted or not and therefore deciding correction. Comparison between
present and past laser output can be done by large path-difference interfer-
ometers. Several studies have used this technique to provide self-frequency
stabilization [Chen (1989)]. Greiner et al. [Greiner et. al. (1998)] proposed
and demonstrated a novel frequency-stabilization scheme. The method re-
lies on sensing and control of a heterodyne beat signal derived from a fiber
interferometer and functions in the absence of a fixed reference frequency.
The stabilization method is shown to suppress impressed laser frequency
modulation by nearly 2 orders of magnitude. Their method is well suitable
for the systems in which both frequency agility and narrow linewidth are
important.

Fig. 7.13 shows schematically the stabilization scheme. The output of
a tunable diode laser is split and coupled into a Mach-Zehnder interfer-
ometer with one short and one long arm. Light passing through the short
arm is acoustically frequency shifted by Avaops. At the output port of
the interferometer the light fields from short and long arms , Es and FEj,



Frequency Stabilization of Tunable External Cavity Diode Lasers 193

Fiber delay

L
AOM M
PD
V(O+ AVaom
Z AMP.

Integrator

(a)

Grating

EOC
Lens

(b)

Fig. 7.13 (a) Schematic diagram of the apparatus; AMP: amplifier; PD: photo detector,
BS: beam splitter. (b) Schematic of the short-external-cavity diode laser. EOC: electro-
optic crystal. Adapted with permission from Opt. Lett. 23, 16, pp. 1280-1282. Greiner
et al. (1998).

respectively, can be written as

¢
Es =€(t) exp[—j27r/ v(t")dt' — j2mAvaon (t —t,) — jnl, (7.10)

™

and

t—Tp
E, = ae(t —1p) exp[—j2ﬂ'/ v(t')dt'], (7.11)
t

r

where €(t) is the real-valued amplitude of Ejs, a(t) is the real-valued con-
stant, 7p is the fiber delay time, ¢, is a reference time, v(t) is the instanta-
neous frequency of the electric field before the AOM, and 7 represents the
phase of the AOM at t,. Addition of the two fields at the output of the
interferometer produces an interferometer term in the detected signal given
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by
tr

Tyear o< 2ae(t — 1p) cos{27r[/ v(t")dt' + Avaont + 1} (7.12)

t—Tp

One can exploit phase-locked loop (PLL) as a FM demodulator to convert
the beat-signal frequency into a voltage according to

d t
Verr(t) & Vpeat(t) — vprr = 7 v(t")dt' + Avaom — vpLL
t—Tp
=v(t)—v(it—71p)+C., (7.13)

where C. is a constant, vpy 1, is the quiescent frequency of the PLL reference
oscillator and it is assumed that ¢(¢t) = constant. For frequency stabiliza-
tion the constant term can be eliminated through suitable electronic filter.
Under a wide range of conditions, one can then inject Vpr 1 into a feedback
loop to provide the laser linewidth reduction.

It is worth to note that the error signal Vpp(t) reflects the laser fre-
quency’s time history rather than the absolute laser frequency. Therefore,
linewidth narrowing can be applied at arbitrary laser frequency without
adjustment of feedback system as is necessary in the interferometer fre-
quency references. When v(t) changes slowly over a fiber delay time 7p,
the error signal is proportional to the derivative of the laser frequency. In
specific limits, subsequent integration electronics will yield a voltage that
is proportional to the overall laser frequency excursion during the integra-
tion time, which may be useful for absolute frequency control. Control
of Avaopy provides a useful means of laser frequency adjustment. In the
presence of large feedback gain, the error signal Vppr(t) relations zeroed
and the following condition is met

l/(t)—V(t—TD)%VpLL—AVAOM. (714)

Thus each value of Avapps corresponds to a specific time rate of change
of laser frequency. When Avaopy = vprr, the laser frequency will keep
stable.

The experimental setup is shown in Fig. 7.13. Laser is in typical Littrow
configuration, the external cavity contains an antireflection-coated lithium
tantalate electro-optic crystal configured as a transverse phase modulator
that provides rapid frequency tuning. The long arm of fiber interferometer
consists of a 2.26-km-long fiber segment yielding a time delay 7p ~ 11 us.
vprr is set to be approximately 75 MHz so that it matches the frequency
of Avaon = 75 M Hz. The output of PLL is subsequently connected to a
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200MHz ;

Fig. 7.14 (a) Trace A, optical power versus frequency for the quiescent laser. Trace
B, broadened power spectrum after introduction of FM noise by laser diode current
modulation. Trace C, power spectrum of the stabilized laser. Adapted with permission
from Opt. Lett. 23, 16, pp. 1280-1282. Greiner et al. (1998).

passive bandpass filter via an op-amp, then as a negative feedback to the
electro-optic crystal. Fig. 7.14 shows single-event optical power spectra of
the laser measured with 50-cm confocal cavity. Trace A is the spectrum of
the free-running laser with a mean FWHM linewidth of 3.7 MHz. Trace B
displays the spectrum of laser when diode current is modulated at 1 kHz.
Next, the heterodyne beat feedback circuit is closed, and the laser spectrum
of trace C is attained. The stabilized linewidth has a mean of 4.8 MHz
(FWHM). Fig. 7.15 demonstrates the laser tuning by control of Avaoas
and shows how the beat signal’s frequency changes at a rate of 0.2 MHz/us
for a duration of 500 pus when Avapas is changed by 3 MHz.

A simple method for long term stabilization and tuning of a diode laser
which is locked to an external cavity by optical feedback have been demon-
strated. The cavity-locked laser is stabilized to a saturated absorption
resonance in rubidium which is modulated and shifted by a combination of
ac and dc magnetic fields. A linewidth of 15 kHz, long term stability of
10 kHz, and tunability over 80 MHz with no laser frequency modulation has
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Fig. 7.15 (a) Laser frequency tuning by control of Avaops. Circles, beat signal fre-
quency versus time, solid line, Avgops versus time. Adapted with permission from Opt.
Lett. 23, 16, pp. 1280-1282. Greiner et al. (1998).

been achieved [Dinneen et. al. (1992)]. More recently, Hayasaka [Hayasaka
(2002)] reported short term frequency stabilization of an external cavity
diode laser at 420 nm by resonant optical feedback from a confocal cav-
ity. A short term frequency stability of 300 kHz/s has been achieved and
a resolution-limited linewidth of 880 kHz was measured. A new method
has been used to keep the optical feedback phase and the external cavity
diode laser frequency to the optimum values at same time, which is essen-
tial for continuous frequency scans over several GHz and for a stable lock
for hours.



Chapter 8

Applications of Tunable External
Cavity Diode Lasers

Having discussed how to develop and use the ECDL system with sin-
gle mode, narrow linewidth, and wide tunability, we can now pro-
ceed to develop some applications in scientific research and engineer-
ing. A number of new applications of the novel capabilities of exter-
nal cavity diode lasers have been demonstrated [Figger et. al. (2002);
Ohtsu (1991)], Practical purposes that can be achieved by using a tunable
external cavity diode laser system may be summarized as follows:

e Atomic clock and magnetometer

Ultra-high resolution spectroscopy

Quantum and nonlinear optics

Quantum manipulation and engineering

Actively mode-locked diode lasers

Optical coherent communication system and lidar technology

Gas monitoring sensor

8.1 Atomic clocks and magnetometry

All clocks are composed of two major parts, one generating periodic events,
the other counting, accumulating and displaying these events. However, an
atomic clock needs a third component, the resonance of a well-isolated
atomic transition used to control the oscillator frequency. If the frequency
of the oscillator is made to match the transition frequency between two
non-degenerate atomic levels, then the clock will have improved long-term
stability and accuracy. For an atomic clock based on a microwave transition,
high-speed electronic count and accumulate an integer number of cycles of
the reference oscillator to make a unit of time. The same basic concepts

197
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apply for a atomic magnetometer, which has been around for more than
40 years, and exploits the effects of magnetic fields on the unpaired spin of
individual atoms.

8.1.1 Atomic clock

One of the earliest applications of a diode laser to atomic physics was used
as a highly coherent light source for optical pumping and probing of a
polarized medium. Many applications of this type has been reviewed by
Camparo [Camparo (1985)]. Here we introduce the application of atomic
clocks via optical pumping by use of diode lasers. Diode lasers have long
been used extensively in frequency standards and atomic clocks, in these
applications they optically pump the atoms of interest into specific level,
then detect the atoms that have undergone the microwave frequency clock
transitions [Vanier and Audoin (1989)]. Fortunately, the atoms used in
some of the best frequency standards (rubidium and cesium) have resonance
line wavelengths that are easily generated by semiconductor lasers.

Photo
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Fig. 8.1 Diagram of an optically pumped cesium atomic of frequency standard. The
cesium atomic beam travels in a vacuum through the first laser interaction region where
the atoms are optically pumped, it then traverses the microwave cavity region and then
on to the second interaction region where the atoms are detected. The population in the
ground state hyperfine levels is indicated along the path by the F and mpg values. The
microwave clock transition is between the F=4, mp = 0 and to F=3, mpr = 0 states.
As shown the system used two lasers with different frequencies for optical pumping and
a third laser for detection. Adapted with permission from Rev. Sci Instrum. 62, 1, pp.
1-20. Wieman and Hollberg (1991).

Figure 8.1 is a schematic diagram of a diode-laser pumped cesium atomic
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clock. The lasers are first to prepare the atomic beam by placing all atoms
into the specific hyperfine level using optical pumping. Then, after the
atoms have passed through the microwave region, a laser excites the initially
depleted level. Thus the microwave transitions are detected by the increase
of the downstream fluorescence.

Alternative techniques such as optically pumped microwave double res-
onance and Raman scattering have been investigated over years to provide
more compact and low-cost frequency reference for applications [Poelker
et. al. (1991); Vukicevic et. al. (2000)]. A small atomic clock based on
coherent population trapping resonances has been reported in a thermal
cesium atomic vapor. A single-mode VCSEL is used as coherent radiation
source at wavelength 852 nm with a linewidth of 50 MHz and power of
987 uW. Laser beam becomes circular polarized light after passing through
A/4 wave plate. When the VCSEL’s injection current is modulated at
4.6 GHz, half of the ground state hyperfine splitting of cesium, the two
first-order side bands can be used to excite the atomic resonance and trap
the atoms in the coherent superposition of the two ground dark states
[Alzetta et. al. (1976); Arimondo (1996)].

The laser beam is shining on the Cs vapor cell and a photo detector
collects the transmitted light, the laser frequency is tuned in such a way
that the two first-order side bands are resonant with the transitions from the
two 6 S} /o ground state components to the excited 6 P/, state. When the
4.6 GHz source is tuned over the dark resonance, a dispersive error signal is
produced with FWHM of 100 Hz. In this way the frequency of the atomic
clock can be measured as a function of time with optimal experimental
parameters [Kitching et. al. (2000); Kitching et. al. (2001)]. The clock
performance instability drops at a rate of 9.3x10712/ \/7%, comparable to
good commercial rubidium frequency standards, where 7 is average times.

8.1.2 Atomic magnetometer

Atomic magnetometer in principle works in similar way to the atomic
clocks. As a vapor cell (Rb, Cs) is placed in the homogeneous magnetic
field, the degenerated atomic levels are split into Zeeman sublevels by the
external magnetic field. When circularly polarized light illuminates on the
vapor cell, the atomic population of Zeeman sublevels becomes substan-
tially different from those obeying Boltzmann thermal distribution. Due to
the selection rule for circularly polarized light Amp = +1, eventually, most
of population will pile up at certain Zeeman sublevels with maximum mpg.
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The ensemble of atoms has been highly polarized by means of optical pump,
and there is no more absorption of light when the equilibrium is reached
between the optical pumping and all the relaxation processes in this atomic
system. At this point, if the transverse radio frequency (RF) radiation field
resonant with the transition of Zeeman sublevels is applied, one can ob-
serve a sudden decrease of transmission of applied light and consequently
measure the magnitude of magnetic field strength from the resonant RF
frequency.
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Fig. 8.2 Schematic of energy levels, optical pumping with radio frequency radiation and
double resonance in Rb.

Many different styles of atomic magnetometers have been developed
[Fitzgerald (2003)]. One approach [Alexksandrov et. al. (1996)], pio-
neered by Alexander, is a double resonance technique that combined op-
tical pumping with radio frequency radiation, as shown in Fig 8.2. Such
magnetometers have attained sensitivity of 1 fT/ VHz. Recently, a new
type of magnetometer based on electromagnetically induced transparency
(EIT) [Harris (1992)] was proposed by Scully and Fleischhauer [Scully and
Fleischhauer (1992); Fleischhauer and Scully (1994)], and experimentally
demonstrated [Nagel et. al. (1998); Affolderbach et. al. (2002)]. Two
lasers are used to excite the transitions from different hyperfine levels of
ground states to a common excited state like the case of atomic clock
based on coherent population trapping. When the lasers are tuned to
be in two-photon Raman resonance, they drive population into so-called
coherent dark state that decouple from the laser radiation. The trans-
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parent otherwise opaque laser beam characterizes narrow line width, and
thus provides a highly sensitive detection of magnetic field. This tech-
nique has achieved sensitivities around 1 pT/ VHz. In another approach,
developed by Budker et al. and Novikova et al. [Budker et. al. (2000);
Novikova (2001)]. The nonlinear Faraday effect has been employed to de-
termine the magnetic field with a theoretical sensitivity limit of 0.3 fT/v/Hz
[Budker et. al. (2002)].

8.2 High resolution laser spectroscopy

High-resolution laser spectroscopy could provide accurate information on
the structures and dynamic properties of the excited states of atoms and
molecules. Tunable ECDLs are ideally candidate as a coherent radiation
sources for high resolution spectroscopy of atoms and molecules. The ad-
vantage of spectroscopy by use of ECDLs is the possibility of obtaining a
wide band frequency sweep by varying the temperature or injection current
of diode lasers as well as external cavity tuning. In this section, we show
some applications of ECDLs in atomic and molecular spectroscopy by de-
scribing experiments recently performed in the violet-blue (390~ 420 nm),
the visible (650~ 690 nm), and near infrared (750~ 895 nm). We discuss
the spectral resolution, the accuracy of frequency measurements, and the
detection sensitivity achievable with ECDLs.

Many examples of high resolution spectroscopy have been described
[Tanner and Wieman (1988); Wieman and Hollberg (1991); Inguscio and
Wallenstain (1993); Inguscio (1994); Bhatia et. al. (2001)]. A myriad
of works have been done in the wavelength region around 780 nm and
850 nm, but only a limited number of experiments have been reported
around 400 nm and 670 nm. For all spectroscopic applications a wide
mode hop-free tunability of the laser output frequency is desirable. A
diode laser with an external grating can be tuned by several means: diode
laser temperature, diode injection current, grating distance, and grating
angle. The tuning range can be expanded by employing a feed-forward
loop: an attenuated version of the grating piezo voltage is added to DC
injection current of the diode. Fine adjustment of the attenuation fac-
tor and DC operating point enable the mode hop-free scan range to ex-
pand from 6 GHz to 20 GHz. Doppler-free spectroscopy on an indium
atomic beam by blue-emitting diode laser by use of GaN diode laser
in the Littrow configuration has been reported [Leinen et. al. (2000);
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Hildebrandt et. al. (2003)].
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Fig. 8.3 (a)Schematic of energy level of Indium concerned. (b) Hyperfine resolved
total fluorescence spectrum of the transition 5 2P1/2 — 6 251/2 in an indium atomic
beam. (c) Spectrum take with the bandpass filter for 450 nm. (d) The lowest-frequency
peak measured with better resolutions: the contribution of the 113In isotope becomes
noticeable. Adapted with permission from Appl. Phys. B 70, pp. 569. Leinen et al.
(2000).

The fluorescence spectrum of indium atoms in an atomic beam by ab-
sorption of 410 nm laser light is shown in Fig. 8.3. The relevant energy level
diagram is shown in Fig. 8.3(a), the 6 25 /5 excited state of indium can be
reached from 5 2P; /2 ground state by GaN diode laser, it can decay into
either the 5 2Py /5 or back into the 5 2Py state with emission wavelength
of 451 nm or 410 nm light, respectively. Fig. 8.3(b) shows the fluorescence
spectrum collected by a photomultiplier tube (PMT). All four hyperfine
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components for transitions from F=4, 5 to F’=4, 5 are resolved within a
single mode hop-free scan. Fig. 8.3(c) shows much less noisy spectrum of
Fig. 8.3(b) after using a narrow-band interference filter center at 450 nm to
block the residual stray laser light. One can distinguish the contributions
from the two isotopes '3In and '®In in the higher resolution fluorescence
spectrum, each fluorescence peak in Fig. 8.3(b) and (c) is actually a doublet
as resolved in Fig. 8.3(d), their relative height of the two peaks corresponds
to the natural abundance ratio of the two isotopes.

Very recently Hayasaka [Hayasaka (2002)] has performed saturation
spectroscopy in the 55,5 — 6P3/5 rubidium transition using the frequency
stabilized violet diode laser at wavelength 420 nm in a gas cell, and observed
the Doppler-free spectra with a linewidth of 2.3 MHz as shown in Fig. 8.4 (a)
and (b), four groups of hyperfine transition in 8’Rb and 8°Rb are resolved.
Fig. 8.4(a) illustrates two groups of the transition recorded by a continuous
frequency scan over 2.8 GHz. The signals on the left are hyperfine transi-
tion from 8"Rb, F=2 and those on the right are from ®°Rb. An enlarged
view of the transitions located in the left is displayed in Fig. 8.4(b), in the
figure the total angular moment of upper state is denoted by F'. All the
components including crossovers have been observed. The same group of
Hayasaka’s [Uetake (2002)] reported the saturation spectra of potassium of
the 45,2 — 5P /3 transition with a linewidth of 4 MHz by using feedback
stabilized violet diode laser at wavelength 404.8 nm with similar experi-
mental setup as shown above, the spectrum is shown in Fig. 8.5. To obtain
the spectra, the pump beam was chopped at 2 kHz by an optical chopper
and the probe beam was detected by a lock-in amplifier.

In region of visible light, we give two examples to illustrate the appli-
cation of ECDLs in atomic spectroscopy. In the work of Hof et al. [Hof
et. al. (1996)], Littrow configuration of red diode laser was used to induce
the fluorescence from an atomic beam of °Li in a magnetic field of 53 mT.
The Zeeman sublevels of D transition with a upper limited laser linewidth
of < 25 MHz was measured. Fluorescence spectrum has previously been
measured by Boshier et al. in the transition of 25/, — 2P /5 of lithium
at 670.8 nm [Boshier et. al. (1991)]. A saturated absorption spectra of
lithium (with natural abundance) has been demonstrated by Libbrecht et
al. [Libbrecht et. al. (1995)], by use of the stabilized 670 nm diode lasers
in undergraduate teaching laboratory. Doppler-free peak from both 7Li
and SLi superposed on the Doppler-broadened absorption profile has been
observed.

Cesiums D, transition at 852 nm is easily reached by diode laser. There
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Fig. 8.4 Doppler-free spectra of 5251/2 — 62P1/2 transition in Rb at 420 nm. (a)
Spectra taken at a continuous frequency scan of 2.8 GHz. (b) Magnification of the
spectra of the left-hand side of (a). F and F’ denote the total angular momentum of the
ground state and that of the upper state, respectively. Adapted with permission from
Opt. Commun. 206, pp. 407. Hayasaka (2002).

is no routinely available diode laser at 894 nm D, transition. To drive this
transition, one has to rely on severely expensive and complicated titanium-
sapphire or dye laser. A simple Doppler-free spectroscopy experiment on
the four hyperfine transition of the D; line has been demonstrated [Ross
et. al. (1995)]. Two equal power counter propagating laser beams from
ECDLs were overlapped through the cesium cell. The laser was scanned
across the Dj transition. The result is shown in Fig. 8.6. As expected,
there are two sets of two lines, the pairs separated from each other by
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ground state hyperfine splitting of 9.193 GHz, the splitting in both pairs

corresponds to the upper state hyperfine splitting 1.168 GHz. A Lamb dip
is present in each line.
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Fig. 8.6 The four hyperfine 62 S1/2(F) — 62 P1/2(F’) recorded by saturation absorption
spectroscopy. The Lamb dip exists in each line. The Doppler width of F =3 — F/ =4
transition is 380 MHz; the linewidth of the saturated peak is 40 £ 5 MHz. Adapted with
permission from Opt. Commun. 120, pp. 156. Ross et al. (1995).

A saturated-absorption spectroscopy of the D1 line of cesium at 895 nm
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with Lamb dip has been presented by an external cavity diode laser char-
acterized by an intracavity cylinder lens to compensate for the astigmatism
of the laser [Cassettari et. al. (1998)].

8.3 Quantum manipulation and engineering

Another area in which stabilized external cavity diode lasers have been used
very successfully is in cooling and trapping neutral atoms and ions. Laser
cooling was first proposed in 1975 by Hansch and Schawlow [Hansch and
Schawlow (1975)], and simultaneously by Wineland and Dehmelt [Wineland
and Dehmelt (1975)]. Weidemuller et al. [Weidemuller et. al. (1993)] have
achieved cooling down lithium atom into Rydberg states by using diode
laser for high-resolution of microwave spectroscopy. Their velocity can be
efficiently decreased and controlled by periodically chirping the frequency
of the first step excitation diode laser at a repetition rate of 500 ps. During
each chirp sequence, atoms with all velocity from 1500 m/s down to zero
are successfully prepared. Experimental observation of laser confinement of
neutral atoms in optical-wavelength-size regions was also reported [Salomon
et. al. (1987)].

A narrow bandwidth tunable semiconductor laser near 780 nm stabi-
lized by optical feedback from an external confocal Fabry-Perot resonator
has been used to demonstrate the high resolution spectroscopy of Rb [Hem-
merich et. al. (1990)]. In Fig. 8.7, a Doppler-free spectrum from a stan-
dard saturation spectroscopy setup with a Rb cell at room temperature is
presented. The spectra shows the complete Dy line of Rb, with resolved
hyperfine structure. A 10 GHz scan was performed by the laser in 5 ms.
The upper trace in Fig. 8.7 shows an expanded portion with higher resolu-
tion. Polarization spectroscopy has been used to obtain a dispersive signal
for the F=3 to F=4 hyperfine transition of the Dy of 3°Rb.

The schematic diagram for laser cooling of rubidium is shown in Fig.
8.8. Three stabilized diode laser systems were employed. Two of them are
tuned to the F=3 to F=4 hyperfine transition of the Dj line of 85Rb for
cooling and velocity probe. The third laser is tuned to the F=2 to F=3
transition to repute atoms which are optical pumped away from the cooling
transition. The cooling and pumping laser counter-propagating against the
atomic beam while the probe laser intersects the atomic beam at a 45 °
angle below a photomultiplier fluorescence detector. The laser frequency
are synchronously scanned by two time gates. Plots of manipulated Doppler
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profiles are shown in Fig. 8.9, which demonstrate both positive and negative
final velocities.

Myatt et al. [Myatt et. al. (1993)] have demonstrated direct microwave
modulation of diode lasers operated with optical feedback from a diffraction
grating, they obtained substantial fractions of the laser power (2-30%) in a
single sideband at frequencies as high as 6.8 GHz with 20 mW of microwave
power and simple inefficient microwave coupling. Using a single diode laser
modulated at 6.6 GHz, they trapped 3"Rb atoms in a vapor cell. With
only 10 mW of microwave power they trapped 85 % as many atoms as were
obtained by using two lasers in the conventional manner. Calcium ions are
laser cooled on Paul trap by use of a grating stabilized UV diode laser, and
ions are successfully cooled to crystallization temperature with sufficient
reproducibility [Toyoda et. al. (2001)].

A UV external cavity diode laser is used as the cooling laser in the
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Fig. 8.8 Experimental setup for laser cooling. Adapted with permission from Opt.
Commun. 75, 2, pp. 121. Hemmerich et al. (1990).

experiment, this laser oscillates with multiple longitudinal modes in the
free running operation. Single-mode operation is obtained by construction
of an external cavity with a Littrow configuration with holographic grating
and a collimating lens. The output power of the external cavity laser is
1.9 mW at an operating current of 41 mA. The output beam is sent through
an optical isolator, then it is divided into two beams, one for cooling, the
other for monitoring the single mode during scanning.

8.4 Actively mode locked diode lasers

There are many applications of very short-duration laser pulses in optical
communications. The technique that has allowed the generation of opti-
cal pulses as short as 6 fs is referred to as mode-locking, which can be
achieved by combining a number of distinct longitudinal modes of a laser,
all having slightly different frequencies and some definite relation between
their phases [Siegman (1986)]. Mode locking in multimode diode laser op-
eration is a well-know phenomenon in which mode separations near each
other and relative phases between oscillating modes are fixed so that beat
notes are emitted from the diode laser. The pulse separation corresponds
to the time it takes for an optical pulse to complete one round trip in the
cavity. There are scientific and engineering interests in the mode locking
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of the semiconductor lasers, because a mode locked laser can emit very
short optical pulses with almost ideal time-bandwidth products and high
repetition rates [Haus (1980); Kuhl et. al. (1987); Schell et. al. (1991);
Delfyett et. al. (1992)]. Thus it finds a wide variety of applications in
electro-optic sampling, time-division multiplexing, fiber optic communica-
tions [Liu et. al. (1992); Goldberg and Kliner (1995); Yilmaz (2002)], to
name a few. The successful operation of an actively mode locked GaAlAs
laser stimulated a great deal of research aimed at the generation of picosec-
ond optical pulses in semiconductor diode laser devices [Ho et. al. (1978);
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Fig. 8.10 Intensity profile of streak image showing calibrated delay of 60 ps and recorded
pulse duration of 12 ps. Devolution of synchronous scan streak camera resolution gives
the actual laser pulse duration of 9 ps. Adapted with permission from Opt. Commun.
48, 6, pp. 429. Chen et al. (1984).

Holbrook et. al. (1980)], conventional mode locking techniques or excitation
of semiconductor laser diodes by short electrical pulses have been applied.
A brewster-angled GaAlAs semiconductor diode laser has been actively
mode-locked in an external cavity Littrow configurations to provide tun-
ability over 15 nm and pulse duration ~ 9.5 ps, high stability of spectral
output and pulse duration was observed [Chen et. al. (1984)] as show in
Fig. 8.10. A simple technique has been developed to produce ultrashort,
coherent, wavelength-tunable pulses from gain-switched Fabry-Perot lasers
[Cavelier et. al. (1992)]. Pulse durations of 2.5 ps have been obtained at
1.3 pm with a time-bandwidth product of 0.6, a repetition rate adjustable
up to 12 GHz and a wavelength tunability of 20 nm, the pulse energy is
around 1 pJ. A schematic of experimental setup is shown in Fig. 8.11, it
consists of a gain-switched FTP laser in a long (3.5 c¢m) highly attenuating
and selective external cavity. The end reflector of the cavity is a 1200 g/mm
grating. An optical attenuator limits the feedback to the laser diode to ex-
tract 30 % of the laser beam. Gain switching of the laser diode is realized by
strong sinusoidal current modulation. Two 1 W microwave amplifiers were
used to cover the frequency range from 0.7 GHz to 12 GHz. Figure 8.12
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Fig. 8.12 Laser pulse train measured by streak camera with 10 GHz modulation fre-
quency. Adapted with permission from FElectron. Lett. 28, 3, pp. 225. Cavelier et al.
(1992).

shows a typical train of gain-switched multi-mode laser pulse measured by
the streak camera when there is no optical feedback. The laser is operated
at 10 GHz repetition rate with DC bias of 100 mA and the amplitude of
the modulation current of 200 mA. The measure pulse width is 23 ps which
includes the 10 ps time resolution of the camera and some weak additional
jitter. Separate measurement by autocorrelation indicates an actual width
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of 14 ps. With small feedback, some pulse broadening ~ 1 ps is observed
when the laser emission is a single mode.

The first demonstration of an actively mode-locked diode laser using a
fiber external cavity with integrated Bragg reflector was reported by Morton
et al. [Morton et. al. (1992)]. The device produces transform limited pulses
of 18.5 ps FWHM at a repetition rate of 2.37 GHz, high peak power of
49 mW in the output fiber is achieved.
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Fig. 8.13 Schematic of mode-locked laser and typical DC light feature. (a) Schematic
diagram. (b) Typical L-I characteristics. Adapted with permission from Electron. Lett.
28, 6, pp. 561. Morton et al. (1992).

A schematic diagram of the experimental setup is shown in Fig. 8.13(a).
A 1.55 pm laser diode is used with one facet high reflectivity coated for
improved cavity quality factor Q, and the other antireflection coated to
allow coupling to the external cavity and suppress Fabry-Perot modes. The
external cavity is composed of an AR coated lenses fiber stub fusion spliced
to a section of photosensitive fiber with an integrated Bragg reflector. This
arrangement allows efficient coupling from the laser diode to the fiber. The
grating has an approximately Gaussian taper with a 5 mm FWHM, giving
rise to a Bragg reflector with a reflectivity FWHM of 0.2 nm.

The effective cavity length of the device depends on the position of the
fiber grating and the operating wavelength. A DC bias and microwave
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drive are applied to the laser diode, with modulation period being close
to the fundamental mode locking frequency. In the results presented here,
a step recovery diode is used to provide short (40~50 ps) electrical pulses
to the laser diode at the mode-locked frequency. The output of the device
is passed through an optical isolator, and then split between measurement
instruments including a 50 GHz sampling oscilloscope with bandwidth of
32 GHz detector, an optical spectrum analyzes, average power meter and
a bandwidth of 22 GHz microwave spectrum analyzer.
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Fig. 8.14 Measured optical pulse shape and optical spectrum under optimum mode-
locked condition at the repetition rate of 2.37 GHz. (a) Optical pulse shape, (b) L-I
characteristics curve. Adapted with permission from FElectron. Lett. 28, 6, pp. 562.
Morton et al. (1992).

The DC light current characteristics is shown in Fig. 8.13(b). The
threshold is low (11 mA) and the output power comparable to a stan-
dard laser diode (>5 mW) at (100 mA). The optimum mode-locking con-
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ditions are found to be a DC bias current of 36 mA and an RF frequency
of 2.37 GHz with approximately +27 dBm power into the step recovery
diode. The measured optical pulse shape is shown in Fig. 8.14(a), as seen
on the sampling oscilloscope, with a measured pulse width FWHM of 24 ps.
When decontrolled with a simple sum of square formula, assuming an oscil-
loscope FWHM of 8 ps and a detector FWHM of 13 ps, this gives the actual
pulse width of 18.5 ps. The peak power level is calculated from the average
power measured under mode-locked conditions which is 21 mW, giving a
peak power of 49 mW. The optical spectrum under these condition is shown
in Fig. 8.14(b). The FWHM of the optical spectrum is 0.13 nm, giving a
time-bandwidth product of 0.31, which is transform limited.

With the developments of GaN-based semiconductor lasers, it is pos-
sible for semiconductor lasers to cover the entire wavelength range from
ultraviolet to infrared [Nakamura and Fasol (1997)]. Ultrashort optical
pulses of wavelength near 400 nm are typically generated by the frequency
doubling of mode-locked Ti:sapphire laser or dye laser output, but it can
be generated as well by actively mode locking an external cavity INCAN
laser at a wavelength of 409 nm with a temporal pulse duration of 30 ps
and average power of 2 mW, and time-bandwidth product of 1.2 [Gee and
Bowers (2001)].

The experimental setup is shown in Fig. 8.15. The cavity is composed
of a diffraction grating of groove density 1200 g/mm and a semiconduc-
tor diode laser, which is obtained by SIC2TasO5 double-layer antireflection
(AR) coating a cleaved facet of a commercial ridge waveguide multiple-
quantum-well INCAN diode (model:NLHV500A). The reflectivity is esti-
mated to be less than 10~2 using the Hakim-Pauli method [Merritt et. al.
(1995)]. In order to suppress the Fabry-Perot mode caused by imperfect
AR coating on the laser diode facet, the diffraction grating is employed to
limit the spectral width. The laser output is obtained from a 50% beam
splitter instead of using the zero-order diffraction of the grating owing to
its low efficiency. The active mode locking is realized by driving the laser
diode with 20 mW of RF power at the cavity round-trip frequency com-
bined with 43 mA of DC current using a bias tee and with the repetition
rate of 720 MHz and the average output power of 2 mW.

Figure 8.16(a) shows the optical intensity spectrum of the mode-locked
laser output showing a spectral width of 0.023 nm at the center wavelength
of 408.5 nm. Due to the imperfect AR coating on the diode laser, Fabry-
Perot mode still exists with 0.035 nm of modulation period. Fig. 8.16(b)
shows the temporal intensity profile of the output pulse measured by a
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Fig. 8.15 Schematic of laser setup. SD: semiconductor diode laser, BS: beam splitter.
Adapted with permission from Appl. Phys. Lett. 79, 13, pp. 1951. Gee and Bowers
(2001).

sacrosanct streak camera with resolution of 10 ps. The pulse has a steep
rise and slow decay with the temporal width of 30 ps, indicating a time-
bandwidth product (TBSP) of 1.2.
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Fig. 8.16 Typical mode-locked output: (a) optical intensity spectrum and (b) streak
camera images. Adapted with permission from Appl. Phys. Lett. 79, 13, pp. 1952. Gee
and Bowers (2001).

Figure 8.17 is the series of steak camera images for different cavity length
setting while the RF bias current frequency is held constant at 720 MHz.
The shadowed curve is the bias current wave form, which was determined
by measuring the spontaneous emission of the diode laser. It can be easily
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seen that the optical pulse is always ahead of the peak of the gain. As the
cavity length is reduced, the pulse moves forward relative to the gain. It
can be understood if one considers the fact that the amount of the cavity
length change in each plot is 250 pm, corresponding to 1.7 ps of delay
while the actual pulse position change is more than 20 ps. The shortest
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Fig. 8.17 Cavity length detuning characteristics: streak camera vs detuning. Adapted
with permission from Appl. Phys. Lett. 79, 13, pp. 1952. Gee and Bowers (2001).

pulse occurs at an early enough position of the gain so as to balance the
higher level of saturation with the slope of the applied gain. As the pulse
goes further forward, the back part of the pulse starts to see more gain
and pulse develops and elongated tail. When the cavity length is increased,
the pulse moves backward and the pulse width becomes gradually longer as
indicated in Fig. 8.18(a). The pulse-width broadening is faster for cavity
length decreasing than increasing as predicted by earlier theory. It should
also be noted that as the pulse moves backward it sees more net gain due to
the applied gain modulation and it resulted in a gradual increase of output
power [Fig. 8.18(b)].

Figure 8.19 shows the RF bias current dependence of the pulse width.
The pulse width decreases as the RF bias increases, showing that the pulse
width is inversely proportional to the fourth root of the modulation strength
while the time-bandwidth product almost remains constant (the dotted line
is the fit for the negative fourth root of the RF bias).

An active mode locking has recently been reported for a 1.55 pm semi-
conductor laser with a curved waveguide and passive mode expander, sit-



Applications of Tunable External Cavity Diode Lasers 217

4=t Tt 0.04 0 2.00
lzol : 7 ’- — ]
! B a s
Y { =50F M en e
k| P = ~ | e —~
2 100 | Ll 0.03 g z ‘e 2 1.50 %
£ ] = Z-10 4 s
i = = 7
£ Vel / —_>002"§ £ - 1.00 g
= r 2 Z_15 5]
2 60F | * o = & f &
b pr =
2 4o} 2 / 2
£ 40 R 0.01 & Z-200 0.05 2
& 7] F o
20| ;
—250f st
0 bbbt (0,00 s +10.00
-6-4-20 2 4 6 -6-4-20 2 46
Cavity length detuning (MHz) Cavity length detuning (MHz)
(a) (b)
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Gee and Bowers (2001).

uated in a wavelength tunable external cavity. One facet with a very low
reflectivity of 8 x 1076 is achieved through a curved active region that ta-
pers into an underlying passive waveguide, thus expanding the mode to
give reduced divergence. 10 GHz pulses of 3.1 ps duration have been gen-
erated with a linewidth of 0.81 nm [Williamson et. al. (2003)]. Woll et al.
[Woll et. al. (2002)] recently have reported on the generation of 250 mW
of coherent 460 nm light by single-pass frequency doubling of the mode-
locked picosecond pulses at a frequency repetition of 4.8 GHz and 16.5 ps
pulse width emitted by an InGaAs diode master oscillator power amplifier
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in periodically 10-mom-long poled KIP. The generated maximum average
power of 3.4 W corresponds to a pulse peak power of more than 30 W with
a spectral width of 0.14 nm.

Short pulse generation is highly desirable from semiconductor lasers for
many applications. With any of these technique described above, the pulse
widths are far from the inherent limit (~ 50 fs) imposed by the spectral
width of the semiconductor gain medium. Several features are necessary
to achieve shorter pulses. The first is strong coupling to external cavity,
this requires relatively good anti-reflection coatings. The second feature
is good light-current curves. The lasers must be driven with large RF
driver to achieve short pulses. Perhaps the most important factor is large
modulation bandwidth. The final important feature is frequency stability
of the microwave oscillator, which is driving the laser. In this way, short
pulses were obtained with laser biased near threshold, and average output
power was 0.5 mW with nearly transform-limited hyperbolic secant pulses
with a pulse width of 0.58 ps [Corzine et. al. (1988); Bowers et. al.(1989)].

It has been reported recently that an active mode locking external cav-
ity diode laser in Littman-Metcalf configuration can excite the atomic co-
herence, which leads to electromagnetically induced transparency in hot
rubidium (*Rb) atomic vapor [Ye (2004)].

It has long been recognized that a train of ultrashort pulse can
be generated by mode locked semiconductor lasers [Ho et. al. (1978);
Bowers et. al.(1989)]. An active mode locking is one well-established tech-
nique used to generate such pulses from semiconductor diode lasers by ap-
plying a RF drive current at a frequency matching the round trip of the laser
cavity [Gee and Bowers (2001)]. One can exploit the actively mode locked
diode laser to demonstrate an electromagnetically induced transparency
in hot Rb atomic vapor. With a repetition frequency fr., = 506 M Hz
(cavity round trip frequency) applied to diode laser in an external cav-
ity of Littman-Metcalf configuration, a train of pulse with pulse width
of ~ 250 ps has been observed when the spacing of a multiple of the
modes of a multimode diode laser was coincident with the spacing of the
hyperfine states, As shown schematically in Fig. 8.20. For 3°Rb, that is
qfrep = Avps = 3.035 GHz, which corresponds to the integer ¢ = 6. Any
two optical modes resonant with hyperfine states renders transparent oth-
erwise opaque. We observed this transmission in terms of beat note of the
two resonant optical modes on the spectrum analyzer.

The experimental arrangement is shown schematically in Fig. 8.21. A
780 nm semiconductor laser is used as a coherent radiation source, the
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Fig. 8.20 (a) Three-level scheme for EIT. In our experiment, ground states |b) and |c)
are hyperfine splitting of ground state of Rb 531 /5 F=2 and F=3, respectively, |a) corre-
sponds to the excited state 5P3 /5. (b) Cavity modes in the gain profile of semiconductor
diode laser.

residual reflectivity at the AR-coated facet is ~ 0.01%. The laser diode
is mounted on a thermoelectric-cooler to stabilize its temperature, it is
situated in an external cavity formed between the conventional facet of
diode laser and a moveable mirror. A diffraction grating of groove density
1200 g/mm at grazing incidence serves for wavelength selection and output
coupling, the laser cavity is arranged in Littman-Metcalf configuration. The
cavity round trip frequency can be adjusted by moving the external mirror.
The external cavity length is approximately 1=30 cm and the corresponding
round-trip frequency is frep = ¢/20 = 506 M Hz, where c is the speed of
light in vacuum. The active mode locking is realized by driving the laser
diode at the cavity round trip frequency combined with 55 mA of dc current
using a bias tee. The setup is mode locked in fundamental operation at
repetition rate 506 MHz and the average output power is 500 pW.

The EIT was observed in 8% Rb vapor cell by monitoring the mode locked
laser transmission through the cell when the repetition frequency is tuned
around resonance frequency of 506 MHz and the laser frequency is set to
the resonant transition of Dy line of 3 Rb 5812 — 5P35 (780 nm) . Rb
cell containing the natural abundance 87 Rb and 3% Rb is placed in the mag-
netic shielding cylinder chamber which screens the residual magnetic field.
Cell’s temperature can be controlled by electric heating tape which are de-
signed to generate no extra magnetic field inside chamber, temperature is
set around 70 °C yielding an atomic density of 6 x 10''em™3. The mode
locked laser transmits through the half-wave and quarter-wave plates, re-
spectively, becoming circular polarized light, then focuses into the cell. The
transmitted laser is detected by the 25 GHz fast photodiode, the beat note
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Fig. 8.21 Experimental setup. PZT: piezoelectrical transducer. A/2,\/4: half wave
and quarter wave plate, respectively. L: lens, PD: 25 GHz photodetector.

of the two resonant optical modes is observed by spectrum analyzer and
recorded by digital oscilloscope.
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Fig. 8.22 Transmission spectrum of EIT as a function of repetition frequency, the base-
line of curve means zero transmission. (a) Laser power 50 uW, (b) laser power 20 uW.

The transmission of mode locked laser is illustrated in Fig. 8.22 with
two different laser power. It can be clearly seen that any two optical modes
resonant with atomic transition becomes transparent because they drive the
atoms into coherent population trapping state which is decoupled from the
laser fields. This is a clear manifestation of EIT with transparent window
as narrow as 1 MHz, depending on the laser power.
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8.5 Nonlinear frequency conversion

Blue-green light can be generated by use of nonlinear crystal to up-
conversion of infrared wavelength radiated by high-power semiconductor
diode lasers. Second harmonic generation (SHG) is an effective methods
to generate the blue-green light, a single infrared diode laser with fre-
quency 17 passes through a nonlinear crystal and blue-green light comes out
with frequency 2v; [Kovlovsky and Lenth (1990); Goldberg et. al. (1995);
Biaggio et. al. (1992)]. These second-order nonlinear effects are relatively
weak, yet it is still possible to use them to generate blue-green radiation ap-
propriate for the applications in various fields such as optical data storage,
thermal printing, spectroscopy, and display systems. To achieve efficient
second harmonic generation, the nonlinear crystal is usually placed into an
optical cavity or in an external bow-tie ring cavity [Zimmermann et. al.
(1995)].

8.5.1 Second harmonic generation

It was reported [Brozek et. al. (1998)] that 50% conversion efficiency for
frequency doubling of a 854 nm GaAlAs diode laser using a potassium no-
tate crystal in an external ring cavity. Frequency stabilization of the diode
laser is achieved by direct optical feedback from the doubling cavity or from
a grating in Littrow configuration. The blue output power of 7.8 mW shows
rams-fluctuations of less than 0.6% in 1 MHz bandwidth. The experimen-
tal setup for this system is schematically shown in Fig. 8.23, the radiation
of an AR-coated, cw GaAlAs laser diode with a front facet reflectivity of
R< 5 x 1073 is collimated by an AR-coated focusing lens and stabilized by
the optical feedback from a holographically fabricated optical grating.

The diode laser system is a typical Littrow configuration. The ring
cavity in bow-tie configuration is formed by four mirrors with folding angle
as small as possible. The plane mirror M2 is mounted on a fast PZT for
scanning the cavity or locking it to the laser frequency, the error signal
for locking the cavity to the laser frequency is derived by a polarization
spectroscopy scheme [Hansch and Couilaud (1980)]. The crystal is centered
around the smaller focus between the two curved mirrors.

As a less expensive alternative, a high power Fabry-Perot diode lase can
be used to attain single mode operation and a narrow linewidth in terms
of the feedback of transmission of ring cavity into laser after reflecting off a
diffraction grating [Sun et. al. (2000)]. Experimental setup in the external
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feedback

Fig. 8.23 Schematic diagram of the frequency doubling setup. G: grating; P: amy-
otrophic prism pair; F1: Faraday isolator; PZT: piezo electric transducer; PUBS: polar-
izing beam splitter; P1,2: photo diode; FUN: fundamental field; SHG: second harmonic
generation. Adapted with permission from Opt. Commun. 146, pp. 142. Brozek et al.
(1998).

bow-tie ring cavity is shown schematically in Fig. 8.24. The nonlinear
crystal is placed in the center between the two spherical mirrors, a larger
elliptical beam waist is located between the two plane mirrors, and the
diode laser output is focused into this laser waist for mode matching.
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Fig. 8.24 Experimental setup. The bow-tie ring cavity is formed by two plane mirror
M1, M2 and two spherical mirrors M3, M4. The reflection off the KNbO3 crystal is
reflected back by the grating mirror M5 to provide the feedback for single mode operation
and frequency locking. The incident angles on the cavity mirrors are 6, the distance
between the two spherical mirror of M3 and M4 is d, and the distance between the two
spherical mirrors via plane mirrors (M4-M1-M2-M3) is 1. Adapted with permission from
Appl. Phys. Lett. 76, 8, pp. 956. Sun et al. (2000).
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The InGaAs solitary diode laser is commercial SDL-6530-J1 with thresh-
old 18 mA and maximum output power 200 mW at 250 mA injection cur-
rent. The spectrum is shown in curve (a) of Fig. 8.25 with an injection
current of 240 mA. The single mode spectrum with feedback from the grat-
ing is also shown in curve (b). One can see the narrowed spectrum with
side mode suppression >40 dB. The output wavelength can be continuously
scanned by use of a piezo-driven mirror in one of the cavity mirrors, and
changing the cavity length, the feedback phase and the injection current
synchronously.
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Fig. 8.25 The spectrum of the laser diode without and with feedback. Note that with
grating feedback the spectrum narrows and the side mode suppression ratio increases to
greater that 40 dB, and the peak wavelength can be tuned by adjusting the angle of the
mirror M5. Adapted with permission from Appl. Phys. Lett. 76, 8, pp. 956. Sun et al.
(2000).

The blue light output power is plotted as a function of input power of
diode lase in Fig. 8.26. The maximum blue output is 6.1 mW at the diode
wavelength of 970 nm with nonlinear conversion efficiency o« = P,,/P§, of
0.044%/W. The blue light is in a diffraction limited Gaussian TEMy mode
and the linewidth is estimated to be less than 15 MHz.

An intracavity frequency-doubling scheme is merged with an actively
mode-locked AlGalnP laser diode with an external cavity to provide effi-
cient generation of 335 nm ultraviolet light [Uchiyama and Tsuchiya (1999)].
Intense pulses of 16 ps are successfully generated inside the cavity at sub-
gigahertz repetition frequencies. These pulses are applied to intracavity
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Fig. 8.26 Output SHG power versus output power of the diode laser. The theoretical fit
is the quadratic growth expected from SHG theory for low conversion efficiency. Adapted
with permission from Appl. Phys. Lett. 76, 8, pp. 957. Sun et al. (2000).

second harmonic generation from a 5 mm long LilO3 crystal, which re-
sulted in an average ultraviolet power of 79 yW for an average power of
73 mW.
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mirror [IHITOr
=
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Fig. 8.27 Schematic diagram of the external cavity actively mode-locked AlGalnP LD
with intracavity SHG. Adapted with permission from Opt. Lett. 24, 16, pp. 1148-1150.
Uchiyama and Tsuchiya (1999).

Figure 8.27 shows schematically the configuration, a 670 nm AlGalnP
laser diode with a length of approximately 800 pum. One of its facet is
antireflection coated with reflectivity of 5 x 10~%, the other facet is high-
reflection coated. No laser action is obtained without an external cavity.
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The external cavity length L is about 69 cm, which gives a round trip
frequency f=217 MHz. Both facets of the crystal LilOs are AR coated
originally for 690 nm and 345 nm light with residual reflectivity of 670 nm
and 35 nm light of less than 2%. A half-wave plate is inserted between the
laser diode and the crystal. A lens focused the fundamental beam onto the
LiIO3 crystal with a spot radius of about 15%. The corresponding second
harmonic generation acceptance bandwidth is 0.38 nm. The generated ul-
traviolet light is taken out of the cavity by a dichroic mirror (DM). The
laser is driven by a RF sinusoidal signal with a dc bias current I;,. Its small
signal 3 dB bandwidth is limited to 790 MHz. Thus the pulse repetition
rate is set near the 434 MHz or the fourth harmonic 870 MHz. Fig. 8.28
shows the dependence of second harmonic power P2 on the input power

P2 P2=70 uW was obtained for P~ =73 mW at repetition frequency
870 MHz.
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Fig. 8.28 Second-harmonic power Péﬁ”) relative to average fundamental power Pé%’).
Dotted line, square dependence of Péﬁ”) on Pé;d) for fr = 434MHz. Adapted with
permission from Opt. Lett. 24, 16, pp. 1148-1150. Uchiyama and Tsuchiya (1999).

An external cavity 1540 nm diode laser, which is frequency doubled in a
3-cm-long periodically poled LiNbO3 waveguide doubler with 150% /W con-
version efficiency, has been reported to generate more than 3uW at 770 nm
[Bruner et. al. (1998)]. In the recent work of Zimmermann [Zimmermann
et. al. (2002)], they introduced a new concept for a wavelength-tunable
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frequency-doubled laser diode with a single control parameter. The con-
cept is based on intracavity frequency doubling in an external resonator
geometry with spatial separation of the spectral components. The use of
a fan-structured periodically poled LiTaO3 crystal permits tuning of both
the fundamental and the second harmonic simultaneously with one aper-
ture. They demonstrated the tunability over more than 10 nm in the blue
(480.4 to 490.6 nm) with output powers of the order of 50 nW.

8.5.2 Frequency quadrupling

Tunable UV radiation near 215 nm was produced by frequency quadrupling
the 860 nm emission of a mode-locked external-cavity compound semicon-
ductor laser containing a tapered GaAlAs amplifier. A KNbOj crystal gen-
erated the 430 nm second harmonic, which was doubled by a § — BaB20y4
crystal, producing tunable UV radiation with as much as 15 uW of average
power [Goldberg et. al. (1995)]. Goldberg group [Kliner et. al. (1997)] used
similar technique to achieve tunable, narrow-bandwidth less than 200 MHz,
~215 nm radiation by frequency quadrupling the ~ 860nm output of a
high-power, pulsed GaAlAs tapered amplifier(TA) seeded by a single-mode
external cavity diode laser. Two successive stages of single-pass frequency
doubling, the first using noncritically phase-matched KNbOgs and the sec-
ond using angle-tuned (-barium borate (BBO), convert the fundamental
to ~215 nm. Under CW operation, the ~ 0.6 W maximum output power
of the TA leads to relatively low nonlinear conversion efficiency. The con-
version efficiency is increased by 2 orders of magnitude by operation of the
amplifier in a pulsed mode.

The experimental apparatus is shown in Fig. 8.29. The single-mode
external cavity diode laser of power >20 mW and wavelength tunability
between 842 nm and 868nm is seeded into the TA centered at 852 nm
with gain >30 nm. The TA is driven with either a CW or a pulsed current
source. The TA output is collimated by spherical and cylindrical lenses,
then focused into a 1.24-cm-long, temperature controlled, a-cut KNbOg
crystal with AR coated for 860 nm on input face and 430 nm on the output
face. The generated blue beam is refocused with an f=5 cm lens into a
4-mm-long, MgFs-coated BBO crystal, which is cut at 70 ° and rotated
the 70.6 ° propagation angle required for type I phase matching. The UV
beam emerging from the BBO crystal is separated from the IR and blue
beam by a CaFy prism, dichroic beam splitters, a NiSO4- HoO filter, then
is detected with a Si photodiode.
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Fig. 8.29 Schematic of the experimental apparatus, showing the UV laser system and
the setup used to record absorption spectra. Fls: Faraday isolators; A/2, half-wave plate.
Reprinted with permission from Opt. Lett. 22, 18, pp. 1418-1420. Kliner et al. (1997).

Figure 8.30 shows the average power of blue and UV as function of
power of infrared for both cw and pulsed operation. The laser system has
a tuning range of 842~868 nm corresponding to a UV tuning range of
210~217 nm with linewidth <200 MHz, and well suited for spectroscopic
detection methods discussed later in this chapter.

Recently, Sayama and Ohtsu [Sayama and Ohtsu (1998)] have devel-
oped a tunable ultraviolet cw light source by frequency up-conversion of
laser diodes generated by a BBO crystal placed in an external resonant
enhancement cavity in terms of sum-frequency mixing between the 778 nm
output of a diode laser and the second harmonic of the 857.2 nm output of
laser diode which is generated in a KNbOj crystal placed in an external res-
onant enhancement cavity. The ultraviolet power of 35.7 nW is obtained at
276.4 nm wavelength with input fundamental power of 50 mW at 778 nm at
857.2 nm. The tuning range of the ultraviolet generation is from 275.5 nm
to 276.4 nm. This wavelength is appropriate for laser induced fluorescence
detection of silicon.
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Fig. 8.30 Average blue (a) and UV (b) power versus average IR power delivered to the
KNbOs crystal for cw and pulsed operation of the TA. (a) The curve corresponds to an
IR — blue conversion efficiency of apiye=1.9%/W. The blue power was measured imme-
diately after the KNbOs crystal. (b) The lines corresponds to an IR — UV conversion
efficiency of apy = 4.5 x 1079 /W. The UV power has been corrected for Fresnel losses
on the optics and for absorption by the NiSO4- H2O filter. Reprinted with permission
from Opt. Lett. 22, 18, pp. 1418-1420. Kliner et al. (1997).

8.6 Optical telecommunication

8.6.1 Coherent system and DWDM

ECDLs have been shown to offer the single-mode operation, narrow spectral
linewidth and wide tunability, which are required by highly coherent phase-
shift keying (PSK) and frequency-shift keying (FSK) optical communication
systems [Creaner et. al. (1988)]. Today this is one of the most important
areas for the application of these lasers. The development of more and
more sophisticated diode laser systems has made new concepts in optical
communication practical [Coldren (2003)].

Mellis et al.[Mellis et. al. (1988)] have developed miniature, packaged,
grating-external-cavity lasers for use in PSK and FSK coherent transmis-
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sion systems at 1.5 pum. The lasing wavelength is mechanically adjustable
over the range 1550-1560 nm and electrically tunable over a range of 0.8 nm
and spectral linewidth <100 kHz, With appropriate control of the grating
piezoelectrical transducer, a continuous (mode hop-free) tuning range of
50 GHz has been attained.

External cavity diode lasers exhibit superior performance and are well
suited for deployment in dynamic dense wavelength division multiplexing
(DWDM) networks. In particular, the ECDL design has the best per-
formance when it comes to wide tunability, high power, narrow linewidth
and low noise. The applications of tunable lasers in DWDM networks are
numerous, stretching from hot sparing and inventory management to dy-
namic add-drop multiplexes and transponders for real-time provisioning
and protection. With the development of the techniques of widely tunable
external-cavity diode lasers and diffraction-grating filters based on silicon
micro-electro-mechanical-system (MEMS) actuators. This technique has
been used in dense wavelength division multiplexing (DWDM) telecommu-
nications [Berger and Anthon (2003)].

8.6.2 Testing and measurement

Development of the DWDM technology leads to the need for accurate wave-
length measurement and standards to make sure compatibility of equipment
from different manufacturers. For DWDM systems, frequency spacing equal
to an integral multiple of 100 GHz is allowed. The reference sources can be
used to calibrate the accuracy of important DWDM diagnostic tools such as
wavelength meters and high-resolution spectrometers, which are then used
to check the passive components such as the fiber grating and received
filters. These diagnostic tools also can measure the wavelength of the sta-
bilized distributed feedback diodes and fiber grating controlled laser-diode
sources used in DWDM [Lang (1998)]. The most accurate measurement of
these sources is made by direct measurement against the DWDM reference
source. The laser being measured can then be traced back to the cesium
clock with megahertz precision.

Fig. 8.31 schematically shows heterodyne measurement, the output of
the DWDM reference source and the test laser are coupled into a high-
speed InGaAs photodetector, The resulting beat frequency is measured
with a high-accuracy spectrum analyzer or frequency counter. One method
of providing an absolute yet compact wavelength standard is to lock the
output of a diode laser to an atomic or molecular spectral line. However,
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Fig. 8.31 Wavelength-division-multiplexing source is calibrated by measuring a hetero-
dyne beat frequency using a high-speed InGaAs detector. Adapted with permission from
Laser Focus World, June. Lang (1998).

there are almost no spectral standards in the 1550 nm communication win-
dow spectral region, the rapid growth of DWDM technology has changed
this situation.

Tremendous advances have been made in calibrating the spectral of both
acetylene (CoHg) and hydrogen cyanide (HCN) because these molecules
have a combination of vibrational overture absorption lines that span the
entire 1550 nm erbium gain region as shown in Fig. 8.32. Unlike the single
atomic lines of neon and krypton, these spectra have a comb of spectral lines
throughout the spectral region of communication interest. Importantly,
their absorption can be detected in simple, compact cells. So acetylene and
hydrogen cyanide absorption lines have been chosen as the basis for a series
of rugged reference sources for DWDM work. (see Fig. 8.33) [Lang (1998)].
The emitting element is a laser diode in a Littman-Metcalf external cavity,
the collimator output of this cavity is coupled into a fiber coupler. A beam
splitter, positioned before this coupler, splits off 5% of laser , which allows
a normalized measurement of the absorption in a cell containing CoHs or
HCN, by a pair of InGaAs photo detectors. There are many rotational
lines in the CoHy and HCN spectra to which the DWDM reference source
can be stabilized. In practice, the end user selects from the list of absolute
wavelengths.

8.7 Other applications

Recently optical gas detector based on semiconductor diode lasers have
found applications for a variety of environmental, medical and industrial
process. Their characteristics like remote sensing, gas selectivity, high de-
tection speed and low cost make them more appealing than conventional
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Fig. 8.32 Vibrational overtune bands of hydrogen cyanide (HCN) and C2H2 together
span the erbium gain region. Adapted with permission from Laser Focus World, June.
Lang (1998).

electrochemical and semiconductor point sensors. In this section, we intro-
duce the gas monitoring sensor based on external cavity diode laser and
briefly mention the LIDAR system.

8.7.1 Gas monitoring sensor

Near-IR room temperature ECDLs have been used for in situ absolute mea-
surements of species concentrations and gas temperature in a variety of
combustion system [Baer et. al. (1994)]. Development conducted by Fo-
cused Research has extended the current available wavelength range of 0.4-
1.6 pum ECDLs to 2 um external-cavity diode laser. This wavelength region
is especially useful for monitoring the molecular species such as CO2,H50,
N3O, and NHj for combustion diagnostics and environmental monitoring
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Fig. 8.33 DWDM reference source consists of an external-cavity diode laser locked to an
integral absorption cell containing either acetylene (CoHz) or hydrogen cyanide (HCN).
Adapted with permission from Laser Focus World, June. Lang (1998).

and HBr for in-situ gas-phase substrate etching for semiconductor industry.

Figure 8.34 shows data from a survey spectrum of COs taken by ECDLs
with a strained-layer InGaAs/InP quantum-well ridge-wave-guide semicon-
ductor laser and in the configuration of Littman-Metcalf. A number of UV
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Fig. 8.34 Survey spectrum of COgz taken with a 2 p m ECDL.
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absorption measurements for various species have been reported [Oh (1995);
Ray et. al. (2001)]. Koplow et al. used the technique as shown in Fig. 8.29
to UV light for NO absorption measurements [Koplow et. al. (1998)]. Pe-
terson and Oh used second harmonic generation of the output of a 860 nm
diode laser for absorption and laser induced fluorescence measurement for
CH radical [Peterson and Oh (1999) |. Alnis et al. used sum-frequency
mixing of the output of a newly developed blue diode laser at 404 nm and
a 688 nm diode laser to generate radiation at 254 nm for spectroscopy of
mercury atom [Alnis et. al. (2000)]. A monitor for Al vapor density based
on atomic absorption using frequency-doubled external-cavity-diode laser
source at 394 nm has been demonstrated in both evaporation and sputter-
ing processes [Wang et. al. (1994)]. Closed loop operation was achieved
for electron beam evaporated aluminum in a vacuum chamber using the
atomic absorption signal for feedback.

8.7.2 LIDAR

LIDAR is an acronym for ”LIght Detection And Ranging”, it is similar
to the well-known RADAR. A LIDAR sends out short laser pulses into
the atmosphere. All along its path the light is scattered by air molecules
(Rayleigh scattering) and by particles. A small fraction of the light is
backscattered to the LIDAR system and is received by a telescope and a
sensitive detector integrated in the system. The received signal is acquired
as a function of time. Given the constant value of the velocity of light and
the time that the emitted and backscattered light needs until its detection,
it is possible to get information about the spatial distribution of molecules
and aerosols along the beam path.

The group of Texas A & M University has been working on a project
to rapidly an accurately monitor upper-ocean vertical sound velocity and
temperature profiles using Brillouin scattering. When sound waves pass
through a refractive medium such as sea water, they create periodic fluctu-
ations in density. When light is scattered by a moving sound wave in this
medium, the periodic density fluctuation act as a moving diffraction grat-
ing. This diffraction is referred to as Brillouin scattering. Conservation of
momentum dictates that the scattered light is Doppler-shifted, producing
a blue and red shift component relative to the incident beam. This spec-
tral shift is directly determined by the sound velocity, which in turn can
be used to infer the local temperature. The narrow-linewidth high-energy
pulses will be produced by seeding a Nd:YAG laser with an ultrastable
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external-cavity diode laser and doubling the output to produce 532 nm,
which transmits well through the see water. The novel, yet simple detec-
tion method to measure Brillouin shifts uses edge absorption of an iodine
absorption line. The integrated iodine fluorescence intensity is a direct
measure of the magnitude of the Brillouin shift as illustrated in Fig. 8.35.

( )

Frequency
intensity
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Laser

Brillouin Io.dine
scatter line

Frequency
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Fig. 8.35 ECDL is used to measure the edge absorption, in which the integrated iodine
fluorescence (inset) is determined by the magnitude of the Brillouin shifted. Adapted
with permission from Laser Focus World, June. Lang (1998).



Chapter 9

Conclusions

It has been shown through the evidence presented in this book that tunable
external cavity diode lasers will have a considerable impact on development
of the next generation of optical networks and scientific research in atomic
and molecular physics and engineering. This promises to open up a new
avenue to acquire coherent radiation sources with wide continuous tuning
range, high output power, excellent wavelength accuracy and reliability,
narrow linewidth and good single mode suppression. The main results in
this book can be summarized as follows:

The basic concepts of semiconductor diode lasers with a variety of struc-
tures from bulk to quantum dots lasers have been introduced to describe
the operation principles of tunable diode lasers.

Monolithic tunable semiconductor lasers with the latest configurations
have been examined with emphasis on their tuning range and spectral
purity, and their performance with respect to the potential applications
has been discussed. Relevant monolithic tunable lasers are based on
DFB and DBR-type lasers and their derivatives.

Elements, systems, and applications of tunable external cavity diode
lasers are our main concern. A broad range of tunable external cavity
diode lasers has been explored from their basic characteristics to a com-
plicated system configuration. Wide tunability with various approaches
has been introduced in mechanical and electronic terms. Applications
from coherent fiber communications to manipulation of atoms are cov-
ered for industrial and scientific significance.

Recent developments in optical technology make it necessary to use
frequency stabilized diode lasers, especially for the technology of dense
wavelength division multiplex and quantum optical engineering. we
have developed different methods to stabilize external cavity diode
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lasers to meet these marginal requirements.

New applications are arising that require tunable external cavity diode
lasers capable of compact, reliable and wide tunability in the gain band-
width, and that produce fast linear frequency switching, which will be key
enablers for future wavelength-agile systems as well as for atomic physics,
remote sensing, and environmental monitoring. The tendency of modern
technology is for the ultimate user to want a tunable external cavity diode
like a module that includes a complete control circuit designed in such a
way that the user need only to hit the button and get the desired wave-
length and output power. There are a couple of companies designing this
control circuit and algorithms for the next generation devices.
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190, 195, 218

optical path difference, 150

optical pumping, 198

optical resonator, 101

optical spectrum analyzer, 143, 147,
167

oscillation, 23

output power, 2, 4, 20, 23, 25, 37, 47,
61, 66, 91, 97, 100, 104, 138, 172,
187, 216

passband, 147

Paul trap, 208

phase, 23, 33, 82, 94, 101, 148, 195
phase matching, 30, 33, 38, 88
phase modulation, 42

phase shift, 85

phase-locked loop, 193
piezoelectric transducer, 114, 122
piezoelectrical transducer, 163, 226
pitch, 30, 140

plasma effect, 37

polarization, 78

polarization spectroscopy, 219
population inversion, 10, 20, 24
prism, 111, 153

propagation, 30, 106

pulse, 208

quality factor, 92

quantum cascade lasers, 3
quantum dots, 14, 19, 161
quantum well, 17, 18, 58, 168
quantum well diode lasers, 3, 17
quasi-continuous, 36, 37

Raman, 199, 200

ramp, 153

rate equation, 25

reflectivities, 23, 63, 92

refractive index, 16, 21, 26, 30, 34,
37, 69, 80, 108

reliability, 136

repetition rate, 210

resolution spectroscopy, 206
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resonance, 23, 185

resonance condition, 30, 149
resonant absorption, 8

resonator, 10, 70, 101, 116
returned light, 20

ring cavity, 163

round trip, 20, 92, 93, 102, 149, 209

sampled grating, 39

sampled-grating, 4, 40, 54

saturation, 105

Schawlow-Townes, 105

second harmonic generation, 218,
220, 229

semiconductor laser, 1, 7, 15, 61, 89

semiconductor optical amplifier, 6,
49, 138

separation, 157

side mode suppression ratio, 4, 5,
142, 167

signal-to-noise ratio, 50, 191

single mode, 33, 61, 85, 94, 197, 208,
219

single mode suppression ratio, 42-44

single-mode lasers, 3, 29

slope efficiency, 26

spatial light modulator, 81, 133, 140,
157

spectral purity, 4, 5

spectral width, 214

spectroscopy, 61, 88, 163, 180, 201

spectrum, 27

spontaneous emission, 7, 8, 15, 17, 20,
24, 106, 215

stability, 136

standing wave, 126

steady state, 25, 92, 93, 107

stimulated absorption, 12

stimulated emission, 7, 9, 20, 24, 25

super-structure grating, 4, 39, 42, 54

tapered amplifier, 58, 165, 223
temperature controller, 27, 73
test and measurement, 29
thermistor, 73

Index

threshold, 13, 15, 17, 18, 20, 23, 27,
37, 38, 49, 54, 99, 108

threshold current, 24

time-bandwidth, 209, 214, 216

transmission, 32, 57, 80, 85, 102, 141,
177

transparency, 13, 15, 98

transverse mode, 53

tunability, 29, 89, 103, 197

tunable diode lasers, 29, 192

tunable external cavity diode lasers,
1, 5, 61, 62, 109, 133, 197

tunable external cavity lasers, 58

tunable lasers, 4

tunable monolithic semiconductor
lasers, 1, 33

tuning range, 136, 162

up-conversion, 218

valence band, 10, 17, 19

Vernier, 40

Vernier effect, 39, 41, 43

vertical-cavity surface-emitting laser,
4, 51

vertical-coupler filter, 44

violet-blue, 201

waveguide, 30, 46, 55

wavelength, 33

wavelength division multiplexing, 3,
29, 226

wide tuning ranges, 3

Zeeman, 179, 183, 184, 200
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