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Mechanical Analysis and Properties of MEMS
Materials
D. J. Chang* and W. N. Sharpe, Jr. t

3.1 Introduction
Microelectromechanical systems (MEMS) is a revolutionary technology involving micro-optics,
micromechanics, and microelectronics. The MEMS concept is not about one single application or
device, nor is it defined by a single fabrication process or limited to a few materials. Rather, it is
a "smart" microinstrument incoqgorating multiple technologies. MEMS can greatly benefit both
the launch and operation of space systems, reducing mass, power consuml~tion, volume, cost of
hardware manufacture, and cost of testing. The use of this technology is expected to significantly
advance the state of the art in ultra-large-scale integrated systems.
Many types of MEMS devices are needed in both launch-vehicle and space-satellite systems.
These include pressure transducers, accelerometers, actuators, and gas-detection sensors, to name
a few. These different devices can be combined and assembled in a compact, self-contained manner to replace the current heavy, less flexible, and costly systems. For example, the Liftoff Instrumentation System (LOIS) and the Wideband Instrumentation System (WIS) are now employed
to monitor motor takeoff pressure, vehicle acceleration, and pyrotechnic intbrmation. LOIS provides data for the first 1.5 s of flight for the Titan launch vehicle, l This system uses umbilical
cords to record the data. The WIS in-flight system monitors most of the ascent flight and provides
a limited number of wideband channels for dynamic environments, such as acoustics and vibration, for which a radio-frequency signal transmission technique is used. Corresponding weights
for LOIS and WIS are shown in Table 3.1.
Requirements for sensors for Titan IV LOIS and WIS are shown in Table 3.2. Both systems
are limited by the number of telemetry channels available and the high cost of moving sensors
from one location to another. However, the same types of information can be collected through
the installation of MEMS systems that are assembled in wrist-watch-sized packages. These systems can be mounted next to or on critical locations with virtually no impact on the environment
and can make measurements using the vehicle's power and telemetry systems. Since the data are
recorded in local memories, they can either be sent back in real time or at a later time.
Table 3.1. Corresponding Weights for LOIS and WIS
Weight (lb)
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Table 3.2. Sensor Requirements tbr Titan IV LOIS and WIS
Measurement Parameters
Three-axis vibration

10-2000 Hz, +__300 g max. amplitude

Acoustics

10-4000 Hz, -,- 185 dB max. range

Acceleration

0-50 Hz, __ 10 g max. amplitude

Pressure

0-50 Hz, (I--!.6 psia range

Strain

0-50 Hz, 900 tttin./in, or 2000 psi stress

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Survivability and Environmental Parameters
Vibration, shock, EMI, radiation, temperature, atmospheric to vacuum
pressure, contamination
Another application of MEMS in space systems is its use in Global Positioning System (GPS)
satellites. For example, the so-called integrated GPS/IMU includes an inertial measurement unit
(IMU), which is regarded as an important unit that provides acceleration and angular-rate information through accelerometers and gyroscopes. The measured acceleration and angular-rate intbrmation can be integrated to obtain both velocity and altitude. MEMS technology could certainly help reduce the size, weight, and required power consumption of both the IMU and
receivers.
Mission reliability for space systems is another area where MEMS can play a major role. Currently, Air Force spacecraft programs use thin films on optical, microelectronics, and structural
systems. Reliable long-duration perfommnce of these components is critical to the mission success of all spacecraft systems. However, the ability to assess the thin-film factors, such as tb.tigue
life, thermo-optical performance, and to develop countermeasures tbr withstanding radiation
threats, has been less than desirable. Likewise in microelectronics, voids and hillocks appear in
aluminum interconnects, cracks are observed in silicon dioxide passivation layers; and high tensile and compressive stresses occur in the transistor gate structures. The magnitudes of these
stresses can be as high as 500 MPa (70 ksi). These are mostly caused by stress migration resulting
ti'om a combination of thermal-expansion mismatch of various materials and thermal cycling.
There are also stress fhilures induced by electron movement resulting fi'om applied current in the
line, so-called "electromigration." Consequently, an accurate assessment of the reliability at both
component and system levels has yet to be achieved.
It is apparent that MEMS devices will be used in the near future as a diagnostic method to
record needed data and to detect anomalies. Their long-term reliability in meeting this objective
is vitally important. Currently, however, no work addresses this issue, and therefbre, the reliabilit), issues associated with MEMS components such as structural margin and fatigue lifi~ need to
be addressed first.
As MEMS technology evolves, the mechanics of fluids and solids, as well as materials properties, become more important than ever. The designer needs to achieve a component design with
the objectives of lighter weight and reliable service life while still meeting the excellent perfbrmance requirement. The light weight requirement results in thinner or shorter dimensions. When
the dimensions reduce the size of 0.1 to 2 ~m, which has occurred in many cun'ent devices, the
geometrical dimension becomes comparable to that of the grain size. The implication of this
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phenomenon is that the material may not be assumed homogeneous and isotropic. The stress unifbrmity assumption that has been accepted fbr large structures, that is, where the geometrical
dimension-to-material grain size is very large, may be violated. As will be discussed in Sec. 3.9,
the size of the polysilicon grain is between 0.5 and 1 lain. Because the material is nonhomogeneous and anisotropic, the stress can no longer be expected to be unifbrm.
Similarly, when the grain-size-to-geometrical-dimension ratio is on the order of 1, the principles of classical fracture mechanics may not be directly applicable for the same reason.
Many cun'ent MEMS materials such as thin films are fabricated using different techniques, for
example, sputtering and chemical vapor deposition (CVD), to name a couple. The grain size depends strongly on the techniques used as well as on the depositing temperature or annealing process. The different film deposition processes will result in a different material with different fi'acture properties for the film and different residual stresses between the film and the substrate.
For all types of microsensors and devices, mechanical stresses are involved; for example,
bending stresses in accelerometers and biaxial membrane stresses in pressure transducers. The
magnitudes of these stresses depend upon the materials and the environment. A MEMS designer
must understand the basic theories of continuum mechanics, fi'acture mechanics, and fatigue. The
MEMS designer should also follow the development and the advancement of mechanics on the
MEMS scale. Only with such an understanding can one accurately predict the stress fields and
range of application of the devices, and thereby obtain higher operational reliability. It is therefore
the intent of the authors to introduce the basic principles of continuum mechanics, fi'acture mechanics, fatigue, failure theories, and other related mechanics topics to MEMS designers and users so that the quality of MEMS devices can be improved.
In the sections to follow, various topics pertinent to solid mechanics are discussed"
• Section 3.2: Stress and strain, illustrating the various b'pes for different types of MEMS
devices
• Section 3.3: Classical constitutive relations between stress and strain components based on
energy consideration
• Section 3.4: Linear piezoelectrici.ty
Section 3.5-3.6: Failure theories and the concept of fracture mechanics for solids
• Section 3.7: More detailed material elastic properties, specifically, coefficients of thermal
expansion and failure properties in MEMS applications
• Section 3.8: Dynamic induced-fatigue behavior of materials
• Section 3.9" Microstructure formation of some MEMS materials
• Section 3.10: Other MEMS-related subjects
• Section 3.11" Sample applications pertinent to different devices
• Section 3.12: Current research in mechanics relating to MEMS applications
•

3.2 Stress and Strain in MEMS
In the discussion of mechanics in solids, some basic terms first need to be defined, the most important of which are "stress" and "strain." Next, the linear stress and strain relationship characterized by Hooke's law will be described. The linear part of the stress-strain curve should be used in
the MEMS design for long service life. When the stress-strain gets into the nonlinear region, inelastic strain would most likely exist, and tile required service life would not be assured.
It should be mentioned that for certain devices such as a membrane pressure transducer, even
though the displacement may get large, the strain is small. As long as the strain is small, the linear
stress-strain relation still works for the design.
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We assume that the material body in our discussion is a continuum medium. Under the application of forces, the body will deform from its original or "unstressed" shape. A body is called
elastic if it possesses the property of recovering its original shape when the applied forces causing
deformation are removed. Further, the elastic body is linear when the deformation is proportional
to the applied forces. Our discussion will be limited to linear elastic behavior. Readers are encouraged to read Refs. 2, 3, and 4 for more details.

3.2.1 State of Stress
Let us define a rectangular Cartesian coordinate system for a continuum medium. Define x 1, x2,
and x 3 as the three mutually perpendicular right-hand coordinate axes. Assume that I/represents
the volume occupied by the medium and A V is an element of V. There are two types of forces
acting on the volume element At':
•

Body forces: forces proportional to the mass contained in At", designated as F with components FI, F 2, and F 3,
• Surface forces: fbrces acting on the surface AS of At"
Consider a force AT acting on the surface element AS. The stress is defined as the limiting
value of AT~AS. Since 7' is in general a vector, the stress values also have directional preference.
Figure 3.1 shows that there are nine stress components associated with the three surface force vectors 1'5, 7'2, and 7~. These components are mathematically referred to as the elements of a secondorder stress tensor. These stress tensor elements are o ! i, Ol2, °13, o21,022, o23, o3 I, 032, and 033 ,
respectively. The first index i in a stress component o(! refers to the direction of the coordinate
axis normal to the element surtace on which :/'acts; while the second indexj indicates the direction of the stress component. For example, in o23 , the subscript 2 indicates that the normal-to-theelement surface on which 1"2 acts is x 2" while subscript 3 indicates that the direction of this stress
component is parallel to x 3.
The components o i 5, o22, 033 are called the nonnai components of stresses; the others are
called the tangential, or shearing, components. Normal stresses act normal to a surface. Hydrostatic pressure is an example. Shear stresses act parallel to the surface, such as those generated by
fi'iction between two surfaces. The nine stress components can be expressed in matrix form,
Eq. (3.1).

o'22~

×3

022

! ii i~':"ii:~?•
~ii!!~iiii!!ii',i',iii!ii'!i!iiii',!ii~
!i!i,'iii,'~~ii,i~~iiiiiiiiiiiiiiiiiii!i
i iii!iii!iii{i',iiiiii!iiiii!i!ii!iiiiii:.
', ~

Fig. 3.1. Force vectors and stress tensors in a Cartesian coordinate.
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°11 cI12 (II3
(3.1)

021 °22 °23
31 °32 (133.j
The [bllowing examples are different stress types.
•
•
•
•
•

Pinned truss element: uniform normal tension or compression
Prismatic cantilever bar trader bending" normal tension and compression varied linearly across
a lateral dimension such as thickness
Circular shaft under torsion" shear stresses with linearly varying magnitude with respect to the
center of the shaft
Circular membrane under normal pressure" equal biaxial normal stresses
Cube under hydrostatic pressure: triaxial normal stresses with equal magnitude. No shear
stresses present.
It can be proved that the stress components must satis~ the equilibrium equations, Eq. (3.2).
0o21

0o31 +" F

0 0 I. "l ..t ............ ....... ]. . . . . . . . . . . .

Ox 1

Ox 2

]

O

Ox 3

0°..=-2+ ~0 022 + 0 O3-~
~ + F=~ - 0
Ox!

Ox2

Ox3

0c~13 + 0(J23
-~+ 00"33 + F 3
OX 1

Ox 2

0

(3.2)

Ox 3

3.2.2 S t a t e of Strain
When the positions of material points in a continuous body are changed due to ,am external applied
force, we say the body has been displaced. If the displacement has not produced any relative position change between any pair of material points, then it is referred to as rigid, or nondeformable,
displacement. If the relative position between any pair of points in the body is altered, the body
is then deformed.
When the displacement vector AL lies in the same direction of the unstrained material vector
L, the material is then said to be extensionally strained. The extensional strain is defined as the
limiting value of AL/L. For example, given a constant cross-section rod that is 2 cm long, if the
total elongation of the rod is 0.1 cm, then the extensional strain of the rod is 0.1/2 = 0.05, or 5%.
If the displacement vector is perpendicular to the unstrained material vector L, the strain AL/L is
of shear type. In other words, the shear strain is defined as an angular change. For example, given
a 2- x 1-cm rectangle, if the two shorter sides slide 0.1 cm in a parallel manner, the rectangle becomes a parallelogram. But there is an angle change of 0.1/2 = 0.05 radian, which is the shear
strain. It is required that the displacements, and thus strains, be small in treating linear elastic
problems. This means that AL/L << 1. This requirement also suggests that the principle of superposition holds. That is, LQ~ 1 +p2) = L(pl ) + L(p2), where L is a linear operator and p 1 and p2 are
either two applied'load or displacement fields. The equation indicates that the sequence of various
load (displacement) applications does not affect the answer.
Analogous to stress, there are nine strain components, e I 1, ~12, El3, F-21, E22, F-23, E31,F'32, E33,
which are the elements of the second order of strain tensor. Also, similar to the stress components
E11, £22, ~'33 are normal strains, and all other components are shear components of the strain tensor. These nine strain components can also be expressed in matrix tbrm, Eq. (3.3).
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11 El2 El3

(3.3)

l~21 ~22 E23

J

L~31 E32 E3

Examples of different strain types include
1. Pinned truss element: uniform nonnal extensional or contraction strain
2. Prismatic cantilever bar under bending: normal extensional and contraction strains varying
linearly across the lateral dimension, such as thickness
3. Circular shaft under torsion: shear strains with linearly varying magnitude with respect to fl~e
center of the shaft
4. Circular membrane under nonnal pressure: equal biaxial extensional strains
5. Cube under hydrostatic pressure" triaxial nonnal strains with equal magnitude. No shear
strains present.
It should be noted that both stresses and strains are real. Based on the strain energy consideration, both stress and strain fields are symmetrical. This means that
o12 = o21

el.2 = e21

023 = o'32

E23 = E32

(331 = o13

E31 = El3

The stress symmetry relation may not be valid for the case when there are body moments distributed through the material medium. For example, when grains become dumbbell shaped under
the influence of externally applied electric or electromagnetic fields, the body moments may be
induced. Because continuum mechanics was developed without consideration for the length dimension of average grain, predictions based on continuum mechanics start to deviate at the micro
level. The derivation of"couple stress" reduces the en'ors associated with this discrepancy. More
detailed information can be found in the literature. 5'6
It will become apparent that it is more convenient to express the symmetrical stress {o} and
strain {r } tensors using the following compressed notations.
o1 ---- Ol !

E! ---- E! I

02 '"= 022

E2 = •22

03 = 033

1~3 = ~33

0 4 = 023

E4= 1~23

0 5 = O31

E5= 1~31

0 6 = O12

E6= El2

3.3 Constitutive Relations
3.3.1 Stiffness Matrix
We will use the principal material axes as the coordinate system. Based on Hooke's law, the
stress-strain relations for a linear elastic material can be expressed as
{o} = [C]{~}
where

(3.4)

Constitutive Relations

01

~-g!]

°21
{o} = °31
°41

~21
and

{e} =

s31
~41

°51
o6j

and
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Cll C12 (;13 (714 C15 Cl
(721 C22 C23 C24 ('-'25 C26
[ C] = C3~ C32 C33 C34 C35 C36
(]41 (742 C43 C44 ('-'45 C46

~51
e6l

C51 C52 (753 C54 C55 C56

C61 C62 C63 C64 C65 C66

_

The C!/are components of the elastic moduli matrix [C] representing the material properties
of the continuous body and are refen'ed to as the material stiffness matrix. They are also components of a fourth-order tensor. All the components are real since they represent actual material
properties. The subscripts follow the short notations described earlier for stress and strain. For example, CII is formally Cll 11, C66 is fom3ally C!212, and C34 is formally C3323. In general, the
values of [C] are a function of the material point. However, the C 0. become invariant for a fixed
coordinate system when the continuous body is homogeneous.
There are 36 independent elastic constants in the matrix [C]. It has been proved again from the
strain energy consideration that the elastic moduli tensor is symmetrical. This leaves only 21 independent constants for a fully anisotropic elastic material.
Consider a body elastically symmetric with respect to the X lX2 plane. Symmetry reduces the
number of constants to 13. For this example, the Cij that are identically zero are C14, C15, C24,
C25, C34, C35, C46, and C56. Wqaen there is additional symmetry about the x2x3 plane, the number
of elastic constants is further reduced to nine. This means that C16, C26, C36, C45 become zero.
When a material has two planes of symmetry, it also has symmetry about three orthotropic planes
and is called an orthotropic material. Many semiconductor materials such as silicon and germanium are orthotropic, and nine independent elastic constants are needed to describe the material
property.
An orthotropic material is called transversely isotropic on the XlX 2 plane when the material
properties are independent of the orientation on the plane. In this case, the number of material
constants is further reduced to five. Hence, relationships between C!I are
Cll = C22
C44 = (756
Ci3 = C23
(7/66 = (C11 - CI 2)/2

The number of elastic constants can again be reduced if they are independent of orientation.
This is so-called isotropic material. Only two constants are required to describe the material property. If we choose C11 and C12 as the independent constants, the other constants can be expressed
as follows:
C)2 = C33 = Cll

C13=C23=C12
C44 = C55 = C66 = (Cll - C12)/2

When the material is either orthotropic, transversally isotropic, or isotropic, there is no coupling between the normal stress (strain) and the shear strain (stress). The manipulation of the
stress-strain can be done using the 3 x 3 subset of [C] matrices involving nonnal stresses (strains)
only. (See Eq. [3.4].)
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3.3.2 Compliance Matrix
The strain-stress relation can be obtained by inverting [C] in Eq. (3.4) and is expressed in Eq.

(3.5).
{~} = [ c ] - ' { o }

(3.5)

= [s]{o}

where

Sli SI2 SI3 S!4 SI5 SI6
$21 $22 $23 $24 $25 $26
[S] = $31 $32 $33 $34 $35 $36
S.41 S.42 $43 $44 $45 $46
SSl Ss2 $53 Ss4 Sss $56
$61 $62 $63 $64 $65 $66

(3.6)

_

and [,~ is called the compliance matrix. Its elements are components of a fourth-order tensor, and
the product of [C][S] is equal to [/], which is an identity matrix.
When the material is an orthotropic material, [S] has the following form:
Sot st2 st3 0

0

0

$21 $22 $23 0
[S] = $31 $32 $33 0

0
0

0
0
0

0

0

0 S,t4 0

0

0

0

0 Sss 0

0

0

0

0

0 $66

where

I1 SI2 SI3

[

][ ]
-Cll CI2 CI3

$2~ $22 $23 = C2~ C22 C23

Ls3,

s3:0

LC ,

c33J

$44 = 1/C44
and

$55 = I / C ~

s66 = 1/c66

3.3.3 Relations Between [C], [5"], and Engineering Material Properties
Terms
Uniaxial tests are the most common tests for generating material properties. Introduced here are
the commonly used terminologies associated with uniaxial testing. During a uniaxial test, the
specimen is usually in a cylindrical-shaped dog-bone configuration for thick material or a flat
dog-bone specimen if the body layer is thin. The American Society for Testing and Materials
(ASTM) has issued specifications for the methods of preparation, testing, data acquisition, and
detennination of the required engineering values for various types of materials and environments.
For example, ASTM specification E8 provides the required testing apparatus, specimen configuration, and test procedure for tensile testing of metallic materials. A typical stress-strain relationship is depicted in Fig. 3.2. The small strain portion of the curve is usually linear between stress
and strain. The slope E of the linear portion of the curve is called "modulus of elasticity" or
"Young's modulus." The maximum stress in which strain remains directly proportional to stress
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Fig. 3.2. Stress-strain diagram for determination of yield strength by the offset method.
is called "proportional limit." Yield strength F~. of a metallic material is defined as the point r on
a stress-strain curve, when a parallel line mn drawn from this point r intersects the horizontal
(strain) axis at a strain of 0.002 (0.2%) ore, offset. Ultimate strength b), is the stress level on file
stress-strain curve at which the specimen is no longer capable of resisting any load. The yield
strength at the micro level is defined in the same fashion with the offset strain equal to 10 -6 m/re.
Tensile testing is generally conducted using a specimen that has a uniform cross section in the
midsection of a known gauge length segment. Under the tensile load, elongation e is defined as
the increase in gauge length, measured after fracture of the tensile specimen occurred within the
gauge length segment, expressed as a percentage of the original gauge length. Since the gauge
length is rather arbitrary, this number does not represent the actual strain-to-faihmre at the vicinity
of the failure. Rather, it is an average of the inelastic strain (nonrecoverable strain) at failure
within the material length in which the strain is measured (gauge length). In other words, a gauge
length of 1 cm will correspond to an average strain-to-failure that is different fi'om the average
strain-to-failure for a gauge length of 2 cm.
Reduction of area (RA) is the difference between the original cross-sectional area of the tensile
test specimen and the minimal cross-sectional area measured after fi'acture of the specimen, expressed as the percentage of the original cross-sectional area. Both elongation and reduction of
area are quantities used to measure the ductility of the material.
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Similarly, modulus of rigidity, or shear modulus G, is defined as one-half of the ratio of shear
stress to shear strain in the linear portion of the shear test. The shear modulus is used to calculate
shear stress or shear strain. The ASTM specifications for shear testing are ASTM specification
D 1002 for metal-to-metal tension shear, D3 518 for inplane shear of reinforced plastics, and
D3528 for double lap shear adhesive joints for tension shear.
Last, we need to define "Poisson's ratio." As expressed in Eq. (3.5), the strain in direction x 2
will be affected by the stresses exerted in all three directions. For example, in Eq. (3.5) the offdiagonal terms S!2, Si3, $23 are the coupling coefficients relating the stress to the strain. This is
the strain-stress coupling effect, also called Poisson, s effect. Equation (3.5) can also be rewritten
as Eq. (3.7):
_

.

I
.

.

v21

.

.

Ell
S

~

~

v 12

.._...

.

.

.

Ell
.

v31

E22

E33

1

v32

El l E22
v 13

.

v23
.

(3.7)

E33
1

E22 E33
.

where Eli is the modulus in i direction and vi! is defined as the negative strain in thej direction
when the strain in the i direction is I m/m and the applied load is in the i direction. In an orthotropic material, there are six Poisson's ratios, but only three are independent. The other three are
determined by the relations:
v12 _ v21

El1

E22

I'13 _ 1'31

Ell

E33

V23 _ v32
E22

(3.8)

E33

For isotropic materials, Eq. (3.8) is reduced to v/E.

3.3.4 Transformation of Stress and Strain Tensors
As was discussed earlier, all components of stress, strain, stiffness, and compliance matrices are
elements of tensors and can be transformed from one coordinate system to another. Without discussing the details of the law of tensor transformation, the relations between transformed and
original components of these four tensors follow.
Let the original Cartesian coordinate system be x ! , x 2, and x3; while the new coordinate system
is 3'1, Y2, and 3;3. The relations between the two systems are:

Yl

l1 m I n 1

x1

Y2

12 m 2 /t 2

x2

Y3

i3 m 3 n 3

x3

(3.9)
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where the square matrix represents the directional cosines between the two systems. The same
stress field originally expressed in the Xl, x 2, x 3 system can now be expressed in they 1, Y2, Y3 coordinate system by"

2,

=

31 032 O33J

L,,I,
13 /n3 /13

I m,,,,2°3

~ 1 032 O31~

(3.10)

tll n2 /t3

Equation (3.10) also applies to the strain field transformation simply by replacing the stress matrix [0] with the strain matrix [e].
By proper choice one can obtain a yl, 9'2, Y3 system such that the shear stress components at
' Y3' system can be found such that the shear
that material point disappear. Similarly,• a ~v'~, .v 2,
strain components disappear. If the material is at most orthotropic (with nine or less elastic constants), the Y i, Y2, Y3 and y ~, y ~, y ~ systems coincide and the three axis directions are called principal directions and the corresponding stress and strain fields are called principal stresses and
principal strains. Detennination of the principal directions can be found in the literature. 3

3.3.5 T h e r m a l Stress
Structures such as microelectronics components usually are subject to electrical power. The
power-generated heat produces either uniform temperature or thermal gradients throughout the
structure. Then'nal stress will be induced by either (1) uniform temperature when the structure has
multiple materials stacked monolithically in layers with different coefficients of thermal expansion (CTE), defined as the amount of elongation per unit length of material per unit temperature
increase, or (2) a structure with nonuniform thermal gradient. In the first case, the material with
lowest CTE is in tension; while the material of highest CTE is in compression. In the second case,
if the CTE is positive, the cooler side is in tension and the warmer side in compression.
In the formulation of a thermal stress problem, the mechanical strain tensor {~ij} in Eqs. (3.3),
(3.4), and (3.5) needs to be replaced by {cO- 60 aAT}' where 8~! is the Kronecker delta taking the
value of I when i = j and 0 when i ~j, ~ is the material CTE, and AT is the temperature rise above
the reference temperature. Some simple thermal stress examples are presented here. The first
example is a statically determinate thin strip with length L, and a rectangular cross section of
width w and thickness 2h. Assume that the temperature is uniform in the length and width directions and varies only in the thickness direction with a profile TOO, (-h < y < h). The only nonvanishing stress is the longitudinal direction normal stress and is expressed as: 4

(3.11)

c~Ef h Tdy + 3°'Ev
................ f h Tydv
2h3 ....h
."

% =-c~F.r+54--ffa_h

As a second example, let us assume a statically bimetallic strip with E I, o.j, and thickness h/2
for material 1 and E 2, ~2 and thickness h/2 for material 2. Given a temperature rise ATthroughout
the entire strip, the stress field across the thickness is "7

Ox=

~+E2 )

L 1+6(~)] forstrip,

E1E2(~2-Ctl )ATI 1 + 6 (h) ]
2(E ! + E 2)

for strip 2

O<y<h/2

-h/2 <y <0

(3.1 2)
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3.3.5.1 Simple Geometries
Microdevices, or parts of them, often have shapes that are vetw simple and therefore amenable to
easy calculation of the stresses and deflections. Finite element analysis is not needed, and a "backof-the-envelope" computation can be made as part of a brainstorming session or initial design.
This approach is taught at the undergraduate level in a course entitled "Mechanics of Deformable
Solids," or known by another title, "Strength of Materials." Numerous textbooks are available. 8'9
The basic assumption about the geometry of the component is that it is long and thin with a
unifbrm cross section, meaning the length is on the order of 10 times the largest cross-sectional
dimension and the cross-sectional dimensions are roughly the same. A component 100-tam long
having a cross section 5 x 2 ~m would be appropriate, but one 20-tam long with the same cross
section would not. Neither would a cross section 20-tam wide by 2-tttm thick be suitable. Handbooks giving stresses and deflections for geometries of various simple shapes with different loadings are available, such as the classic book by Roark. l0 We present here only the very simplest
cases of axial loading, bending, and torsion for illustration. Geometry and loading are shown in
Fig. 3.3. Assume that the left end of the member is fixed; that is, this would be a cantilever beam.
Consider the response of the long, thin rod to an axial load Pt, a transverse load P2, and a
torque T. The following stress cases are discussed.

3.3.5.2 Axial Loading
If only axial load P1 is present, the axial stress o everywhere in the rod is
(.'I =

P1
,4 ~

where ,4 is the cross-sectional area (bh, in this case).
The deflection of the end is
Pl L
~x =

,4E '

where E is the Young's modulus of the material.

3.3.5.3 Bending
If the rod is subjected to a transverse load P2, the stress will be nonuniform both along its length
and across its cross section. One treats this as a two-dimensional problem, with the stress vavwing
in the x and), directions, but not in the z direction. The stress at any point is given by
o~(.~, y) = M(9,v
where I is the moment of inertia of the cross section about its centroidal axis parallel to the z direction, in this case,
I = Ibh3

Tile moment here is P2 (L - x), generating the maximum moment at the left, or fixed, end of the
beam. The maximum stress occurs at the top of'the beam (tension) or the bottom (compression)
where y = h / 2 or-h/2.
Often only maximum stress is of interest; the fbrmula then is simply
Omax

=

A4ma x C
I

where c is the largest dimension in the y direction.
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P2

x

z

Fig. 3.3. Geometry and loading of a simple member.
The calculation of the maximum bending stress can become complicated when the cross-sectional dimensions as well as the moment vary with x.
The deflection of the end of the rod is f~r this case,
P2L 3

3.3.5.4

Torsion

The situation when the rod is subjected to torsion is similar to that of bending. Assuming that the
rod is circular in cross section instead of rectangular, the stress is
• (x, ~) = ~ "

J

where 1: is now the shear stress, r is the radial distance from the center of the cross section, and J
is the polar moment of inertia of the cross section about its centroidal axis, x in this case. If R is
the outer radius of the rod, then J is
R4

J = Jl,-2

The maximum stress occurs on the outer surface and is
~'max -

TR

j

The angular deflection at the end of the rod, 0 x, is
TL
Ox .... J G

where G is the shear modulus of the material.
A few general comments can be made based on these simple examples. Stresses are dependent
upon only the geometry and loading, not the material properties, because a cantilever is a statically determinate structure. Stresses are linearly related to the applied loading and distance from
the neutral axis, but inversely proportional to the moment of inertia, which has units of cross-sectional dimensions to the tburth power. Deflection does depend on the stiffness of the material
through either Young's modulus E or the shear modulus G.
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3.4 Piezoelectricity
Piezoelectricity is the capability" of certain crystalline materials to change their dimensions
(strained) when subjected to an electric field or, conversely, to produce electrical signals when
mechanically deformed. Piezoelectric materials find wide use in microsystems.
Depending upon their degree of symmetry, crystals are commonly classified into seven systems" triclinic, monoclinic, orthorhombic, tetragonal, hexagonal, trigonal, and isometric. They are
in turn divided into 32 point classes according to their symmetry with respect to a point. Twenty
of the 32 classes can be piezoelectric. The linear piezoelectric constitutive equations are I1
o(/ = Ct/ktekt- ekihEk
D t = etklekl + ~,ikEk

(3.13)

where eko., elements of a third-order tensor, represent the piezoelectric coefficients; Ek, a vector
field, is the electric field in voltage; X~k,elements of a second-order tensor, are the dielectric
coefficients; and D i is the electric displacement. The term eki.i can be expressed in a matrix form
using a compressed fbrmat (See. 3.2.2) as follows:
eix ely el

e2x e2y e2z
e = e3x e3y e3z
e4x e4y e4z

(3.14)

eSx eSy esz
f6x e6y e6:

Symmetry once more reduces the number of independent constants required from a possible 27.
For example, quartz has two nonzero independent piezoelectric constants e6y = e 2 x = - e l x and e 5
= -e4x. Cubic crystals such as gallium arsenide and germanium have only one nonzero constant
e4x= e5y = e6z. An isotropic material, or a cubic crystal with a center of symmetry such as silicon,
is not piezoelectric.
There are several types of piezoelectric materials, such as the ceramic type, the natural crystalline type, and the polymer type. The ceramic type, such as lead zirconate titanate (PZT), is
polycrystalline in nature. Initially, the ceramics do not have piezoelectric properties. The piezoelectricity is induced by a polarizing treatment (poling) that aligns the polar axes of individual
crystallites.
Kocharyan et al. 12 investigated a number of polar and nonpolar polymers subjected to a highpoling voltage and a high-frequency field. They found that the higher the polarity of the unit cell
of the polymer, the higher the "induced" piezoelectric effect. Based on this finding, many polymer films with piezoelectricity have been synthesized using polyvinylidene fluoride (PVDF). The
PVDF films offer some advantages over ceramic tiims. The advantages include mechanical
flexibility, low mechanical and acoustic impedance, higher resistance to moistt, re and contaminants, and easy lamination for producing bimorph and multimorph elements.
When a voltage of proper polarity is applied to a sheet of piezoelectric film, the film becomes
thinner and elongates, as shown in Fig. 3.4(a). Laminated piezoelectric films can be fabricated. A
bimetallic strip of two layers of tilm with opposite polarity will generate bending motion when a
voltage is applied across the thickness, as depicted in Fig. 3.4(b).
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Fig. 3.4. Bimorph cantilever voltage in (V i) results in deflection out (Ax).
Piezoelectric materials generally exhibit varying degrees of nonlinearity. If Eq. (3.14) is used
to determine the stress and. displacement fields associated with the applied electric field, then the
material constants are a function of applied fields as well as the temperature of the material.
Mukheriee et a/. 13 have investigated the nonlinear behavior of PZT material as a function of
the applied electric field and temperature. They t'ound that there is hystereses between the applied
voltage and the induced stress, indicating the piezoelectric coefficients are nonlinear.
The temperature effects of PZT material were investigated by Sherrit et aL, 14 who found that
the slope in a voltage-versus-time plot increases with temperature. For more detailed information,
the readers are referred to tile references.

3.5 F a i l u r e T h e o r i e s
3.5.1 General Failure Theories
Failure modes and failure strengths are important parts of structural mechanics. Failure modes
identify the types of failure of structural components or elements; while failure strengths represent the ability to resist externally applied loads, including those induced by temperature. Depending on the types of materials, many different failure criteria have been proposed. A few frequently used theories are briefly described below.

3.5.1.1 Maximum Stress Theory
This theory states that a material will fail when the maximum tensile stress or maximum shear
stress in a structure reaches a critical value Ftu(Fts ). In this criterion, there is no coupling from the
stresses in other directions. It is most applicable to brittle materials. The equations defining this
theory are
Tension failure

Shear failure

o I = Ftu, or
02 = Ftu, or
03 = Ftu

o[ - 02 = _+2Fts, or
o 2 - o 3 = _+2Fts, or
03- a 1 = _+2Fts.
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3.5.1.2 M a x i m u m S t r a i n Theory
"111is theoD' assumes that the material failure is controlled by the maximum tensile (shear) strain
values al(es). Strain criteria are more applicable to materials with large ductility. Their stressstrain curves have a bilinear shape, that is, the curve is composed of two line segments with
different slopes, with a relative flat stress-versus-strain slope beyond the yield strength. Their
equations are:
Tension failure
Shear failure
E! = st; or
81 - E2 = _2Es, or
E2 = ~f, or
E2 - E3 = -28s, or
3 - E1 = -+28se3 = eft
3.5.1.3

Effective Stress

Theory (yon Mises)

This theory states that a structure will tail when the effective stress, 15 o r , as defined below,
reaches a critical value, say

Ftu.

[ (Of - 02)2 + (02 - 03)2 + (03 - Ol )2+ 3(012 )2+3(0 23)2+3(03I)2] .
9. =

2

= Ft.

It is noted that this criterion considers the coupling effect between normal stresses and shear
stresses. However, it assumes that a hydrostatic stress field does not contribute to the failure. In
fact, this theory works for metallic materials where yielding and failures are caused by the slip in
the grain. The slip in the grain is caused by the application of the shear stresses. For a hydrostatically stressed medium, there is no shear stress, which, therefore, will not contribute to the failure.

3.5.2 Statistical Failure Theories
For brittle materials, the failure strength is affected by the presence of defects such as internal
porosity and surface cracks. As a result, the measured failure strength values vary within a range
depending upon the preparation of the specimens. The failure strength can, therelbre, be treated
statistically. It is a very useful tool in estimating high confidence/reliability strength values with
a reasonable amount of experimental data.
The most popular statistical thilure theory is Weibull's two-parameter and three-parameter
tbrmulas. 16 They are expressed as:

P,, = e x p ( -K( ~ )o

P,. =
'-

where

m) (two parameters)

exp(-K(°[[°")m)(threeparameters)
~

00

(3.15)

Ps is the probability of survival; ou is the threshold stress below which the material does

not fail, o o is a normalizing stress parameter, and m is the defect-diversity exponent. The constant
K can be regarded as a specimen geometry parameter ratio, such as surface area, specimen length,
or specimen volume.
Batdorf J7 has generalized Weibull's three-parameter representation of experimental data and
made more accurate fitting possible by the use of a Taylor's expansion. He also expanded the representation to consider multiple-direction stress fields. Batdorf and Chang 18 proved that biaxial
statistics can be obtained from either a volume-distributed crack theory or a surface-distributed
crack theory.
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There is no definite preference regarding the choice of failure theories. In general, maximum
stress theory, is more suitable to more brittle types of materials under mechanical loads; whereas,
the maximum strain theory is more suitable when the driving forces come from prescribed strain
such as temperature-induced dimensional changes or CTE mismatch. The von Mises criteria are
more applicable to conditions where inelastic stress (strain) becomes significant. Statistical theories are generally believed to be applicable to all classes of materials. Their weakness is, however,
the requirement of a large data base befbre a confident criterion can be established for a given
material. The appropriate model should be based on the understanding of the material behavior
and the driving environments (fbrces, pressure, temperature, electrical field, etc.).

3.6 Fracture M e c h a n i c s
Materials in general have defects that cause reduction in their apparent strength. Many premature
failures of bridges, railroads, and pressure mains occurred during the period of the 19th and early
20th century when the effects of defects on material strength were not realized. The development
of fracture mechanics did not start until the late 1950s, even though the concept was introduced
by Griffith 19,20 in the early 1900s. A brief description of the fi'acture mechanics theory for brittle
materials will be presented here, and some discussion regarding the role of fracture mechanics in
the development of MEMS systems will be provided.

3.6.1 Stress at a Crack Tip
We will begin by examining the case of a two-dimensional thin plate of an isotropic material with
an elliptical hole. The hole has a major axis diameter of 2a and a minor axis diameter of 2b. The
plate is subjected to a unifoml uniaxial tension, oo, normal to the direction of the crack direction,
as depicted in Fig. 3.5. The maximum stress occurs at the end of the major axis in the y direction
and is expressed as: 4
Oy = K o 0 = o0(1 + 2 ~ )

or

Cry= c,0(l + ba) p = b--2a'

(3.16)

where K is the stress concentration factor and p is the radius of curvature at the end of the major
axis with a value of b2/a.
When the b/a ratio of the ellipse reduces to zero, the elliptical hole becomes a flat "mathematical crack," and the maximum stress Oy is unbounded. The stress distribution near the tip of a
mathematical crack has been worked out as in Eq. (3.17). 21
o x = Oo ~.c°s~ l - s i n ~ s i n ~

o v = Oo

+2ndterm+3rdtenn+...

cos~01 l+sin~.Osin30J
-7- + 2rid term + 3rd tern l+ ...

~ si n 20cos0-cos---2
30
Oxy = Oo A2~~
2 + 2rid term + 3rd term + ... ,

(3.17)

where i" is the distance from the crack tip and 0 is the angle between the r vector and the major
axis. For small r all terms are finite or bounded, but the first term in each equation tends to infinity. Theretbre, the stress field at the tip of a crack is of the form ./ii(0)o,]a/(2r), as defined in
Eq. (3.17), and we say that the stress field has a singularity of the order of r 1/2.
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0
v

Fig. 3.5. A two-dimensional plme with an elliptical hole (major axis 2a, minor axis 2b), subject to a Iar-field
uniaxial tensile stress o perpendicular to the major axis.

3.6.2 Plane Strain Fracture T o u g h n e s s
By examining Eq. (3.17), it is seen that the stress field can be expressed as
K;
o,;

(3.18)

-

where KI is equal to oo(vr~ta) and is called the "stress intensity factor."
The stress intensity factor Kl captures the effects of both magnitude of stress o o and the size
of the crack 2a. In other words, K I can be regarded as a measurement of the magnitude of the
stress for given values of r and 0 at the vicinity of the crack tip. When a flat panel with a known
crack length (2a) fails at a stress level ozthat is below the ultimate tensile strength Ftu, then tile
calculated KI becomes the "critical stress intensity factor" or "fracture toughness" and is given by:
Kc,. = K t (at failure) = oj.,,~

(3.19)

The mechanics community has recognized that fracture toughness for any alloy is one of the
inherent material properties such as Young's modulus and Poisson's ratio. The critical stress oct
that should cause incipient failure when applied to a flat panel with a crack of length 23 can be
detennined from:
,,,.,.

----

gc r

(3.2 o)

Or alternatively, the critical crack size acr that a flat panel, which is under a uniaxial stress field
o, may have to induce incipient failure is given by:
I (Kcr] 2
a,,,. = ~\--~--/

(3.21)

Therefore, the experimentally determined critical stress intensity factor fi'om one panel can be
used to detemline the critical stress value or crack size for a different panel. In fact, the critical
stress value versus critical crack size for a given critical intensity factor can be visualized from a
typical plot, as shown in Fig. 3.6
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Oop

#' act
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Crack size

Fig. 3.6. Critical stress and critical crack size, where Oop is the operational stress.
Different structures with different crack geometries and orientations under different loadings
will have different expressions for stress intensity factors. However, all the critical stress intensity
factors (K 1 at failure) associated with different structures, crack geometries, and loadings will be
equal to the fracture toughness, which can be determined experimentally using simple specimen
geometries and stress fields. Some formulas for stress intensity factor expression are listed in Table 3.3. For complicated structures and loadings, the finite element method, such as that in the
ABAQUS computer program, can be performed to determine the stress intensity values.
There are three different modes, as illustrated in Fig. 3.7. Normal stresses give rise to "opening
mode," or mode I loading. In-plane stress results in mode II, or "sliding mode." The "tearing
mode," or mode Ill, is caused by out-of-plane shear. Mode 1 is technically the most important,
since most of the stress fields in applications cause mode-! failures.
The critical-stress intensity factor is found to be high for thin specimens. The value decreases
as the specimen thickness increases and approaches an asymptotic value. This asymptotic critical
stress intensity factor is refe~Ted to as "plane-strain fracture toughness, K/c." The specimen needs
to meet a minimum thickness to qualify for a plane-strain requirement. ASTM specification E399
Table 3.3. Some Formulas for Stress Intensity Factors
Type of crack
Central, of length 2a in
infinite plate

Applied stress
Oyy = O

Mode
I,

opening

Stress Intensity factor
Kl = o . , ~

1:

1I, sliding

KII = "t , ~

Oxz = q

III, tearing

Kll I = q ~,/~--a

O

1, opening

KI = ~J[Wtan(~ta/W)]1/2

Oxy =

Central, of length 2a in plate of
width W

Oyy =

Central, penny-shaped, of
radius a in infinite body

Ozz = o

opening
(radially symmetric)

KI = (2/n)o J-~a

Edge, oflength a in semi-infinite
plate

Oyy=O
Crxz= q

I, opening
III, tearing

KI= 1.12 rJ.dna,
KllI = q ,,/~

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Fig. 3.7. Fracture modes.
describes the specimen configuration and procedure for plane-strain fracture toughness testing
and specifies the minimum thickness B as shown in Eq. (3.22).
B = 2.5(~) 2

(3.22)

where F O, is the material yield strength defined in Sec. 3.3.3. Let us take 2219-T87 aluminum as
an example. It has a yield strength of 400 MPa and plane-strain fracture toughness of 40.7
(MPa)m 1/2. Hence the required minimum specimen thickness for a valid plane-strain fracture
toughness test will be 25.8 mm.
When the material thickness of a structure is less than required by Eq. (3.22), the critical stress
intensity factor is not the Klc value. For this case, Km,zr would be more suitable in describing the
critical stress intensity factor.

3.6.3 Strain Energy Release Rate
Griffith stated in his criterion for fracturing a body containing a crack that the rate of potential
energy loss with respect to the crack length is equal to the surface tension at the plane of the crack
extension, shown in Eq. (3.23).
,gt.....] = 2¥
aa

(3.23)

where U is the potential energy and ), is the surface tension along the crack extension surface.
The term a U / a a is defined as the strain energy release rate and is given by the scalar symbol
G. It was determined by Griffith that for an infinite plane under a uniform stress field, as discussed
previously, G can be expressed as in Eq. (3.24).
G - °2ha (plane stress)

E

°2na(.l - v 2 ) (plane strain)
E

(3.24)

At incipient fracture, G attains its critical value G1c. For a linear elastic plane-strain condition, the
relation of Glc and K/c is expressed in Eq. (3.25).
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K2
v2
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E
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(3.25)

3.6.4 Crack Growth Under Cyclic Loading
It has been known that a subcritical crack, i.e., a crack smaller than the critical size, will grow in
size when a structure is under repeated cyclic loading. It was postulated by various investigators
that the crack growth per cycle (or crack growth rate, d a M N , where N is number of cycles) is a
power law function of the stress intensity range AK defined as (Kma x - Kmin). The &maxand Kmi n
correspond to the stress intensities at maximum and minimum stresses, thus leading to a simple
functional relationship of the form, referred as Paris law:
da __ C( A K ) n
dN

(3.26)

where C and n are constants associated with individual materials and are determined from experiments. By a simple integration, the cyclic life N,f for a structtlre with an initial crack size a o can
be obtained. Therefore, an infinite plate with an initial crack 2 a o under uniaxial stress field o
would have a life Nj~

N, ....=

2

(2n +

[- n / 9 + l

1)c(A<J)~"i2L a':;'-

-

a °n / 2 + l 1

(3.27)

where act is the critical crack size and Aa is the stress range or %nax - °rain"

There are many other crack growth models proposed (see Brock21). Table 3.4 illustrates some
.typical values of K/c ' (,2:,and n for Eq. (3.26). As determined from Eq. (3.27), the dimension of C
is in (meters/cycle) / [(MPa)mlI2]'L
Table 3.4. Fracttlre Tot@mess Values and Constants tbr Paris Crack Growth Equation
Material

KlcMPa_m l/2

2219-T87 aluminum

40.7

0.67x I 0 ! 1

4

Titanium 6A1-4V Eli

105

0.27xl 01°

3.7

S:i

0.94

NA

NA

Ge

0.60

NA

NA

GaAs

0.4,4

NA

NA

C

n

3.7 Mechanical Properties of MEMS Structures
Examples of materials now used in MEMS are thin-film polysilicon manufactured by chemical
vapor deposition (surface micromachining), single-crystal silicon fabricated into shape by bulk
micromachinings, and electrodeposited metals such as nickel produced by the M G A method in
which thick molds are prepared using x-ray exposure. The thin films are on the order of 1 to 10
t,tm thick; the other two materials can be as thick as 1 ram.
Mechanical properties of materials refer to responses to stress or deformation and are therefbre
different from physical properties such as density and chemical properties such as corrosion resistance. Like physical and chemical properties, mechanical properties such as modulus should
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be independent of the specimen size and shape in order to be true "material" properties. This independence is easily accomplished [br measurement of modulus properties where the tension/
compression test is the standard, but is not achieved for fatigue and fracture behavior where the
specimen's size and shape influence the results.

3.7.1 Elastic Properties
Young' s modulus E and Poisson's ratio v were defined in Sec. 3.3 as the slope of the linear part
of a uniaxial stress-strain curve and the negative ratio of transverse to axial strain. In this section
we review measurement techniques and present some representative results. More detail is given
in Sharpe, Jr., et al. 22 and Sharpe, Jr., Yuan, and Edwards. 23
Young's modulus and Poisson's ratio are important to designers because they determine the
amount of deflection fi'om applied forces as long as the material is homogeneous and isotropic.
Each can be measured by a so-called inverse approach in which the deflection of a structure is
measured and compared with the predictions of an analytical solution or a finite element analysis.
The elastic property (in most cases Young's modulus) is then extracted via this comparison. This
is an entirely valid approach when the boundary conditions on the structure are met.
The concept of a static beam test to measure E for polysilicon is quite straightforward; one prepares a cantilever beam by surface micromachining and measures the load and deflection at its
free end. 24-26 Simple formulas from elementary mechanics of deformable solids enable one to
easily compute the modulus. A resonant beam test consists of a beam fabricated so that it is attached to some sort of excitation structure, usually a capacitive comb actuator. 27-30 It is easy to
excite the structure over a range of frequencies and also easy to detect the first resonance and extract the modulus from an analytical or numerical solution. Another method that has been developed and refined is the "bulge test" of a thin membrane, in which the specimen material is deflected by pressure on one side and the deflection at the center is measured. 31-33
Most mechanical properties are obtained fi'om a tensile test. The standards set by the ASTM
specify that the specimen be subjected to a uniaxial and uniform stress field and that the strain be
measured directly on the specimen with a suitable extensometer. 34 Koskinen 35 tested long thin
filalnents of polysilicon using crosshead motion as a measure of strain. Read 36 introduced the
concept of releasing tensile specimens by etching away the substrate. That approach has been extended by Sharpe et al. ~"~2to polysilicon specimens on which gold lines are deposited to enable the
direct measurement of strain.
The formulas for determining the modulus E are:
Cantilever Static
Beam

Resonant Frequency tt~ of a Uniform Weightless Cantilever Beam with Mass M at Tip

Membrane

Tensile Test

4PL 3

4ML3o~2

6bh 3

bh 3

p( I - v)a 4
t~3he(v)

b/~

P

where h, b, and L are the thickness, width, and length of the specimen; P and p are the applied
force and pressure; M is the effective mass; a is the dimension of a square membrane; and 6 and
e are the measured deflection and strain. The function of Poisson's ratio, c(v), in the membrane
formula depends upon the geometry, and v must be assumed. The beam and the membrane formulas all involve lengths raised to exponents. This means that these dimensions must be measured with a precision commensurate with the desired results. That may be quite difficult for the
small sizes involved in MEMS specimens. The simplicity of the tensile test formula originates in
the uniaxiality of the stress and strain states.
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Poisson's ratio is difficult to measure by its very nature; it is the ratio of two strains that are
small. It can be extracted from tests of' two different shapes of membranes, 37 but there are as yet
no published results for polysilicon fi'om that approach. Sharpe et al. 38 made the first measurements ofPoisson's ratio fbr polysilicon by recording the transverse as well as the axial strains in
accordance with the ASTM standard. 39 A typical result is shown in Fig. 3.8, which shows polysilicon to be both linear and brittle.
A more detailed discussion of the variation of mechanical properties of polysilicon appears in
Shaq~e, 40 so only summary infbrmation is given here. Koskinen's measurements of E for three
sets of 15 polysilicon fibers each give values of 176, 164, and 164 GPa, with a standard deviation
of 25 GPa. Sharpe et al. 38 tested 48 specimens fi'om five dif'f~rent production rtms ofMCNC (Microelectronics Center of North Carolina) MUMPs (multi-user MEMS processes) and measured E
= 169 ± 6.15 GPa. Other recent measurements show smaller values, as low as 130 GPa for polysilicon that has experienced various thermal treatments. From the results of 19 tests, the only measurements of Poisson's ratio were v = 0.22 ± 0.0 I.
For initial design calculations only, one can use
E = 1 6 0 G P a a n d v .....0.22
for vapor-deposited polysilicon. More appropriate values of E and v would require that the material be tested using specimens that have experienced the same processing as the microdevice.
Metals produced by the LIGA method fbr MEMS must be tested also and again preferably using
specimens that are similar in size to the microdevice. One would expect the elastic properties to
be similar to those obtained with bulk specimens, providing the specimen has grains fine enough
to justify the assumptions of continuum mechanics. Mazza et al. 41 have measured the tensile
stress-strain curves of LIGA nickel specimens that are 300 lain long, 20 lain wide, and 120-200
ILtmthick. They measured strain directly on the Sl.~ecimen with a microscope and an image analysis
system. The results from fbur specimens gave E = 202 GPa with excellent repeatability. Sharpe
et al. 42 have tested nine LIGA nickel specimens, yielding E = 176 ± 30 GPa. The bulk value fi'om
the M e t a l s H a n d b o o k 43 is 207 GPa. Electroplated pure nickel has a very low proportional limit
(deviation from Iinearity), so it is difficult to measure Young's modulus. This is an example of a
material with thin-film properties that are not the same as its bulk properties.
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It would be wise to test metals manufactured by the LIGA method and also to examine the microstructure using common metallographic techniques. However, for prelimina~ design calculations only, one can use the elastic properties, E and v, of the bulk material. However, measuremerits of properties of the as-manufactured material are required for more accurate predictions.

3.7.2 Strength Properties
The standards for measuring the strength of materials also require that a unifoml stress field be
imposed upon the specimen; 44 both the elastic and the strength properties can be obtained from a
single stress-strain curve, as shown in Fig. 3.2. This of course assumes that the material is isotropic and homogeneous. Strengths measured by other tests such as bending or torsion subject the
material to an inhomogeneous stress field and do not provide material properties.
Koskinen 35 measured the tensile strengths of polysilicon filaments that had three different
grain sizes and got values ranging between 2.69 and 3.37 GPa. Biebl et aL 45 used residual stresses
in the polysilicon film to generate forces on a smaller tensile section and measure its strength;
their values ranged from 2.1 I--2.84 GPa. Tsuchiya 46 has used electrostatic force to grasp the free
end tensile specimens of various sizes and measured strengths of 2.0-2.7 GPa. Shaqae et al. 22
measured strength also (see Fig. 3.8), but their specimens were considerably larger than others
and the strengths were even lower at 1.2 GPa. Jones 47 used a bending configuration to measure
strength ofpolysilicon and obtained 1.9 GPa.
A size effect is evident in Fig. 3.9, where the strengths are plotted versus the surface area. It
can be argued that a larger specimen has a greater probability of having a fatal surface flaw and
the behavior in the figure thereby rationalized. Tsuchiya's work is the only one thus far that undertakes a systematic investigation, and obviously more research is needed. For preliminary
design and initial geometry,
Tensile strength - 2 GPa
can be used for vapor-deposited polysilicon. More reliable predictions would require that the material be tested using specimens that have experienced the same processing and are similar in size
to the microdevice.
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LIGA fabricated materials can be expected to have strengths quite different from those of the
bulk material; this is because the electrodeposition process fonns finer grains. Figure 3.10 is a
stress-strain curve of LIGA nickel measured on a specimen with a tensile cross section 200 ~tm
square. 42
The yield stress for ductile materials is determined by drawing a line parallel to the initial linear region but offset along the strain axis by 0.2%, as described in See. 3.3.3. The intersection of
this line with the stress-strain curve defines the yield stress. The value for this single test is 315
MPa; the average for nine tests is 323 + 34 MPa. This is in marked contrast to the handbook
value 48 of 59 MPa for bulk pure nickel. Mazza et aL 41 obtained an average value of'405 MPa from
fbur tensile tests on specimens that ranged between 120 ~m and 200 lain in thickness. The ultimate
strength (the maximum stress that the material can support) is correspondingly higher; Mazza reports 782 MPa in contrast to 317 MPa for the bulk material.
Jacobson and Sliwa 49 measured the yield stress of electroplated films to be 410 MPa, with an
ultimate strength of 600 MPa. Their films were 150- and 210-1am thick; the gauge length of the
tensile specimens was 25 ram.
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Fig. 3.10. Stress-strain curve of a nickel specimen 200 lam thick fabricated by the LIGA process. The 0.2%yield stress is 315 MPa.
3.7.3 F r a c t u r e o f P o l y s i l i c o n
Given that polysilicon is a brittle material, it is vmy important to know its fracture toughness.
Ductile materials can absorb some deformation at the tip of a crack and therefore allow some margin of en'or in a design that does not include fi'acture analysis. Brittle materials do not have this
characteristic and can experience sudden and unexpected failure.
Fracture toughness testing is accomplished by preparing a specimen with a geometry that is
carefully analyzed to relate the applied forces to the local stress-intensity factor K. The simplest
geometry is a wide, long plate loaded on its ends and containing a small center crack that is perpendicular to the loading direction (Table 3.3, center crack, open mode). However, that geometry
is too large for most applications, and other geometries along with very carefully stated test procedures have been developed over the years, s° The critical stress-intensib, factor Kmax is obtained
by recording the applied force at which the specimen breaks or at which a plot of force versus
crack opening displacement is nonlinear.
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An important consideration (at least for metals) is the thickness of the specimen. Thin centercracked plates show a variation in Kmax with thickness; whereas thicker plates do not. There is a
certain amount of shear at the surlhce of the plate at the crack tip, at least for materials with some
ductility. This tends to be independent of the plate thickness, so if the plate thickness satisfies Eq.
(3.22), it has little influence. Next the plane strain-f?acture toughness is obtained, which is indeed
a material property that is independent of the specimen shape or size. Standard test procedures
guarantee that appropriate testing conditions are met. Plain strain fi'acture is not achievable for
thin films, but this may not be an issue for polysilicon, which is brittle.
A difficulty in fracture testing of thin films is generating a crack. Metal specimens are prepared
by machining a sharp notch and then precracking to produce an even sharper tip of the crack. Theoretical fi'acture mechanics assumes an infinitely thin crack, and this condition is achieved in
practice; that is, the dimensions of the crack tip are much smaller than any other dimension of the
specimen. That condition is difficult to achieve in a thin film; however, Connally and Brown 51
have been able to grow sharp fhtigue cracks in polysilicon.
In spite of the difficulties in achieving plane strain conditions and a sharp crack, there are some
attempts to measure fracture toughness of MEMS materials. Fan et al. 52 estimated fracture toughness of thin silicon-nitride films using an array of surface micromachined structures. Each component of the array had the general shape of an edge-cracked fracture specimen, but each was a
different size. When the center portion of the an'ay was released from the substrate, tensile forces
were applied to each component because of the residual stresses in the as-deposited film. By estimating the residual stress and observing which cracked structures failed, they were able to
bracket a value of fracture toughness. Kahn et al. 3° used a sharp probe to pry apart the ends of a
long double-cantilever fracture specimen of polysilicon. By measuring displacement of the ends
when fracture occurred, they were able to measure fracture toughnesses averaging 2.3 MPa-ml/2.
A similar approach is under development, and preliminary results have been obtained. The
specimen geometry is shown schematically in Fig. 3. I I. A narrow, thin slit is patterned into a polysilicon tensile specimen. The tensile specimen is released by etching away the single crystal substrate, and it is pulled in a small test machine using a linear air bearing to eliminate friction. 22 Two
gold pads are deposited across the crack, and the relative displacement between them is measured
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Fig. 3. I i. Schematic of centel'-cracked polysilicon fracture specimen
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using laser interferometry. With this approach, one can obtain a plot of force versus crack opening
displacement as is done in traditional fi~acture testing.
The results of 10 tests of polysilicon manufactured at the Microelectronics Center of North
Carolina using its MUMPs process are shown in Fig. 3.12. The "theory" line in the figure is the
response predicted from linear elastic fracture mechanics (Table 3.3). The agreement between
measurement and prediction is remarkable given the fhct that the tip of the slit (crack) is not infinitely sharp; it has a radius of curvature of approximately 1 Hm. However, this is apparently small
enough compared with the overall length of the slit to satisfy, the assumptions of the theory.
There is considerable variation in the response ofthese 10 specimens. Part of that arises from
the testing technique that is being developed, which requires very careful alignment of the specimen. The average fracture toughness, computed from the maximum stress attained and the
geometry of'the specimen, is 1.4 _ 0.15 MPa-m 1/2.
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3.7.4 Closing C o m m e n t s
Figure 3.13 shows stress-strain curves for three materials tested; they are presented to compare
MEMS materials with a commonly used material. The polysilicon data are from Fig. 3.8, and the
LIGA nickel data are from Fig. 3.10. The steel, A533B, is a common pressure vessel material,
and the microspecimens used in the tests were the same size as the LIGA nickel ones. 53
In general, the following are the mechanical properties of materials used in MEMS"
• Vapor-deposited films such as polysilicon have no bulk material counterpart. In other words,
one must test the material in the thin-film form to get even an initial estimate of its properties.
This requires new test techniques and procedures, which are beginning to emerge.
• Metals, whether deposited by vapor deposition or by the LIGA method, can be expected to
have elastic properties similar to the bulk material, but their strengths rnay be greatly enhanced, as is the case for nickel.
In either case, one should test materials that are produced by the same methods and are similar
in size to the microdevices in which they are used. The processes used to manufacture MEMS
materials are straightforward, but the dependence of results upon details is not yet established.
One can be certain of the values only if the test material is identical to the microdevice material.
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3.8 Fatigue
Fatigue loading refers to repetitive applications of external forces to structures or components,
and fatigue failure refers to sudden breakage under ordinary use conditions. Sudden failure that
occurs for no apparent reason is what makes fatigue so dangerous, but suitable material properties
can be measured and design procedures applied to avoid the problem.
A completely different approach is based on fatigue crack growth; a flaw is either assumed or
detected, and its growth to a critical size can be predicted. Fatigue loading may be random, periodic, or sinusoidal, as illustrated in Fig. 3.14, and the forces may generate tensile or compressive
stresses. In many situations, the stresses vary symmetrically between tension and compression in
a sinusoidal fashion; rotating shafts typically experience this behavior. This is called fully reversed loading. The relative amount of maximum force versus minimum force is designated by
R, where R = Pmin/Pmax, and tension is defined as positive with compression as negative. Pmin
and Pmax are the minimum and maximum loads or forces that are applied. A fully reversed loading has R = - l (the minimum compressive force is equal to the positive tensile force). Tensiontension testing typically has an R value on the order of 0.1 ; that is, the minimum force is 10% of
the maximum force applied. That minimum is usually not zero because the specimen may shift in
the grips under zero load.
There are two approaches toward characterizing a material and predicting the fatigue life of a
structure or component. The oldest is the stress-life approach, where the fatigue resistance of a
material is determined by subjecting samples to harmonic loading with R - -1 at various stress
levels (t'rom low elastic stresses up to the ultimate tensile strength) and measuring the number of
cycles to failure. The strain-life approach is similar to stress-life approach, but the strain range is
specified. As applied to metals, the stress-life approach is used to design components that last a
very long (infinite) time, while strain-life is used when the number of loading cycles is expected
to be only a few thousands.
Fatigue of metals is a relatively mature subiect, and there are a number of good references.
Dowling's textbook 5t" is an excellent introduciion not only to fatigue, but also to inelastic deformation and fracture of materials. Fuchs and Stephens wrote an early text 55 on the subject of
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fatigue. The monograph by Suresh 56 is a more up-to-date comprehensive view. If one is interested
in the fatigue behavior of various metals, the atlas by the American Society of Metals 57 is a good
starting place. The fatigue design approach taken by the automobile industry is presented in a
handbook published by the Society of Automobile Engineers. 58

3.8.1 Stress-Life T e s t i n g
Just as tile simple tension test is used to determine tlle material properties for quasistatic loading, a simple sinusoidal loading is used to obtain the response of materials to fatigue loading. In
early fatigue testing, the specimen had a circular cross section and rotated while subjected to an
applied moment. The stress on the specimen surface alternated between tension and compression
in a sinusoidal fashion. Such a specimen is subjected to stress gradients across its cross section,
and these can influence the results. A "cleaner" stress state is uniaxial tension, and with the
development of modern servohydraulic test machines, one can conduct sinusoidal tests at various
R-ratios.
The fatigue behavior of a ductile material is shown schematically in Fig. 3.15. The ordinate is
the peak stress applied to the specimen, and it is assumed that the loading is fully reversed. The
abscissa is the number of loading cycles until a specimen breaks; this is commonly called the
"life" or "lifetime" of the specimen. One simply sets the maximum load and frequency of cycling
and lets the machine run until failure signals the cycle counter to stop. Each test produces one data
point contributing to a so-called S-N curve (stress versus number of cycles).
The ultimate strength of a material is shown at the first cycle. (Actually, this is the first quartercycle for R = - 1 and half cycle tbr R = 0, because the specimen breaks under the peak tensile
load.) If the specimen continues to cycle at applied stresses slightly less than the ultimate strength,
it fails within 1000 cycles. This Region I is referred to as the low-cycle fatigue regime. If the
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Fig. 3.15. Schematic of the stress-life (S-N) curve for a metal.

maximum stress is decreased further, tile specimens last longer in Region II. If the applied stress
is reduced below tile endurance limit, tile material will never fail, as shown in Region 111. In general, the material in Region ! is undergoing considerable plastic deformation during each cycle,
while there is very little such detbrmation in Region II. Certainly the material in Region II1 is experiencing only elastic deformation. Fatigue behavior is often divided into low-cycle and highcycle regimes, with tile division set at I0 ~ or 104.
Fatigue testing is expensive, because many tests must be run to yield a good S-N curve. Fatigue failure is by its nature rather unpredictable, and it is easily possible to get variations of two
to five lifetimes of supposedly identical specimens subjected to tile same applied stress. Further,
a test that runs for many cycles may take a long time on an expensive test machine.
Note that the above description is based on the behavior of metals. There are schemes for construeting tile S-N curve of a material using only its static ultimate strength; that permits a very
easy and quick design guideline. More elaborate schemes are also used, which bring in other static
properties; see Dowling, Chapter 10. 54

3.8.2 Strain-Life Testing
The advent of servo-hydraulic test machines and strain transducers mounted on the specimen permitted testing using strain as the controlling parameter. That has a certain appeal because in typical components made of ductile metals, failures originate at stress concentrations. If the material
at the sharpest point of the stress concentration is loaded into the plastic region, that local volume
is subjected to controlled displacements because the overall displacement of the component is determined by elastic behavior of the material surrounding the plastic region, it therefore makes
more sense to measure the material behavior as it is exposed to various strain levels.
A schematic of a strain-life plot is given in Fig. 3.16. The curved response can be represented
by the addition of two straight lines on the plot, and this leads to a relatively simple equation relating the strain range Ae to the number of cycles to failure, Nj. 54
(J

AE = ~E ( 2Nf) t' + ~/( 2N/i)"

(3.28)
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Fig. 3.16. Schematic of strain-life response.
The quantities a, b, El. c are material dependent. The first term in the equation describes the behavior at short lif~ (where the material responds inelastically), and the second term is the behavior
at longer life (where the response is elastic). Considerable testing of metals has produced tables
that list the coefficients of Eq. (3.28); see Dowling, Chapter 14. 54

3.8.3 Fatigue Crack Growth
Figure 3.17 is a schematic of the histoi~' of a fatigue crack, plotted as the crack length versus the
number of cycles of loading. If a simple specimen such as a thin sheet with a central hole were
subjected to alternating tensile loads (e.g., R = 0.1), eventually small cracks would appear at the
sides of the hole. When these cracks became visible (to the unaided eye or through a microscope),
they would have reached a "detection limit" at which one could expect to find cracks through nondestructive inspection. The phase of crack growth up until that time is called "initiation."
Obviously, the histol)' of the crack growth cannot be known betbre detection, but it can be
measured afterward as the crack becomes long enough to cause failure. This growth phase, which
can be expressed in da/dn, is the slope of the crack growth curve at a particular number of cycles.
The range of applied loads (AP = Pmax - Pmin) enters through AK via the fi'acture mechanics formulas of Sec. 3.6.4.
The initiation phase is a subject of continuing research. The material local to the stress concentration is undergoing low-cycle fatigue, but the Coffin-Manson equation (Eq. 3.28) predicts
the number of cycles to failure, not to a certain crack-detectable length. However, the growth
phase has been studied quite thoroughly, and one can find data on many materials, usually in the
form of plots of da/dn versus AK.
The damage-tolerant approach to structural life prediction assumes that either (a) one can detect a crack in a component in service once it reaches the detection limit or (b) cracks no larger
than the detection limit exist in a new component. One then predicts the growth of that crack using
material data and the appropriate stress intensity factor for the geometry and loading of the component. Inspections are then scheduled at suitable intervals to monitor the growth of the crack,
and the component is replaced before failure occurs. In Fig. 3.17, the crack may or may not be
detected upon inspection after the second interval. Even if it were missed, it would be easily found
at the end of the third interval in plenty of time tbr a safe replacement.
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Fig. 3.17. Schematic of fatigue crack growth.

3.8.4 Fatigue of M E M S Materials
There exists a good data base for common structural materials along with established design procedures for construction of components or structures that are subject to fatigue loading. The same
cannot be said for materials used in MEMS, since there has been little experimental work. This is
basically an open area of research. Given the current and projected applications of MEMS, the
focus should probably be on the high-cycle regime.
Connaly and Brown 51 have developed a test structure that is a cantilever beam of single c~stal
silicon deflected perpendicular to the plane of the die by electrostatic means. A precrack is initiated from nanoindentations, and the crack can actually be observed to grow across the beam to
failure. They measure a growth rate of 2 x l0 -12 m/cycle. 59 This is slower than the accepted definition ofcrack arrest in metals, which is I x I0 -10 m/cycle, but ofcourse a crack in a microdevice
does not have to grow as far to become fatal. More recently, Brown and Jansen 60 have developed
a similar test structure for in-plane bending of a polysilicon beam.
Mohr and Strohrmann 61 have developed a test technique in which a cantilever beam of LIGA
nickel is deflected back and forth by a magnetic field. Their preliminary results (of tests on four
specimens) show that LIGA nickel has an S-N curve higher than that obtained from macroscopic
specimens. Specimens subjected to maximum stresses of 300 MPa survived over I million cycles
of loading without thilure. Just as LIGA nickel has higher strength properties, it has better thtigue
resistance.
Krulevitch et al. 62 have subjected Ni-Ti shape memory films to temperature cycling and computed the stress from substrate curvature nleasurements. They ran up to 2000 cycles and conclude
that the applied stress should be kept below 350 MPa for consistent response; this is in the regime
of low-cycle fatigue. Extrapolating their data led them to conclude that the applied stress should
be limited to 250 MPa for a life of one million cycles. It is interesting to note that this value of
250 MPa is one-half the maximum value of 500 MPa at one cycle; this is the same as the traditional machine design approach, 54 where the endurance limit for steels (stress below which fatigue failure will not occur) is one-half the material's ultimate strength.
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3.9 Microstructure of MEMS Materials
As with any material, the microstructure is important in determining the mechanical propeI~ies.
If the material is isotropic, microstructure details have little effect on the elastic properties but
may lead to wide variations in inelastic behavior and strength. Aluminum is a good example; its
Young's modulus is approximately 70 GPa regardless of the alloy content or processing, but other
parameters, such as constituents and crystallography, have huge effects on its strength. There
have been few studies on the microstructure of materials in MEMS.

3.9.1 Microstructure of Polysilicon
Polysilicon produced by low-pressure chemical vapor deposition is by its very nature thin--only
a few microns thick. This precludes optical microscopy and requires examination by either a scanning electron microscope (SEM) or a transmission electron microscope (TEM). There have been
a few studies to-date (see Kamins63), but this is a rich area for research.
Legros et al. 64 have studied the microstructure ofpolysilicon produced by the MCNC MUMPs
process. Grain morphology and distribution, texture, dislocation substructure, and microtwinning
were examined in undeformed films. Figure 3.18 is a TEM micrograph of the cross section of a
polysilicon film. The MUMPs process deposits polysilicon in two layers; intervening layers enable one to manufacture movable microdevices. When the specimens for tensile tests such as
shown in Fig. 3.8 were rnanufactured, the intervening layers were omitted, and the second polysilicon layer deposited onto the first. Figure 3.18 clearly shows these two layers; the first one is
2 Hm thick, and the second one is 1.5 ~tm thick.
A general observation fi'om Fig. 3.18 is that the grains tend to be elongated in a direction perpendicular to the film. In materials science terms, this is referred to as a nonequiaxed (meaning
the grains do not have the orientation of the substrate) columnar grain structure. Columnar grains
perpendicular to a thin film are common because of the nature of the grain growth process as the
material is deposited. When the film is viewed perpendicular to its surface, the grains do not have
an elongated shape, but have aspect ratios on the order of one, with dimensions on the order of
0.2-0.4 ~tm.

3.9.2 Microstructure of Nickel Film
Electrodeposited nickel has a columnar grain structure that is similar in nature to polysilicon, even
though it is much thicker. Figure 3.19 is an optical micrograph of a nickel film cross section; in
this case, many of the columnar grains extend all the way through the thickness of the specimen.

Fig. 3.18. TEM micrograph of cross section of polysilicon films.
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Fig. 3.19. Optical micrograph of cross section of nickel film. The film is 200 l,tm thick.
When viewed perpendicular to the film surthce, the nickel grains have a low aspect ratio (i.e.,
mostly circular) with a size on the order of microns. This is shown in Fig. 3.20, which is a top
view of the same specimen shown in Fig. 3.19.
Although the nickel tilm pictured here was produced in molds made by the LIGA process, fl~e
grain structure shown is typical of nickel films. Betteridge 65 shows a cross section of nickel that
is similar to Fig. 3.19. Sard and Wei166 show a cross section of electroplated copper that is also
similar.

3.9.3 Closing Comments
There is an obvious need for more extensive studies of the microstructure of materials now used
in MEMS and those under development. By the very nature of the manufacturing process, the microstructure is likely to be quite different than expected for bulk materials. Since the specimens
for study will be small and thin, special techniques and procedures will be required in some cases.
Studies thus far show that MEMS materials are not isotropic. In fact, these thin materials are
transversely isotropic; that is, they have the same properties in any direction in the plane of the
film, but different properties measured perpendicular to the plane. This occurs because fine grains
nucleate on the surface of the substrate when the deposition begins (whether vapor deposition or
electrodeposition). As material is continuously added, grains with a preferential orientation will
grow faster and larger, which leads to the columnar structure.
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Fig. 3.20. Top view of a nickel specimen.
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This transverse isotropy can be important; tile stiffness of a beam bending in the plane of the
tilm can be different from tllat of a beam bending out of the plane. Components o f M E M S accelerometers bend in the plane of the film, while components ofpressure transducers bend out of tile
plane. A more complete characterization of the mechanical properties of the material would account for this difference and would involve measuring more than just two elastic constants. Such
a study has not been conducted.

3.10 Other MEMS-Related Subjects
The basic principles of some MEMS devices are briefly described, and determination of thin-film
residual stress is discussed. The mechanics of thin films is part of the MEMS system, but since
information on that subject is widely available through the open literature, only the residual stress
aspect is presented here.

3.10.1 Accelerometers
Accelerometers are probably the most popular MEMS devices. They measure the acceleration at
a +particular location in a structural system. They can be used to characterize the acceleration, motion, and level of shock of a system. Currently, the largest application is tbr the automobile industry. For example, accelerometers are used to control the activation of air bags. There are many
designs for accelerometers, but the basic principle is a spring-mass system. Under an acceleration
a, the mass m exerts a force F = ma, which de fomls the spring system. There are two ways to measure the deformation. The first is the measurement of deformation; while the second is to measure
the strain associated with the stress generated by the force F.
For example, consider a cantilever beam of length L, width b, and thickness h. A proof mass
M is attached at the tip of the cantilever. The material has a Young's modulus E. Under an acceleration a, the lateral detbrmation at the tip of tlle cantilever is given by (Ma)L3/(3EI), where I is
the area moment of inertia of the cross section. This defornlation can be measured using the capacitance technique.
Using the strain gauge concept, one can measure the strain values at the fixed end when
an acceleration is applied. The theoretical strain at the tension side of the cantilever is
6(Ma)L/E(bh2). There are many different accelerometer designs to achieve high g, high
sensitivity. Currently, 100-g and 100,000-g accelerometer devices m'e being designed by the
Charles Draper Laboratory. 67

3.10.2 Pressure Transducer
The pressure transducer is used to measure either the absolute or the gauge pressure across a
surface. In many cases, a thin plate of circular shape is used. Wqlen one side ot" tile plate is
pressurized, it defonns. For an isotropic material, the relation+ of the center deformation of the
thin plate and the hydrostatic pressure is expressed as
P0 =

64D 'Wmax)_7 8 E t (Wmax]3
(
+ ..........
31-vR\ R ]

(3.29)
•

where D = Ei3/[12(1-v2)], E is the Young's modulus, v is the Poisson's ratio, t is the plate thickness, R is the plate radius, and Wmax is the displacement at the center of the plate. The amount of
the Wmax can be measured by the capacitance technique.
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3.10.3 Residual Stress in Thin Films
Almost all MEMS devices use thin-film coating in some way. Therefore, the determination of residual stresses in thin films as a result of deposition is important. During the course of film deposition, the substrate undergoes two ty'pes of deformation: thermally induced and nonthermally
induced. The former is caused by the temperature rise and the temperature gradient associated
with the film deposition; while the latter is caused by the atomic interaction between the film and
substrate materials. In general, the film-thickness-to-substrate-thickness ratio and the film-thickness-to-lateral-dimension ratio are so small that:

~<<1 ~ <<1
ts

(3.30)

' i

where t is the thickness; subscriptsfand s refer to film and substrate, respectively; I is the lateral
dimension.
The intrinsic stress, S, in a thin film for a cantilever of length/, a simply supported beam of
length/, or a simply supported disk of diameter 1, is expressed by the famous modified Stoney
equation"
S =

Ets2
3 ( 1 - v)ttl2

(3.31 )

where E and v are the Young's modulus and Poisson's ratio of the substrate material, and ~5is the
deflection for the following cases:
1. The end deflection ~5c of a cantilever (6 - 8c)
2. Four times the deflection b s between the center and the support of a simply supported beam
(~ = 46s)

3. Four times the deflection 8sd between the center and the support of a simply supported disk
(6 = 4¢5sd)
For example, consider a 0. I-Hm-thick gold film deposited to a 0.279-mm-thick silicon cantilever
substrate. Let the length of the substrate be 10 mm. The Young's modulus and Poisson's ratio for
the substrate material are 170 GPa and 0.22, respectively. If the measured tip det]ection of the
cantilever is 1 ILmlbetween precoated and postcoated substrate, then using Eq. (3.31) the calculated residual stress in the gold film would be 565 MPa (82 ksi).

3.11 Examples
The following examples of MEMS devices illustrate various states of stress. Most of these microdevices are planar in shape, so the calculation of stresses is actually not very difficult. This is
not intended to be a survey, but instructional.

3.11.1 In-Plane Bending
One of the most widely used MEMS devices is the accelerometer based on the in-plane motion
of a polysilicon mass with flexural arms whose motion is sensed capacitively. Figure 3.21 is an
SEM photo of a portion of the sensing element of an accelerometer made by Analog Devices. The
entire polysilicon element is fabricated by surface micromachining, and the mass in the center is
supported at the top and bottom by long, narrow beams. Motion along the vertical axis is sensed
by the symmetric series of interdigitated fingers; the capacitance changes as the distance between
fingers changes.
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Stress in the supporting elements can be calculated from simple beam theory,. An estimate of
the maximum stress in the flexural element can be made by considering the largest beam-tip displacement allowed. The element is 2 tmn thick and 1.8 ~m wide. The maximum deflection of one
of the long supporting elements shown across the bottom of the photo is estimated to be 0.5 [am.
Using the simple formula for a cantilever beam, 6 = PL 3/3 E I, where L = 130 [am, E = 165
Gpa, and I = 9.7 x 10 -25 m 4, one can estimate P = 1.1 x 10 -7 N. From o = P L c / I, one estimates
the maximum stress as 13 MPa.

3.11.2 Out-of-Plane Bending
The Scratch Drive Actuator 68 is a clever application illustrating out-of-plane bending. The
polysilicon plate and bushing, which are conductive, of Fig. 3.22 are fabricated by surface micromachining. When an electrostatic force is applied between the plate and the substrate, the plate
bends and the bushing moves forward slightly. When the voltage is released, the friction at the tip
of the bushing pulls the component and its attachments forward in an "inchworm" fashion.
One can estimate the maximum stress in the plate by guessing the minimum radius of curvature of the plate when the maximum voltage is applied. Using elementa=T plate t h e o ~ , the maximum stress can be calculated as
M =

=

EIh

6( 1 - v2)(l - ~k)2 °max

Eh2
12( 1 - v2)(l -

(3.32)

~)2'

where M and Omax are the plate maximum bending moment and n~aximum bending stress, respectively; E and v are the material modulus and Poisson's ratio, and L is the portion of length I that
is pulled down by the electrostatic force. For the case in Fig. 3.22 with a length of (l -k) equal to
10 [am, the calculated Omax is about 212 MPa (31 ksi).
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Fig. 3.21. Accelerometer sensing element. (Courtesy of John Yasaitis, Analog Devices)
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Fig. 3.22. Schematic view of a scratch drive actuator. (a) Dimensions for the self-assembling are L = 50
tan1, W = 75 tam, t = I tam, and h = 1.5 tam; (b) and (c) model tbr the step motion of the SDA showing the
evolution of the plate delbrmation according to an applied pulse. (© 1993 IEEE)

3.11.3 T o r s i o n
An example of a polysilicon element subjected to torsion is shown in Fig. 3.23 (from Judy and
Muller69). A nickel micromirror is deposited onto a polysilicon component: it is lifted off the substrate by a magnetic field interacting with the ferromagnetic nickel. When a voltage is applied between the polysilicon component and the ground plane, the mirror snaps down tlat. The polysilicon torsion rod supports the mirror.
The determination of maximum shear stress ofthe polysilicon rod element is briefly described.
Consider a rod with uniform rectangular cross section, width b, thickness a, and length l, where l
is much bigger than either a or b. The rod is fixed at one end and free of constraint at the other
end. A torsion of magnitude Tis applied at the free end in the plane normal to the geometrical axis
of the rod. Suppose b > a and the torsion-applied axis coincides with the geometrical axis of the)
rod; then the relations between torsion, tile geometrical dimensions of tile rod, and the material
parameters of'the rmaterial are expressed in Eq. (3.33).
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Fig. 3.23. Schemmic of a magnetically and electrostatically actuated micromirror. (~:(~:~IEEE 1997).
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(3.33)

where G is the material shear modulus, 0/1 is the angular twist per unit length, sech and tanh are
the hyperbolic functions. The/:max occurs at the midpoint of the longer side. For large b/a ratio,
the Xmax is simply 3T/b~r2. It should be noted that Eq. (3.33) is much more complicated than that
shown in Sec. 3.3.5.4 because the cross section here is rectangular rather than circular.
For a rod of length I with both ends fixed and a torsion T applied at a distance x from one end,
then different magnitudes of torsion are resisted by two different segments of the rod. The magnitude of the torsion in the segment with length x is 7'(,l -x)/1, and the magnitude of the torsion in
the other segment is Tx/l.

3.11.4 Biaxial Tension
Membranes experience biaxial tension, and an example of a microdevice using a silicone-rubber
membrane as an actuator is shown in Fig. 3.24 (fi'om Yang et al. 70). The relatively thick silicone
membrane expands upward to close the valve inlet and outlet when the working fluid below it is
heated with a resistive heating element.
The rectangular silicone membrane is 1.5 x 2.5 mm with a unifonn film thickness of 50 ~tm.
All four edges are clamped against rotation. The maximum stress, Omax,OCCUrSat the clamped
edge with a magnitude ol:71

w°h

Om~~ = pEa--T

(3.34)
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Fig, 3.24. Schematic of a membrane-actuated valve. (~,3IEEE I 1998)
where w o is the maximum normal deflection of the film, h is the film thickness, and a is the
smaller of the two rectangular edges. Assume the applied pressure is 0.79 MPa (100 psi); then the
magnitude of the maximum stress is 830 MPa (120 ksi).

3.11.5 Three-Dimensional Stress States
Not all components ofmicrodevices are as simple as the four examples above, in order to transmit
larger threes and torques, microdevices must be thicker, and this is the basis of the intense interest
in LIGA (or its equivalent) fabricated structures. An example of such a thicker component is the
polymer gear shown in Fig. 3.25 (fi'om Lorenz e t al.72).
Typically one would use the traditional approaches of machine design to estimate the torque
that could be transmitted by such a gear. If the component is not a standard one or has a more
complicated structure, then one would need to use finite element methods to determine its
strength and stiffness.

3.12 Future Challenges
MEMS is a new and revolutionary, field that is rapidly changing the way we perceive and sense
the world. There are also many challenges ahead. Although numerous devices are being developed and used for certain applications, the reliability of many MEMS systems has not been addressed. For example, solid mechanics is yet to be introduced and applied in the MEMS community to enhance integrity of the MEMS devices.
Many mechanics-related issues face the MEMS community. First is an urgent need to
understand the materials, including fabrication technique, material homogeneity, and material
properties. Different fabrication techniques will control the material homogeneity and material
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Fig. 3.25. SEM image of a polymer gear. (Courtesy of IEEE, © 1998)
properties. In turn, material homogeneity and properties control the stress field under external environment and affect service life.
A second issue is the residual stresses generated from fabrication processes. Depending upon
fabricating techniques, residual stresses in a MEMS layer can be on the order of several hundred
mega pascals. In microelectronic interconnects, high residual stress up to 1000 MPa in 300-nmthick aluminum film was reported. 73 Such a high residual tensile stress is definitely detrimental
to the desirable service life of devices.
The third and most important issue involves acquiring a better understanding of the mechanics
at the micro- and nanodimension levels. Classical continuum mechanics is based on the assumption that materials are homogeneous. When the grain size is much smaller than the dimension of
the structures, continuum mechanics gives very accurate answers. When localized defects or
cracks are present, fracture mechanics is sufficient to describe the stress behavior at the neighborhood of the crack tip. But when the grain size becomes comparable to the dimensions of the devices, as occurs with MEMS structures, the validity or applicability of classical solid mechanics
and fracture mechanics becomes questionable. Therefore, the current theories on material constitutive relations, failure mechanisms, and fatigue behaviors need to be revisited.
Many areas of materials research are needed in MEMS/nanotechnology. Following is a list of
subjects for near- and long-term research.
Areas for near-term research:
° Investigate material property measurement methods for micro-sized MEMS components and
coatings.
• Develop nondestructive stress measurement techniques at the device levels.
° Generate models for stress migration in metal lines and around contact/vias.
° Develop models for better understanding of electromigration as a function of line sizes and
cun'ent level.
Areas for long-term research:
• Address the validity ofculxent solid mechanics and modeling at the MEMS level.
° Address the validity of cmvent fracture mechanics at the MEMS level.
• Address the failure mechanisms and failure theories of thin metal lines at the micro level.
• Develop reliability improvement models and algorithms.
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At a Mechanics of MEMS Workshop convened by the Air Force Office of Scientific Research,
representatives fi'om government agencies, universities, and industry agreed that in the next 5
years, the mechanics-related work should emphasize the following subjects.
• Property measurements
• Crack propagation/initiation
• Stress modeling
• Fracture toughness measurements
• Processing techniques development and standardization
• Interface investigation
To bring mechanics into MEMS technology and ensure reliability of MEMS components, considerable basic research and database generation must be done. Thus it seems only appropriate
that the Government take the initiative to fund the investigations of these subjects. Only with a
better understanding of the principles of the mechanics and sufficient design data can MEMS
achieve the desired objectives.
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