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Estimating the In-Plane Young’s Modulus of
Polycrystalline Films in MEMS
Patrick R. Cantwell, Hojin Kim, Matthew M. Schneider, Hao-Han Hsu, Dimitrios Peroulis, Member, IEEE,
Eric A. Stach, and Alejandro Strachan

Abstract—Polycrystalline films in microelectromechanical systems (MEMS) sometimes have a crystallographic fiber texture
that causes their in-plane Young’s modulus to differ from the
bulk isotropic value, which influences device behavior, lifetime,
and reliability. We estimate the in-plane Young’s modulus of
electrodeposited nickel bridges in radio-frequency MEMS devices
by measuring the crystallographic texture using X-ray diffraction
and then computing a texture-weighted average of the singlecrystal elastic coefficients. The nickel bridges have a 001 fiber
texture and are predicted to have an in-plane Young’s modulus
of 195–200 GPa, about 5–7% less than the bulk isotropic value
of 210 GPa. The method presented here takes into account the
full distribution of crystallite orientations to predict the in-plane
Young’s modulus. The method is rapid, general, and capable of
estimating the in-plane Young’s modulus of polycrystalline film
components in individual MEMS devices in an array, making it
ideal for MEMS design, analysis, and quality control. [2011-0326]
Index Terms—Crystallographic texture, density functional
theory (DFT), elastic anisotropy, fiber texture, Hill, MAUD,
molecular dynamics (MD), MTEX, preferred orientation, Reuss,
single-crystal elastic tensor, Voigt, Young’s modulus.

I. I NTRODUCTION

T

HE IN-PLANE Young’s modulus of polycrystalline films
used in microelectromechanical systems (MEMS) devices
can deviate from the bulk isotropic value due to a preferred
crystallographic orientation of the crystallites in the film [1],
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often referred to as crystallographic texture. Accurate knowledge of the in-plane Young’s modulus is critical for MEMS design and analysis because it frequently plays an important role
in the lifetime, reliability, and failure mechanisms of MEMS
devices. For example, in the capacitive radio-frequency (RF)
MEMS switches under study in this paper, the in-plane Young’s
modulus is related to the spring constant of the bridge and
hence to the pull-down voltage required to activate the switch.
Larger pull-down voltages markedly accelerate the charging of
the electrode’s dielectric coating [2], a key failure mechanism.
An accurate estimate of the true Young’s modulus is therefore
critical to the design and analysis of these MEMS devices.
The Young’s modulus of polycrystalline film components in
MEMS can be measured directly by mechanical testing [1].
However, direct mechanical testing of microscale film structures is difficult and time consuming and has the significant
disadvantage that it typically must be performed on a test film
structure rather than on the film component in the MEMS
device of interest.
The Young’s modulus of polycrystalline films is not influenced by microscale size effects and therefore can be predicted
if the crystallographic texture is known [1]. Crystallographic
texture influences the Young’s modulus of a polycrystalline
aggregate because, in general, Young’s modulus is a function
of direction within a single crystallite, i.e., E001 = E011 =
E111 . For example, in single-crystal nickel, E001 = 130 GPa,
E011 = 202 GPa, and E111 = 219 GPa. If the crystallites in a
polycrystalline film are preferentially oriented, as is frequently
the case due to processes that occur during film deposition [3],
the Young’s modulus of the film can deviate from the bulk
isotropic value, sometimes significantly.
The in-plane Young’s modulus of polycrystals may be estimated by measuring their crystallographic texture using X-ray
diffraction (XRD) and then calculating a texture-weighted average elastic response using the single-crystal elastic coefficients.
This method is employed in this paper to predict the in-plane
Young’s modulus of polycrystalline electroplated nickel bridges
in individual RF MEMS switches. X-ray microdiffraction optics are used to isolate individual MEMS devices for analysis,
and a 2-D X-ray detector is used for rapid data acquisition,
which only requires 6 min/MEMS device, approximately an
order of magnitude faster than traditional pole figure texture
measurements.
Previous studies have measured fiber texture in polycrystalline silicon [4] and nickel films [5]–[7] for MEMS applications using XRD [4], [6], [7] or orientation image mapping
in the scanning electron microscope (SEM) [5] and estimated
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the in-plane Young’s modulus based on the results. However,
these estimates of in-plane Young’s modulus are based on the
assumption of perfect fiber texture in which all crystallites are
assumed to have the same orientation relative to the film normal
direction. For example, for an “001 fiber texture,” the calculation of in-plane Young’s modulus was based on the assumption
that all crystallites in the polycrystalline film were oriented such
that their {001} planes were parallel to the film surface. In
contrast, the method presented here does not assume a perfect
fiber texture but rather calculates the in-plane Young’s modulus
based on the measured distribution of crystallite orientations
in the polycrystalline film thereby generating more precise
predictions of the in-plane Young’s modulus.
To calculate the Young’s modulus based on the crystallographic texture, the single-crystal elastic coefficients of the material under study must be known. Experimentally determined
values of these coefficients are available in the literature for
many materials commonly used in MEMS such as Ni, Au, Al,
and Si [8], [9]. However, the single-crystal elastic coefficients
of many other materials of interest for MEMS applications—for
example, various compositions of magnetic ternary alloys of
Co, Fe, and Ni [10]—are not widely available and, in some
cases, are unknown. For these materials, the elastic coefficients
can be estimated with first-principle computer simulations using density functional theory (DFT) and molecular dynamics
(MD).
Rapid quantification and prediction of the in-plane Young’s
modulus of polycrystalline film components in individual
MEMS devices using the method demonstrated here are useful
in many ways, such as providing more accurate information
to aid in MEMS design; as a method of quality control for
assessing property variations from device to device, wafer to
wafer, and batch to batch; and as a way to assist in separating
the effects of Young’s modulus and residual stress on the
mechanical behavior of MEMS components.

II. RF MEMS S WITCH FABRICATION
The capacitive RF MEMS switches were fabricated using
standard photolithograpy techniques on a thermally oxidized
silicon wafer as described in [11]. The switches are composed
of gold electrodes and a nickel bridge suspended over the
electrodes that is anchored by four legs. The nickel bridge was
fabricated by sputtering a 50-nm seed layer of titanium onto
photoresist followed by a 30-nm layer of e-beam-deposited
nickel. The remainder of the nickel bridge was then deposited
by electroplating with a nickel sulfamate bath. The thickness of
the polycrystalline nickel bridge is about 2.8 µm. The plating
current density was 6 mA/cm2 , the plating temperature was
50 ◦ C, and the bath pH was 4. A SEM image of an RF MEMS
switch is shown in Fig. 1(a).

III. M ICROSTRUCTURE C HARACTERIZATION
The microstructure of the nickel bridge was investigated
using an FEI Tecnai T20 transmission electron microscope
(TEM) operating at 200 kV. A cross-sectional TEM sample was
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Fig. 1. Surface area irradiated by the incident X-ray beam at ω = 25.9◦ and
ψ = 0◦ is shown in (a) by the black oval. Inset (b) shows the alignment of the
X-ray beam on an individual RF MEMS switch with a laser and video camera
alignment system.

prepared using the in situ lift-out method with an FEI Nova 200
NanoLab DualBeam focused ion beam/SEM.
TEM bright field (BF) and dark field (DF) micrographs in
Fig. 2(a) and (b) show that the polycrystalline nickel bridge is
fine grained, with in-plane grain sizes on the order of 10–50 nm.
The selected area electron diffraction pattern (SAEDP) in
Fig. 2(c) suggests that there are two types of crystallographic
fiber texture present: 001 and 111, i.e., a large volume fraction
of crystallites have an orientation such that their {001} and
{111} crystallographic planes are perpendicular to the film
normal direction. Plan-view TEM images and SAEDPs (not
shown) demonstrate that the in-plane grain shape is approximately equiaxed for most crystallites and that there is no inplane preferred crystallographic texture. Hence, the texture can
be described as a fiber texture, i.e., a texture with uniaxial axis
of sample symmetry, which, in this case, is parallel to the film
normal direction.
IV. C RYSTALLOGRAPHIC T EXTURE
A. Overview
The crystallographic texture of a MEMS polycrystalline
film component must be quantified in order to predict its inplane Young’s modulus. Quantitative texture data are typically
reported in terms of the orientation distribution function (ODF)
f (g) which describes the volume fraction of crystallites in the
sample with a given crystallographic orientation with respect to
the sample coordinate axes [12]

f (g)dg
∆V
= ∆Ω
(1)
V
Ω0 f (g)dg
where V is the total volume of material, ∆V is the fraction
of material with the orientation g, Ω0 is the full range of
orientation space (8π 2 ), and ∆Ω is the range of orientation
space in which ∆V resides. A common method of describing
the orientation g is to use the Bunge convention Euler angles
φ1 , Φ, and φ2 [12], where, in general, 0 ≤ φ1 ≤ 2π, 0 ≤
Φ ≤ π, and 0 ≤ φ2 ≤ 2π. The three Euler angles describe the
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Fig. 2. Cross-sectional TEM images of a nickel bridge. (a) BF image and (b) DF image. A cross-sectional SAEDP of the nickel bridge is shown in (c) with the
111 and 002 reflections indicated.

relative orientation between sample coordinate axes and the
crystallographic axes [12].
The method used in this paper to determine the ODF employs
2-D XRD measurements [13]–[15] and Rietveld refinement
texture analysis. With this method, the XRD data collection
time per device is only 6 min, and the texture quantification
can be accomplished in about the same amount of time using
the Rietveld refinement software MAUD [16].
Traditional pole figure texture measurements [12], one of
the most common methods of quantifying texture, are not
well suited to measuring individual microscale samples in an
array because the sample must be rotated during pole figure acquisition, and it can be challenging to maintain proper
alignment of the X-ray beam with a microscale sample. Pole
figure measurements for texture quantification have the additional disadvantage that they can take up to several hours to
complete.
The common “diffraction peak ratio” XRD technique, which
employs a standard θ−2θ powder diffractometer and is based
on comparing diffraction peak heights or integrated intensities,
should not be used to measure crystallographic texture. It has
been shown that the peak ratio method cannot provide true
quantitative texture data [17], [18] and under some circumstances will indicate an incorrect fiber texture [18].
B. Experimental Details of XRD Texture Measurement
Texture measurements using 2-D XRD [13]–[15] were carried out on a laboratory Bruker General Area Detector Diffraction System diffractometer equipped with a Hi-Star multiwire
proportional counter area detector, a two-position chi stage, Cu
Kα radiation, and a 0.5-mm monocapillary for microdiffraction.
The monocapillary incident optics produce an incident X-ray
beam with a diameter small enough to irradiate a single RF
MEMS switch, thereby allowing texture quantification of polycrystalline components in individual MEMS switches as shown
in Fig. 1(a). The alignment of the X-ray beam with each MEMS
switch was done using a video-laser alignment system as shown
in Fig. 1(b).
In 2-D XRD, diffraction data from large portions of the
XRD cones can be captured simultaneously using the position-

sensitive detector and then numerically integrated to provide
data analogous to standard 1-D XRD data [13]. The 15 1-D
XRD line profiles in Fig. 3(a) were obtained by integrating the
two 2-D XRD images in Fig. 3(b). The total data collection time
for the two 2-D XRD images and, hence, for the 15 1-D profiles
was 6 min.
Quantitative texture analyses were carried out using the
Rietveld refinement software MAUD [16]. Recalculated pole
figures were exported from MAUD for further calculations and
plotting with MTEX [19], [20], a MATLAB toolbox for texture
analysis.
Two of the gold diffraction peaks (Au002 and Au113 ) from
the gold contacts of the RF MEMS switches overlap two of the
nickel diffraction peaks from the bridge (Ni111 and Ni022 ) as
shown in Fig. 3(a). Rietveld refinement in MAUD was used
to separate the contributions of Ni and Au to the intensity
of these overlapping diffraction peaks so that the texture of
the nickel could be quantified. A fiber texture assumption was
employed during Rietveld texture analysis based on the planview TEM SAEDP (not shown) which indicated no preferred
in-plane crystallographic orientation. The spherical harmonics
model with L = 12 was applied.
Following the definition of penetration depth by Cullity [21],
a calculation was made to estimate the penetration depth of
the X-rays into the nickel film. The penetration depth is on
the order of several micrometers and varies with the angles of
incidence and exit. For a bulk nickel specimen, with Cu Kα
radiation and equal angles of incidence and exit of 25.9◦ , the
calculation shows that 50% of the diffracted intensity would
arise from the uppermost 3.5 µm layer of nickel, while 95% of
the diffracted intensity would arise from the uppermost 15.0 µm
layer of nickel. These calculations show that diffraction data
are collected from the entire thickness, i.e., the 2.8-µm-thick
nickel films. Furthermore, the calculations are consistent with
the experimental data, in which Au diffraction peaks are visible
in the XRD patterns in Fig. 3. These Au diffraction peaks arise
from the Au electrodes directly below the 2.8-µm-thick nickel
bridge, indicating that X-rays penetrate the nickel sufficiently
to provide diffraction information from the entire Ni film as
well as the Au electrodes. Nevertheless, as the calculations
demonstrate, the XRD data are weighted toward the top of the
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Fig. 3. Relationship between (a) the 15 1-D diffraction profiles used for texture quantification, (b) the 2-D data from which the 1-D profiles were obtained via
integration, and (c) the orientation of the sample and the diffraction vectors projected into the S2 −S3 sample coordinate plane for the Ni002 reflections 1–15
whose position is indicated in (a) and (b) for reference.

nickel film. This weighting will have an effect on the texture
measurement and, hence, on the calculated modulus if the top
of the film has a different texture than the bottom of the film,
although this effect is not likely to be severe except in cases
of extreme texture gradients (e.g., [22]) or if the film is thick
relative to the X-ray penetration depth.
For each RF MEMS switch, two 2-D XRD images were
obtained: one at ψ = 0◦ and one at ψ = 35.26◦ , as shown in
Fig. 3(b). These two ψ angles represent the two χg positions
of the two-position chi stage (χg = 90◦ − ψ). The other two
goniometer angles were held constant at ω = 25.9◦ and φ = 0◦ .
The sample-to-detector distance was D = 6 cm, and the swing
angle of the area detector, i.e., the angle between the center of
the detector and the incident X-ray beam, was held constant at
α = 51.8◦ . The notation conventions used here follow [13].
An inverse pole figure for the sample normal direction is
shown in Fig. 4. Two fiber textures are present: a strong 001
fiber texture and a weak 111 fiber texture, consistent with the
cross-sectional TEM SAEDP in Fig. 2. The Rietveld refinement
software MAUD provides three “goodness-of-fit” parameters
that quantify the agreement between the experimental data
and the refined model. For the inverse pole figure shown in
Fig. 4, Rw = 23.34%, Rexp = 16.15%, and σ = 1.45, where
σ = Rw /Rexp . A good fit is indicated by 1 ≤ σ ≤ 2. To further
ensure that the texture analysis has been successful, it is useful
to compare the texture model against the experimental data,
which is done within the MAUD software [16], and also to
check that the calculated texture results are consistent with the
original 2-D XRD patterns.

Fig. 4. Inverse pole figure (normal direction) showing the crystallographic
texture of the polycrystalline nickel bridge in an RF MEMS switch (contour
lines every 0.5 m.r.d.). There are two fiber texture components: a relatively
strong fiber texture component of (001) with maximum m.r.d. of about 6.4 and
a weak secondary (111) fiber texture component with m.r.d. between 1 and 1.5.

V. C ALCULATING THE I N -P LANE YOUNG ’ S M ODULUS
A. Overview
After obtaining the ODF from XRD measurements, a textureweighted average of the nickel single-crystal elastic coefficients
must be calculated to predict the in-plane Young’s modulus
of the polycrystalline film components in each MEMS device.
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This was done using the classic Voigt [23], Reuss [24], and Hill
[25] polycrystal elastic averages. The Voigt and Reuss averages
assume constant strain and constant stress in the crystallites,
respectively, and provide upper and lower bounds on the elastic
properties, respectively. The Hill average [25] is an arithmetic
mean of the Voigt and Reuss averages.
Although the Hill average lacks a fundamental theoretical
justification, it has been shown to agree reasonably well with
experiment for materials with low-to-moderate single-crystal
anisotropy [26], [27]. Thus, the Hill average will be primarily
employed here for making predictions of in-plane Young’s
modulus, and the Voigt and Reuss averages will be reported
where appropriate to provide estimates of lower and upper
bounds on the predictions.
All three averages (Reuss, Voigt, and Hill) were calculated using built-in functions in MTEX [19], [20]. The
MTEX software makes the computation of the Voigt, Reuss,
and Hill averages and Young’s modulus straightforward and
routine.
The volume fraction ∆V of material at each orientation g
in f (g) is normalized so that a uniform orientation distribution
(i.e., no preferred crystallographic orientation or texture) has
the value f (g) = 1 for all orientations. These normalized units
are called “multiples of a random distribution” (m.r.d.). In a
sample with crystallographic texture where a larger volume
fraction of crystallites with a given orientation g0 exist than in
a nontextured sample, f (g0 ) has an m.r.d. greater than one. If
the opposite is true, then the m.r.d. is less than one.
Even though the full orientation space is 8π 2 , symmetry can
reduce the amount of orientation space required to describe
all orientations for a given crystal. The smallest region of
orientation space that meets this requirement is called the
fundamental zone [12]. For cubic crystals, the fundamental
zone can be represented by a triangular region of a standard
stereographic projection that occupies 1/24th of the full orientation space. This standard stereographic triangle, whose corners
are (001), (011), and (111), is often used to represent inverse
pole figures in the cubic crystal system, for example, as shown
in Fig. 4.
The only inputs required by the MTEX software to calculate
the Reuss, Voigt, and Hill averages and the in-plane Young’s
modulus are the following: 1) the recalculated pole figures
exported from MAUD and 2) the single-crystal elastic coefficients for nickel, which were obtained from experimentally
determined published values [8]. The theory and mathematics
behind the calculations are summarized in this section.
B. Single-Crystal Elastic Coefficients
The single-crystal elastic coefficients are fourth-rank property tensors [28] and include the stiffness coefficient tensor
Cijkl and the compliance coefficient tensor Sijkl . Due to a high
degree of symmetry, cubic crystals such as nickel have only
three independent elastic coefficients, i.e., C11 , C12 , and C44
and S11 , S12 , and S44 .
Young’s modulus relates strain to stress through Hooke’s law
σ=E .

(2)

In single crystals, the elastic properties are not isotropic, i.e.,
they are a function of direction within the crystal, and a tensor
property description is employed [28]. Similar to the isotropic
case, Hooke’s law for the anisotropic case of single crystals uses
the stiffness tensor Cijkl to relate the strain tensor to the stress
tensor
σij = Cijkl

kl ,

i, j, k, l = 1, 2, 3.

(3)

The single-crystal compliance tensor Sijkl gives the inverse
relationship
ij

= Sijkl σkl ,

i, j, k, l = 1, 2, 3

(4)

where Einstein summation notation has been used [28]. Matrix
notation may be used to simplify the relationships
i

= Sij σj ,

σi = Cij j ,

i, j = 1, 2, . . . , 6

(5)

i, j = 1, 2, . . . , 6.

(6)

The equation that relates strain to stress using the three
independent stiffness coefficients C11 , C12 , and C44 can be
written out completely as follows:
 
 
C11 C12 C12
σ1
0
0
0
1
0
0
0  2 
 σ2   C12 C11 C12
 
 
0
0
0  3 
 σ3   C12 C12 C11
   . (7)
 
0
0  4 
0
0
C44
 σ4   0
 
 
0
0
0
0
C44
σ5
0
5
σ6
0
0
0
0
0
C44
6

C. Reuss, Voigt, and Hill Polycrystal Elastic Averages
If the ODF f (g) and the single-crystal elastic coefficients
are known, the average elastic properties of the sample can be
determined by averaging the elastic coefficients over the ODF.
There is not a unique method of obtaining such a polycrystal
elasticity average, and several different methods exist [12]. The
averages employed in this paper are the Voigt [23], Reuss [24],
and Hill [25] averages. The Reuss and Voigt averages can be
written as [27]

R
Sijkl
= S ijkl = Sijkl (g)f (g) d(g)
(8)

V
Cijkl

= C ijkl =

Cijkl (g)f (g) d(g)

(9)

where f (g) is the ODF, Sijkl and Cijkl are the elastic compliance and stiffness coefficients, respectively, of a single crystal
with respect to the specimen coordinate system, and the integration is over all orientation space. Equations (8) and (9) represent
an orientation-weighted average of the elastic and stiffness
coefficients, which is based on the fraction of material in each
orientation g present in the specimen. These equations allow
an effective average stiffness tensor and compliance tensor to
be calculated for the specimen based on its crystallographic
texture, as measured by XRD, combined with its single-crystal
elastic coefficients. These average tensors are then used to calculate the effective in-plane Young’s modulus of the specimen.
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TABLE I
R EUSS , VOIGT, AND H ILL AVERAGE VALUES OF I N -P LANE YOUNG ’ S
M ODULUS FOR THE N ICKEL B RIDGE IN T WO BATCHES OF RF MEMS
S WITCHES , C ALCULATED U SING E XPERIMENTAL VALUES OF
S INGLE -C RYSTAL E LASTIC C OEFFICIENTS F ROM TABLE III.
T HE I N -P LANE YOUNG ’ S M ODULI OF A S IMULATED P ERFECT 001
F IBER T EXTURE S AMPLE AND A U NIFORM T EXTURE
S AMPLE A RE A LSO G IVEN

The Hill average [25], an arithmetic mean of the Voigt and
Reuss averages, can be written as [27]
Hill
Sijkl
=

1 R
V
S
+ Sijkl
2 ijkl

(10)

V
V
where Sijkl
= (Cijkl
)−1 . The in-plane Young’s modulus
(Voigt, Reuss, or Hill average) can then be computed by taking
the inverse of the appropriate compliance tensor coefficient S11
or S22 . For example, to calculate the in-plane Young’s modulus
based on the Hill average elastic behavior, the equation is
Hill
Ein
-plane =

1
1
= Hill
Hill
S11
S22

=

1
Hill
S33

.

Fig. 5. Stereogram showing the calculated Hill average in-plane Young’s
Hill
modulus Ein
-plane for the the full range of possible perfect single fiber textures
in nickel films. The in-plane Young’s modulus ranges from 172 GPa for a film
with perfect 001 fiber texture to 232 GPa for a film with perfect 111 fiber
texture.

tals is defined by the three independent single-crystal elastic
coefficients as follows [29]:
A=

C44
2(S11 − S12 )
.
=
S44
− C12 )

1
2 (C11

(12)

(11)

The predicted values of in-plane Young’s modulus for the
nickel bridge of the RF MEMS switches are presented in
Table I.
VI. E FFECT OF C RYSTALLOGRAPHIC T EXTURE ON
I N -P LANE YOUNG ’ S M ODULUS OF N ICKEL AND OTHER
M ATERIALS FOR MEMS A PPLICATIONS
The method presented thus far is sufficient to predict the inplane Young’s modulus of polycrystalline film components in
individual MEMS devices using XRD texture measurements
if the single-crystal elastic coefficients of the material are
known. The value of applying the method depends on how
accurately the in-plane Young’s modulus must be known for a
given application and on the range of possible in-plane Young’s
moduli for a given material, which is related to the degree of
single-crystal elastic anisotropy of the material. In this section,
calculations are made to show the range of in-plane Young’s
moduli that can be expected for various types and strengths of
crystallographic fiber textures in nickel and other materials of
interest for MEMS applications such as polycrystalline silicon,
aluminum, and gold.

If A = 1, the material is elastically isotropic, and its behavior
can be described by two independent elastic constants rather
than three. Nickel is markedly anisotropic with A = 2.43,
which suggests that crystallographic texture can significantly
influence the in-plane Young’s modulus of nickel.
To demonstrate the influence of various types of crystallographic fiber texture on the in-plane Young’s modulus of nickel,
the Hill average in-plane Young’s modulus was calculated
for each possible type of perfect fiber texture in nickel. The
minimum and maximum Hill average in-plane Young’s moduli
are 172 and 232 GPa for perfect 001 and 111 fiber textures, respectively. Thus, the Hill average predicts that a nickel film with
any other fiber texture will have an in-plane Young’s modulus
that falls within the range 172 GPa ≤ Ein-plane ≤ 232 GPa, as
shown in the contour plot in Fig. 5. The Hill average has been
shown to agree well with experimental values of polycrystalline
elastic modulus for moderate values of single-crystal anisotropy
[26] and, therefore, proves practically useful in many cases
even though it is simply a geometric average. The maximum
in-plane Young’s modulus predicted by the Hill average is 1.35
times larger than the minimum in-plane Young’s modulus. We
call this value the fiber texture elastic anisotropy factor F
where
F =

A. Fiber Texture Elastic Anisotropy
A key metric for understanding the potential influence of
crystallographic texture on in-plane Young’s modulus is the
anisotropy factor A [12]. The anisotropy factor for cubic crys-

max
Ein
-plane
min
Ein
-plane

.

(13)

Experimentally measured values of Young’s moduli for
nickel films that lie within the range 172 GPa ≤ Ein-plane ≤
232 GPa can potentially be explained by crystallographic fiber
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TABLE II
E FFECT OF C RYSTALLOGRAPHIC T EXTURE ON I N -P LANE YOUNG ’ S
M ODULUS IN P OLYCRYSTALLINE A LUMINUM , S ILICON , N ICKEL , AND
G OLD . T HESE M ATERIALS A RE C OMMON IN MEMS AND H AVE FCC
AND FCC-R ELATED C RYSTAL S TRUCTURES . T HE A NISOTROPY FACTOR
A, THE H ILL AVERAGE I N -P LANE YOUNG ’ S M ODULUS FOR P ERFECT
F IBER T EXTURES 001, 011, AND 111, AND THE F IBER T EXTURE
E LASTIC A NISOTROPY F A RE G IVEN FOR E ACH M ATERIAL

These calculations show that the in-plane Young’s modulus
of a polycrystalline film component in a MEMS device depends
upon the elastic anisotropy of the material from which it is made
and the type and strength or degree of crystallographic fiber
texture.
VII. C OMPUTER S IMULATIONS TO P REDICT E LASTIC
C OEFFICIENTS

texture. If measurements indicate a value for Young’s modulus
that lies significantly outside this range, then other explanations
should be sought, for example, experimental error or sample
porosity.
The fiber texture elastic anisotropy factor F and Hill average values of in-plane Young’s modulus for 001, 011, and
111 perfect fiber textures were calculated for several materials
of interest for MEMS applications, including polycrystalline
silicon, aluminum, and gold, based on elastic coefficients in
[9]. The in-plane Young’s moduli for these materials follows
the same trend shown in Fig. 5 for nickel. The results, shown
in Table II, demonstrate that larger values of A are correlated
with larger values of F . The larger the value of F , the greater
the influence of crystallographic texture on in-plane Young’s
modulus, and thus, the more important it becomes to estimate
the Young’s modulus based on texture measurements using the
method demonstrated in this paper.

B. Real Films With Fiber Texture
The range of in-plane Young’s modulus for real fibertextured polycrystalline films will be somewhat smaller than
the range shown in Fig. 5 and Table II because real films rarely,
if ever, have perfect or near-perfect fiber texture. More often,
their fiber texture has a finite angular spread or mosaicity, such
that other orientations exist in addition to those whose hkl poles
are perfectly parallel to the film normal direction.
Calculations were made to illustrate how the in-plane
Young’s modulus evolves with increasing degree of fiber texture in nickel, from near-uniform texture (i.e., a nontextured
sample) to near-perfect fiber texture. The calculations were
made by modeling the three fiber textures 001, 011, and 111
in MTEX [19], [20] and calculating their Hill average inplane Young’s modulus as a function of decreasing fiber texture
halfwidth, i.e., increasing strength or degree of fiber texture.
The results are shown in Fig. 6 and demonstrate that weak
001, 011, and 111 fiber textures all have in-plane Young’s
moduli similar to the bulk isotropic value. As each texture
becomes stronger, the in-plane Young’s modulus deviates more
and more from the bulk isotropic value. The 001 fiber texture has the effect of reducing the in-plane Young’s modulus,
while the 011 and 111 fiber textures increase the in-plane
Young’s modulus.

Experimental values of single-crystal elastic coefficients are
sometimes not available in the literature for a material of
interest. In such instances, it is possible to predict the elastic
coefficients using computer simulations. As an example, we use
DFT and MD to predict the elastic coefficients of nickel.
The DFT simulations were performed using SeqQuest, an
electronic structure code from Sandia National Laboratories
[30], which is available for online simulation at nanoHUB.org
[31]. The MD simulations were performed using a Large-scale
Atomic/Molecular Massively Parallel Simulator [32]. In both
cases, two different volume-conserving deformations and an
isotropic expansion were applied to the material, and variation
in system energy (for zero temperature) or stress (at finite
temperatures) with incremental applied strain was used to
obtain three independent elastic constants. Volume-conserving
tetragonal and orthorhombic deformations were used to obtain
the shear moduli C44 and C  , where C  = 1/2(C11 − C12 ). A
deformation of pure dilation was performed to determine the
bulk modulus B where B = 1/3(C11 + 2C12 ). Bulk modulus
is a measure of a material’s volume change in response to
applied uniform pressure, i.e., B = V (∂P/∂V ), where B is
the bulk modulus, V is the volume, and ∂P/∂V is the partial
derivative of pressure with respect to volume. After determining
C  and B, the elastic constants C11 and C12 were calculated
from the equations that relate C  and B to C11 and C12 .
In the DFT simulations, a spin-polarized functional with the
generalized gradient approximation was employed using the
Perdew–Burke–Ernzerhof implementation [33] on bulk singlecrystal nickel. Simulation cells for the finite temperature MD
simulations consist of 10 × 10 × 10 replications of the facecentered cubic (FCC) unit cell, and an embedded atom model
developed by Angelo et al. [34] is used to describe atomic
interactions. Before deformation, the system was equilibrated at
the desired temperature and ambient pressure using isothermal
isobaric MD simulations. Elastic constants were calculated at a
series of temperatures from T = 50 K to T = 450 K.
Elastic coefficients calculated by DFT and MD are shown
in Fig. 7. The results show that the DFT predictions (with no
adjustable parameters) are within 9% of the zero temperature
experimental values [35]; this is the typical accuracy of this
level of theory and is consistent with prior results [36]. The
MD results characterize the softening of the material with
temperature and show that C11 is more temperature dependent
than C12 and C44 , in agreement with experiments [35]. The
room temperature elastic constants calculated from the MD
simulations are within 11% of the experimental results.
Thus, computer simulations can be used to estimate the
elastic stiffness coefficients when experimental values are not
available and, therefore, may prove useful in estimating the
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Fig. 6. Evolution of in-plane Young’s modulus (Hill average) of nickel as a function of fiber texture strength for the three low-index fiber textures 001, 011, and
111, from near-uniform texture on the left to near-perfect fiber texture on the right. Inverse pole figures for the sample normal direction are shown for the three
different fiber textures with fiber texture halfwidth of 15◦ , with contour lines plotted every 1 m.r.d.
TABLE III
S INGLE -C RYSTAL E LASTIC S TIFFNESS C OEFFICIENTS FOR N ICKEL [8]

VIII. R ESULTS AND D ISCUSSION

Fig. 7. Elastic stiffness coefficients C11 , C12 , and C44 computed by (open
symbols) DFT and (closed symbols, in 50-K increments) MD simulations. For
comparison, (closed symbols with error bars) experimentally derived values of
the elastic stiffness coefficients from Table III are included. The DFT values
give the T = 0 K value of the coefficients, while the MD values show how the
coefficients change with temperature.

in-plane Young’s modulus of thin films in MEMS in conjunction with the method demonstrated here. As illustrated by the
MD results in Fig. 7, it is emphasized that elastic coefficients
are not constant but do indeed vary with temperature, which
may be an important consideration for MEMS devices in service at extreme temperatures.

The crystallographic texture of the polycrystalline nickel
bridge in 20 RF MEMS switches—ten switches each from two
separate batches—was quantified using 2-D XRD crystallographic texture measurements and the Rietveld refinement software MAUD [16] as described in Section IV. Recalculated pole
figures were imported into the texture analysis software MTEX
[19], [20], and the orientation-weighted polycrystal Reuss, Hill,
R
H
, Sijkl
, and
and Voigt average elastic compliance tensors—Sijkl
V
Sijkl —were calculated. The in-plane Young’s modulus for each
average tensor was determined using (11). It was found that the
Hill average in-plane Young’s modulus of the nickel bridge was
194.7 ± 1.3 GPa for batch #1 and 199.9 ± 1.1 GPa for batch
#2, as shown in Table I along with the Reuss and Voigt average
values. These estimated in-plane Young’s modulus values are
about 5%–7% less than the bulk isotropic value of Young’s
modulus for nickel, which is about 210 GPa. The differences
between the two batches in texture and predicted Young’s
modulus are due to unintended batch-to-batch variation. The
plating bath and all plating parameters were nominally identical
for both batches. This illustrates how the method can be useful
to assess the effects of unintended batch-to-batch variation
on the elastic properties and, hence, performance of MEMS
devices.
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This reduced in-plane Young’s modulus is expected because
the nickel films have a 001 fiber texture which reduces the
in-plane Young’s modulus as shown in Fig. 6. However, the
001 fiber texture is not a perfect fiber texture, and there is
also a weak 111 texture present, both of which have the effect
of increasing the in-plane Young’s modulus relative to the
expected value for a film with perfect 001 fiber texture, as
shown in Fig. 6. Therefore, the in-plane Young’s modulus of
the nickel bridges is not 172 GPa (18% less than the isotropic
Young’s modulus) as would be expected for a film with perfect
001 fiber texture. Rather, the in-plane Young’s modulus of the
nickel bridges is predicted to be intermediate between that of a
perfect 001 fiber texture (172 GPa) and that of a uniform texture
(209.7 GPa) as shown in Table I. These predictions and the
calculations in Section VI demonstrate the importance of taking
into account the degree of fiber texture, i.e., the orientation
distribution, when estimating the in-plane Young’s modulus
based on crystallographic texture.
IX. C ONCLUSION
A method has been demonstrated for the prediction of inplane Young’s modulus of polycrystalline film components
in individual MEMS devices by rapidly quantifying their
crystallographic texture using 2-D XRD and calculating an
orientation-weighted average of the single-crystal elastic coefficients. Additionally, a first-principle DFT simulation method
for determining the single-crystal elastic coefficients necessary
for the calculation has been presented in the event that the elastic coefficients are not available from published experimental
data.
The method presented here for the quantitative prediction of
in-plane Young’s modulus of components in MEMS devices
has several key advantages over previous methods: 1) It is
based on a full quantitative texture measurement; 2) it does
not assume an idealized perfect fiber texture; 3) it is capable
of measuring individual MEMS devices in an array of devices
if appropriate microdiffraction incident optics are used; 4) it
is rapid, with data collection time on the order of 5–10 min;
5) it may be used on MEMS devices composed of multiple
materials with overlapping XRD peaks; and 6) for materials
whose single-crystal elastic coefficients are not available in the
literature, DFT and MD computer simulations may be used to
estimate coefficients.
The technique was applied to polycrystalline nickel bridges
in RF MEMS switches, and the in-plane Young’s modulus of
the nickel bridges was predicted to be about 195–200 GPa,
about 5%–7% less than the isotropic value of 210 GPa.
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