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Abstract— This paper presents a study of the effects of stress
and thermal expansion of inductively coupled plasma enhanced
chemical vapor deposited (ICPCVD) amorphous Si thin films on
low-temperature microelectromechanical systems test structures.
Experimental data were used in conjunction with finite-element
modeling (FEM) to predict deformation in simple microstructures
across a wide temperature range from 85 to 300 K. Temperature
dependence of residual stress and the coefficient of thermal
expansion (CTE) of ICPCVD Si thin films was investigated by
characterizing the curvature of bilayer thin-film samples through
the use of optical profilometry at low temperature. Extracted
parameters were used in an FEM package to confirm the exper-
imental results by correlating with observed deformation of fabri-
cated test structures. It is demonstrated that the experimentally
determined CTE enables accurate modeling of the mechanical
behavior of thin-film microstructures across a wide range of
temperatures. [2015-0175]

Index Terms— Bi-layer thin films, coefficient of thermal
expansion (CTE), cryogenic, finite element modeling, inductively
coupled plasma enhanced chemical vapor deposited (ICPCVD)
Si, low-temperature, microelectromechanical systems (MEMS),
stress, thin films.

I. INTRODUCTION

ACCURATELY predicting the behavior of microelectro-
mechanical systems (MEMS) is necessary for devices

that function over a wide range of temperatures, thus enabling
prudent design engineering prior to fabrication. This is of
particular relevance for applications in which optical MEMS
are combined with infrared sensing devices, which are typi-
cally cooled to cryogenic temperatures. Control of the internal
stresses in thin films has long been critical for realization of
reliable and stable MEMS devices [1], with Si-based materials
being the most commonly used material in MEMS.

The stress observed at room temperature in inductively cou-
pled plasma enhanced chemical vapour deposition (ICPCVD)
silicon-based thin films has been reported previously [2]–[5].
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Stress in multi-layer structures can result in catastrophic device
failure as well as rendering the device unusable due to mechan-
ical stiffening or distortion. Stresses in such structures can
result from many factors: lattice mismatch between deposited
layers, lattice mismatch between the substrate and deposited
layers, different coefficient of thermal expansion (CTE) in
materials, and variable thermal history inherent in ICPCVD
processing [6].

Understanding the mechanisms that contribute to the
observed stress states, and developing ways to mitigate them,
is critical in MEMS design and application. Huang et al.
studied the effects of residual stresses in ICPCVD silicon
nitride cantilever and fixed-fixed beam structures [2]. Using
finite element modeling (FEM) they identified a symmetric
out-of-plane, or vertical, stress gradient of 275 MPa/μm
ranging from 55 MPa compressive to 55 MPa tensile stress
in cantilever beams of 0.4 μm in thickness. Many studies
have reported on the intrinsic stress and residual strain in
thin films. However, as noted by Huang et al., little has been
reported on stress gradients through the thickness of the film,
which can impact distortion in ways that may obscure results
from traditional residual stress measurement techniques such
as fixed-fixed beam buckling and Guckle ring deformation.

One method for the evaluation of residual stress is through
thin-film induced substrate bending, which provides a means
for determining even relatively low levels of residual stress,
on the order of tens of MPa, in a deposited film. This method
of calculating stress has been used since 1909 when Stoney
reported on the tension in electrolytically deposited metallic
films [7]. Retajczyk et al. used this method in their study
on the temperature dependence of elastic stiffness, CTE, and
intrinsic and thermal stresses of deposited silicides and silicon
nitrides [4]. This technique continues to be used to characterize
film-on-substrate or bi-layer structures [8]–[10].

In devices that must operate over large temperature ranges,
the deformation effects observed due to residual stresses are
often compounded due to a mismatch in CTE between the
substrate and the device layers [11]–[14]. One such example,
addressed in [1], [15], and [16], is that of SiNx-based MEMS
which are processed at above 100 °C and operated at cryogenic
temperatures. For silicon, Young’s modulus (E) and Poisson’s
ratio (v) vary little with temperature, although it has been
observed that thin-film to substrate CTE mismatch induces
stress upon cooling [17]. As discussed earlier, the presence of
stress in a MEMS structure can result in undesired distortion
or complete device failure. To design structures that are
minimally affected by CTE mismatch, FEM can be used,
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requiring that the CTE of the material must first be known.
In this paper, the thin-film induced substrate bending effect

is utilized to evaluate the change in stress with temperature
of an ICPCVD Si thin film. The change in stress with
temperature enables the determination of the CTE of the
deposited material, which is then used in a FEM model of
simple MEMS structures to evaluate against the observed
experimental deformation of fabricated devices.

II. FORMULATION FOR THE DETERMINATION

OF THIN FILM CTE

For FEM of MEMS devices operating across a wide
range of temperatures, the temperature dependence of material
and mechanical properties must be known. When the CTE,
α f (T ), is assumed to be constant with temperature, FEM
predictions of structure deformations as a function of tempera-
ture are highly inaccurate since CTE has a very strong impact
on mechanical behavior from the induced internal stress in
a thin-film substrate assembly due to CTE mismatch. Such
in-plane stresses in the film and the substrate causes structural
distortion, which provides an opportunity to determine the
CTE values of the film and the substrate by characterizing the
shape changes of a film-on-substrate bi-layer structure. Based
on this concept, this section formulates α f (T ) determination
of thin films on a substrate of known CTE, by measuring
curvature change as a function of temperature.

When stress is present in a thin film deposited on a substrate,
the assembly bends. The relationship between the stress in
the film, σ f , and the curvature, c, of this bilayer structure is
described by the Stoney equation [7]:

σ f = Msd2
s

6Rd f
= Msd2

s c

6d f
(1)

where Ms is the biaxial modulus of the substrate, ds is the
substrate thickness, d f is the deposited film thickness, R is
the radius of curvature, and curvature is simply defined as
c = 1/R. If a bilayer structure is then cooled, the mismatch
between the CTE of the two materials will induce additional
stress and change the curvature of the sample [4], [16],
[18]–[20], as described by [4]

dσ

dT
= −M f

(
αs − α f

)
, (2)

where M f is the biaxial modulus of the deposited film, and α f

and αs are the CTEs of the film and the substrate, respectively.
By knowing the CTE of the substrate and measuring the

curvature change (thereby determining the stress change) with
temperature, the CTE of the thin film can be determined
using (2). However, this equation still contains two unknown
parameters, M f and α f . Therefore, a second independent
condition needs to be established. For this we deposit the same
film on two different substrates, and (2) holds true for the
following two simultaneous equations:

dσ1

dT
= −M f

(
αS1 − α f

)
(3)

dσ2

dT
= −M f

(
αS2 − α f

)
(4)

TABLE I

DEPOSITION CONDITIONS FOR ICPCVD a-Si

where the subscripts 1 and 2 refer to substrates 1 and 2,
respectively.

By combining (3) and (4), an equation for the CTE of the
film, α f , can be derived:

α f = αS2
dσ1
dT − αS1

dσ2
dT

dσ1
dT − dσ2

dT

(5)

which requires the experimental determination of stress versus
temperature for the film deposited on two different substrates,
giving dσ1/dT and dσ2/dT . It is assumed that (1) the choice
of substrate does not result in any epitaxy in the film, (2) the
substrate-film compositions have biaxial symmetry, and (3) the
film thickness is much less than the substrate. It is also require
that the sample have L > 5w, so transvers bending of the
sample is not restricted [21].

III. EXPERIMENTAL DETERMINATION OF THIN FILM CTE

This section determines the CTE of a deposited film
using film-induced substrate bending, which provides a simple
method for the determination of CTE.

A. ICPCVD Si Film Deposition

CTE is determined by measuring the curvature of film-
substrate bilayer samples. Two different substrates were used
in this study 90 μm thick Si(100) and 110 μm thick Ge(100).
The wafer substrates were cut to approximately 2 mm×15 mm
in dimension with the length aligned to the 〈110〉 crystallo-
graphic direction. Amorphous Si thin films were deposited
onto the substrates using a Sentech SI 500D ICPCVD system
using the deposition conditions summarized in Table I, with a
resulting thin film thickness of 1 μm.

B. Experimental Setup for Low Temperature
Optical Profilometry

Curvature of film-on-substrate samples was measured using
a Zygo NewView 6K optical profilometer. Fig. 1 shows
the cryostat used for the low temperature curvature. mea-
surements, with the sheath on and a cut-out to reveal the
Si diode, heater, and liquid nitrogen channel. Temperature was
controlled via a PID control loop between the Si diode and the
heater. A thermocouple was placed at the position where the
sample is anchored to the cold finger (position “TC1” in Fig. 1)
to monitor the at-sample temperature. In preliminary testing
an additional thermocouple was placed at position “TC2” to
evaluate the temperature difference between sample anchor
point (TC1) and the sample end (TC2). The system was
verified against a previously measured sample and no thermal
gradient along the length of the sample was observed [22].

To conduct the measurement, a sample strip was mounted to
the cryostat cold finger as shown in Fig. 1 (inset) using silver
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Fig. 1. Experimental setup for the measurement of curvature at low temperatures. The sample is placed at the end of the cold finger as shown in the inset
and a single thermocouple is placed at position TC1.

TABLE II

RELEVANT MATERIAL PROPERTIES OF SUBSTRATES

epoxy. To maintain a uniform temperature across the sample,
a copper thermal sheath with viewing holes was placed over
the mounted sample, which is visible in the viewing window
in Fig. 1. To allow the curvature of the sample to be imaged
using the profilometer, the cryostat was fitted with a 3 mm
thick BK7 window, which required the use of an objective
lens with dispersion compensation for the optical profilometer.
Prior to each measurement, a base pressure of 10−6 Torr was
achieved for the cryostat.

C. Curvature Measurement

Curvature of the substrate wafer was measured prior to film
deposition. The primary axes of the samples were aligned
along the 〈110〉 directions of the substrate wafers, with the
long axis labeled y and short axis labeled x. Curvature data
was taken at different temperatures from room temperature
(300 K) down to 85 K. At each temperature, the sets of
curvature data were recorded, with stress being calculated from
the curvature values using (1), and an average stress at each
temperature was thus determined. A polynomial function was
used as a least-squares fit to the stress versus temperature data,
and the resulting change in stress with temperature dσ/dT ,

Fig. 2. Effect of temperature on curvature of PECVD Si on Ge(100) and
Si(100) substrates. (a) and (b) correspond to ICPCVD a-Si deposited on a
Si substrate. Fig. (c) and (d) correspond to ICPCVD a-Si deposited on a
Ge substrate.

was used to determine the CTE of the film, α f (T ), using (5).
To allow the use of (5) to determine film CTE from the
measured dσ/dT data, some material properties of the Si(100)
and Ge(100) substrates are needed, as listed in Table II.

IV. DETERMINATION OF CTE OF ICPCVD Si THIN FILMS

Fig. 2 shows the effect of temperature on the measured cur-
vature and the corresponding change in stress with temperature
of the ICPCVD Si thin films. Figs. 2 (a) and (b) represent
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Fig. 3. Temperature dependence of the CTE of ICPCVD Si thin films, in
comparison with those of Si (100) and Ge(100) wafers [21], [23], [25]. The
CTE for ICPCVD Si is observed to cross the CTE of the Si substrate at 210 K.

Si deposited on the Si(100) substrate and Figs. 2 (c) and (d)
represent Si deposited on Ge(100) substrates. The separation
of curvature in x and y directions noted in Figs. 2 (a) and (c)
results from the substrates having slightly different curvatures
in the two directions prior to deposition. This is accounted for
in the calculation of stress, and subsequent plots of stress data
over lay in the x and y directions.

Figs. 2 (b) and (d) represent the change in stress with
change in temperature for the Si/Si(100) and Si/Ge(100)
samples, respectively. The data points are the average of four
measurements taken at each temperature with two standard
deviations in the data indicated by the error bands (red band
corresponding to the error in the y-direction stress measure-
ment and the grey band corresponding to the error in the
x-direction stress measurement). Error propagation analysis
from known sources of error provides a lower value than the
two standard deviation values plotted in Fig. 2, the larger value
was chosen for error reporting.

Within the temperature range of the measurement, ICPCVD
Si on Ge(100) substrates demonstrate a positive correla-
tion between thin film stress and temperature. Referring to
(1) and (2), we see that a positive correlation between stress
and temperature is indicative of the deposited film having
a CTE lower than that of the substrate, whereas a negative
correlation indicates that the film has a higher α value than
that of the substrate. This is consistent with the expected values
for ICPCVD Si [9], [10], [27].

A polynomial approximation of the temperature dependence
of stress, σ = f (T ), was best fitted using the least-squares
method for the data shown in Fig. 2. The polynomials, dσ1/dT
for the Si/Ge(100) sample and dσ2/dT for the Si/Si(100),
as shown in Fig. 2, were then used in (5) to calculate the
temperature dependence of CTE, α f (T ), for the ICPCVD Si
films on two different substrates. Fig. 3 shows the α f (T )

Fig. 4. Test structures used to evaluate the effect of CTE mismatch in
experiments and in simulations: (a) fixed-fixed beam, (b) cantilever beam,
(c) and (d) Guckel ring structures. The Si film is 1 um thick, and the heights
in the drawings have been exaggerated 5x for ease of viewing.

for the ICPCVD Si films. Also plotted in Fig. 3 are the
CTEs of Si(100) and Ge(100) wafers in the 〈110〉 directions,
as expressed in Table II, for comparison. The polynomial
equation that best describes the CTE for ICPVD a-Si is also
reported in Table II. It is noted that the deposited a-Si thin film
has a CTE as a function of temperature that is very similar to
that of the Si substrate.

The most notable feature of the curves shown in Fig. 3,
is that the CTE of the deposited a-Si crosses the value
for the substrate CTE at approximately 210 K. This is a
significant finding as a crossing of CTE would be evident by
the deformation behavior observed in a microstructure that
is affected by CTE mismatch. As the temperature is reduced
the apparent stress in the deposited material would become
increasingly compressive down to 210 K. In contrast, below
this temperature the thin film stress would become increasingly
tensile.

Using the experimentally determined CTE of a-Si and
Equation 2, the elastic modulus, M f , for the deposited material
can be determined. Using the data in Fig. 2b and 2d for
dσ/dT , M f = 120 GPa ± 20 GPa across the range of 70 K
to 300 K. This value is in agreement with previously reported
values of elastic modulus for ICPCVD a-Si [26].

V. EFFECT OF CTE MISMATCH ON Si/SUBSTRATE

TEST STRUCTURES

Cooling-induced structure deformation of a number of
MEMS test structures was characterized by means of both
experimentation and finite element modeling (FEM) using the
CTE data determined above. Fig. 4 shows the designs of
the test structures, including cantilever beams (Fig. 4 (b)),
fixed-fixed beams (Fig. 4 (a)) and Guckel rings [28]
(Figs. 4 (c) and (d)). The a-Si films were 1 um thick with
microstructures alligned along the 〈110〉 directions of the
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Fig. 5. Bending of an a-Si cantilever beam caused by an out-of-plane thin
film stress gradient of 160 MPa/μm. (a) Optical profilometry image of the
fabricated cantilever; (b) FEM modelling of the cantilever; (c) comparison of
the height displacement profiles of the cantilever along the length between
the experimental results and FEM.

Si substrate. A sacrificial spacing layer of polyimide was used
to create the space between the substrate and the free-standing
MEMS structures, with anchor points being used to fix the
structure to the substrate. The structures were released by dry
etching the polyimide in an oxygen plasma in a barrel asher
at 150 Watts for 15 minutes.

When depositing films via ICPCVD at elevated temper-
atures, an out-of-plane stress gradient often develops [2],
that can be further enhanced during release steps when the
deposited Si is exposed to an oxygen plasma. Such a stress
gradient is independent of temperature, thus not affecting
the CTE calculations above, but it is critical in accurately
modeling device behavior. Stress gradients may also confound
information obtained from Guckel rings and fixed-fixed beam
test structures. The cantilever structures, which are only sensi-
tive to vertical stress gradients, were used to evaluate the stress
gradient through the film thickness, whereas the Guckel rings
and fixed-fixed beams were used to evaluate stress changes
with temperature due to CTE mismatch between the film and
the substrate.

Fig. 5 shows the observed distortion of an a-Si cantilever
beam, with Fig. 5 (a) indicating the optical profilometry data
of a cantilever beam at room temperature (300 K). Using the
stress strain equation, σ = Eε, with Young’s modulus of
130 GPa for the ICPCVD a-Si [26] and strain in the cantilever

Fig. 6. Effect of cooling on profile distortion of a fixed-fixed beam.
(a) Measured optical profile (left) and FEM model (right) images of the
fixed-fixed beam at 160 K. (b) Beam profile across the width, b – b’, at
different temperatures. (c) Beam profile along the length, a – a’, at different
temperatures.

determined from the curvature of the beam in Fig. 5 (a), the
stress gradient through the thickness of the film is determined
to be dσ/dz = 160 MPa/μm. Fig. 5 (b) is the result of FEM
simulation of the profile of the cantilever, using a film modulus
of 130 GPa, the experimentally determined film stress gradient
of 160 MPa/μm, and parameters from Table II for the Si(100)
substrate. It is noted that good agreement between the model
and the experimental data is observed, confirming the value
of calculated stress gradient.

Fig. 5 (c) plots the profile along the length of the cantilever
as measured at three different temperatures. It is seen that the
deflection in the cantilever did not change with temperature,
indicating that the observed curvature is purely a feature of
stress gradient within the deposited film and not a feature of
CTE mismatch at the anchor.

The first structure used to evaluate thin film deformation due
to CTE mismatch was the fixed-fixed beam shown in Fig. 4 (a).
The beam was cooled in the system shown in Fig. 1, and
optical profile data was taken at different temperatures ranging
from 85 K to 300 K. Using the stress gradient (Fig. 5) and the
experimentally determined CTE (Fig. 3) of the ICPCVD a-Si
film, along with the film Young’s modulus [26] and substrate
parameters (Table II), the fixed-fixed beam was modeled to
evaluate the effect of CTE mismatch on cooling-induced shape
distortion.
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Modelling results were compared to the experimental data,
and Fig. 6 shows the change in beam shape with temperature.
Fig. 6 (a) shows experimental optical profilometery data for
the fixed-fixed beam and the FEM beam at 160 K. Fig. 6 (b)
shows the profile of the beam along the center of the length
direction (from a to a’ as indicated in Fig. 6 (a)) at various
temperatures, for both the experimental and FEM data. It is
noted that at ambient temperature (300 K), the released beam
shows a positive bowing upwards in the length direction.
While upward bending in a beam with zero out-of-plane stress
gradient would indicate a compressive film, FEM indicated
that the previously determined out-of-plane stress gradient of
160 MPa/μm was sufficient to cause the beams to bend up in
the observed manner. In fact, an average 80 MPa tensile stress
was determined through FEM analysis of the fixed-fixed beam
microstructures.

The results in Fig. 6 indicate that as the fixed-fixed beam
sample is cooled, the beam begins to flatten. This implies that
the film is becoming more tensile due to the film contracting
more than the substrate, indicating a film CTE that is greater
than that of the substrate. This experimental observation
is consistent with the measured data presented in Fig. 3.
Fig. 6 (b) shows the profile across the width of the beam,
as measured from b to b’ as indicated in Fig. 6 (a). The
negative bowing across the beam width results from the film
being relatively more compressive on the bottom and more
tensile on the top due to the 160 MPa/μm out-of-plane gradient
present in the films. Since the width is not constrained and
free to deform, no large variation in profile with change in
temperature due to differences in CTE is expected.

Experimentally, as the temperature changed, no correspond-
ing change in curvature of the beam across its width was
observed.

Fig. 7 shows two Guckle ring structures, which were also
used to evaluate the CTE mismatch induced thin film defor-
mation. The Guckle rings pictured in Figs. 7 (a) and (d) are
designed such that the central beam bows or buckles when the
film is under tensile stress, or remains flat when the deposited
film is under compressive stress, with the amount of bowing
indicating the magnitude of tensile stress in the film. Bowing
will also be induced by any out-of-plane stress gradient in the
film. Since two mechanisms for bowing are present, FEM was
used to evaluate the room temperatures stress state.

The overall deformation in the structures indicated that the
films were under an average tensile stress of 80 MPa at room
temperature, in agreement with the value obtained from analy-
sis of the fixed-fixed beam test structures. Fig. 7 (b) and (e)
show the optical profilometry and FEM data for the cross beam
of the 100 μm and 112 μm diameter Guckel ring structures
at 180 K. Fig. 7 (c and f) plot the change in curvature of the
central cross beam with change in temperature. Note that a
rapid change in the direction of deformation is observed in
the 100 μm Guckel ring at 200 K, whereas a more gradual
change is observed in the larger 112 μm ring.

Referring back to Fig. 3, the plot of CTE for the deposited Si
film, we see that the CTE of the deposited Si crosses the CTE
of the silicon substrate at approximately 210 K. This crossing
causes the deformation behavior of the deposited a-Si film to

Fig. 7. Effect of cooling on cross-beam distortion of Guckel ring test
structures. (a) and (d) Optical image (upper) and FEM model image (lower) of
the 100 μm and 112 μm diameter Guckel rings, respectively. (b) and (e) Plots
of the profile along the length of the central beam of the 100 μm and 112 μm
cross-beams, respectively, comparing the experimental distortion to the FEM
prediction at 160 K. (c) and (f) Plots of the change in radius of curvature with
temperature of the central beam of the 110 μm and 112 μm cross-beams,
respectively, comparing the experimental observation to the FEM predictions.

switch about this point. When cooling from 300 K to 210 K
the radius of curvature of the cross beam in the Guckel ring
will increase, indicating a reduction in tensile stress in the
deposited film due to the fact that the film CTE is less than
that of the substrate. For cooling below 210 K the radius of
curvature reduces, indicating an increase in tensile stress in the
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film due to the film CTE now being greater than the substrate.
A similar behavior is observed in the larger 112 μm beam
shown in Fig. 7 (f), where the radius of curvature increases as
temperature is reduced to 210 K, and then remains relatively
constant when cooled below this value. The FEM data shows
good agreement with the experimental results.

VI. SUMMARY AND CONCLUSIONS

The CTE for ICPCVD Si has been determined using the
two-substrate method. Above 210 K CTE for the deposited
a-Si thin film is lower than the substrate, which leads to
increases in compressive stress in the film as it is cooled.
Below 210 K the CTE of the film became greater than the
substrate, which leads to increases in tensile stress in the
deposited film as it is cooled. The small difference in CTE
between the Si substrate and the a-Si film had significant
impact on the deformation of simple MEMS structures.

FEM of the Guckel rings, fixed-fixed beams, and cantilevers
showed good agreement with the experimental observation
from 85 K to 300 K. The cantilevers are a valuable
tool for evaluating out-of-plane stress gradient present in
deposited films.

The fixed-fixed beam showed a decrease of curvature upon
cooling in accordance with the experimentally determined
CTE for the a-Si. As predicted through FEM, the change in
temperature between 300 K and 210 K did not increase the
deformation profile of the beam. However, below 210 K the
increase in tensile stress worked to flatten the beam.

The FEM model also predicted the deformation behavior
of the two Guckel rings due to the CTE mismatch between
deposited a-Si and the substrate. As the rings were cooled
the radius of curvature of the central cross beam increased.
This indicated a decrease in tensile stress, resulting from a
film CTE being lower than the substrate. Below 210 K, the
radius of curvature began to decrease, indicating an increase
in tensile stress in the film, resulting from a film CTE being
greater than that of the substrate.

The cryostat with the optical profilometer set-up makes pos-
sible the observation of low temperature deformation in bilayer
films and simple MEMS structures. Utilizing this tool, the
two-substrate method provides a simple means of accurately
determining CTE from wafer bow. A precise CTE, enables
the accurate modeling of thermally induced deformation of
MEMS down to low temperatures. This capability allows for
pre-fabrication predictive modeling of increasingly complex
structures, giving an opportunity for short loop design steps
aimed at reducing low temperature deformation of MEMS.
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