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Abstract—T-shape, LPCVD silicon nitride cantilevers are fabricated to determine Young’s modulus and fracture strength of
silicon nitride thin films at room and cryogenic temperatures.
A helium-cooled measurement setup is developed and installed
inside a focused-ion-beam (FIB) system. A lead-zirconate-titanate
(PZT) translator powered by a function generator and a dc
voltage is utilized as an actuator, and a silicon diode is used as a
temperature sensor in this setup. Resonant frequencies of identical
cantilevers with different “milling masses” are measured to obtain
thickness and Young’s modulus of the silicon nitride thin films,
while a bending test is performed to obtain fracture strength.
From the experiment, the average Young’s modulus of low-pressure chemical-vapor deposition (LPCVD) silicon nitride thin films
varies from 260.5 GPa at room temperature (298 K) to 266.6 GPa
at 30 K, and the average fracture strength ranges from 6.9 GPa
at room temperature to 7.9 GPa at 30 K. The measurement setup
and technique presented here can be used to characterize the
mechanical properties of different MEMS materials at cryogenic
temperatures.
[1142]
Index Terms—Cryogenic temperatures,
(FIB), fracture strength, Young’s modulus.

focused-ion-beam

I. INTRODUCTION

T

HE advances of MEMS technologies in sensors, actuators,
instruments, and propulsion systems have made it possible
to develop MEMS devices for space and low-temperature applications such as microspacecrafts [1], [2], miniature communications satellites [3], meteorological instrumentation [4], and
high-pressure check valves in cryogenic coolers [5]. The reduction of power and thermal requirements with miniature size and
weight has made MEMS technologies attractive for these applications. Recently, two-dimensional microshutter arrays, used as
a programmable field selector for a Multi-Object Spectrometer
(MOS) on the James Webb Space Telescope (JWST), have been
developed at NASA Goddard Space Flight Center [6], [7]. The
microshutter arrays, made of silicon nitride thin films, require
cryogenic operation at 30 K to reduce thermal emission into the
instrument. Since the JWST operates in outer space without the
possibility of human intervention or maintenance, a complete
understanding of mechanical properties and reliability issues at
cryogenic temperatures is necessary to design MEMS devices
for this environment.
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There has been a long history for scientists to investigate the
material properties of macroscale specimen at cryogenic temperatures [8]. Current research in this field includes applications
of superconductivity [9], cryosurgery systems [10], low-temperature biotechnology [11], and cryogenic operation of microelectronics [12]. To extend MEMS applications into cryogenic environments, the mechanical properties of thin film materials at
cryogenic temperatures must be investigated. There are several
techniques that have been used to measure the mechanical properties of thin-film materials at room temperature. Direct tension
test [13] is an effective method to measure the mechanical properties and the corresponding measured data can be easily interpreted. Nevertheless, the requirements for sample alignment and
deflection measurement are stringent. In addition, the sample
preparation and experiment setup are complicated. A test structure actuated by electrostatic voltage such as in the M-test [14] is
another widely used method. The disadvantage is that only conductive materials are suitable for this technique. A probe-based
nanoindentation system [15] with load and displacement resolution better than 0.01 N and 0.1 nm, respectively, has also
been extensively utilized to characterize the mechanical properties. An indenter tip is brought in contact with the test structure,
possibly damaging it. Hardness and Young’s modulus are then
calculated from the load-displacement curve. However, all these
methods are difficult to implement in a cryogenic environment.
This paper presents the detailed design of the measurement
setup with a PZT translator (PI Inc., Model: PL 122.251) and a
microneedle installed inside a focused-ion-beam (FIB) system.
Instead of using conventional cantilevers, beams with T-shape
structures are utilized in this study. The Young’s modulus of
LPCVD silicon nitride thin films at room temperature and 30 K
is characterized by measuring the resonant frequencies with different milling masses (milled by the FIB system), and the fracture strength is obtained by a bending test. The present measurement setup and experimental techniques are suitable for measurement in a large range of temperatures (from room to 20 K)
and can be easily extended to characterize a series of MEMS
materials.
II. DESIGN OF CRYOGENIC MEASUREMENT SETUP
The measurement setup is designed to be installed inside
a FEI-620 FIB system as shown in Fig. 1. FIB systems have
been widely used in the semiconductor industry to repair
masks and interconnection wires, to provide mask-less ion
implantation, and to study failure mechanisms [16]. Recently,
the fabrication of microstructures of various geometries and
prototype nanoscale devices [17] have also been successfully
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Fig. 1.
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FIB system with a measurement setup installed inside.

demonstrated using FIB systems. The FEI 620 used in our experiment is a dual beam system, with ion and electron columns,
permitting ion milling and in situ scanning electron microscopy
(SEM). This system also has the ability of depositing platinum
(Pt) by ion-induced metal-organic chemical-vapor deposition
(MOCVD). These unique capabilities make FIB an appropriate
tool for characterizing the mechanical properties of MEMS
materials at cryogenic temperatures.
Fig. 2 shows the configuration of the measurement setup
inside the FIB system. Liquid helium (LHe) in combination
with a resistive thermal source is used to control the temperature from 30 K to room temperature by adjusting the flow
rate of LHe and the electrical current flowing through the
resistor. Since the measurement setup operates at temperature
levels much below ambient temperature, heat transfer is the
main concern when designing such a setup [18]. To obtain a
cryogenic environment, a thermally isolated device stage with
cooling power is required. In our design, the cooling power is
provided by a helium diffuser that is connected to a thermally
isolated x-y-z stage (rotate-able and tilt-able) with a flexible
wire providing a thermal path. Since copper has high thermal
conductivity and can be machined easily, the device stage,
helium diffuser and thermal path are made from copper. Three
G-10 (a continuous filament glass cloth material with an epoxy
resin binder) standoffs are used as thermal insulators (thermal
conductivity of 0.04 W/m K at 30 K) to minimize conduction
heat transfer between the device stage and the FIB chamber.
mbar) inside the FIB system,
Due to a high vacuum (
convection heat transfer can be neglected. However, in most
cryogenic setups, the primary mode of heat transfer is generally
radiant heat transfer. In our design of the radiant shield, an aluminized Mylar layer [19] enclosing the device stage is utilized
to reduce radiant heat transfer (see Fig. 3) since the emissivity
of aluminized Mylar is lower than that of stainless steel/aluminum oxide chamber wall. There is no thermal conduction
path between the Mylar shield and the device stage.
A diode temperature sensor attached to the device stage with
thermal response time of 10 ms at 4.2 K and accuracy of 0.25 K

Fig. 2. Configuration of the measurement setup: (a) schematic view and
(b) photograph of the system.

Fig. 3. Measurement setup with three layers of aluminized Mylar shields.

at 30 K [20] is utilized to measure the temperature of the chip.
The temperature reading and calibration is obtained from a temperature controller [21]. This cryogenic setup has been successfully tested to achieve temperature as low as 20 K with
a required cooling time of 16 min. For actuating test devices,
a PZT translator powered by a function generator and a DC
voltage is attached to a G-10 plate with a stycast epoxy [19].
The G-10 plate is then fixed on a 3-D stage controlled by rotary
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nant frequency is measured by pointing the electron beam in a
fixed position where the vibrating cantilever moves in and out
of the electron beam path. This modulates the secondary electron detector signal with the frequency of vibration. This signal
is acquired with an oscilloscope and the approximate resonant
frequency is determined. Subsequently, the microneedle driven
by the PZT translator contacts with the chip and vibrates the
cantilever near the frequency determined previously. The frequency is varied over a small range and the response is monitored to determine the exact resonant frequency and the quality
factor. Fig. 5. shows the schematic mechanism of the resonant
test and Fig. 6. is a SEM picture illustrating that each cantilever
vibrates only when the driving frequency of the PZT translator
matches with its resonant frequency.
Once the first resonant frequency is determined, the Young’s
modulus from (1) is given by
Fig. 4. Schematic diagram of a T-shape cantilever for resonant tests.

(2)
feed-throughs. A small G-10 tube (10 mm in length, 3.5 mm in
diameter, and 0.6 mm in wall thickness) is attached on the top
surface of the PZT translator. A microneedle is mounted to the
metal part at the end of this tube. A flexible copper wire (thermal
path) cooling the microneedle is soldered to the metal part of the
G-10 tube. This configuration prevents malfunction of the PZT
translator as it remains warm during cryogenic operation of the
microneedle.
III. DEVICE DESIGN AND EXPERIMENTAL TECHNIQUE
A. Young’s Modulus of Thin Films
As mentioned earlier, the resonant technique is used to determine the Young’s modulus of silicon nitride thin films. Unlike
is added to the end of a
conventional cantilevers, a mass
cantilever as shown in Fig. 4 to form a “spring-mass” system
whose first resonant frequency can be measured and computed
analytically. The purpose of this design is to reduce the resonant
frequency of this T-shape cantilever to a range that can be easily
measured. From beam theory, the first resonant frequency of a
T-shape cantilever is expressed as [22], [23]

(1)

where
is a constant and equal to 0.2357) is the effective
mass of the cantilever beam in region A,
is the added mass of
region B, is the first resonant frequency in Hz,
is the effective cantilever length, and is the Young’s modulus.
, where
The area moment of inertia is equal to
is the width of region A, and is the thickness of the cantilever.
Here, T-shape cantilevers are modeled as structures under uniaxial stress. This may violate the condition of biaxial stress at
the supporting boundary and lead to error in the expression of
the resonant frequency. However, this effect can be neglected
due to small introduced error (less than 1.1%) according to finite element analysis simulations.
In our resonant tests, one cantilever is first pushed vertically
with the microneedle and then released. The approximate reso-

which is expanded in terms of thickness as follows:
(3)
where is the mass density. From (3), the dimensions of T-shape
cantilevers are critical parameters to calculate Young’s modulus. In general, the width and length of a cantilever are determined by layout design of the optical mask and can be measured
directly inside the FIB system. On the other hand, the uncertainty of the thin film thickness is the primary source of error
for the existing method. To solve this problem, the added mass
method has been used to obtain the thickness of a cantilever
[24], [25]. A small mass is added to a cantilever and the change
in the resonant frequency due to an added mass is measured to
calculate the thickness and Young’s modulus. The disadvantage
of this method is the difficulty to obtain the accurate mass added
to the cantilever. Furthermore, to manipulate a bead (mass) on
the microscale or nanoscale cantilever is a challenging task.
In contrast, the milling mass approach is introduced in our experiment. The area of the milling mass is determined precisely
from the ion-milling pattern. The approximate thickness is estimated from the milling rate and the milling time, measured by
the milling of test samples and End Point Detection (EDP) in
is milled away from
the FIB system, respectively. If a mass
the end of a cantilever, the first resonant frequency can be expressed as
(4)
The resonant frequencies with different milling mass
are
and
is plotted.
measured and the relation between
Here, the change of the effective cantilever length is calculated by the shift of the center of the mass in region B due to the
milling mass . Consequently, the y-intercept yields the effecand thickness of this T-shape cantilever,
tive mass
and the slope gives the Young’s modulus.
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Fig. 5. Schematic diagram of the mechanism for resonant tests.

Fig. 6. SEM picture of a vibrating cantilever. Only the second one from top on
the right column vibrates because the driving frequency of the PZT translator is
near its first resonant mode.

B. Fracture Strengths of Thin Films
For measuring the fracture strength of silicon nitride thin
films, bending tests of T-shape cantilevers are performed. The
dimensions of the T-shape cantilevers used for bending tests
(Fig. 7) are different from those used in the resonant tests. We
select the width and length in region B to be larger than those
in region A such that region B is rigid relative to region A
during the bending test. If a force F is applied to a cantilever at
from the fixed end, the inclination of the end
a distance
) can be expressed as [22], [23]
region A (at
(5)
where
is the length of region A, is the Young’s modulus,
and is the moment of inertial of region A. Equation (5) is valid
is equal to
only when is small. If we assume
, the above equation can be rewritten as
(6)
Therefore, the maximum moment M about the fixed end of the
beam is
(7)

Fig. 7.

Schematic diagram of a cantilever for bending tests.

In our experiment, the large blade of a cantilever (region B) is
pushed by the micro-needle through a rotation angle . The peak
stress occurred at the fixed end and is expressed as
(8)
where is the half thickness of the cantilever. Since the accurate position and force of the micro-needle applied to the cantilever are difficult to measure, the stress determined from (8)
has the advantage of being insensitive to the force position if
n is large, and the value of the applied force is not needed. The
maximum bending angle before failure is measured and the fracture strength of the silicon nitride thin film can be obtained.
IV. DEVICE PREPARATION
T-shape cantilevers are fabricated using bulk micro-machining techniques. A layer of low-stress LPCVD silicon
nitride with an approximate thickness of 0.45 m and residual
stress of 200 MPa is first deposited on a 500- m-thick silicon
substrate. The silicon nitride thin film is then patterned by
reactive ion etching (RIE). Finally, the wafer is placed into a
20%, 72 C potassium hydroxide (KOH) solution [26] for 2.5
hours with uniform agitation to release the T-shape cantilever
structures. The etching apparatus sits inside a constant-temperature thermal bath (NESLAB GP-300) with a condenser to keep
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SEM picture of cantilever 1 at the first resonant mode.

the concentration of KOH steady. A magnet positioned under
the solution beaker along with a magnetic stirring bar in the
KOH solution is used to produce uniform agitation (1000 rpm).
The etch rate from the experiment is 0.79 m/min. The depth
of the etched v-groove is 118.5 m and the undercut of silicon
(lateral etch) is 4 m.

207 to 310 GPa [28]. Schneider and Tucker reported a Young’s
modulus of 230–265 GPa for 0.2–0.3 m silicon nitride thin
films [29], and Tabata et al. obtained 290 GPa for 0.5 m
LPCVD silicon nitride thin films [30]. Therefore, the measured
Young’s modulus is certainly within the range of the reported
values.
After room temperature tests are finished, all cantilevers are
cooled down to 30 K in the cryogenic setup and the resonant frequencies of these cantilevers are measured again. The Young’s
modulus calculated from (4) is shown in Table III and has an
average of 266.6 GPa with a standard deviation of 4.1 GPa.
(K ) is used as the coefficient of
Here, the value of
thermal expansion (CTE) of silicon nitride for dimension modification. Although the value of CTE of silicon nitride varies
to
(K ) [27], [31] and is also
from
a function of temperature, less than 0.1% error is introduced in
the calculation of the Young’s modulus if only a single value
is used. However, the variation of temperature will introduce
thermo-mechanical stress and may cause local spring hardening
or softening at the supporting boundary. The thermo-mechanical
stress can be expressed as [27]
(9)
(10)

V. MEASUREMENT RESULTS
A. Young’s Modulus
Before the resonant test, ion milling is performed to obtain
a fixed boundary of the cantilevers, while the dimensions are
measured directly inside the FIB system. A T-shape cantilever
(cantilever 1) driven to its first resonant mode by the PZT translator is shown in Fig. 8. The vibration amplitude of this cantilever near the resonant frequency is measured and the resulting
resonant spectrum is shown in Fig. 9. The quality factor determined from the resonant spectrum is as high as 2050, which is
expected due to the high vacuum inside the FIB system. Therefore, the damping effect for Young’s modulus extraction can be
%). Different masses
neglected (the error is less than
at the end of the cantilever are milled away by the ion-milling
function of the FIB system as shown in Fig. 10 and the corresponding resonant frequencies are measured as shown in Table I.
kg/m for LPCVD silicon nitride
Here, a density of
thin films [27] is used to calculate the milling mass . The reand
is plotted and the equation of a
lation between
straight line for best fitting is found using Mathematica (version
4.2, software package developed by Wolfram Research Inc.) as
shown in Fig. 11. Hence, the extracted thickness and Young’s
modulus are obtained from the y-intercept and the slope of this
straight line, respectively. In our experiments, only one cantilever is milled away several times. For the other cantilevers,
a single mass is milled away for the extraction of the thickness
and Young’s modulus. Table II presents the values of the extracted thickness of the cantilever and the Young’s modulus of
our LPCVD silicon nitride thin films.
From Table II, the average Young’s modulus of low-stress,
LPCVD silicon nitride thin films at room temperature is
260.5 GPa with a standard deviation of 5.4 GPa. The Young’s
modulus of bulk silicon nitride is known to be in the range of

where
is the thermal strain of silicon nitride,
is the CTE,
is the thermo-mechanical stress of silicon nitride, and is
(K ) is used for
Poisson’s ratio. If the value of
the CTE of silicon, this thermomechanical stress is found to be
MPa at 30 K. Since the combination of this thermomechanical stress and the residual stress is still in a range of few
hundred MPa, this effect can be ignored with negligible error.
From our measurements, the Young’s modulus increases
from 260.5 GPa at 298 K to 266.6 GPa at 30 K. The increase
of the Young’s modulus at low temperature is significant
[32] and can be
according to the Student T test
explained by the fact that the distance of atom or ion separation
decreases at low temperature. This distance is determined by
the minimum potential energy, i.e., the first derivative of the
potential energy is equal to zero. As temperature is decreased,
interatomic force (second derivative of the potential energy)
tends to increase because of the decrease of atomic distance.
Since elastic reaction is due to the action of this force, the
Young’s modulus increases at lower temperatures.
B. Fracture Strength
A bending T-shape cantilever before and after fracture is
shown in Fig. 12. In our experiments, T-shape cantilevers with
larger region B are fabricated to make region B relatively rigid
.
to region A and to minimize the measurement error of
Although the deflection at the tip of a cantilever caused by
the stress gradient is proportional to the square of the beam
length, no obvious bending curvature is found even in our
longest cantilever. The dimensions of conventional cantilevers
used in bending tests can vary in a large range from mm to
nm [33]–[35], mainly determined by the considerations of
measurement setups and stress gradients of the beams.
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Fig. 10.
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Resonant spectrum of cantilever 1. The insert is the close-up of the spectrum near the resonant frequency.

SEM picture of cantilever 1 with 12.15 pg milling mass.

Several phenomena are observed in our bending tests. First,
larger than 3 m still survive
we find the cantilevers with
the bending force even when they reach the side walls of the
v-grooves as shown in Fig. 13. Second, since the displacement
of the cantilever is much larger than its thickness at the fracture point, in-plane stress cannot be neglected. Hence, (8) is not
valid in this condition. Third, as mentioned in the section of device preparation, the boundary at the end of the cantilever is
floating due to the undercut of silicon in the KOH solution. To
accommodate these factors, an ANSYS finite element analysis
(FEA) model is developed to obtain accurate fracture strength.
Due to the symmetry of a T-shape cantilever, only half of the
test specimen is needed in this model. In addition, the curvature
of region A caused by the fabrication process is measured and
used to simulate the stress concentration of region A.
, the disInstead of measuring fracture angle at
placement at
is determined and used as the input of the
FEA model as shown in Fig. 14. From the simulation results,
the maximum stress occurs at the edge of region A. Here, the
Young’s moduli of 260.5 GPa and 266.6 GPa are used for 298

K and 30 K respectively and the Poisson’s ratio of 0.23 is used
for both temperatures in this model [36]. The fracture strengths
of LPCVD silicon nitride at 298 K and 30 K are presented in
Table IV. From this table, the average fracture strength at 298
K is 6.9 GPa with a standard deviation of 0.6 GPa. In previous
work, Yang et al. reported the fracture strength of 12.1 GPa [37]
and Coles et al. obtained 6.4 GPa [38], both for LPCVD silicon
nitride thin films. The difference is mainly caused by different
fabrication processes and testing techniques. Hence, the measured fracture strength is still within the range compared with
the reported values.
The average fracture strength at 30 K is 7.9 GPa with a standard deviation of 0.7 GPa. The increase of the fracture strength
at low temperature can be explained by less thermal agitation.
As the temperature is lowered, the atoms in the specimen vibrate less vigorously. A larger applied stress is required to initiate a crack to break the specimen, leading to a higher fracture strength. However, the above explanation is only valid for
a defect-free material. For most brittle materials, the fracture
strength is determined by stress concentrations from growth
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Fig. 11.

Linear plot of milling mass m versus (L

f

)

for cantilever 1.

TABLE I
DIMENSIONS OF CANTILEVER 1 WITH EFFECTIVE LENGTH AND MEASURED
RESONANT FREQUENCY

DIMENSIONS

OF

TABLE II
CANTILEVERS WITH EXTRACTED THICKNESS
YOUNG’S MODULUS

TABLE III
EXTRACTED YOUNG’S MODULUS
AT 298 K AND 30 K

RESONANT FREQUENCY

AND

AND

C. Discussion

flaws, yet their variations at cryogenic temperatures are still not
clear.

From this study, the Young’s modulus of LPCVD silicon nitride thin films increases by 2.3% from 298 K to 30 K, while
the fracture strength increases by 14.5%. Several uncertainties
may cause errors in the extraction of these properties. First, even
though the errors introduced from using a single value of CTE
and Poisson’s ratio is small, exact values at cryogenic temperatures should be obtained to minimize these errors. Second, the
cross sections of the test specimens are not perfectly rectangular
due to the fabrication process, especially at the smaller widths.
This effect is not considered in the FEA model. Third, the temperature of the test cantilever may be different from the temperature measurement of the diode sensor due to thermal resistance between the device chip and copper (device) stage. Furthermore, radiant heat transfer is not zero since the device stage
is not wholly enclosed by aluminized Mylar layers. However,
the influence of temperature uncertainty is insignificant because
of small temperature dependence of the Young’s modulus and
fracture strength of LPCVD silicon nitride thin films. An inte-

CHUANG et al.: MECHANICAL PROPERTY CHARACTERIZATION OF LPCVD SILICON NITRIDE THIN FILMS

877

Fig. 12. SEM pictures of a cantilever (a) before and (b) after fracture during
the bending test.

Fig. 14. ANSYS finite element analysis model (a) mesh of the test specimen
using “solid 92” element (b) the stress distribution.

The blade of this microshutter is made of silicon nitride, aluminum, and cobalt/iron thin films where it curls up 15 m at
30 K due to this effect.
VI. CONCLUSION

Fig. 13.

Bending test of a cantilever with L = 3 m.

grated temperature sensor is developed to measure the chip temperature more accurately for further study.
For designing MEMS devices operating at cryogenic temperatures using LPCVD silicon nitride thin films, one can use the
values of the Young’s modulus and fracture strength at room
temperature as the first design parameters. This method is conservative and safe for the first device demonstration. However,
for composite structures, the stress caused by the mismatch of
CTE at cryogenic temperatures is more pronounced than the
change of the Young’s modulus and fracture strength, especially
for optical MEMS devices requiring flat surfaces. Fig. 15 shows
a SEM picture of a microshutter test device at 298 K and 30 K.

This paper presents the design and development of a
measurement setup with liquid helium input for mechanical
property characterization of thin film materials at cryogenic
temperatures. This setup has been successfully tested to achieve
temperature down to 20 K. The concept of using T-shape cantilevers instead of conventional ones is discussed and the test
specimens are fabricated by bulk micromaching technique,
which is a relatively simple process. The resonant test is carried
out to obtain the Young’s modulus of LPCVD silicon nitride
thin films. To determine the thickness of the cantilever, the
variation of resonant frequencies with different milling masses
is recorded and an analytic model is developed to extract the
thickness and Young’s modulus simultaneously. The fracture
behavior of LPCVD silicon nitride is characterized using the
bending test combined with a FEA model.
From the experiment, the Young’s modulus of LPCVD
silicon nitride thin films varies from 260.5 GPa at 298 K to
266.6 GPa at 30 K, and the fracture strength ranges from
6.9 GPa at 298 K to 7.9 GPa at 30 K. The increase of the
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TABLE IV
TEST RESULTS OBTAINED USING ANSYS FEA MODEL WITH BENDING MEASUREMENTS AS INPUTS AT 298 K AND 30 K

understanding of mechanical property behavior at cryogenic
temperatures.
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