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An electrostatic actuator for fatigue testing of low-stress
LPCVD silicon nitride thin films
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Abstract

An electrostatic actuator and mechanical-amplifier (MA) device has been designed and fabricated to study fatigue properties of low-stress
LPCVD silicon nitride thin films. The device consists of two resonators connected serially with a common torsion bar. When pumping
electrostatic energy into the first resonator, the energy is transferred to the second resonator via the common torsion bar. The mechanical
m nant mode.
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ovement of the second resonator is thus amplified, introducing high stress levels (up to 7.7 GPa) when actuated at its first reso
ll devices were tested inside a focused-ion-beam (FIB) system with pressure of 10−6 Torr at room temperature (23± 1 ◦C), and the tes
uration ranged from 5 s to 8.5 h, 105 to 109 cycles, respectively. An ANSYS finite-element-analysis (FEA) model was built to dete

he maximum operating stress of the devices. From the experiment, no failure of low-stress LPCVD silicon nitride thin films
ound even up to 109 cycles when testing at stress amplitude below 5.8 GPa with a load ratio of 0.03. The presented device d
xperimental technique can be used to characterize fatigue properties of different microelectromechanical systems (MEMS) ma
he test results are utilized in the design of microshutter arrays, programmable field selectors in the NASA James Webb Space
JWST).

2005 Elsevier B.V. All rights reserved.
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. Introduction

Due to the rapid innovation of microelectromechanical
ystems (MEMS) technologies over the last few decades,
variety of innovative micro-scale machines and sensors

ave been developed. Associated with these advances in
esign, fabrication, and packaging of microsystems is an
xpansion of the set of materials available to MEMS de-
igners. In order to ensure performance and reliability of
EMS devices for long periods of time, it has become

ncreasingly important to understand the time- and cycle-
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dependent degradation of MEMS materials in their opera
environment.

Fatigue, the failure of a material at less than its ultim
strength after a number of cyclic loadings, is the most im
tant and commonly encountered mode of failure in struc
materials. Mechanisms for the fatigue of ductile and
tle materials at macro-scale have been generally estab
after a century of research. However, the study of bulk m
rials in fatigue failure can not be directly applied to MEM
structures[1–3].

The characterization of fatigue properties on the mi
scale is challenging due to the small dimensions of tes
vices. In previous research, several test devices were des
and fabricated. Bagdahn and Sharpe[4] developed a 3.5�m
thick and 50�m wide tensile specimen under tension–ten
cyclic loadings to study reliability of polycrystalline silico
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Similar micro-structures were adopted for cyclic loadings of
LIGA (an acronym of lithography, electroplating, and mold-
ing) nickel films[5]. Although the direct tension test is an ef-
fective method for fatigue characterization, the requirements
for strain measurement and sample alignment are stringent.
Another approach is to integrate test specimen and setups
with electrostatic actuation on the same chip. Ballarini et al.
fabricated arrays of comb actuators with a notch, operating at
their resonant modes during the test[6]. The deformation of
the specimen, which would be converted into propagation of
the crack at the notch, was recorded during the experiment.
Their analysis was based on measured deformations and ex-
tensive finite-element-analysis (FEA) modeling. Van Arsdell
and Brown used resonating circular comb drive actuators with
a notch to detect damage under repeated loadings according
to the same operation principle[7]. However, all these tech-
niques mainly focused on conductive polycrystalline silicon
thin films.

Currently, two dimensional microshutter arrays are being
developed at NASA Goddard Space Flight Center (GSFC),
to be used as programmable field selectors for a multi-object
spectrometer (MOS) on the James Webb Space Telescope
(JWST)[8,9]. The elements of the microshutter arrays were
made of LPCVD silicon nitride thin films with suspended
torsion bars (Fig. 1). Since the JWST operates in outer
space, making maintenance extremely complicated, a com-
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MEMS materials and can be extended for different MEMS
applications.

2. Device design

For most MEMS devices, the maximum stress level dur-
ing operation is usually kept low to prevent fracture or fatigue
failure at an early stage. Instead, to study fatigue properties
of structural materials, the stress level must be high enough
and controllable. Among different actuation mechanisms in
MEMS devices, electrostatic actuation is utilized in this study
since it can provide fast response and relatively simple fab-
rication processes. However, the usage of electrostatic actu-
ation to achieve high stress level is challenging due to the
limitation of applied voltage across a fixed gap. If the gap
between two electrodes is increased, the required amplitude
of applied voltage becomes extremely high to actuate these
structures. On the other hand, if the gap is small, there is not
enough room for movement to introduce high stress levels to
structures.

In our device design, a mechanical-amplifier device based
on the concept of coupled resonators[10,11] is proposed as
shown inFig. 2. Two resonators are connected serially with a
common torsion bar to address the limitation of electrostatic
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lete understanding of mechanical properties and rel
ty issues is critical for the development of the microshu
rrays.

This paper presents a design of electrostatic test de
mechanical-amplifier (MA) devices) with dimensions si
ar to the elements of the microshutter arrays to emulate
ional operating stress for fatigue study of low-stress LPC
ilicon nitride thin films. In order to obtain different stre
evels without high applied voltage, mechanical amplifi
ion of mechanical-amplifier devices was achieved usi
esonant technique. Additionally, all experiments were
ormed inside a focused-ion-beam (FIB) system base

designed measurement setup. The presented devi
ign, fabrication processes, and experimental technique
uitable for characterizing fatigue properties of a numb

Fig. 1. Micrograph of a microshutter array fabricated at NASA GSF
-

ctuation discussed above. When operating, electrosta
rgy is applied toresonator 1and this energy is transferr

o resonator 2with a common torsion bar. The vibration
esonator 2is then amplified by its quality factor when t
requency of pumped energy matches its resonant frequ
nducing high stress levels on the torsion bar. Based on
peration principle, the vibration amplification and am

ude ofresonator 2can be controlled by the frequency a
mplitude of the input electrostatic energy, respectivel

his design,fixed beam 1is used to increase lateral st
ess to prevent non-torsional movement on the torsion
ithout significant energy loss during operation. The dim
ions of our mechanical-amplifier devices are present
able 1.

An analytic model is developed to estimate the st
evel on a mechanical-amplifier device. For a given tor

applied to a torsion bar, the maximum shear stress c

ig. 2. Schematic diagram of a mechanical-amplifier device for fatigue
ng.
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Table 1
Dimensions of mechanical-amplifier devices

Torsion bar (�m) Blade region (�m) Neck region (�m) Fixed-beam 1 (�m) Thickness (�m)

Lt Wt Lb Wb Ln Wn Lf Wf T

108 2 95 35 15 5 40.5 0.8 0.5

expressed as[12]

τmax = 3T

8ab2

[
1 + 0.6095

b

a
+ 0.8865

(
b

a

)2

− 1.8023

(
b

a

)3

+
(

b

a

)4
]

for a ≥ b (1)

wherea is half the long edge of the rectangular section and
b is half the short edge. The torqueT is related to the twist
angleθ by

T = θKG

L
(2)

and

K = ab3
[

16

3
− 3.36

b

a

(
1 − b4

12a4

)]
(3)

here,L is the torsion bar length andG, the modulus of rigid-
ity. The above equations neglect the stress concentration at
the end of the torsion bars, and are only applied to predict
maximum shear stress ofresonator 2as shown inFig. 2.

3. Fabrication

fer
(
s ni-

tride: 183.4± 14.7 MPa) as shown inFig. 3. A layer of 50Å
chromium and a layer of 500̊A gold are deposited and pat-
terned using a sputtering system and wet etching (chromium
and gold etchants), respectively, to form the electrodes on
resonator 1. Device structures are then defined on a silicon
nitride thin film using reactive ion etching (RIE). Front-to-
back alignment is performed to determine the open windows
for deep reactive ion etching (DRIE) on the backside of the
wafer. The front side of the wafer is then bonded to a handle
wafer using photoresist to protect metal layers from further
processes. Silicon nitride and thermal oxide in the open win-
dows on the backside are removed by RIE and buffered ox-
ide etch (BOE), respectively. The silicon substrate is etched
through from the open windows using DRIE. The thin thick-
ness of silicon wafers used in this experiment provides a more
accurate etch profile control with thermal oxide as an etch
stop layer during DRIE process. Finally, the thermal oxide
(etch stop) is removed with BOE and the wafer is released
from the handle wafer. The mechanical-amplifier device after
fabrication is shown inFig. 4.

4. Experimental techniques

4.1. FIB system with a measurement setup

igned
a ng’s

F ition an st
s rns the d mask).
R

The fabrication process begins with a thin silicon wa
250�m) coated with 0.5�m thermal oxide and 0.5�m low-
tress LPCVD silicon nitride (residual stress of silicon

ig. 3. Process flow of device fabrication. (a) Chromium/gold depos
tructure on SiN using reactive ion etching (second mask). (c) Patte
emoves the oxide layer (etch stop of DRIE).
In our previous work, a measurement setup was des
nd installed inside a FIB system to characterize You

d patterning for the electrodes ofresonator 1(first mask). (b) Defines the te
backside and use DRIE to etch through thin silicon substrate (thir(d)
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Fig. 4. Micrograph of a mechanical-amplifier device after fabrication.

modulus and fracture strength of LPCVD silicon nitride thin
films at cryogenic temperatures[13]. The FEI 620 FIB 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 to deposit
platinum (Pt) by ion-induced metal-organic-chemical-vapor
deposition (MOCVD)[14].

Fig. 5shows the configuration of the measurement setup
inside the FIB system. A lead-zirconate-titanate (PZT) trans-
lator powered by a DC voltage was attached to a G-10 (ther-
mal and electrical insulator) plate. The G-10 plate was then
fixed on a 3-D stage controlled by three stepper motors. A
small G-10 tube (10 mm in length, 3.5 mm in diameter, and
0.6 mm in wall thickness) was attached on the top surface of
the PZT translator. A micro-needle, for use as a ground elec-
trode in actuating mechanical-amplifier devices (discussed in
the next section), was mounted to the metal part of the G-10
tube with a copper wire as an electrical conduction path. The
combination of the PZT translator and the 3-D stage provides
the capability to manipulate the micro-needle. In addition, the
device stage shown inFig. 5can be rotated and tilted.

4.2. Vibration frequency determination

In the FIB system, an SEM image is formed by collecting
t am is

Fig. 6. Schematic diagram of the mechanism for vibration frequency deter-
mination.

scanned over the surface of a specimen. The collected sec-
ondary electron signal varies with the topography and com-
position of the specimen. This principle can be applied to
measure vibrating frequencies of a mechanical-amplifier de-
vice. Instead of scanning over the whole surface, a point elec-
tron beam is placed in a fixed position where the vibrating
blade of a mechanical-amplifier device moves in and out of
the electron beam path. This modulates the secondary elec-
tron signal with the frequency of vibration and this signal
is acquired with an oscilloscope to determine the vibrating
frequency. The mechanism of the vibration frequency deter-
mination inside the FIB system is shown inFig. 6.

4.3. Micro-needle ground electrode

In the configuration of a mechanical-amplifier device, a
ground electrode under or above the electrodes ofresonator
1 is required to actuate this device. One possible solution to
fabricate this ground electrode is to utilize the silicon sub-
strate underresonator 1. In this case, the DRIE etching step
mentioned inFig. 3would only remove the silicon from un-
derresonator 2. The thermal oxide underresonator 1is uti-
lized as a sacrificial layer and could be etched away using
a surface micromachining technique to release the structure
of resonator 1. However, the disadvantages of this method
are the requirement of a heavily doped silicon substrate and
a

etup: (a
he secondary electron signal when a fine electron be

Fig. 5. Configuration of the measurement s
more complicated fabrication process.

) schematic view and (b) photograph of the system.
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Fig. 7. Micrograph of a micro-needle welded to a nitride membrane coated
with a chromium/gold layer.

An alternative approach is to use a micro-needle ground
electrode as shown inFig. 7. The micro-needle mentioned
previously is positioned to contact with a silicon nitride mem-
brane coated with a chromium/gold layer. This needle is then
welded to this membrane using ion-induced platinum depo-
sition. This micro-needle with membrane was then released
by milling away the connecting parts of the membrane to the
substrate to form a ground electrode. The advantages of this
method are the freedom to move the ground electrode and a
relatively simple fabrication process of mechanical-amplifier
devices.

4.4. Testing procedure

When testing a mechanical-amplifier device, the micro-
needle ground electrode was positioned aboveresonator 1
with an appropriate height (approximately 5–8�m) and con-
nected to electrical ground. Two AC voltages (sinusoidal
waveforms) with 90◦ phase difference were applied to the
electrodes onresonator 1, causing the blades ofresonator 1
to alternatively move up and down. The pumped electrostatic
energy was then transferred toresonator 2via the common
torsion bar and drove it at its first resonant mode. The first
resonant mode was determined by sweeping a range of fre-
quencies around the expected value and monitoring the vi-
b de
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Fig. 8. Micrograph of a mechanical-amplifier device with a notch on the
torsion bar.

microshutter devices with the same dimensions. Therefore, to
further increase the stress level without dimensional modifi-
cations, a mechanical-amplifier device with a notched torsion
bar was adopted in this study (Fig. 8). The notch structures
used here were defined using ion milling with low ion energy
of 5 keV and small milling current of 4 pA.

5. Results and discussion

All devices were tested in a controlled environment (pres-
sure: 10−6 Torr, temperature: 23± 1◦C) with input voltages
varied from 8.8 Vrms to 28.3 Vrms using the testing proce-
dure described above, while the test duration ranged from 5 s
to 8.5 h, or 105 to 109 cycles.Fig. 9 shows a mechanical-
amplifier device withresonator 2at its first resonant mode.
In this experiment, the input voltages toresonator 1were
10.6 Vrms and the resonant frequency ofresonator 2was
found to be 33.258 kHz. The corresponding resonant spec-
trum of resonator 2is presented inFig. 10. In addition, me-
chanical amplification betweenresonator 1and resonator
2 is shown inFig. 11. In this figure, small movement of
resonator 1introduces large vibration ofresonator 2based
on the principle described previously. ANSYS FEA models
(Fig. 12) with dimensions of the mechanical-amplifier device
were built to calculate the maximum stress on a torsion bar

F
o

rating amplitude ofresonator 2. Once the resonant mo
as obtained, the device was excited at this frequency
xed input voltage amplitude for a set period of time. Af
ards, the frequency response was again evaluated by s

ng around the excitation frequency. Over time, this per
easuring any change in resonant frequency due to th

umulation of fatigue damage. Given the well-establis
roperties (Young’s modulus, Poisson ratio, and densit

ow-stress LPCVD silicon nitride thin films and the vibrat
mplitude ofresonator 2, the maximum stress on the struct
an be determined from an ANSYS FEA model. Theref
he relationship between fatigue life and stress is obtain

For a given twist angleθ, the maximum shear stress c
e increased by varying the dimensions of a torsion b
hown in(1). However, the current design of the mechani
mplifier devices was intended to emulate the operatio
-

ig. 9. Micrograph of a mechanical-amplifier device under testing withres-
nator 2at its first resonant mode.
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Fig. 10. Resonant spectrum ofresonator 2shown inFig. 9.

Fig. 11. Micrograph of a mechanical-amplifier device to demonstrate me-
chanical amplification.

Fig. 12. ANSYS FEA model used to calculate maximum stress on a torsion
bar for a given blade displacement. Circles in this figure represent a fixed
boundary.

for a given blade displacement, measured directly inside the
FIB. The elements and parameters utilized in these models
are presented inTable 2. Here, the stress concentration at the
ends of a torsion bar with a radius of curvaturer = 1.5�m
was simulated. Similarly, the notch tip radius was measured
using SEM function and represented by a radius of curvature
r = 0.2�m in the FEA model. Linear and nonlinear analyses,
with different mesh sizes, were performed for each data point
to verify that there is no geometric effect in these models. The
simulation results showed a linear increase of stress ampli-
tude at small displacement (within 12�m) and both linear and
nonlinear analyses gave the same results. At higher blade dis-
placement, the stress amplitude from the nonlinear analysis
is larger than that from the linear analysis, which is in agree-
ment with the nonlinear stiffening effect.Fig. 13presents the
maximum operating stress on a torsion bar for different blade
displacements according to these ANSYS models. From this
figure, the mechanical-amplifier device with a notched tor-
sion bar shows higher stress amplitude as a result of the in-
troduced notched stress concentration.

Results from the stress-life testing of low-stress LPCVD
silicon nitride are shown inFig. 14. When testing at the
maximum operating stress over 6.6 GPa, the mechanical-
amplifier devices exhibited time-delay failure. On the other
hand, the mechanical-amplifier devices survived cyclic load-
ings even up to 109 cycles at lower operating stress. The
r s am-
p no
d peri-
m tress
w the

Table 2
Element and parameters of silicon nitride thin films utilized in ANSYS FEA m

Element Density (kg/m3) Young’s modulu Pa)

Solid-92/solid-187 3000[15] 260.5[13]
esonant frequencies of these devices (at lower stres
litude) were used to monitor variation of stiffness but
eviation of these frequencies was observed during ex
ent. Therefore, when subjected to sinusoidal, cyclic s
ith amplitude below 5.8 GPa and a load ratio of 0.03,

odel

s (GPa) Poisson’s ratio Residual stress (M

0.23[16] 183.4
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Fig. 13. Maximum operating stress with different blade displacements from ANSYS FEA model and analytic model.

low-stress LPCVD silicon nitride thin films did not display
time-dependent degradation or failure up to 109 cycles in the
testing environment. The fatigue failure of polycrystalline sil-
icon in ambient air has been observed in previous study[17].
The fatigue process is attributed to a mechanism involving
the environmentally-assisted cracking of the surface oxide
film, and similar phenomena may exist for premature failure
of silicon nitride materials. However, our experiments were
performed in a vacuum environment, so this mechanism is
not applicable to our work. As the surface condition of test
structures is a critical factor to induce premature failure, the
observed damage on the notched torsion bar after ion milling
can increase local stress amplitude and initiate a crack, which
may explain the short lifetime of the test devices.

The microstructure of a fatigue specimen (Fig. 15) using
low voltage SEM was used to establish the mode of crack
advance without altering the surface by coating with conduc-
tive layers. The crack was observed to initiate at the notch tip
(identified by a different morphology of the fracture surface)
and propagate along the remaining ligament of the notched
torsion bar. Layer structures parallel to the direction of crack
propagation and unidentified debris were found on the frac-
ture surface, which are the proof of cyclic damage. An addi-
tional thin silicon dioxide layer was observed at the bottom of
the cross-section due to incomplete etching of the etch stop
after DRIE process.

During the experiment, the maximum blade displacement
of resonator 2was found to be 32�m. The limitation was

F hen te ,
t er cyc
ig. 14. Stress-life testing data for low-stress LPCVD silicon nitride. W
he circle with a horizontal arrow indicates devices that did not fail und
sting at high stress level, test devices exhibited time-delayed failure. Conversely
lic loadings up to 109 cycles when testing at lower stress amplitude.
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Fig. 15. (a) Micrograph of a notched torsion bar that failed after∼6 million
cyclic loadings at stress amplitude of 6.8 GPa. (b) Micrograph of the fracture
surface after cyclic loadings. The arrow (white color) indicates the direction
of crack propagation.

caused by pull-in energy loss and intrinsic material damp-
ing. For high input voltages, the blades ofresonator 1tried
to pull in with the micro-needle ground electrode. Instead of
making torsional motion on a torsion bar, most energy was
used to create up-and-down movement which was compen-
sated byfixed-beam 1and became ineffective in actuating
resonator 2. Several uncertainties may cause errors in the
determination of maximum operating stress from the AN-
SYS FEA models. First, the cross sections of torsion bars
are not perfectly rectangular due to the fabrication process.
The curvature of these bars is difficult to measure, especially
for thin film materials. Second, the small variation of cur-
vature at the notch tip and the influence of chromium/gold
thin films were not considered in these models. Third,res-
onator 1was neglected in the FEA model for simplicity
due to its relatively small movement. In addition, the ap-
plied voltages to the test devices disturbed electron beam
signals and caused distortion of scanning electron micro-
graphs. This may introduce errors in the measurements of
blade displacements. However, based on the current design
of the mechanical-amplifier device,resonator 2vibrates only
when the frequency of the applied voltages is close to its res-
onant mode. This mechanism can be utilized as a calibration
method by measuring the blade displacement of a staticres-
onator 2with the same applied voltages (but not at the res-
onant frequency). Furthermore, the test devices were titled
w li-

tude during experiments. The corresponding error in stress
measurement due to the distorted images is estimated to be
less than 0.4 GPa.

The fracture strength of silicon nitride thin films from our
previous study is 6.9 GPa[13]. However, no fracture fail-
ure was observed even when the device was tested at stress
amplitude higher than the reported fracture strength. This
can be explained by the increase of the fracture strength of
the silicon nitride composite structure (silicon nitride coated
with chromium and gold layers)[18]. The usage of low ion
energy and chromium or gold protective layers during ion
milling process has been demonstrated to minimize FIB-
induced damage[19,20]. Even so, it is inevitable to introduce
gallium implantation and surface damage on the notched tor-
sion bars, which may decrease fatigue resistance at high op-
erating stress in our study. However, the test results can pro-
vide conservative stress amplitude for reliability design of a
microstructure using silicon nitride thin films in a vacuum
environment.

The operation of the microshutter arrays requires 90◦ ro-
tation of shutter blades to achieve open states, which induce
a maximum operating stress of 3.5 GPa on the torsion bars.
In addition, the number of cycles expected in the lifetime of
microshutter arrays is 105 [21]. From this study, even though
the FIB-induced damage may reduce fatigue lifetime, the
mechanical-amplifier devices with notch structures still sur-
v s of
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tigue
t fica-
t ll de-
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s ally,
A axi-
m From
t ress
L to
1 GPa
w sili-
c ntly
u
ith an angle (52◦) for better observation of vibration amp
ived 109 cyclic loadings at a maximum operating stres
.8 GPa. Therefore, the microshutter devices are not exp

o display fatigue failure during their operation. Although
icroshutter devices will operate at cryogenic tempera

30–35 K) in outer space, the thermally induced mism
tress between the low-stress LPCVD silicon nitride m
rane and the metal coating layer is not likely to resu

ailure due to the thin coating thickness. Thermal stress
atigue properties of the composite structures used in th
roshutter devices at cryogenic temperatures are under
igation to confirm the reliability of the microshutter arra
t these reduced temperatures.

. Conclusions

This paper presents the design, fabrication, and fa
esting of an electrostatic actuator. Mechanical ampli
ion was demonstrated using a resonant technique. A
ices were tested inside a FIB system (pressure: 10−6 Torr,
emperature: 23± 1◦C) based on a designed measurem
etup and developed experimental techniques. Addition
NSYS FEA models were used to calculate the m
um operating stress of these devices during testing.

he stress-life experiment, no fatigue failure of low-st
PCVD silicon nitride thin films was found even up
09 cycles when testing at stress amplitude below 5.8
ith a load ratio of 0.03. Further characterization of
on nitride thin films at cryogenic temperatures is curre
nderway.



W.-H. Chuang et al. / Sensors and Actuators A 121 (2005) 557–565 565

Acknowledgements

This work was funded by NASA Goddard Space Flight
Center (GSFC) under grant NAG512011. The authors would
like to thank the microshutter group at NASA GSFC for pro-
viding microshutter devices, Nolan Ballew for the help in
using cleanroom facility, and John Barry for the assistance in
using the FIB system at University of Maryland. The authors
would also like to acknowledge Thomas Luger and John Pyle
for their contributions to the measurement setup.

References

[1] C.L. Muhlstein, S.B. Brown, R.O. Ritchie, High-cycle fatigue of
single-crystal silicon thin films, J. Microelectromech. Syst. 10 (2001)
593–600.

[2] C.L. Muhlstein, E.A. Stach, R.O. Ritchie, Mechanism of fatigue in
micro-scale films of polycrystalline silicon for microelectromechan-
ical systems, Appl. Phys. Lett. 80 (2002) 1532–1534.

[3] R.O. Ritchie, Mechanisms of fatigue-crack propagation in ductile
and brittle solids, Int. J. Fract. 100 (1999) 55–83.

[4] J. Bagdahn, W.N. Sharpe, Fatigue of polycrystalline silicon under
long-term cyclic loading, Sens. Actuators A 103 (2003) 9–15.

[5] H.S. Cho, K.J. Hemker, K. Lian, J. Goettert, Tensile, creep and fa-
tigue properties of LIGA nickel structures, in: Proceedings of the
Fifteenth IEEE International Conference on Micro Electro Mechan-
ical Systems, 2002, pp. 439–442.

re
arch

in:
ring
272.
J.

r ar-

te,
, in:

[ for
4.

[ lec-
12–

[ Hill,

[ rop-
nic

[ Ion

[
[ les,

[ nd
ns.

[ mi-

[19] B.W. Kempshall, L.A. Giannuzzi, B.I. Prenitzer, F.A. Stevie, S.X.
Da, Comparative evaluation of protective coatings and focused ion
beam chemical vapor depositionprocesses, J. Vac. Sci. Technol. B
20 (2002) 286–290.

[20] S. Rubanov, P.R. Munroe, FIB-induced damage in silicon, J. Microsc.
214 (2003) 213–221.

[21] A.S. Kutyrev, S.H. Moseley, R.A. Boucarut, M. Jhabvala, M. Li,
D.S. Schwhiger, R.F. Silverberg, R.P. Wesenberg, Programmable mi-
croshutter arrays for the jwst nirspec, in: Proceedings of the 2003
IEEE/LEOS International Conference on Optical MEMS, 2003, pp.
87–88.

Biographies

Wen-Hsien Chuang received the BS and MS degrees in electrical en-
gineering from the National Cheng Kung University, Tainan, Taiwan, in
1995 and 1997, respectively. Since August 2001, he joined the MEMS
Sensors and Actuators Lab (MSAL) at the University of Maryland and
began working toward the PhD degree. His current research, in collab-
oration with NASA Goddard Space Flight Center (GSFC), focuses on
design, fabrication, and cryogenic characterization of MEMS materials
and devices for space applications. Mr. Chuang is a student member of
the IEEE, AVS and MRS societies.

Rainer K. Fettig is an independent scientist working on various aspects
of microstructures for space flight applications. He received a Diploma
in Physics and the degree Dr. rer. nat. from the University of Karlsruhe,
Germany in 1986 and 1993, respectively. Between 1989 and 1996 he
headed a team that developed built and delivered thermoelectric infrared
d SINI,
a ASA
G struc-
t ment
o 02,
h e Re-
s ed in
a

R en-
g 992
a e and
a s and
t ology
( the
b en-
e roject.
D atory
( l and
C R) at
t r in
t Center
( pment
o sors,
m 2001
U CA-
R Fac-
u r the
2 DRS)
a t the
A is a
c area
a .
[6] R. Ballarini, R.L. Mullern, H. Kahn, A.H. Heuer, The Fractu
Toughness of Polysilicon Microdevices, vol. 518, Materials Rese
Society, San Francisco, CA, 1998, pp. 137–142.

[7] W. Van Arsdell, S.B. Brown, Crack growth in polysilicon,
Proceedings of the ASME International Mechanical Enginee
Congress and Exposition, vol. 66, Anaheim, CA, 1998, pp. 267–

[8] S.H. Moseley, R.K. Fettig, A. Kutyrev, C. Bowers, R. Kimble,
Orloff, B. Woodgate, Programmable 2-dimensional microshutte
rays, in: Proceedings of SPIE 3878, 1999, pp. 392–397.

[9] S.H. Moseley, R.K. Fettig, A. Kutyrev, M. Li, D. Mott, B. Woodga
Status of the development of a 128 X 128 microshutter array
Proceedings of SPIE 4178, 2000, pp. 51–58.

10] L. Lin, R.T. Howe, A.P. Pisano, Microelectromechanical filters
signal processing, J. Microelectromech. Syst. 7 (1998) 286–29

11] F.D. Bannon, J.R. Clark, C.T.-C. Nguyen, High-Q HF microe
tromechanical filters, J. Microelectromech. Syst. 35 (2000) 5
526.

12] W.C. Young, Roark’s Formulas for Stress and Strain, McGraw-
1989.

13] W.-H. Chuang, T. Luger, R.K. Fettig, R. Ghodssi, Mechanical p
erty characterization of LPCVD silicon nitride thin films at cryoge
temperatures, J. Microelectromech. Syst. 13 (2004) 870–890.

14] J. Orloff, M. Utlaut, L. Swanson, High Resolution Focused
Beams, Kluwer, 2002.

15] S.D. Senturia, Microsystem Design, Kluwer, 2001.
16] H.D. Pierson, Handbook of Chemical Vapor Deposition: Princip

Technologies, and Applications, William Andrew, 1999.
17] C.L. Muhlstein, S.B. Brown, R.O. Ritchie, High-cycle fatigue a

durability of polycrystalline silicon thin films in ambient air, Se
Actuators A 94 (2001) 177–188.

18] J.-A. Schweitz, Mechanical characterization of thin films by
cromechanical techniques, MRS Bull. (1992) 34–45.
etectors for the focal plane 1 of the CIRS instrument on board CAS
NASA mission to Saturn. Between 1996 and 2002 he worked at N
oddard Space Flight Center on several projects to develop micro

ures for optical applications. He played a major role in the develop
f microshutters, one of NASA’s most visible MEMS projects. In 20
e returned to Karlsruhe for private reasons and spent a year at th
earch Center Karlsruhe to develop nanohole optical filters produc
modified LIGA process. Dr. Fettig is freelancing since July 2003.

eza Ghodssireceived his BS, MS, and PhD degrees in electrical
ineering from the University of Wisconsin at Madison, in 1990, 1
nd 1996, respectively. Dr. Ghodssi was a Postdoctoral Associat
Research Scientist in the Microsystems Technology Laboratorie

he Gas Turbine Laboratory at the Massachusetts Institute of Techn
MIT) from 1997 until 1999. During his tenure at MIT, he developed
uilding block MEMS fabrication technologies for a microturbine g
rator device and also served as an Assistant Director on that p
r. Ghodssi is Director of the MEMS Sensors and Actuators Labor

MSAL) and an Associate Professor in the Department of Electrica
omputer Engineering and the Institute for Systems Research (IS

he University of Maryland (UMD). He is also a core faculty membe
he Bioengineering Graduate Program and Small Smart Systems
SSSC) at UMD. His research interests are in design and develo
f microfabrication technologies and their applications to microsen
icroactuators and integrative microsystems. He was awarded the
MD George Corcoran Award, 2002 National Science Foundation
EER Award and the 2003 UMD Outstanding Systems Engineering
lty Award. Dr. Ghodssi has served as a program co-chairman fo
001 International Semiconductor Device Research Symposium (IS
nd as a chairman of the MEMS and NEMS Technical Group a
merican Vacuum Society (AVS), from 2002 to 2004. Dr. Ghodssi
o-founder of the MEMS Alliance Group in the greater Washington
nd a member of the IEEE, AVS, MRS, AAAS and ASEE societies


	An electrostatic actuator for fatigue testing of low-stress LPCVD silicon nitride thin films
	Introduction
	Device design
	Fabrication
	Experimental techniques
	FIB system with a measurement setup
	Vibration frequency determination
	Micro-needle ground electrode
	Testing procedure

	Results and discussion
	Conclusions
	Acknowledgements
	References


