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ABSTRACT

encapsulation process. The geometry of the comb fingers was
modified to accommodate larger stress levels than from Yoneoka
et al. Devices were subjected to fully-reversed stresses and
resonant frequency change was monitored using an oscillator
circuit with automatic gain control (AGC).

In this paper we present the first fatigue study with stress
loadings above 2 GPa applied to single-crystal silicon (SCS)
resonators in an inert environment provided by the ‘epi-seal’
encapsulation process. In total, 6 devices representing a total of 16
experiments were actuated for >1010 cycles with stress levels >3.2
GPa at 32°C. No fatigue-like behavior was observed up to 7.5
GPa, which is far beyond the threshold for fatigue reported by
others. High-cycle fatigue in SCS is therefore likely to be a
surface or environmentally-assisted phenomenon that can be
minimized using better packaging techniques, such as ‘epi-seal’.

DESIGN
Fatigue test resonators with resonant frequencies between 60
kHz and 70 kHz were designed and fabricated on a 20 μm thick
device layer. The test structure consists of a wedge-shaped proof
mass connected to the anchor with a cantilever. A V-shaped notch,
with depth, d, of 7.5 μm and radius, r, of 0.5 μm, is placed on the
cantilever to concentrate stress. The cantilever, aligned in the
<110> direction, has a width, w, of 15 μm and length, l, of 30 μm.
The overall length of the structure, including the proof mass, is 300
μm. Because of design rules that limit the structure’s release area,
the proof mass was designed in a Y-shape to accommodate a
support for the cap layer. The proof mass, which has comb
fingers, is electrostatically actuated on one side by a stationary
drive electrode. On the other side a stationary electrode senses the
displacement by measuring the change in capacitance between the
proof mass and electrode when the resonator is driven.

INTRODUCTION
Background
MEMS-based sensors and actuators made from single-crystal
silicon (SCS) are commonly subjected to high-cycle loadings.
Understanding and preventing microscale fatigue of SCS therefore
plays a large role in the MEMS design process to ensure the longterm stability and reliability of a device. To prevent SCS fatigue,
devices are designed to operate below stress levels in which fatigue
has been witnessed with the appropriate safety factor.
Characterizing these fatigue-inducing stress levels is thus
important to allow devices to extract more performance, and has
subsequently been a topic of research for the past 20 years.
Since Connally and Brown’s seminal work in 1992 [1], there
have been many reports of SCS fatigue [2-13]. Several fatigue
mechanisms have been proposed; the predominate ones being the
reaction layer model from Muhlstein et al. [2] and the subcritical
cracking model from Kahn et al. [3]. The reaction layer model
asserts that a crack occurs in a native oxide layer and the oxide
layer thickens due to SCS exposure to moisture or oxygen. Fatigue
of SCS ensues due to repeated cracking and oxide-thickening until
the crack has reached a critical length, leading to catastrophic
failure of the device. Alternatively, the subcritical cracking model
asserts that fatigue cracks occur in the silicon. It is proposed that
compressive stresses promote crack extension in the silicon itself
due to the increased stress intensity brought on by a wedging effect
of native oxide or wear debris. These two fatigue mechanisms
center around the effects of surface oxide, humidity and oxygen,
and their exact roles remain controversial.

 











Figure 1: (a) Design of wedge-shaped resonator used as the
fatigue structure. (b) Infrared image of a fabricated fatigue
structure.

FABRICATION
The fatigue test resonators were fabricated using a process
developed by Messana et al. [15] that combined traditional ‘episeal’ encapsulation with wafer bonding. Devices were defined
with a deep reactive-ion etch and were sealed using a combination
of fusion wafer bonding and epitaxially grown silicon, resulting in
a SCS cap layer, as shown in Fig. 2. The wafers are sealed at 1130
°C in a hydrogen ambient (20 Torr), resulting in an oxide-free
device and cavity free of oxygen and humidity. The wafers were
subsequently annealed for more than 100 hours to diffuse out
residual hydrogen, thereby reducing cavity pressure and increasing
the quality factor of the resonators.
Furthermore, resonators fabricated using this encapsulation
technology have demonstrated no discernable inherent aging or
drift at the ppm-level under low stresses (<150 MPa) over 416
days of continuous operation [16], providing a robust platform for
investigating fatigue-related effects at higher stress levels.

‘Epi-seal’ encapsulation
The ‘epi-seal’ encapsulation process developed at Stanford
enables the packaging of an oxide-free MEMS device in an
environment that is free of humidity, oxygen, and organics [14],
thus eliminating the main factors that other researchers have
attributed to long-term fatigue.
Previous experiments performed by Yoneoka et al. using
devices fabricated in the ‘epi-seal’ process confirmed the absence
of SCS fatigue using this encapsulation technique, however, the
geometry of these devices limited stress levels to <2 GPa [12].
Devices were unable to be actuated beyond the 3.2 GPa in which
other researchers have always witnessed fatigue, as seen in Fig. 6.
In this work wedge-shaped resonators, a design commonly
used in MEMS fatigue testing, were fabricated using the ‘epi-seal’
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where Q is charge, t is time, θ is angle, θamp is maximum angular
displacement, Vbias is bias voltage, C is the total capacitance of the
comb fingers, and ω is angular frequency. The capacitance is
calculated by approximating the comb fingers as cylindrical plates
and summing over all combs, as shown in the following:
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Figure 2: Cross-section schematic of ‘epi-seal’ encapsulation with
SCS device and cap. The device layer thickness is approximately
20 μm.

Oscillator Setup
The resonators are driven with a fully-reversed (R = -1),
constant amplitude sinusoidal signal in a close-loop oscillator
employing AGC, as shown in Fig. 3. VSET controls the amplitude
of the drive signal, VAC, and a DC bias voltage, Vbias, enables
electrostatic actuation; moreover, adjusting this voltage allows for
control of the applied stress level. A counter and multimeter are
placed after the transimpedance-amplifier (TIA) to measure
frequency and RMS voltage of the output signal from the
resonator. Any fatigue-like behavior is detected using the
measured frequency, as changes in stiffness or mass would
immediately be reflected in the resonant frequency; fatigue would
be marked by a downward drift in frequency
During experimentation, four resonator-oscillator circuits
were placed in a temperature chamber kept at 32 ± 0.1°C. A
multiplexer enables switching between each resonator-oscillator
setup, which allows for monitoring of devices with a single counter
and multimeter.
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where ε is permittivity, h is device thickness, ro,k is the outer radius
for specific comb finger k, and ri,k is the inner radius for specific
comb finger k.
From Eq. (1), the current amplitude, iamp, is calculated from
the measured RMS voltage, VRMS, and the current-to-voltage
transfer function, G(jω) of the TIA, shown as

EXPERIMENTAL SETUP
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θamp is then determined and stress at the notch is subsequently
calculated based on a FEA-modeled transfer function of 2.82
GPa/°.

iamp =

= Vb

RESULTS AND DISCUSSION
During experimentation, the fatigue structures were subjected
to cyclic stress amplitudes of up to 7.5 GPa. Fig. 4 is a
representative data set that shows frequency change (Δf), stress
amplitude, bias voltage, and temperature monitored over a period
of greater than 10 days. Δf is a normalized frequency change,
defined as ppm = 106 × (f- f0)/f0, where f0 is the initial frequency.






   




    



Figure 3: Block diagram of oscillator loop used to drive the
resonator. The AGC loop allows for constant AC voltage input by
using a variable gain amplifier (VGA).
Stress Calculation
Though ‘epi-seal’ provides a robust platform for device
packaging, the encapsulation does not allow for direct
measurement of stress, therefore stress at the notch must be
calculated based on the resonator’s electrical output signal, namely
the frequency and amplitude.
The measured current arises due to time-varying capacitance
at the sense electrode and is given by the following relation,

Figure 4: A representative data set, including plot of frequency
change in ppm, stress amplitude at notch, temperature, and bias
voltage over 6×1010 actuation cycles (>10 days).
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No fatigue related behavior was observed in any of our
experiments. Fluctuations in frequency at the ppm-level can be
attributed to temperature or bias voltage noise. Furthermore, a
linear fit of Δf vs. cycles (normalized to 1010 cycles) was
performed to examine whether device frequencies drifted due to
long-term fatigue damage. Fig. 5 shows that although devices
exhibited negative frequency drifts, these drifts were smaller than
the noise level (±1.3 ppm) at 32°C. In addition, there was no
correlation between drift and stress amplitude, which would be
expected in the case of fatigue. These results confirm that SCS is
not susceptible to long-term fatigue damage.

Cross-Comparison Summary
Fig. 6 shows a cross-comparison between this work and data
presented from literature. The ‘target’ region in the top-right
corner marks an area in which other researchers always witnessed
fatigue failure, both in terms of stress (>3.2 GPa) and number of
cycles (>1010). These other works witnessed fatigue under varying
conditions, but none of these experiments are as controlled as the
inert environment and pristine device surface provided by ‘episeal’ encapsulation.
When compared against other works that reported fatigue [913] at temperatures between 22-30°C, our devices were subjected
to higher stress levels and cycles without onset of fatigue failure.
In total, 6 different devices from this work were tested in the
‘target’ region, making up a total of 16 experiments in which no
fatigue failure occurred. Applying higher bias voltages to achieve
stress levels above 7.5 GPa resulted in either immediate
mechanical fracture or electrical pull-in of the comb fingers; since
these results are not due to fatigue failure, they are not presented in
Fig. 6.

!





CONCLUSION



This work presents a packaging technique that allows for
single-crystal silicon devices to be actuated at stress amplitudes up
to 7.5 GPa without the onset of high-cycle fatigue. We conclude
that fatigue failure at room temperature (<32°C) witnessed from
other works is either a surface or environmentally assisted
phenomenon that can be eliminated with the ‘epi-seal’
encapsulation process. This important result allows for MEMS
designers to extract more performance from current designs and
allows for greater flexibility in design guidelines for MEMS
devices experiencing high cyclic loading.






 

Figure 5: Calculation of frequency drift normalized over 1010
cycles from various fatigue test experiments with different stress
amplitude loadings.
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Figure 6: Stress-life (S-N) plot of data from various studies. All tests from this paper are run-out points (open mark), in which no sign of
failure was observed. The “target” region represents stress levels in which other research groups always witnessed failure. We tested 6
different devices constituting 16 experiments in that region with no failure, providing an important design guideline for future MEMS
designers.
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