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Fatigue in silicon has become an important issue for ensuring the reliability of micro-
mechanical systems. However, the fatigue characteristics of micrometer-scale silicon
specimens have not yet been clearly understood because of the difficulties in fatigue
testing. Here, the authors describe the design, fabrication. measurement, and tuning of a
fatigue test system developed for deflection-amplitude-controlled parallel testing using
self-oscillation. The amplitude-controlled oscillation was fundamental for performing
the fatigue test reliably and the tuning of the time constant was crucial to obtaining
stable oscillation considering the mechanical response of the test device. As the electric
systemn was integrated on a small circuit board and had a simple interface with a control
computer, it was easy to fabricate a scaled-up, parallel-test system. Up to fourfold
parallel testing was actually performed. A problem with the parallel testing system
concerning signal interference was reported. Lifetime measurement and the acguisition
of a deflection signal at fracture were successfully performed using the test system.

1. Introduction

Micro-electromechanical systems (MEMS) technologies have been used to fabricate
various kinds of microsensor such as pressure sensors and accelerometers. Silicon is one
of the most commonly used materials for MEMS structures, in both single-crystal and
polyerystalline forms. Currently, we can use silicon wafers with a very high purity and
an almost perfect crystal quality, and have considered its material properties to be well
known. However, silicon still has unknown mechanical properties, such as fatigue on the
nanometer to micrometer scale. Bulk silicon has been considered to exhibit practically
no fatigue (subcritical crack growth} at room temperature because of its negligible
plasticity and chemical stability.!'® However, after the report on the frequency change
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measurement in a microresonator by Connally and Brown,™ the fatigue characteristics
of silicon have attracted the attention of material researchers, and simultaneously posed
difficulties for MEMS device designers. Various fatigue tests have been reported for
silicon microspecimens, e.g., tests using devices including actuators, % tests using external
actuators,”® and tests using conventional test machines modified for microspecimens.®'?
Thus far, almost all fatigue tests on microscale silicon have shown the presence of fatigue
in silicon in air even at room temperature. These reports have also shown difficulties
in the precise deflection/stress measurement of a small test specimen, in the accurate
amplitude control of ‘the loading, and in test specimen preparation. The measured
lifetimes usually have a large scattering that makes the analysis and comparison of
measurement results difficult. The mechanism of fatigue in silicon is stifl uncertain
although the effects of humidity in the environment on the fatigue life have been well
elucidated.”"3™ Varipus measurements have been performed to investigate the origin of
fatigue in silicon. 519 )

We have proposed the use of the self-oscillation of microresonators for lifetime
measurement. One of the authors (T. T.) measured the fatigue lifetime of an
accelerometer-like device using an external actuator and confirmed the effects of the
environment.?? We developed a fan-shaped fatigue test device of the type first proposed
by Muhlstein ef o/.% and also an all-electric fatigue test system based on amplitude-
controlled self-oscillation. Thus far, such resonator devices have usually heen operated
by an external ac source adjusted at the natural frequency without feedback control.
A complicated adjustment procedure was required when the natural frequency of the
resonator changed during the fatigue test.'? Such frequency shift can cause the change
in the vibration amplitude. However, our new system needs no frequency adjustment
because the self-oscillation frequency automatically follows the natural frequency even
if it is shifted by the occurence of suberitical crack growth or plastic deformation in
the specimen. Therefore, the self-oscillation method along with the amplitude control
function are expected to minimize the uncertainty in the amplitude measurement/control
of microscale testing. On the other hand, it is difficult for such test methods to show
frequency-dependent fatigue properties since the operation frequency is fixed at the
natural frequency of the test device. '

As a result of the amplitude-controlled self-oscillation method, we can easily
fabricate a parallel-test system for efficient lifetime measurement because each
test system becomes a compact, adjustment-free, and all-electric circuit. Lifetime
measurement results using such a test system have already been provided in previous
reports, 1% However, we have not described the test system in detail. We report the
design, fabrication, measurement, tuning procedurcs, and parallel operation of this
fatigue test system in this paper.

2. Design of the Test System
2,1 Test device

Our test system employs the self-oscillation of a microresonant device at its
resonance frequency. Any type.of resonator device can be used provided self-oscillation
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is available with a feedback electric circuit. Generally, microresonators have an actuator
to provide vibration and a sensor of output deflection inside the devices. By satisfying
the conditions of feedback oscillation, a loop gain equal to 1 and phase matching, the
resonator can start self-oscillation at its resonance frequency. The actuator and sensor are
not necessarily inside the device. For example, devices or instruments outside the device
can be employed, such as a piezoelectric vibrator as an actuator or & laser displacement
meter as a sensor. The composition of a self-oscillation circuit is strongly dependent on
the devices, actuators, and sensors used.

We show an example of a fatigue test device having two comb electrodes as an
electrostatic actuator and a sensor in this paper. A micregraph of the device made of
single-crystal silicon of 5 um thickness is shown in Fig. 1. As the fan-shaped resonator
of 250 um radius- vibrates at a natural frequency of about 39 kHz {quality factor ¢ =
370 in air), the test picce at the pivot is subjecied to high-cycle repetitive bending. The
delayed fracture of the test piece has been studied as the fatigue of single-crystal silicon.
The structure and characteristics of the device have been described in detail in previous
reports.("1%  The effect of gravity can be neglected because the force applied to the
resonator is estimated to be less than 1% of the clectrostatic actuation force.

A block diagram of the test system for a single specimen is shown in Fig. 2. The
test device has an electrostatic sensor that outputs a charge proportional to the defiection
angle. The output was detected by a typical charge amplifier and processed with
amplification and phase control to satisfy the oscillation conditions. As the phase of
the sensor-output signal was retarded by m/2 from the actuation signal at resonance,
we inserted a variable phase shifler in the feedback circuit and made appropriate
adjustments. The loop gain was also adjusted, as described in the next subscction. The
amplitude of the processed signal was controlled using an automatic gain controller (AGC)
and fed to an amplifier to drive the electrostatic actuator. As the electrostatic actuator
required high driving voltages, we used a high-voltage operational amplifier (OPA445;
Burr-Brown} with a power supply of £40 V with biasing.

Fig. 1. Micfograph of fatigue test device,




42 Sensors and Materials, Vol. 22, No. | (2010)

Test specimen Signal
Driver | ) .
Actuator| | Sensor processing
AC | g Automatic f-v
source gain controller cdnverter
Vosc Vref' 1\]{ Va %] \L
- Waveform Amplitude Frequency
Oscilloscope Control PC-

Fig. 2. Block diagram of fatigue test system for singlc specimen.

The test system stabilizes the vibration amplitude during the test using the AGC
function controlled by a computer. The computer also acquires the vibration conditions
of the test device at regular intervals. In our system, the amplitude and frequency of
the oscillation are measured and recorded. Additionally, the waveform V.. which is
proportional to the deflection angle of the resonator, is observed using an oscilloscope.
The absolute value of the deflection angle was calibrated by observing an image of
moving resonators directly under a microscope,

2.2 Amplitude control

The fundamental feature of this system is the AGC because the fatigue test is
best conducted under a constant-loading condition. The vibration amplitudes of the
resonators easily diverge in the self-oscillation state enhanced by the quality factor, and
are difficult to maintain at a constant level with no amplitude control. Therefore, we
inserted the AGC circuit in the feedback loop.

The AGC circuit consists of an amplitude converter, a comparator, and a gain-
controlled amplifier, as shown in Fig. 3. The amplitude converter was made of the rms-
to-de converter AD736 (Analog Devices) with a divided-voltage input, which outputted
an amplitude signal ¥, proportional to the rms of the input signal. The amplitude voltage
was fed to the comparator made of the low-offset amplifier AD712 (Analog Devices).
The comparator compared the vibration amplitude ¥, with the reference voltage ¥; and
controlled the gain of the gain-controlled amplifier. This comparator formed a Miller
integrator of time constant 2R;C; to give a delayed respense. A large feedback resistor
R; was added to prevent the saturation of the integrator. As the resonator device has
a delay against amplitude control due to its O factor, the response has a time constant
of approximately O/, where f is the natural frequency of the resonator. Our device
therefore had a 9.5 ms time constant. If the AGC responds much more rapidly than the
device time constant, the loop gain instantly reaches the maximum or minimum before
the device amplitude changes. Additionally, AD736 has a settling time®® estimated
to be roughly 2 ms with the use of an average capacitance of T uF. We adjusted R;, C,,
and R; to make the time constant of the circuit similar to the device time constant and
tuned them by observing the stability of vibration amplitude. We obtained good stability
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Fig. 3. Electric circuit for amplitude control of vibration.

against a wide range of amplitudes when we set R, =4.5kQ, €, =022 uF, and R, = 1.2
MQ, where the time constant of the integrator was estimated to be 6.2 ms. This value
was in the same range as that in the case.with an estimated device time constant of 9.5
ms. The adjustment of the circuit time constant was crucial in our system for stabilizing
the vibration.

The output of the comparator was connected to the Y input of the analog multiplier
AD633 (Analog Devices) in which the output W was controlled as ¥y, = V. /(10 V),
where Vy, Iy, and ¥,, were the voltages of the X, Y, and W terminals, respectively.@l We
also denotc the voltage of the Y input as V,,,,. This multiplier works as a gain-controlled
amplifier when ¥, is a dc-like signal. A diode was inserted to prevent negative values
of the input Y. As a result, the output W became the signal proportional to the input
X with a controlled gain to maintain a constant amplitude according to the reference
voltage. The loop gain of the circuit was adjusted to make F,, = 5.0 V at the stable
oscillation. :

As the electrostatic sensing element in our resonator outputs the signal proportional
1o the rotational deflection, i.e., the bending angle of the resonator, the electric amplitude
control in our test system means that the fatigue test is performed under constant
deflection amplitude. 1t is impossible for our test device to measure or control the
loading force because the device has no force-monitoring function. Force-controlled
fatigue tests will become possible if stress-sensor-like piezoresistive elements are
fabricated in the device properly. '

23 Frequency measurement

Vibration frequency is one of the most important parameters that indicate the
vibration conditions. Vibration frequency can be used to evaluate a test specimen,
and to measure crack propagation through a change in compliance.’® A commercial
frequency counter is one of the best choices for high-resolution frequency measurement.
However, we employed the one-chip frequency-to-voltage converter ADVFC32 (Analog
Devices) owing to its compatibility for a parallel-test system. This IC outputs a voltage
proportional to the frequency that we denote .. The frequency resolution was about 200
Hz in our system, which was sufficient for judging the device life, but was insufficient
for observing a very small frequency shift duc to crack propagation.
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2.4 Svstem fabrication

We built twelve identical oscillation cireuits in one system for parallel-test operation.
Figure 4(a) shows the sample board in which twelve sets of a test device socket, a charge
amplifier, and a high-voliage amplifier were installed. Four test devices were inserted
on the board in this picture. This board can be set in a small ¢nvironment-controlled
chamber. Our method has the advantage of ease of precise environmental control over
the use of large fatigue test machines. Actually, we could maintain the temperature and
humidity of the test device at 23.020.1°C and 50+1%RH, respectively, for 7 days, using
a small environment-controlled chamber. Temperature and humidity were recorded
using a chart recorder during the test.

An oscillation circuit, except for that around the test device, was integrated in a sub-
board like that shown in Fig. 4(b} for cach channel. Twelve sub-boards were gathered in
a small case, as shown in Fig. 4(c), along with shared connectors and power supplies.
~ Each oscillation circuit had two voltage outputs (amplitude voltage ¥, and frequency
voltage V) and one voltage input (reference vollage V) per channel. We used an
8-channel analog output card and a 16-channel analog input card in one personal
computer to perform the test. The numbers of /O board channels allowed us to
simultaneously perform eight parallel tests. 1t is casy to scale up the number of parallel
tests if more parallel circuits and 1/0 ports can be added.

The waveform of the oscillation was observed and recorded using a storage
oscilloscope (DL1620, Yokogawa Electric Corp.) with a large memory (8 MB). The
recording of the whole waveform during the test was impossible because the number of
test cycles usually exceeded 104 and sometunes reached 10", Therefore, we recorded the
vibration waveform only at important moments such as fracturc.

Fig. 4. Photographs of (a) sample board carryving [our specimens, (b) vibration-control circuit for
cach channel, and (c) integrated 1welve-channel test system,
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We developed a test control program using a compiler {Delphi) on the Windows XP
operating system, as shown in Fig. 5. This program controls V.. acquires ¥, and V,,
displays these trends, records the data to the disk, and terminates the test at the preset
duration. The power of all the systems except the environment-controlied chamber was
maintained using an uninterruptible power supply.

~

3. Measurements

3.1  Measurement procedures

Before the fatigue test, we performed some preparatory tests on each test device.
First, we confirmed the presence of the resonance at approximately 39 kHz using
external ac generator actuation that wrns the feedback circuit off., If the resonator does
not move due to fabrication errors or the shortening of clectric circuit in the test chip,
no resonance is observed in this test. A typical resonance curve has a bandwidth of 0.15
kHz corresponding to Q = 370, as shown in a previous study."¥ Nex, each device was
examined to identify sclf-oscillation by switching the feedback circuit on with a small
amplitude setting. Some devices were rejected for testing owing to unstable oscillation
or lack of oscillation in this selection process.

After checking all the test devices separately, the fatigue test was started. At the
beginning of the test, the amplitude setting ¥, was linearly ramped to the preset’
voltage in 10 s. We took this as the rise time because the test device showed instant
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Fig. 5. Control screen of fatigue test on PC after four-channel parallel testing for 168 h.
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failure owing to unstable oscillation when we changed the amplitude setting directly
to the preset level, even if the time constant of the AGC was given properly. Since the
oscillation settling time was on the order of milliseconds, a rise time of 1 5 was sufficient
to start oscillation without failure. However, a small amplitude Aluctuation was observed
for several seconds after reaching the preset amplitude. Therefore, we set the rise time to
10 s,

We set the data acquisition interval lo 1 s because a +5% accuracy in lifetime
estimation can be expected even for a very short lifetime of 10 5. A shorter interval is
still possible; however, it results in a huge data size, which makes the analysis difficult.
After starting the oscillation, the waveforms of all the channels were confimed to be
oscillating stably using the oscilloscope. Then, we waited for the test to finish, or for
. the test device to stop oscillating. The test pieces were examined under a microscope to
determine whether it was broken or intact after terminating the fatigue test.

3.2 Fatigue fest results

The data recorded in the control computer are shown in Fig. 6 for a test device
that showed a very short lifetime. The time 0 is the start time of the fatigue test. The
amplitude output ¥ gradually increased to the preset level in 10 s almost linearty except
for 1 s at the beginning. The frequency output ¥; exhibited almost constant values from
the time of 2 5. These data as well as results of the visual monitoring of V. with an
oscilloscope showed that the test device exhibited a stable and continuously ampiitude-
controlled oscillation during the ramped rise procedure. The test device continued its
stable oscillation after 10 s, then suddeniy stopped its oscillation at 27 5. The two output
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Fig. 6. Measured amplitude voltage V, and frequency voltage V: trends for shori-lifetime
specimen. ’
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voltages showed sudden drops to 0V, as shown in Fig. 6. This was the fracture of the
test piece in the test device, and its lifetime was estimated to be 16.5+0.5 s from these
data. The lifetime of 16.5 s was one of the shortest lifetimes under a relatively large
loading in our test conditions. We observed a wide distribution of lifetimes from 16 s to
more than 6.0x10° 5 (7 days) depending on the loading conditions. No frequency shifts
have been observed in our measurement results within the low frequency resolution of
about 200 Hz. Sec previous reports for the experimental results (19

3.3 Oscillation signals :

We also observed the oscillation signal V., which was proportional to deflection
angle, during the fatigue test. Figure 7 shows the ¥, signal during the fatigue test for
another short-lifetime (43 s) test device approximately 15 s after the start of the test. The
upper figure with a short time scale showed a sinusoidal oscillation signal at 39.14 kHz
with a constant amplitude. At the same time, the gain control voltage V,,, exhibited a
constant value of 5.0 V. The lower figure showed a long-term stability of these signals,
Ouly the envelope can be seen for V. The oscillation was completely stable.

1t was almost impossible to record all the oscillation signals during the test. However,
we cannot predict the moment of fracture before it cccurs. We obtained the oscillation
signal at fracture employing the data storage and trigger functions of the oscilloscope.
Several signals like ¥, and ¥, can be used as the trigger target. We finally chose the
gain control voltage ¥, for the trigger target because this signal was almost noise-free
owing to the presence of an integration circuit working as a filter. Figure 8 shows the
V.. and ¥, signals at fracture. In the lower figure on a Jong time scale, the intensity of

[ gam

the gain control signal increased gradually after the oscillation stopped. When we set the
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Fig. 7. Measured deflection signal ¥, and gain voltage V,,;, at stablc oscillation. The upper figure
shows the magnified wavelorm on a timé axis. :
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Fig. 8. Measured deflection signal I, and gain voltage V.. at fracture. The upper figure shows
the magnified waveform on a lime axis.

trigger level to 5.6 V for the F,, signal of 5.0 V during stable oscillation, the recording
was triggered 7 ms after fracture. Tt was short enough to record the moment of fracture
because we used a 1 MB memory and a 50 ns sampling time (full scale, 50 ms). The
upper figure shaws the magnified signal at fracture. We could observe that the fracture
pccurred at the moment of almost maximum deflection and that the fracture was not
induced by unstable oscillation or noise during the test.

34 Parallel operation

We attempted parallel testing with multiple test devices. However, we sometimes
encountered a problem of unstable oscillation, which was seen only at parallel
operations. Figure 9 shows F, and F;, under unstable oscillation. The oscillation
amplitude fluctuated about £20% with a period of 14 ms from the average amplitude.
At the same time, gain voltage slightly fluctuated. The degree and period of fluctuation
were dependent on tests. On the other hand, the test device showed a completely stable
vibration in the case of single oscillation. We found that such an unstable oscillation
occurred owing to interchannel interferences when multiple test devices have identical
resonance frequencies. We have not specified yet where such interference takes place
in our system. However, we could prevent this effect by sclecting different resonance
frequencies of the test devices before the test because the devices had small frequency
differences among samples mainly owing to film thickness uniformity. We succeeded
in suppressing the amplitude fluctuation within 4% although the maximum number of
parallel tests was limited to within four, A perfect clectric isolation is desired for large-
scale parallel testing.
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Fig. 9. Measured deflection signal ¥, and gain voltage V,,, for unstable oscillation due to
interference cffects.

4. Conclusions

The design, fabrication, measurement, and tuning procedures of a fatigue test
system were described for amplitude-controlled parallel testing using self-oscillation.
Amplitude-controlled oscillation was fundamental for performing the fatigue test
reliably and the tuning of the time constant was crucial to obtaining stable oscillation
considering the mechanical response of the test device. As the electric system was
integrated on a small circuit board and had a simple interface with a control computer,
it was easy to build a scaled-up, parallel-test system. Up to fourfold parallel testing
was actually performed. A problem with the parallel testing system concerning signal
interference was reported. Lifetime measurement and the acquisition of a deflection
signal at fracture were successfully performed using the test system. We expect that such
a test system will accelerate the reliability assessment of MEMS devices, as well as the
characterization of microstructured materials for MEMS applications.
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