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The reliability of a microelectromechanical system is an essential issue before the microdevice can be applied in practice. It is indispensable to
investigate the mechanical properties of a microstructure to meet the requirements for longer lifetime and reliable performance. This paper studies
the fabrication and the fatigue characteristics of a microcantilever beam, which is among the most widely employed microstructures in sensors
and actuators. A pad is fabricated at the free end of the beam for larger effective external electrostatic load on the specimen. In fatigue tests, the
specimen is actuated by the electrical voltage of 150 and 200V at 100 Hz. The deflection of the beam is measured by the laser Doppler vibrometer.
Based on the experimental results and ANSYS calculation, the displacement of the free end of the beam increases with the beam length and the
applied load, and ranges from 61 to 600nm. The fatigue life lies between 6.1 x 10° and 1.4 x 108 cycles. These results are consistent with the

reference of a microcantilever beam subject to magnetic load.
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INTRODUCTION

Knowledge of the material properties is important for
the design of a novel device in microelectromechanical
systems (MEMS). There is no well-established code for
testing the material characteristics in consideration of the
fabrication processes [1]. Recently, many researchers have
been devoted to investigating the mechanical properties
of the microcantilever beams by various approaches, such
as the tensile test [2-7], bending test [3, 8], and fatigue
test [9—16]. In the fatigue test, there are several methods to
tell the fatigue occurrence, including the stress amplitude [9,
10, 13, 16], the variation of the stiffness [12, 14—16], and the
change of the resonant frequency [9, 13, 16] as discussed
below.

Muhlstein, Brown, and Ritchie used the electrostatic
comb drive actuator to apply the load to a notched cantilever
beam, which is attached to a large, perforated plate that
serves as a resonant mass [9]. The geometry of the beam
made of single crystal silicon was 40 wm in length, 21.5 pm
in width, and 20 wm in height. The testing frequency was
40 and 50kHz. The results showed that the fatigue life
in swinging motion ranged from about 10s to 48 days,
or 1 x 10° to 1 x 10" cycles before failure. The fatigue
of the polycrystalline silicon was also investigated by the
same actuation method. The longer releasing time may lead
to higher resonant frequency and longer lifetime of the
device [13].

Resonant frequency was also used to indicate the fatigue
life of the specimen. The drift of the resonant frequency
in fact shows the growth of the microdefect in a device.
Muhlstein, Brown, and Ritchie observed that the resonant
frequency decayed with time due to the progressive decrease
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in stiffness of the beam [9, 13]. Schwaiger and Kraft
studied the fatigue behavior of various Ag film thicknesses
on the SiO, cantilever beam. The beam specification was
30-50m long, 10 wm wide, 2.83 wm thick, coated by a
0.2—-1.5-pm-thick Ag film. The applied force ranged from 40
to 800 wN at 45 Hz. The mean stress levels ranged from 126
to 600 MPa and the 1.5 pm Ag film damage was consistently
observed after 3 x 10° cycles. Thinner films were more
fatigue resistant and contained fewer and smaller extrusions
than thicker films [10]. Ando, Shikida, and Sato performed
a tensile-mode fatigue testing of silicon films. The testing
specimen was made of single-crystal-silicon 50 wm long,
50 pm wide, and 5 um thick. The loads ranging from 10—
130 mN were applied by a needle at a frequency of 10Hz.
The fracture of the specimen was determined by the output
signal from the load cell as a function of time. The load
rapidly dropped down at the fracture. The fracture occurred
at about 10° cycles [11].

Stiffness was also a factor adopted to define the fatigue
life of the specimen. Stiffness decreased when fracture
occurred at the interior of the structure [12, 14-16]. Li and
Bhushan used the nanoindentor to apply an oscillating load
on a double clamped Si beam. The beam was 600nm in
length, 380nm in upper width, 790nm in lower width,
and 255nm in thickness. It was deflected by the sinusoidal
load with amplitude of 25 wN, mean load of 100 wN, and
frequency of 45Hz. In their study, the sharp decrease
in contact stiffness indicated that the fatigue damage
was produced [12, 14-16] approximately at 0.6 x 10*
cycles [12].

Based on previous research [2-16], most of the
investigations on material properties, including fatigue
analysis, were performed with testing methods using low
frequency loading in contact with the specimen. The
experimental results, however, varied with the testing
equipment, such as the probe. The loading frequency was
limited between 45-60Hz due to the structure response of
the testing device.
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Noncontact testing methods using magnetic or
electrostatic actuations can be used to avoid contact
disturbance during a test, such as slipping problems [8].
Hence, it is feasible to work at a higher frequency,
simulating the actual operation up to the kilohertz of
the MEMS component. The magnetic load, however, was
often found dramatically affected by the heat generated in
the magnetic circuit [17]. Instead, the electrostatic force
is easy to control and is relatively stable. Besides, an
electrostatically driven actuator not only provides high-
frequency response but also consumes less power, and is
easy to fabricate [18]. This paper presents the fabrication
method and the fatigue of the polysilicon microcantilever
beams driven by the electrostatic load as a reference to the
reliability design for MEMS.

DESIGN AND FABRICATION OF SPECIMEN
Specimen Design

The specimen consists of a beam body and two pads,
as shown in Fig. 1. Pad #1 is used to fix the sample
on the electrode where the voltage is transmitted to the
specimen. Compared to the beam body, Pad #1 is large
and wide. Therefore, little residual stress will be produced
in this structure. Pad #2 is located at the other end of the
cantilever beam for the generation of large electrostatic
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FIGURE 1.—Design of specimen.
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TABLE 1.—Dimensions of specimen.

Parameters Values (pm) Parameters Values (um)
Lp; 1000 R 20

Lg 60, 80, 100, 120 U 20
Lp, 500, 560 tg 2

w 20 to 1

f 20

loads. Compared to the size of the beam, the electrostatic
load generated by Pad #2 is much larger than that on the
beam. The electrostatic load generated by the cantilever
beam can be neglected. The perforations in Pad #2 are
applied for reducing the air damping effect when the beam
structure vibrates. Pad #2 serves also for the convenient
measurement of the beam deflection. Owing to the tiny size
of the cantilever beam, it is difficult to align the measuring
laser and the specimen during the fatigue test. Additionally,
a special fillet design is developed at the connection between
the beam body and Pad #2 to ensure that the neck will
not fail before the beam root at the fixed end does. The
dimension design of specimen are shown in Table 1.

Fabrication Processes

The fabrication processes, including deposition, doping,
annealing, lithography, etching, etc., are developed as
follows. First, a layer of 1um wet oxide is grown on both
sides of the silicon substrate in the furnace [Fig. 2(a)].
The polysilicon of the structure layer is then deposited by
low pressure chemical vapor deposition (LPCVD) above
the oxide to 2 wm thick [Fig. 2(b)]. In order to reduce the
resistivity of the polysilicon and to ensure that the specimen
can be actuated in an electrostatic field, the n-typed doping
process is performed in POCI; at 1050° for 30 minutes
following the polysilicon deposition [Fig. 2(c)]. Due to the
importance of the elimination of the residual stress, the
polysilicon is annealed in a nitrogen environment at 1050°
for 60 minutes to avoid failure of the specimen after release
[Fig. 2(d)]. The geometry of the structure is defined by
the lithography techniques with mask A [Fig. 2(m)] and
reactive ion etching (RIE) [Fig. 2(e)]. The passivation layer
of silicon nitride against TMAH attack is deposited over
the polysilicon by LPCVD to 2000 A thick [Fig. 2(f)].
Furthermore, for better protection of the structures against
TMAH etchant, a layer of 5um thick PECVD TEOS oxide
deposited on the nitride film can ensure the specimens
surviving after a long period of wet etching [Fig. 2(g)]. In
consideration of the TMAH property for high selectivity
between silicon, and thermal oxide and nitride, the etching
rate of TMAH 22%wt. at 80° is 32um/hr for silicon,
0.00054 g for oxide, and nearly O for nitride [19-22]. On
the backside of the wafer, mask B [Fig. 2(n)] is applied to
open the windows on the etching mask layers, the oxide and
nitride [Fig. 2(h)]. Hence, the substrate can be patterned by
TMAH etching according to the definition of these windows
without damage to the front side structures [Fig. 2(i)]. As
a 70-pm-thick membrane is created, the oxide and nitride
on the front side is stripped by concentrated HF (49%) and
RIE, respectively, in order to eliminate the negative effect
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FIGURE 2.—Fabrication processes of specimen.
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(b) Beam body of 100 um x 20 um

FiGURE 3.—Fabricated specimen.

of the residual stress of the oxide and nitride on the structure
layer [Fig. 2(j)]. The silicon membrane is then removed by
inductive coupling plasma etching (ICP), which not only
obtains better uniformity and stops etching at the oxide
layer, but also avoids damage caused by the turbulence
generated by stirring and surface tension in the wet etchant
[Fig. 2(k)]. (The selectivity between silicon and wet oxide
is approximately 120:1). Finally, after the oxide layer is
removed from the backside with RIE, the desired specimen
is produced [Fig. 2(1)]. The fabricated specimen is shown
in Fig. 3.

EXPERIMENTAL SETUP OF BEAM FATIGUE

The testing and measuring setup consists of the function
generator, the power amplifier, the probe, the electrode,
the laser displacement meter, and the optical microscope,
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FIGURE 4.—Experimental setup.

as elaborated in Fig. 4. In the actuation module, the
function generator (Hewlett Packard 33120A) and the power
amplifier (NF Electronic Instruments 4010) are used to
produce the electrostatic load at a certain frequency on
the specimen. In this study, the digital wave (100Hz),
which is much less than the resonant frequency (shown in
Table 2) to avoid the resonance effect, is generated by the
function generator. The voltage output from the generator
is magnified by the power amplifier (150 and 200V in
the current test). Additionally, the electrode is made of
pure copper with excellent conductivity. At the voltage
difference across the specimen and the copper plate, the
electrostatic load is generated following the frequency of
the function generator. The beam under load deflects and
vibrates accordingly. The magnitude of the electrostatic
load is determined by the overlapped area between the
specimen and the copper plate (100cm?) and the distance
in between (525wum). The electrostatic load is estimated
2.9-5.2 x 107*N.

In the measurement module, the data of the deflection
of the specimen is obtained by a laser Doppler vibrometer
(Polytec MSV 400). The setup of the laser doppler vibro-
meter (LDV) is shown in Fig. 5. For out-of-plane motions,
the measurement resolution is in the range of a picometer. An
optical microscope is applied to align the laser beam and the
specimen precisely. The displacement data can be obtained
accurately for later calculation of the stress distribution.

TABLE 2.—Resonant frequency of the testing specimens.

Ly (pm) Pad #2 = 500 x 500 pm> Pad #2 = 560 x 560 pwm>
60 2835.8 Hz 2290.8 Hz
80 2434.9Hz 1958.1 Hz

100 2142.4Hz 1728.9 Hz

120 1916.7 Hz 1551.8 Hz
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FIGURE 5.—Setup of laser Doppler vibrometer.

The fatigue test conditions are as follows. The gap
between the specimen and the electrode is 525 um. The
applied voltages for the electrostatic load are 150 and
200V in digital wave at 100Hz. The resonant effect can be
neglected because the actuation frequency, 100 Hz, is much
lower than the resonant frequency of the specimens. The
total testing time is 422.15 hours, namely the maximum
deflection cycle is about 1.52 x 108.

RESULTS AND DISCUSSIONS

The displacement of all specimens in the first 20
minutes are sampled and averaged, as shown in Fig. 6.
The factors affecting the displacement are the applied
voltage and the beam length. The deflection increases with
these factors significantly. The neck deflection ranges from
61nm to 460nm at 150V and from 320nm to 600nm
at 200 V.

Based on the observation in the experiment, the specimen
does not break through the cross-section of specimen when
fatigue occurs. Instead, the cantilever beam deflects so
severely that the pad makes contact with the electrode.
Although no obvious defects appear on the specimen, the
specimen cannot resume its normal deflection behavior in
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FiGURE 6.—Neck displacement in Z direction.

the electrostatic field. The microcantilever beam normally
vibrates according to the applied frequency and the voltage.
It can be used as a switch to transmit the electrical signal.
When its motion cannot continue to pass the input signal,
the component is defined as failure (or fatigue). The beam
cannot resume its normal deflection because the stiffness
decreases with the internal material damage. The specimen
is then examined by Scanning electron microscopy (SEM).
The fatigue life data of the specimens are summarized in
Table 3. It is found that the fatigue rate of the longest
specimen, 120um, is the highest. More long samples fail
at shorter cycles, while the short beam fails later at a
larger number of cycles. This rate also increases when the
applied electrical load is increased from 150V to 200V. It
is attributed to the increased stress in the beam. The fatigue
behavior of the specimens will vary with the fabrication
conditions, such as the doping concentration, the deposition
uniformity, and the etching quality. These conditions change
the microscopic material characteristics. Hence, a code for
the fabrication should be constructed in the future for
industrial tests.

The average fatigue life is calculated by the weighted
average method

k
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TABLE 3.—Number of failed samples at various beam lengths.

Cycles (x10°) 60 pm 80 wm 100 pm 120 pm

(a) 150V
6.12
9.36
15.0
18.24
34.74
43.62
45.78
61.44
70.38
87.24
96.12
Total failed
Total samples
Fatigue rate (%)
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where # is the fatigue life of the specimen, w is the number
of failed samples at the same level of life, and & is the total
number of failed samples.

The fatigue life of the currently investigated beam
specimen lies between 6.1 x 10° and 1.4 x 108, The results
are comparable to a previous study on the use of magnetic
loading [17], in that the beam life lay between 1 and 5 x 107.

CONCLUSIONS

The design, fabrication, and fatigue behavior of a
microcantilever beam driven by electrical load is reported
in this study. The measurement shows that the deflection
increases with both beam length and the load, and the
fatigue rate increases correspondingly. For the beam of 60
to 120pm long, the neck deflection ranges from 61 nm to
460nm at 150V and 100Hz and from 320nm to 600nm at
200V and 100Hz. The fatigue life lies between 6.1 x 10°
and 1.4 x 108, which is consistent with the early reference
of fatigue tests using various loading methods.
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