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Employing the bending-test method, a fatigue characterization scheme has been preformed on
microsized cantilever-beam specimens made of electroplated Ni and Ni-diamond nanocomposites to
investigate the related material behavior and properties thoroughly. Due to the nano-diamond
incorporation in the electroplated Ni matrix, the Young’s modulus reinforcement of composite can
be realized especially for small particle size. According to the measurement results, Ni-diamond
nanocomposites with the average particle-diameter of 350nm and 50nm can have around 4.6% and
13.6% Young’s modulus enhancement than that of pure electroplated Ni, respectively. Meanwhile,
the results also show that Ni-diamond nanocomposite has slightly smaller fatigue strength than that
of pure electroplated Ni due to the ductility reduction resulted by the nano-diamonds.
Nevertheless, once incorporated diamond particle size is reduced from 350nm to 50nm, it has been
found that the nano-diamond particles can effectively hinder dislocation motion so that the fatigue
lifetime of Ni-diamond nanocomposite can be comparable with that of pure electroplated Ni
without sacrificing its fatigue strength, especially in low stress cycling regime. According to the
test results of fatigue lifetime in terms of S-N curve, the values of fatigue strength are obtained as
2.41GPa, 2.18GPa, and 2.40GPa for electroplated Ni and Ni-diamond nanocomposites with the
average particle-diameter of 350nm and 50nm, respectively.
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1. Introduction

Previously, we have reported that the electrolytic Ni matrix with the incorporation of
nano-diamonds could exhibit higher Young’s modulus and coefficient of thermal expansion (CTE)
[1,2]. Viathe property modification based on the nanocomposite effects, MEMS devices made of
the nanocomposite can have superior performance. For example, electro-thermal microactuator
made of the nanocomposite can have lower power, larger output force, and ultimate elongation in
comparison with the one made of pure electroplated Ni due to the Young’s modulus and CTE
enhancement of structural material. Micro-resonator made of the nanocomposite can increase its
resonance frequency and make itself practical for electro-mechanical signal processing application
to RF system [3]. Therefore, the investigation of fatigue property of the electroplated Ni-diamond
nanocomposite is essential for the potential application in the fabrication of microelectromechanical
systems (MEMS), where moving components are subjected to cyclic load.

To date, a variety of testing methods have been proposed for the fatigue characterization of
microsized material. Among these methods, tension and bending tests are two popular testing
schemes. Tension method [4, 5] can extract Young’s modulus and fracture strength directly from
the measured stress-stain curve. However, once the sample becomes very small only with several
millimeters [6], the setup requirements for gripping, aligning, and pulling a tested sample become
stringent to the method. In comparison with the tension method, bending method [7, 8] can be free
of the issues raised by sample gripping and alignment. Furthermore, bending test only requires
smaller loading force than that of tension test to yield tested sample with a deformation large
enough for accurate measurement, which makes the method suitable for thin film characterization.
Thus, in this study, a fatigue characterization scheme based on the bending-test design is proposed
and utilized for the property investigation of the Ni-based nanocomposite in terms of Young’s
modulus, fatigue life, fatigue strength, and fracture mechanism.

2. Experimental setup and test sample design

Fig. 1 shows the scheme of the bending-fatigue test where microsized cantilever-beam
specimen is tested in a displacement-control mode. A tungsten micro-probe is controlled by the
test machine to cyclically exert a loading force on the free-end of cantilever beam with a fixed
vertical displacement [9]. Before sample testing, the contact monitoring between micro-probe and
microsized cantilever-beam specimen is detected by the load cell underneath the tested specimen.
Through the load cell fixed on a precise x-y table and the charge-coupled device (CCD) system, the
micro-probe can accurately be placed on the right load-position of microsized cantilever-beam
specimen. In this fatigue test machine, the resolutions of load cell and displacement actuation can
be controlled at 0.1mN and 0.1um, respectively. Fig. 2 shows the scheme of microsized
cantilever-beam specimen for bending-fatigue test. A contact hole is introduced in the specimen
design as the load-position to fix the micro-probe with specimen for preventing the probe-tip from
gliding along the beam during the test [10]. The contact hole, 15um in diameter, is located on the
center line of cantilever beam with 130um from the root of the beam and 50um from the free-end.
The designed width (w) and thickness (t) of the microsized cantilever-beam specimen are fixed at
50um and 15um, respectively.
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Fig. 1. Schematic set-up of the bending-fatigue test for microsized cantilever-beam specimen.
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Fig. 2. llustration of microsized cantilever-beam specimen.

The microsized cantilever-beam specimens are fabricated on a silicon substrate as shown in
Fig. 3. Initially, the Ti adhesion layer (200A thick) and Cu seed layer (1000A thick) are sputtered
respectively onto the cleaned silicon wafer. Then, the 20um thick AZP-4620 photoresister (PR) is
spin coated and patterned to form the plating molds of microsized cantilever-beam specimens (Fig.
3(a)). Subsequently, the electroplated Ni-based material is deposited to construct the microsized
cantilever-beam specimens (Fig. 3(b)). Table 1 shows the plating bath conditions of electroplated
Ni-based materials of pure Ni and Ni-diamond nanocomposites. For the composite-plating of
Ni-diamond nanocomposites which are different from pure electroplated Ni, the nano-diamond
particles with the average particle-diameters of 350nm and 50nm are added respectively into the
different plating baths of sulfuric-based Ni for the co-deposition. And the concentrations of
nano-diamond particles in plating baths are all kept at 2g/L. Finally, the fabricated
cantilever-beam specimens are released after stripping the plating molds by acetone solution (Fig.
3(c)), which is followed by the removal of silicon underneath using KOH solution (Fig. 3(d)).
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Fig. 3. Fabrication process of microsized cantilever-beam specimen.

Table 1. Plating bath conditions of Ni-based materials for microsized cantilever-beam specimens.

Ni
Batch
Nickel sulfamate (g/L) 400
Nickel chloride (g/L) 5
Boric acid (g/L) 40
Wetting agent (c.c.) 5
pH 4.1-4.3
Current density (mA/cm?) 10
Temperature (°C) 50
Ni-diamond nanocomposites
Batch
Nickel sulfamate (g/L) 400
Nickel chloride (g/L) 5
Boric acid (g/L) 40
Wetting agent (c.c.) 5
Concentration of diamond nanoparticles (g/L) 2
Average diameter of diamond nanoparticle (nm) 50, 350
pH 4.1-4.3
Current density (mA/cm?) 10
Temperature (°C) 50

Fig. 4 shows the scanning electron microscope (SEM) pictures of as-fabricated
cantilever-beam specimens made of electroplated Ni and Ni-diamond nanocomposites for the
bending-fatigue test, respectively. According to the elemental analyzer (EA) measurement of the
synthesis of Ni-diamond nanocomposites, the diamond content of the corresponding nanocomposite
films with the average particle-diameters of 350nm and 50nm are 0.14% and 0.16% in weight
fraction, respectively. Furthermore, according to the calculation based on the density of
electroplated Ni (8908kg/m?® [1]) and diamond (3510kg/m? [1]), the diamond content of Ni-diamond
nanocomposite films with the average particle-diameters of 350nm and 50nm are 0.35% and 0.41%
in volume fraction, respectively.



(c)
Fig. 4. SEM pictures of as-electroplated cantilever-beam specimens made of: (a) Ni; (b)
Ni-diamond nanocomposite with average particle-diameter of 350nm; (c) Ni-diamond
nanocomposite with average particle-diameter of 50nm.

3. Measurements and results
3.1 Static bending test

Before the test of fatigue lifetime, a static bending test is performed on as-fabricated cantilever
nanocomposite beams to determine fatigue-test conditions. Firstly, a tungsten probe tip connected
to the test machine is precisely placed at the contact hole of the beams, and the loading force
applied by the probe to the beam is measured by a load cell connected to the computer. The tested
beam is then gradually deflected by the probe-tip from 0 to 50um with a displacement step of 2um.
Thus, the loading force versus corresponding displacement can be recorded by the load cell as
shown in Fig. 5, which is force-displacement (F-0) curve. As the fatigue-test condition in this
study, the maximum displacement loading (Jmax) range is determined by the proportional limit of
F-ocurve. In this range, the force is proportional to the specimen defection.  As shown in Fig. 5,
the Omax are determined as 18um, 22um, and 18um for the electroplated Ni beam and the
Ni-diamond nanocomposite beams where the average particle-diameters of nano-diamonds are
350nm and 50nm, respectively.
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Fig. 5. Force-displacement (F-9) curve of microsized cantilever-beam specimens made of the
electroplated Ni and Ni-diamond nanocomposites from the static bending tests.

3.2 Young’s modulus measurement
According to Fig. 5, the slope of F-o curve also indicates that the incorporation of
nano-diamonds in Ni matrix can enhance the stiffness (force/displacement) of specimen than that of



pure electroplated Ni. Using these stiffness data, the Young’s modulus of specimen material can
be extracted from the following cantilever-beam equation:
L* F
31 6 @)

where L is the length from the beam-root to the load-position, and | is the moment of inertia.
Because the equation is only built for idea case without considering actual boundary conditions like
quarter-plane and undercut [11] which usually occur in wet-etching process, the extracted Young’s
modulus  becomes unreasonable. In order to solve this problem, commercial
finite-element-analysis (FEA) software, ANSYS, is employed to estimate the accurate Young’s
modulus of the tested samples. Through the construction of F-6 curve analyzed by ANSYS based
on the actual parameters of beam size and undercut size, the stiffness can be simulated and
compared with the experimental stiffness calculated from data in Fig. 5. Once the analytical data
is matched with the experimental one, the corresponding of Young’s modulus values can be
obtained as 156.9GPa, 165.9GPa, and 178.2GPa for the electroplated Ni and Ni-diamond
nanocomposites with the average particle-diameter of 350nm and 50nm, respectively. To further
examine the derived Young’s modulus values from FEA, the analyzed Young’s modulus values of
the electroplated films and the resonant frequencies of the tested beams are also compared with the
data measured by nanoindenter [12] and LDV resonant frequency measurement method [13],
respectively. Table 2 lists the measured Young’s modulus values from nanoindenter and
resonance methods which well agree with the results of FEA. It is noted that Ni-diamond
nanocomposites with the average particle-diameters of 350nm and 50nm both have Young’s
modulus values which are about 4.6% and 13.6% larger than that of pure electroplated Ni,
respectively.

Table 2. Young’s modulus values of the electroplated films of Ni and Ni-diamond nanocomposites
measured by FEA, nanoindenter, and resonance methods.

FEA Nanoindenter Resonance
Ni 156.9GPa 156.7+5GPa 158.1+2GPa
Ni-diamond (avg. dia. 350 nm) 165.9GPa 164.0+5GPa 163.3+2GPa
Ni-diamond (avg. dia. 50 nm) 178.2GPa 178.0+5GPa 178.2+2GPa
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Fig. 6. S-N curve of microsized cantilever-beam specimens made of the electroplated Ni and
Ni-diamond nanocomposites from the fatigue life tests.



3.3 Fatigue-lifetime test

As aforementioned in Section 2, the fatigue-lifetime test of the beams made of electroplated Ni
and Ni-diamond composites are performed using a micro-probe controlled by the test machine to
cyclically apply a sinusoidal displacement on the free-end of cantilever beam with a frequency of
20Hz. Fatigue lifetime is obtained from different cyclic displacement loadings which are below
Jmax for each fatigue test condition. Besides, all of the lifetime testes are performed in air and at
room temperature. Fig. 6 shows the result of fatigue-lifetime tests in terms of S-N curve. The
S-N curve, a plot of loading stress (S) versus the number of cycles to fracture (N) is generally
utilized for presenting fatigue data. The values of stress amplitude used in the S-N curve are
evaluated by FEA from the cyclic displacement loading, as shown in Fig. 7 [14, 15] at the root
corner with the maximum stress. In the S-N curve of Fig. 6, each data point is determined while
the specimen is broken as shown in Fig. 8, where the loading force detected by the load cell will
become diminutive and the number of cycles to fracture will be recorded, simultaneously. In
general, fatigue strength is defined as a stress value where the specimen has no failure after 10°
cycles [16]. Therefore, as shown in Fig. 6, the fatigue strengths are obtained as 2.41GPa, 2.18GPa,
and 2.40GPa for the electroplated Ni, the Ni-diamond nanocomposite incorporated with 350nm in
diameter nano-diamond powders, and the one with 50nm in diameter nano-diamond powders,
respectively. Meanwhile, it is found that the fatigue strength of Ni-diamond nanocomposite can
have 10% increase with the reduction of nano-diamond particle size from 350nm to 50nm, and the
fatigue lifetime of Ni-diamond nanocomposite with the average particle-diameter of 50nm would be
the same as that of pure electroplated Ni in the low loading stress regime.
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Fig. 7. FEA calculated stress-distribution of specimen under the cyclic displacement loading.

(b)
Fig. 8. SEM pictures of electroplated specimen appearance after fatigue fracture: (a) Ni; (b)
Ni-diamond nanocomposite with average particle-diameter of 350nm; (c) Ni-diamond
nanocomposite with average particle-diameter of 50nm.
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4. Discussions

Fatigue of ductile material is generally attributed to cyclic plastic deformation involving
dislocation motion. The motion would result in the alternating, blunting, re-sharpening, and
advancing of a crack tip in a material [17]. From the FEA calculated stress distribution in Fig. 7, it
can be found that the maximum stress value is concentrated at the root-corner of cantilever beam.
Under cyclic stress loading, crack tip will occur initially at the stress-concentrated zone such as the
root-corner of specimen, as shown in Fig. 9(a). Then, the cracks will grow from two ends of the
root-corner of specimen (Fig. 9(b)). Finally, the beam will fracture as soon as two ends meet
together (Fig. 9(c)). Fig. 10 shows the SEM picture of fatigue fracture interface of Ni-based beam.
The cup-cone fracture morphology is a typical ductile characteristic of metal-based material. Fig.
6 has shown that electroplated Ni-diamond nanocomposites have slightly smaller fatigue lifetime
than that of pure electroplated Ni especially for larger size particles. It can be attributed to the
ductility reduction by incorporation of second-phase particles. As shown in Fig. 10(a) and 10(b)
which are the fatigue fracture interface of the pure Ni and the Ni-diamond nanocomposite with the
average particle-diameter of 350nm, respectively, the cup-cone has been become finer and the
interface morphology has become toward to brittle fracture. In the nanocomposite system,
nano-diamond is a source to generate dislocation but also a barrier to block dislocation motion
because of the high hardness of diamond. Due to aggravated multiplication and motion hindrance
of dislocations in the composite system, crack and void would be easily formed and make the
material become brittle.  Thus, both the fatigue lifetime and strength of Ni-diamond
nanocomposite will degrade and become worse than that of pure electroplated Ni.

@ (b) (c)

™ IT T

Fig. 9. Schematic process of fatigue fracture on microsized cantilever-beam specimen: (a) crack
initiation; (b) crack growth; (c) specimen failure.
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(b)
Fig. 10. SEM pictures of cross-sectional morphology of electroplated specimen after fatigue test
(~3GPa stress amplitude): (a) Ni; (b) Ni-diamond nanocomposite with average particle-diameter of
350nm; (c) Ni-diamond nanocomposite with average particle-diameter of 50nm.

As aforementioned in Section 3.2, the electroplated Ni-diamond nanocomposites have higher
Young’s modulus values than that of pure electroplated Ni.  Such improvement can be attributed to
the particle reinforcement in matrix that the diamond has a larger Young’s modulus (~1100GPa [18])
than that of pure electroplated Ni (~156.7GPa as measured). According to the rule-of-mixtures
equations [19, 20], the Young’s modulus of the composite could be estimated as the one just falling
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between the upper and lower bounds as follows:
Upper bound based on the assumption that two phases in a composite are arranged in parallel,

Ec,parallel :Emvm +E pr (2)
and lower bound based on the assumption of two in-series phases,
E.E
E - @)

c,series EmVp +E pvm
where E and V denote the Young’s modulus and volume fraction, respectively, and the subscripts of
¢, m, and p represent composite, matrix, and particle phases. From Eq. (2) and (3), the calculated
upper and lower bound values of Young’s modulus are 157.2GPa and 160.0GPa for the
electroplated Ni-diamond nanocomposites with the average particle-diameter of 350nm, and
157.3GPa and 160.6GPa for the composite one with the average particle-diameter of 50nm,
respectively. Therefore, electroplated Ni-diamond nanocomposites will be expected to have a
higher Young’s modulus value based on the rule-of-mixtures. These calculated Young’s modulus
values are quite close to the values derived by different methods as listed in Table 2.  Nevertheless,
it is noted that, the Young’s modulus of electroplated Ni-diamond nanocomposite with the average
particle-diameter of 50nm has the largest value.

Previous researches [21-23] have observed that the decrease of particle size can have
composite materials gain the largest strengthening and hardening effects which also result in the
increases of fatigue lifetime and strength. Under the same volume fraction, more and more
nano-particles will be introduced in the composite system with a decrease in the grain size of
secondary phase. It could complicate the grain boundary system of the composite with different
sliding systems which would hinder dislocation motion, make structure hardened, and prevent crack
growth. In fact, the strengthening will be especially pronounced in the high cycle fatigue test with
the low stress amplitude, as shown in Fig. 6.  As the cyclic-loaded-stress amplitude being reduced,
the fatigue lifetime of the electroplated Ni-diamond nanocomposite with small particle size of 50nm
will approach gradually to the one of pure electroplated Ni. It is because small particle size means
dislocations could still cut through or bypass the secondary phase under low cyclic loaded. The
cutting through or by-passing behavior will make the fracture more behave like ductile even though
the secondary phase could effectively result in the multiplication and motion hindrance of
dislocations. The fatigue lifetime and strength of the electroplated Ni-diamond nanocomposite can,
therefore, be improved by incorporating small size particles. In fact, the tendency has also been
founded in the fracture interfaces, as shown in Fig. 10(a) and 10(c). The cup-cone fracture
morphology of Ni-diamond nanocomposite with the average particle-diameter of 50nm appears
closely to that of pure electroplated Ni.

In addition, by comparing the Young’s modulus values between Table 2 and rule-of-mixtures
calculation, it can be found that the effect of particle size is remarkable for Young’s modulus
improvement with the particle size reduction of nano-diamonds [23]. The strengthening can also
be well explained by aforementioned sliding system complication that makes Young’s modulus of
the Ni-based composite depend on not only volume fraction of nano-diamond particle but also its
sizes.

5. Conclusions

Fatigue characterizations of electroplated Ni and Ni-diamond nanocomposite including
Young’s modulus, fatigue life, and fatigue strength, have been performed by employing bending
test to microsized cantilever-beam specimens. Experimental results show that Ni-diamond
nanocomposite has higher Young’s modulus than that of pure electroplated Ni due to the particle
reinforcement in matrix, but it has slightly shorter fatigue lifetime and weaker fatigue strength than
that of pure electroplated Ni due to the ductility reduction resulted by the nano-diamonds.
Nevertheless, once incorporated diamond particle size is reduced from 350nm to 50nm, the fatigue
lifetime of Ni-diamond nanocomposite can be improved and its fatigue strength can be as strong as
the pure electroplated Ni. These improvements of fatigue lifetime and strength can be attributed to



the particle size effect. Under the same weight fraction, small diamond size means more diamond
particles to complicate the composite grain boundary system which will hinder dislocation motion,
make structure hardened, and prevent crack growth. Taking advantages of similar fatigue strength
as pure Ni, low electroplating temperature (~50°C), and MEMS/CMQOS compatible process, the
electroplated Ni-diamond nanocomposite with enhanced Young’s modulus is expected as an
appropriate material for high frequency and moving components of MEMS devices.
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A Rapid Fatigue Test Method on Microstructures
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Abstract: Fatigue behaviour of thin film is
different from the bulk material in general.
However, a fatigue test usually takes long
time. In this study, an excitation method is
proposed to perform rapid fatigue test on
microstructure by exciting a cantilever
beam at its resonant frequency. With ex-
perimentally determined quality factor, the
relative displacement between PZT actua-
tor and the test sample can be determined.
By controlling the excitation amplitude, the
desired stress on sample can be achieved.
Single crystal silicon is used here to
demonstrate the proposed method. It is
found that fatigue stress of single crystal
silicon is 1.33GPa after 10e9 cycles. For
excitation at 130 kHz, it takes only about
128 minutes to test 10e9 cycles.

1 Introduction: Mechanical fatigue is a
critical issue in designing a device with
movable parts, especially for long-term and
repetitive operation. For fatigue tests on
microstructures, previous approaches ei-
ther used external actuators to push spec-
imens [1,2,3], which would require long
testing time, or fabricated the test sample
with an in situ micro actuator [4,5], which
would be hard to prepare the sample and
control the loading.

In this study, an excitation method is pro-
posed. The test sample is excited by an
external actuator at resonant frequency of
the test sample. Therefore, a simple test
sample, such as a micro cantilever, can be
prepared more easily, and fatigue test can
be accomplished at suitable stress range
rapidly.

2 Concept: The test sample here, such as
a micro cantilever, is excited by a commer-
cial PZT actuator in out-of-plane direction
at resonant frequency, as shown in Fig. 1.
With experimentally determined quality fac-
tor, Q, the relative displacement between
PZT motion and sample can be derived.
Then the displacement amplitude of the
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sample can be controlled at different PZT
voltages at resonant frequency to perform
fatigue tests. The relation of stress and ex-
citation amplitude in out of plane direction
is found to be:

oo 3Q|§t
2L
E is Young’s modulus. Yy is excitation am-

plitude of PZT, t and L are thickness and
length of micro cantilever, respectively.

Yo (1)

3 Experiment setup and results: Here
single crystal silicon is used to demonstrate
the proposed method because of its high Q
factor, micro cantilever beams are fabricat-
ed by double-side RIE etching of (100) sili-
con wafer. Two kinds of Si cantilever
beams are fabricated, one is resonated at
130 kHz for low-stress, high-cycle test, and
another with plane mass is resonated at 20
kHz for high-stress, low-cycle fatigue test,
as shown in Fig.2.

The experiment setup is shown in Fig.3. By
using Laser Doppler Vibrometer (LDV) to
characterize the Q factor, resonant fre-
guency, and the amplitude, the life cycles
of Si cantilevers at different periodic load-
ings are determined, as shown in Fig. 4. It
is found that fatigue stress of single crystal
silicon is 1.33GPa at around 10e9 cycles.
For excitation at 130 kHz, it takes only
about 128 minutes in the proposed method
Comparing to fatigue test on a commercial
micro testing machine (uMTS), it usually
can operate only up to 10 Hz, then it would
need more than 1000 days to test 10e9 cy-
cles. More detailed results and discus-
sions will be presented in full paper.

Acknowledgements

The authors would like to express the appreciations
to Nano Facility Center of National Chiao Tung Uni-
versity, Instrument Technology Research Center,
and National Chip Implementation Center for the
support of the fabrication and measurement instru-
ments. This work is supported by Taiwan National
Science Council, NSC 97-2221-E-009-020-MY3.



Feasibility Study on Using Polymer as Protecting Material in
Fabricating Suspended Single-Crystal-Silicon Microstructures

Yu-Hsin Lin'*', and Wensyang Hsu*
1Department of Mechanical Engineering, National Chiao Tung University, 1001 Ta Hsueh Road, Hsinchu, Taiwan,
30010, R.O0.C
%Instrument Technology Research Center, National Applied Research Laboratories, 20 R & D Road VI, Hsinchu Science
Park, Hsinchu, Taiwan, 30010, ROC
*Corresponding author: yhlin@itrc.org.tw

Abstract: This paper presents a rapid bulk
micromachining process to fabricate
suspended single-crystal-silicon (SCS)
microstructures by using polymer as
protecting material at both anisotropic
etching and isotropic etching steps.
Without using SiO, deposition or Boron
doping as protection layer at releasing step,
the proposed method can fabricate
suspended SCS microstructures by only
using Inductively Coupled Plasma Reactive
lon Etching (ICP-RIE), which could simplify
fabrication process and save fabrication
time. Critical fabrication parameters are
systematically investigated to verify the
feasibility of the proposed method.

1 Introduction: Due to excellent material
properties of single-crystal-silicon (SCS),
different methods have been developed to
fabricate suspended SCS microstructures
[1-4]. In deep reactive ion etching (RIE)
technique, protecting the silicon sidewall
during the releasing process is the critical
step to form a suspended SCS
microstructure. In  technology of
Inductively Coupled Plasma Reactive ion
etching (ICP-RIE), polymer has been used
in the standard Bosch recipe as protecting
material to fabricate the high-aspect-ratio
microstructures [5] at anisotropic etching
step. However, the polymer is a soft
material which is difficult to protect long
isotropic etching at releasing step.
Therefore, SiO, coating [1-3] and Boron
doping [4] have been proposed in previous
literatures to protect the silicon during the
releasing step in order to form suspended
SCS microstructures. However, SiO;
deposition or Boron doping needs
additional equipments beside ICP-RIE.

Here, a bulk micromachining method using
only ICP-RIE to fabricate suspended SCS
microstructures is proposed by using
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polymer as the protecting material at both
anisotropic etching and isotropic etching
steps. Key parameters, such as polymer
deposition time and thickness at different

opening gaps, are  experimentally
investigated.
2 Process Flow: The experimental

investigations of the proposed technique
are conducted on the STS Multiplex
ICP-RIE. Fig.1 schematically shows the
fabrication process of suspended SCS
microstructures using polymer as protecting
material at both anisotropic etching and
isotropic etching. Beside the photo-resist
(AZ4620) patterning step, as shown in
Fig.1(a), all other steps are conducted in
the ICP-RIE chamber. After forming
high-aspect-ratio trenches by Bosch cyclic
anisotropic etching, as shown in Fig.1(b),
the critical step is the proper polymer
coating in Fig.1(c), which needs to provide
sufficient protection on sidewall at base
polymer removal step (Fig.1(d)) and
isotropic etching step (Fig.1(e)) for
releasing suspended SCS microstructures.

AR

(d) Base polymer removing

ST

(e) Isotropic etching

peooy

(f) Strip P.R. and polymer

(a) P.R. mask
(b) Silicon etching

(c) Polymer coating

[ silicon [ PR 7] Polymer

Fig. 1. Fabrication process
3 Experimental Results and Discussions:
The required polymer deposition time for
30um deep trench at four different opening
gaps has been systematically investigated.
The polymer coating recipe is 800/0W
source/bias power, 130 sccm C4Fs flow rate
with 5, 15, or 25 minutes deposition time.

The opening gaps are 5, 10, 30, and 50um.



The base polymer removing recipe is
800/12 W source/bias power, 130/13 sccm
SFe/O; flow rate. The minimum polymer
thickness on sidewall (Fig.2a) and
maximum polymer thickness on base
(Fig.2b) are all measured. Since the
residual polymer on the base will affect the
following releasing step, it is important to
make sure the base polymer is removed
completely. Fig.3 shows the etching rate
on different base polymer thickness at
different gaps.
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Fig. 2 Polymer thickness measured (a) on sidewall
and, (b) on base of trench structure.
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Fig. 3 Etching rate on base polymer

The suitable polymer deposition time and
base polymer removing time for successful
sidewall protection at isotropic etching for
four different gaps are shown in Fig.4. It is
found that polymer with 5 minutes
deposition is not enough to protect the
sidewall well at gaps of 5 and 10 um.
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Fig.4 Suitable polymer
removing time for
microstructure fabrication

deposition and base
successful  suspended

Fig.5 shows the fabrication results of the
comb structures without and with proper
polymer protection. It can be seen that by
just using polymer as protection material at
both anisotropic etching and isotropic
etching in ICP-RIE,

suspended SCS
microstructures can be fabricated

successfully.

§ el
Silic;ol‘ damag;b tﬂ?. - J

Sllionaamage o

(b)

Fig. 5 Comb structures (a) without proper
polymer protection, and (b) with proper polymer
protection.

4 Conclusion: Feasible recipe by using
polymer as protecting material to fabricate
suspended SCS microstructures has been
successfully identified. Without using SiO;
deposition or Boron doping as protection
layer in releasing step, the fabrication can
be performed all in the ICP-RIE chamber,
which would simplify fabrication process
and save fabrication time. More detailed
results and discussions will be present in
full paper.
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Abstract: This work presents the design,
fabrication and characterization of a
low-voltage scratch drive actuator (LVSDA)
with flexible joints. Due to a lower flexural
rigidity, the driving voltage can be reduced
effectively. Here rectangular SDAs made
of nickel with and without flexible joints are
fabricated by a metal-based surface
micromachining process. Flexible joints
with  different dimensions are also
fabricated and tested. Experimental results
show that, at the same main plate length
(80um) and width (65um), the proposed
LVSDA can be actuated at 50V, much
smaller than 84 V, the minimum required
input voltage of the conventional SDA, i.e.
without flexible joint design. It is also
found that the LVSDA can stretch the
attached spring longer than the
conventional SDA under the same driving
voltage under 100V, which verifies the
proposed LVSDA can provide larger output
force at lower driving voltage.

1 Introduction: The scratch drive actuator
(SDA) can yield micro-Newton force and
long travel distance with nano-meter step
size. It has been adopted in many micro
electro-mechanical systems (MEMS), such
as self-assembly [1, 2], self-positioning [3],
operation of micro cam-motor [4], and
actuation of micro-gripper [5]. However, the
required driving voltage for SDA is very high,
usually between 100 and 200 volts. Here, a
flexible joint design is proposed to reduce
the required driving voltage of SDA to
become a so-called low-voltage scratch
drive actuator (LVSDA). The output
performances with different flexible joint
dimensions are also experimentally
characterized.

2 Concept Design: The operation of a
SDA usually involves charging, pull-in,

discharging and one step ahead. In the
proposed LVSDA design, flexible joints are
incorporated into the main plate structure,
as shown in Fig. 1. Therefore, electrostatic
force to resist the mechanical force can be
reduced. A schematic LVSDA operation
cycle is shown in Fig. 2.

Flexible joint Support beam

Scratch plate

Fig. 1. Concept design of a LVSDA
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Fig. 2. Operation Principle of LVSDA (a) initial
state; (b) charge and pull-in for softer joint; (c)
charge and pull-in for stiffer joint; (d) priming;
(e) discharge and one step ahead.
3 Fabrication and Testing: A two-mask
micro electroplating nickel process is used
here. Each test sample is composed of four
LVSDAs or SDAs with a tether spring
attached, as shown in Fig. 3. The length,
width, and thickness of main plate are 80

um, 65um, and 2.5um, respectively. Two
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different locations of the rectangular hole in
the main plate are fabricated. Flexible joints
with two different beam widths (3um and
6um) are also fabricated and tested.
Devices are tested at various sinusoidal
pulses of 500Hz. The displacements are
recorded under an optical microscope with
a CCD camera.

(a) (b)
Fig. 3 Fabricated results. (a)SDA (b) LVSDA
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Fig.5 Output forces with two different Ls
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Fig. 6 Output forces with two different flexible beam
widths

4 Results: Fig.4 shows a typical
displacement testing result. With the
calculated spring constant, the output
forces can be determined from the

measured displacement data. The distance
of rectangular hole to the bushing is
denoted as Ls. Fig. 5 shows the
experimental results of output force at
different driving voltages with Ls= 10um
and 20um. It is found that the minimum
driving voltage for SDA is around 84V and
50V for LVSDA, respectively. It is also
found that shorter Ls can provide larger
output force for input voltage higher than 60
V. The output force of LVSDA with Ls=10
reaches its maximum around 70V and
remains larger than the output force of SDA
until around 97V, which verifies that the
proposed LVSDA can provide higher output
force at lower driving voltage.

Fig. 6 shows the testing results with
two different flexible joint beam widths, Wj,
3um and 6um. It can be seen that a wider
flexible beam can provide a larger force.
More detailed results and discussions will
be presented in the final paper.
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