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The primary goal of this project is to develop
the metal-based micro fabrication plate form,
including the aspect ratio enhancement of fixed
metal structure, the development of the fabrication
plate form for the construction of the suspension
metal structure and the development of the optimized
actuation engine and its application. For the
fabrication of fixed nmetal structure, the
characterization of the embedded root method is
carried out to enhance the aspect ratio of fabricated
metal structure. For the fabrication of the suspension
metal structure, the concept of metal sacrificial layer
with metal refilling is employed to develop a stable
fabrication plate form, named VSMSL (vertical
space with metal sacrificial layer), for the fabrication
of efficient actuation engine. The further
optimization of the actuation engine improves the
output performance and that supplies more MEMS
applications.

Keywords: MEMS, metal-based, surface micro
fabrication, embedded root method,
electroforming.
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Symbol  Definition Variety in size

r Root depth of 0, 1,4,7 and 10 pem
clectroplated structure

! Length of 1000 pem
clectroplated structure

w Width (linewidth) of 20-200 pm
clectroplated structure  at an interval of 20 um

h Height (thickness) of 240, 200, 160 and 120 pm
electroplated structure

s Space between two 20-200 pm at an
metal entities interval of 20 pm

m SU-8 mold thickness 300 pem

% 2 B R 300 fct 2. SU-8 @ 42 4 #ic

Process step Parameters

Equipment and chemical solvent

Thermally wet oxidation
Si0; lithography

Si0, wet etching
Anisotropic etching

Standard recipe
12 min immersion

1 pem thick1050 °C for 3.2 h

Root depths of 4, 7 or 10 pum
40% in weight, 80 °C

Quartz furnace

FH 6400

BOE

Potassium hydroxide (KOH)

0.3 m min~' etching rate

Seed layer deposition

Ti 500 A, 0.23 A min™!

Physical sputter

Cu 5000 A, 1.2 A min™!
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Nanocomposite Effects on The Coefficient of Thermal Expansion Modification for High
Performance Electro-Thermal Microactuator

L21i-Nuan Tsai, 'Y-T Cheng, and *Wensyang Hsu
"Microsystems Integration Laboratory, Department of Electronics Engineering,

National Chiao Tung University

*Department of Mechanical Engineering, National Chiao Tung University

1001 Ta Hsueh Road, Hsinchu, Taiwan, 300, ROC
*tsailn.me91g@nctu.edu.tw

ABSTRACT

We employ a low-temperature stress-free electroplated
nickel (EL) process with the addition of uniformly dispersed
nanoparticles of diamond (< 500 nm) or SiO, (< 80 nm) to
investigate “nanocomposite effects” for the first time on the
modification of the thermal expansion coefficient (CTE) and
other mechanical properties of nickel and its correlation to
power and reliability improvement of electro-thermal
microactuators.  Experimental results show that these
material parameters can be either enhanced or deteriorated
via the incorporation of different kind of nanopowders.
Although the mechanical strength enhancement can be
attributed to the intrinsic characteristics of the nanoparticle
based on the rule of mixture, the discrepancy of CTE
modification can only be explained with distinct composite
microstructures  which result in the performance
improvement of the electro-thermal microactuator. This
work has led to a possible research direction in the
development of MEMS using the nanocomposites.

1. INTRODUCION

For the development of cost effective, highly integrated
MEMS, electro-deposition technique is a manifest choice for
device fabrication since as-plated nickel metal has
comparable mechanical properties with polysilicon, lower
electrical and thermal resistivity, higher deposition rate
(>10mm/hr) and lower processing temperature (around room
temperature) in general. Meanwhile, recent investigations in
the nanocomposite syntheses and characterizations show that
the intrinsic physical property limits of metal, including
hardness, Young’s modulus, and coefficient of thermal
expansion (CTE)...etc. [1-5], can be further modified and
strengthen via the incorporation of well distributed ceramic
nanopowders like Al,O,, SiC, SizN4, and diamond. Thus,
employing the nanocomposites synthesized by electro-
deposition process for MEMS fabrication has revealed
its excellent prospect.

Previously, our research group already demonstrated
several Ni based nanocomposite synthesis methods and
MEMS devices made of the composites [5-7]. For electro-
thermal microactuator application, it is found that the
microactuator made of Ni/nano-diamond composite film
(0.248 W) can reduce 73 % power requirement of a pure
nickel device (0.924 W) for the same 3 pum displacement as
shown in Fig. 1 [6]. Meanwhile, in comparison with the
pure nickel one, which exhibits 1.8 pm reversible

deformation, the microactuator made of the Ni/nano-
diamond composite can exhibit better performance that is
over 3 um. Although the power and reliability
enhancements can be attributed to nanocomposite effects on
the modification of metal property, it is still required to
further investigate the correlation between the effects and
device performance, especially while the present studies
mainly focus on the property characterizations of the
composites in either bulk form or thin film appearance.

The CTE (Coefficient of Thermal Expansion) of a
nanocomposite is very important to MEMS fabrication.
During the deposition of composite film, process
temperature variation from a higher point to lower one will
result in the formation of thermal stress between the film and
its underneath silicon substrate due to the CTE difference,
which could cause thin film delamination or deform
subsequent device structure that made of the film. On the
other hand, electro-thermal microactuator can have larger
displacement while it is made of the material with higher
CTE coefficient [6]. Thus, this work will attempt an
investigation of “nanocomposite effects” for the first time on
the modification of CTE and other mechanical properties of
nickel which results in the power and reliability
improvement of the electro-thermal microactuator. We hope
that, via the understanding of the correlation, such a nickel
nanocomposite not only fascinates high performance electro-
thermal microactuator fabrication but also leads an
alternative direction in the development of MEMS
fabrication based on the use of nanocomposite effects.

2. FABRACTION PROCESS

In the experiment, we utilize cantilever beam and electro-
thermal microactuator for the characterization and
investigation of the nanocomposites and related device
performance. The material synthesis is based on a low-
temperature stress-free electroplated nickel (EL) process
with the addition of uniformly dispersed nanoparticles of
diamond or SiO, whose sizes are smaller than 500 and 80nm,
respectively. SiO, nanopowder is chosen for the comparison
purpose in this experiment due to its lower CTE value than
that of Ni and diamond. The amount of the particle
incorporation is controlled using different plating bath with
different concentration.

Figure 2 shows the fabrication process of the cantilever
beams. The device first comes with a 1um thick photoresist
coating on a silicon wafer as a sacrificial layer, which is
followed by a thin Ti/Cu films (100A/1000A) deposition as
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an adhesion and seed layer, respectively, as shown in Fig.
2(b). Another 7um photoresist is then utilized as an
electroplating mold as shown in Fig. 2(c). After that, Ni or
Ni based nanocomposite films are electroplated at 50°C to
form the micro cantilevers as shown in Fig. 2(d). Finally,
the cantilever is formed after stripping its underneath
sacrificial layer. The fabrication process of the electro-
thermal microactuators is similar except that a 2 um SiO,
instead of the photoresist is deposited for electrical isolation
and as a sacrificial layer.

3. RESULTS AND DISCUSSIONS

SEM micrographs of the as-fabricated cantilever beam
array and electro-thermal microactuator which made of pure
Ni and Ni-diamond nanocomposites, respectively, are shown
in the Fig. 3. The microactuator has similar surface
morphology to that of cantilever beam. In addition, no bend
up or down phenomenon has been found in these structures.
These results indicate that the newly developed stress-free
nanocomposite synthesis can provide as good as
conventional electroplating process for MEMS device
fabrications.

—A— Pure Ni

10 1 —e— Ni+2g/l Diamond
—e— Ni+1g/l Diamond
—8— Ni+0.5g/ Diamond

Displacement (um)

0.0 0.2 04 0.6 0.8 1.0 12
Power (W)

Fig. 1. Applied powers versus displacements of
microactuators at different incorporation of diamond
nanoparticle concentrations.

-
. I ]
' I
(L8 )
e B si B az-4620
OO s-sa00 [ di-disoond
|

Fig. 2. Fabrication process of the nanocomposite cantilever
beam using metal-based surface micromachining process.

Nano-indentor is first applied to characterize the hardness
and Young’s modulus of nanocomposite films. As shown in
Fig. 6(a), we found that with the increasing diamond
concentration, Young’s modulus of the Ni-diamond
nanocomposite cantilever with 2g/l diamond particles is
larger than pure nickel cantilever 1.2 times. On the other
hand, Young’s modulus of nickel matrix contains SiO,
nanoparticles is down from 190.6GPa to 180GPa. Figure
6(b) shows that the hardness increases with the
concentration of the diamond nanoparticles in the plating
bath. The hardness enhancement can be attributed to the
incorporation of diamond nanoparticle. = However, in
comparison with diamond, the incorporation of SiO,
nanopowders into nickel matrix, the hardness is decreased
from 4.56GPa to 3.82GPa. The degradation can be expected
due to lower mechanical strength of SiO,. Accordingly,
both Young’s modulus and hardness can be evidently
enhanced or degraded by embedding the diamond or silica
nanoparticles in the nickel matrix, respectively.

In addition to the mentioned mechanical properties, CTE
is also an important parameter directly affecting on electro-
thermal microactuator performance. In order to calibrate the
CTE of electroplated Ni-diamond and Ni- SiO, films, an in—
house CTE measurement appearances is used here. By
calibrating the elongation of the cantilever in the heated
chamber with temperature control, the thermal expansion
coefficients at different temperatures can be obtained using

Eq. (1).
wry= b=t L

L, AT
where L, is the length at temperature 7}, L, is the initial
length at temperature 7;), and AT =7, - 1Tj,.

Figure 4 and 5 show the measured CTEs of the
nanocomposites plated with different concentrations of
diamond and silica nanoparticle incorporations at 400°C,
respectively. The CTE wvalues increase with the
concentration of diamond nanoparticle starting from 27x10
5/°C of pure nickel to 54 x10/°C of the nanocomposite
plated in a bath with 2g/L of diamond nanoparticle, which is
about two times enhancement. In contrast, the CTE value
decreases with the concentration of SiO, nanoparticles in the
plating bath from 27x10°/°C down to 18x10°%/°C (0.036g/L).

Although the mechanical property modifications could be
attributed to the composite effect [5] resulted from the
incorporation of diamond or SiO, particles, which has much
higher or lower Young’s Modulus and hardness than pure
nickel, the CTE increment cannot be well explained in the
case of Ni-diamond nanocomposite systems due to much
smaller CTE value of diamond. Hence, the microstructures
of both Ni-diamond and Ni-SiO, nanocomposites are
examined by TEM. According to the TEM analysis, as
shown in Fig. 7, the dark field image indicates the
nanodiamonds only distribute along grain boundary regions
of nickel matrix. Figure 8 shows similar phenomenon
occurring in the synthesis of Ni- SiO, composite except that
the nanoparticles are also embedded inside nickel grains,

(1
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which could be the deterministic factor to cause the distinct
CTE behavior. Further study is required. o
&£ z00
é 150/
% 100/ |
g 50/
= I |
o Fure i Mi-Zi02 Fi-Diarmand
(a)
12
_. 10
g 6
2
Fig. 3. SEM of the fabricated electrolytic (a) pure Ni iy . ,
. . . Pure Mi Mi-=i22 i L imm ond
cantilever beam (b) electro-thermal microactuator (Ni+2 b)
/L di d ticles). . . . . .
&/L diamond nanoparticles) Fig. 6. A Comparison of the material properties of various
6 material (a) Young’s modulus (b) hardness.

diamond nanoparticles
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Fig. 7. TEM of the fabricated electrolytic Ni-diamond (2g/l)
microactuator and the diamond nanoparticles entrap inset
the grain boundary.

Diamond Concentration (g/l)

Fig. 4. The CTE variations at 400 T in various diamond
nanoparticles concentrations.

Si0g-nanoparticles«

28
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Fig. 8 TEM of the fabricated electrolytic Ni-SiO2 (0.036g/l)
" o 0.008 0.016 0.024 0.032 0.040 microactuator and the SiO2 nanoparticles entrap inset the

SiO, Concentration (g/l) grain.

. o o . . ANSYS 6 is utilized to simulate the electro-thermo-
Fig. 5. The CTE variations at 400 C in various SiO; mechanical behavior, where the element type of solid 5 is
nanoparticles. applied for the analysis. The material properties of the

nanocomposite, such as the thermal conductivity and
specific heat capacitance, are assumed to be the same as
those of pure nickel. In addition to the CTEs determined
from our CTE measurement results, the related data about
the mechanical and thermal properties of Ni, Ni-diamond
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and Ni-SiO, nanocomposite of the microactuators for
numerical analysis are listed in Table 1 [8, 9]. According to
the simulation results, the relation between output
displacement and input voltage is closely fitted with
experimental data as shown in Fig. 9 indicating that CTE has
the direct effect on the -electro-thermal microactuator
displacement. With the increasing concentration of diamond
nanoparticles in nickel electroplating solution, CTE becomes
larger as well as the output displacement of the electro-
thermal microactuators. On the other hand, the electro-
thermal microactuator made of Ni-SiO2 nanocomposite with
the same dimension could only provide smaller
displacement due to its decreased CTE. Though it has been
found that the performance enhancements of electro-thermal
microactuator can be realized using nanocomposite due to its
larger CTE and stronger hardness, the effects on the device
originated from the change of thermal conductivity and
specific heat capacitance still require further investigation.

6

—&— Pure Ni-measurement

—4— Pure Ni-simulation

& 4 —e— Ni- Diamond (29/) -measurement
—0— Ni-Diamond (2g) -simulation
—m— Ni- 5i0,; (0 036a4) -measurement

44 —o— Mi- Si0, (0.036 9/ -simulation

Displacement { 2 m)

W

T u y T T T
0o 01 0z 03 0.4 05 08 o7 0.8 09

. Yoltage (v)
Flg. Y. comparison 0j tne experimentdl aara wiin jinire

element analysis for displacement at different applied
voltage in various nanoparticle concentrations.

Table 1. Material properties used in simulations [8,9]

Nickel-and-17i-diamonds

Modulus-of Elasticity(GPa)e 115¢
Density:(kg/m)e 90404
Doisson Ratioe 0310
Thermal Conductinty-(WimE e 90 5¢
Specific-Heat(T/Eg-K)e 443 08+
Resigvitity: (¢ £2-ctn)e 1350

Thermal-Expansion-Coefficient-(105/°C):

Pure Mi/Ni-diamond-(2g/)- Mi-5105-(0.036g /e 27454:4182

4. CONCLUSION

This paper reveals several new composite effects on the
material property modification, especially on coefficient of
thermal expansion, based on the incorporation of diamond or
Si0, nanoparticles in the grain boundary of nickel matrix by
a low temperature CMOS compatiable process, which not
only makes the nickel nanocomposite attractive for high-
performance electro-thermal microactuators, but also may

provide an alternative direction in the development of other
MEMS devices using the nanocomposites. However, other
mechanical properties, such as thermal conductivity and
specific heat capacitance, affected by using nanocomposite
still require further investigation.
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