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Synthesis and Characterization of Ni-P-CNT’s
Nanocomposite Film for MEMS Applications

Guang-Ren Shen, Yu-Ting Cheng, Member, IEEE, and Li-Nuan Tsai

Abstract—An electroless phosphorus nickel-carbon nanotube’s
(Ni-P-CNT) nanocomposite film synthesis and related process
for microelectromechanical systems device fabrication have been
successfully developed and presented in this paper. With a special
acid oxidative method, a well-dispersed nickel-CNT’s colloidal
solution has been produced without any aggregation, which is
very suitable for microstructure fabrication. The nanoindentation
measurement indicates that the Young’s modulus and hardness
of the Ni-P-CNT’s nanocomposite film plated in the bath with
0.028-g/L. CNTs can greatly increase up to 665.9 and 28.9 GPa,
respectively, which are approximately four times larger than that
of pure nickel. Moreover, the content of CNTs in the Ni-P-CNT’s
films is measured by an elemental analyzer. Via the electrical re-
sistivity measurement using a four-point probe, it is found that the
electrical property of the nanocomposite film can be well charac-
terized using a Maxwell-Wagner model for a two-phase mixture.
The performance improvements of the electrothermal microac-
tuator made of the nanocomposite, including device strength and
power efficiency, have been proven similar to the actuator made
of the Ni-diamond composites by electrolytic plating by Tsai et al.,
but with more efficiency and higher strength than the Ni-diamond
device does.

Index Terms—Carbon nanotube (CNT), electroless plating, elec-
trothermal microactuator, nanocomposite, nickel.

1. INTRODUCTION

ECENT technology advancement in material synthesis

facilitates the fabrication of nanocomposite materials. A
variety of metal/ceramic nanocomposites [1]-[5] have been
successfully developed and characterized for many potential
applications ranging from tribological coating, RF micro-
electromechanical systems (MEMS), to data storage system
fabrications. Via the second phase enhancement and size ef-
fects [6], [7], a metal incorporated with well-dispersed ceramic
nanopowders like AloO3, SigNy, SiC, diamond, and Fe (I, III)
oxide can have superior homogeneously physical and mechan-
ical properties including the augments of hardness, Young’s
modulus, fracture strength, and relative permeability (1,.) that
are beyond the intrinsic characteristic limits of the metal. Such
a composite can provide an alternative choice of the structure
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material for MEMS fabrication. Thus far, the nanocomposites
can be synthesized using sol gel, co-sputtering, co-milling
and hot-pressing, or electrodeposition techniques. However,
among these methods, the electrodeposition technique is a
cost-effective CMOS compatible process, which can produce
thin nanocomposite films under a low processing temperature
environment (<100 °C) and makes itself very suitable for
integrated nano/microelectromechanical systems (N/MEMS)
fabrication. In addition, Seung et al. designed and fabricated
a useful structure composed primarily of electroless nickel.
The structure contains a large-area suspended layer and can
be easily sealed to form a gas-tight cavity [8] for protective
cavities, reservoirs, attachment surfaces, back plates, and
mechanical diaphragms application. Chad et al. utilized elec-
troplating and electroless nickel to fabricate a micro-cross-flow
heat exchanger with good cooling performance [9].

Previously, we have developed a selective electrodeposi-
tion process of nanocomposites for MEMS fabrication [10].
Based on the technique, an electrothermal actuator made of
Ni-diamond nanocomposite material [1] was successfully fab-
ricated and demonstrated with excellent mechanical strength
and power-efficient performance, which is very suitable for
low-power microsystem applications. Meanwhile, Chen et
al. [11] have found the wear rate and friction coefficient of
the phosphorus nickel-carbon nanotube (Ni—P-CNT) can be
substantially reduced due to the hardness improvement and the
unique topological structure of the hollow nanotubes. Inasmuch
as the CNT has a higher Young’s modulus (>1.8 TPa) and
bending strength (~14.2 GPa) [12] than the nanodiamond
powder has and the fibrous structure of CNT is different
from the diamond shape, the strengthening effects using the
Ni—P-CNTs on the device performance could be very different
in comparison with the Ni-diamond nanocomposite film. More-
over, CNTs always congregate in a water-based solution due
to their nonpolarized surface characteristic and fiber shape so
they cannot be separated using ultrasonication. The agglom-
eration makes the tubes not appropriate for the MEMS device
fabrication. Thus, unlike the previous Ni-diamond plating
bath [1], in this paper, we will present a novel electroless
Ni—P-CNT’s plating process for MEMS fabrication and a first
fabricated electrothermal microactuator with nanocomposite
strengthening effect.

II. FABRACTION PROCESS
A. Ni-P-CNT’s Plating Solution Preparation

In the experiment, multiwalled CNTs (OD: 10-20 nm,
ID: 5-10 nm, length: 0.5-200 pm and bulk density:
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Fig. 1. Schematic diagram of the
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0.04-0.05 g/cm?®) are chosen for the synthesis of Ni—P-CNT
nanocomposites. The acid oxidative method [13] is utilized to
modify the surface chemistry of the CNTs that can make the
nanotubes well dispersed within the water. The preparation
of the Ni-P-CNT’s plating solution is the following. At first,
the CNTs are added into an acidic solution of 30-mL H2SO4
and 20-mL H2O4 combination to form the carboxylate COO~
groups on the sites of the defects and ends of the tubes. Such
a treatment can effectively prevent the self-curl phenomenon
and the aggregation between these tubes and make the tubes
well disperse within the plating bath. The CNTs will still retain
their van Hove singularities after the oxidative treatment [14].
After that, the acidic solution is sonicated for 30 min to keep
the CNTs separating more uniformly and to form an acidic
colloidal solution with a negative pH value. Subsequently, the
CNT’s colloidal solution is mixed with a commercial Ni-P
plating solution. Since most of Ni—P plating solution is well
functional around the pH value of 4.5, D.I. water and NH,OH
for the neutralization are then added to form a total volume
of 1 L of the Ni-CNT’s plating solution. It is noted that the
NH,4OH combined with the residual HoOs in the acidic CNT’s
solution will chemically react with Cu, which results in the dis-
appearance of the seed layer on the wafer and makes the plating
process fail. Hence, the acidic CNT’s solution is distilled at
250° to fully decompose the residual H>O into H 2O and O»
before being added into the commercial nickel-plating bath.

B. Design and Fabrication of the
Electrothermal Microactuator

The electrothermal microactuator is based on the long-short
beam design [15], as shown in Fig. 1, which consists of a pair
of adjacent cantilever beams with different lengths that are con-
nected in one end. By applying an electric current through the
contact anchors to electrically heat the two beams, the tip of the
beams curls toward the shorter one due to the unequal thermal
expansions of the two beams. In the design, the length ratio of
the long beam to the short one is 2 and the length of the longer
beam is 800 pm. Both beams are 10-um wide and 9-pm thick.
The gap between these two beams is 10 pm.

For the electrothermal microactuator fabrication, as shown in
Fig. 2, a 2-pm high-density plasma-CVD (HDP-CVD) SiOs as
the electrical insulation and sacrificial layer is firstly grown on a
4-in silicon wafer after the standard RCA clean. A seed layer of
Ti/Cu (100 A/500 A) is then sputtered on the top of the SiO-
followed by a 10-um-thick AZP-4620 photoresist deposition
that is patterned as the device mold of the actuator. Prior to the
plating process, the wafer is dipped into a Pd seeding solution
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Fig. 2. Process flow of the electrothermal microactuator. (a) 2-pym HDP-CVD
SiO- for electrical isolation. (b) Ti/Cu (100 A/500 A) seed layer deposition.
(c) 10-pm-thick AZP-4620 coating and patterning as the plating mold.
(d) Electroless deposition of the Ni—P-CNT’s nanocomposite for the
electrothermal microactuator. (e). Liftoff to release the actuator.

for 30 s to active the copper surface. The Pd solution seeding
process is for the purpose of surface chemistry modification of
Cu. Pd ions will physically adhere only onto the copper surface
and catalyze the redox reaction once the wafer is immersed into
the plating bath. After being seeded, the wafer is put into the
colloidal plating bath for a 9-pm-thick Ni-P-CNT’s nanocom-
posite film deposition in which the temperature is kept at 78 °C.

Under the environment of ultrasonication and agitation to cir-
culate the plating solution for making the CNT’s disperse uni-
formly, the total plating time is approximately 90 min, which
is almost the same as the normal plating time. Once the plating
process is done, acetone, and the mixture of an NH;OH+H50-
solution are then utilized for the removal of the PR mold and
the copper seed layer. After the seed layer removal, the wafer
is dipped into HF acid to etch away the Ti and SiO, sacrificial
layer under the beams. An electrothermal microactuator made
of Ni-P-CNTs is then fabricated. Fig. 3 shows the scanning
electron microscopy (SEM) photograph of the fabricated elec-
trothermal microactuator made of this Ni-P-CNT’s nanocom-
posite material. In front of the tip of the actuator is a scale ruler
for the observation of the tip displacement as the device is op-
erated.

III. CHARACTERIZATIONS OF THE Ni—-P-CNTs
NANOCOMPOSITE FILMS.

A. Composition Analysis and Surface Morphology of the
Ni—P-CNT’s Nanocomposite

Energy-dispersive spectroscopy (EDS) is utilized for the veri-
fication of the CNTs incorporation of the as-plated Ni-P-CNT’s
nanocomposite. In comparison with the energy spectrum of the
plated pure nickel film, as shown in Fig. 4(a), the carbon peak in-
dicates the existence of the CNTs that are embedded in an Ni-P
metal matrix, as shown in Fig. 4(b). In order to further verify
the carbon signal originating from the CNTs, an X-ray diffrac-
tometer, Philips X’Pert Pro (MRD), is utilized to compare the
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Fig. 3. SEM photography of the as-fabricated Ni—P-CNT’s electrothermal
microactuator.
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Fig. 4. EDS spectrums of: (a) the pure Ni—P film and (b) the Ni-P-CNT’s
nanocomposite film.

Ni—P and Ni-P-CNT’s nanocomposite films by low-angle X-ray
diffraction. The X-ray sourceis a Cu—kaline with A = 0.154 nm.
The detection range is made at low angles from 20° < 26 < 60°.

Fig. 5 shows the diffraction pattern of the Ni—P film. The
Ni(111) and Ni(200) peaks appear at the angles at approx-
imately 44.8° and 52°, respectively. Meanwhile, the broad
bandwidth peak around 26 = 45° overlapping with the Ni(111)
microcrystalline peak also reveals the existence of amorphous
Ni phase, which generally appears in as-plated Ni—P film.
However, the amorphous phase will disappear and transform
into crystalline after the process of high-temperature annealing
(>400 °C) [16]. In the XRD spectrum of the Ni-P-CNT’s film,
the C(002) peak around 26 = 26.1° indicates that graphite
layers are regularly stacked and amorphous carbon exists si-
multaneously inside the carbon nanotubes. The corresponding
carbon interlayer dpge = 3.423 A shows that a given inter-
layer space of the CNT higher than graphite (3.354 A) can
be regarded as the turbostratic stacking of graphitic sheets
(neighboring graphitic sheets are parallel to each other, but
translational and rotational correlations within a sheet plane are
random) [17].
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Fig. 5. Superposed XRD diagram of the Ni-P and Ni-P-CNT’s films

(intensity 4 1000 arb. units) indicates the coexistence of the Ni and CNTs.
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Fig. 6. AFM image of the pure Ni-P film surface morphology.

The surface roughness and embedded CNTs on the surface
of the composite film are characterized under an atomic force
microscope (AFM). As shown in Figs. 6 and 7, respectively,
the surface morphology of the pure Ni—P film is different from
that of the Ni-P-CNT’s film. There is acicular appearance on
the Ni-P-CNT’s film surface, which is possibly due to the in-
corporation of CNTs. In addition, the average roughness of the
Ni—P-CNT’s film is approximately 8.996 nm, which is close to
that of 12.628 nm of the Ni—P film.

To characterize the synthesis process of the nanocomposites,
the embedded content of CNTs in the Ni-P-CNT’s nanocom-
posite film is obtained via the measurements of an elemental an-
alyzer (EA). The weight fractions of the CNTs in the Ni—P ma-
trix for different plating conditions, which are 0-, 0.007-, 0.014-,
and 0.028-g/L CNTs in the baths, respectively, are found to be
0%, 0.075%, 0.11%, and 0.21%. According to the density of
nickel (8.908 g/cm?®) and the bulk density of multiwalled CNT
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Fig. 7.  AFM image of the Ni-P-CNT’s composite film surface morphology.
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EA.

(0.05 g/cm?), the volume fractions of the CNTs is calculated as
0%, 11.79%, 16.4%, and 28.2%, as shown in Fig. 8.

B. Nanoindenter Tests of the Ni-P-CNTi Nanocomposite Film

Fig. 9 shows the results of the nanoindentation tests on four
kinds of Ni-P films with different CNT’s incorporation. The
Young’s modului and hardness values are 165.1, 180, 187.2,
665.9, 6.7, 7.3, 8.7, and 28.9 GPa, corresponding to the em-
bedded CNT’s concentrations of 0, 11.79, 16.4, and 28.2 vol.%,
respectively, in the nanocomposite films. The data shows that
slight mechanical strengthening effect is found in the Ni-P-
CNT’s composite films with 11.79- and 16.4-vol.% CNTs in
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Fig. 9. Nanoindentation test results of the four composite films with different
CNT’s embedded concentrations, which are 0, 11.79, 16.4, and 28.2 vol.%,
respectively.

comparison with the pure nickel film. The Young’s modulus and
hardness of the films plated in a 0.007- and 0.014-g/L. CNT’s
bath are imperceptible larger than the pure nickel film, except
the one plated in the 0.028-g/L. CNT’s solution. The drastic in-
crease in the 28.2-vol.% CNT’s composite film infers that the
Young’s modulus and hardness of a nickel matrix film can be en-
hanced up to 665.9 and 28.9 GPa, respectively, which are more
than four times of the pure one, while the concentration of the
CNTs embedded in the Ni matrix exceeds a threshold value.

C. E/p Ratio Analysis

MEMS resonators already revealed high-Q) (>10000) and
high resonant-frequency characteristics that are feasible in the
design and fabrication of high-performance filters and mixers
and oscillators [18], [19]. Such resonators are made of polysil-
icon or polydiamond due to the excellent mechanical properties
of high E/p ratio (E: Young’s modulus, and p: density) and
low residual stress to the silicon substrate. However, the low de-
position rate and high thermal budget of the related processes,
which make the resonators hardly integrated with the present
CMOS circuitry. While several modular post-CMOS/MEMS in-
tegrations have been developed for the co-locating circuits and
MEMS [20], these techniques not only demand a high level of
precision, but also introduce myriads of other challenges such
as bonding, interfacial integrity, and possible damage to mov-
able MEMS components during such endeavors. Therefore, in-
stead of using polysilicon micromachining, the introduction of
the nanocomposites in this paper could enable the realization of
the final integration of RF MEMS.

In order to further investigate the dynamic performance of the
nanocomposites, the cantilever beam arrays made of the Ni—P-
CNT’s nanocomposites are fabricated with the same plating
conditions as the blank nanocomposite film deposition to mea-
sure the Young’s modulus to density ratio (E/p), as shown in
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Fig. 10. SEM photograph of the as-fabricated Ni-P-CNT’s cantilever beam

arrays.

MEASURED RESONANT FREQUENCIES AND THE RELATED DIMENSIONS

TABLE 1

OF THE SELECTED CANTILEVER BEAMS

Beam Beam Resonant

length thickness frequency
PweNi 352pm 8.6um 24.013kHz
0.007gL | 358um 8pm 24.08kHz
0.014gL | 358um Zpm 32.298kHz
0.028gL | 358.7um 7.3um 38.567kHz

Fig. 10. The fabrication process of the cantilever beams is sim-
ilar to that of the electrothermal actuator, except the removal of
the underneath silicon substrate using TMAH etching for the
vertical motion of the device. The laser Doppler vibrometer is
utilized for the measurement of the natural resonant frequency
of the selected cantilever beam. The resonant frequencies are
listed in Table I together with the physical dimensions of the
cantilever beams. Based on (1) of the resonant frequency for a
standard cantilever beam, the F / p ratios are calculated and sum-
marized in Fig. 11. The data shows the E/p ratio enhancement
of the nanocomposite (28.2-vol.% CNTs) is approximately 3.86
times larger than that of the pure Ni. It reveals the fascination
of the nanocomposite for the production of high-frequency mi-
croresonators with the low-temperature post-CMOS fabrication
process

h
f=0.161575v/E/p (1

where the symbols are represented as
FE  Young’s modulus of the beam;
p  density of the beam;
h  thickness of the beam;
L length of the beam.

On the other hand, there is another way to evaluate the E/p
ratio of the nanocomposites. The ratio is obtained by dividing
the Young’s modulus E from Fig. 9 to the effective density pes
of the nanocomposite film derived from (2) of the rule of mix-
tures [21], [22]. According to the rule of mixtures, the density
of a composite material can be approximated as the following
relation:

Peft = pcfc + pmfm )

125
—4—"ia Resonant f. Measurement
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Fig. 11. Comparison of the E/p ratios versus CNT’s concentrations in the
plating baths that were obtained from two different methods.

where p., fe, pm, and f,, are the densities and volume fractions
of the second phase and composite matrix. Fig. 11 shows the
E/p ratios of the nanocomposites with different CNT’s concen-
trations derived from this method. In comparison with the ratio
calculated from the resonant frequency of the cantilever beam,
similar mechanical enhancement trend is found, but with larger
E/p values.

D. Resistivity Measurement

A four-point probe measurement is utilized to characterize
the sheet resistance of the nanocomposite films. Fig. 12 shows
that the resistivity is approximately linearly increased with
the increasing CNT’s concentration due to the contribution
of the lower conductivity of CNTs. The conductivity of the
multiwalled CNTs is 1.85 x 10 s/cm that is smaller than the
pure Ni of 7.964 x 10% s/cm.

E. Device Performance

Fig. 13 shows the measurement results of the electrothermal
microactuators made of the nanocomposite films under different
plating conditions, which are 0-, 0.007-, 0.014-, and 0.028-g/L
CNTs in the baths, respectively. The input power versus dis-
placement data reveals that the performances of the microac-
tuators plated in the baths with 0.007-, 0.014-, and 0.028-g/L
CNTs have been improved in terms of the mechanical strength
and power efficiency of the device in comparison with that made
of pure Ni—P film. The maximum displacement of the actuator
made of Ni-P-CNTs (0.028 g/L) can reach 10 pm, which is
four times larger than that of the pure one, only with 2.5-um
displacement. Meanwhile, for a 2-um displacement, the actu-
ator only consumes 0.024 W, which is five times less than that
of pure nickel actuator (0.12 W). It shows excellent power im-
provement, very suitable for low-power microsystem applica-
tions. In fact, a similar composite effect has been found in the
electroplating Ni/diamond nanocomposite systems [1], but with
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Fig. 12. Comparison of the resistivity values versus different concentrations
of CNT’s nanocomposite films in the plating solutions. The values are measured
by a four-point probe and calculated theoretically using the Maxwell-Wagner
two-phase model, respectively.

12
——0.007g/L CNTs X
10 | —=—0014i cNTs 7
——0.028g/L CNTs
T, ——PURE HNi
=
=
@
= [
[ 1]
[X]
E
t-
2 4
a
2
0
0 005 01 01 02 025 03 035
Power (Watt)

Fig. 13. Measurements of the power versus displacement from Ni—P-CNT’s
electrothermal microactuators.

better power efficiency (0.16 W) and higher strength than the de-
vice made of electrolytic Ni-diamond nanocomposite.

IV. DISCUSSIONS

The linear rule of mixtures [21], [22] is generally applied to
estimate the physical properties of a composite material, such as
Young’s modulus, hardness, and electrical resistivity, etc. Ac-
cording to the rule, the effective property of the composite has
the upper and lower bound values that are approximated as

Eeﬁ'
Eeﬁ' =

= E.f. + E,, fm for the upper-bound
E,E.

————— for the upper-bound
B fo+ Bl bp
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Fig. 14. Comparison of the Young’s modului versus different concentrations
of CNT’s nanocomposite films in the plating solutions. The modului are
obtained from nanoindentation measurement and rule of mixtures, respectively.

where F., f., Fy,, and f,, are the physical parameter and the
volume fraction of the dopant (CNTs) and matrix (Ni), respec-
tively. Since the Young’s modului of Ni and CNT are approx-
imately 165 and 1800 GPa, the upper and lower bounds of the
Young’s modulus of the Ni-P-CNT’s composite can be calcu-
lated and plotted in Fig. 14 based on the previous EA analysis.
As the embedded CNT’s concentration is below 16.4 vol.%,
the lower bound model can be applied for the modulus estima-
tion of the composites. In contrast, once the film incorporates
28.2-vol.% CNTs, the upper bound model becomes more ap-
plicable. Hence, it is conjectured that there is a critical value
of CNT’s concentration in the nanocomposite film so that the
upper and lower bound models can only be applicable for a cer-
tain range while the concentration is higher or lower than the
value.

In the measurement of resonant frequency, the selected beam
is designed with 350-pm long and 50-pm wide. However, the
actual beam length and width measured under optical micro-
scope are not the same as the design due to process variations, as
shown in Table I. In addition, the real dimension of the cantilever
beam under testing is much larger than that listed in Table I due
to the undercut effect. Fig. 15 shows part of the silicon under the
beam anchor is etched away during the structure release such
that the edge of the anchor pad is freely suspended and the stift-
ness of the structure is reduced [23]. Therefore, the measured
resonant frequency is smaller than expected and it could ex-
plain the smaller related E/p ratios than the values based on
the nanoindentation measurement.

Regarding the electrical characterization of the Ni-P-CNT’s
nanocomposite films, the measured conductivity of the film can
be well estimated using the Maxwell-Wagner equation [24] that
is based on the model of a two-phase random network. The con-
ductivity is contributed by the nickel matrix and the embedded
CNTs in the films. The Maxwell-Wagner equation is

" 1+2Vf(1—km/kd)/(l-i-ka/kd)
= V(1 = ki /ka) /(1 + 2k /ka)

3)
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Fig. 16. Two extreme cases of the distributions of the CNTs in the
nanocomposite films. (a) Parallel to the current flow. (b) Perpendicular to the
current flow.

where V; is the volume fraction of the second phase and k., k,,,
and kg are the conductivities of the composite film, the matrix
(Ni), and the second phase (CNTs), respectively. In this model,
the assumption of a spherical-shaped second phase is made for
the conductivity calculation. However, in this case, CNT utilized
here is a multiwalled fibrous structure with one-dimensional
(1-D) electrical conduction [25]. The conduction only happens
along the longitudinal direction with the 1.85 x 10® s/cm con-
ductivity (k4). Thus, based on the measured conductivity k.,
(~7.964 x 10° s/cm) of the blank nickel film and previous
volume fraction data, it is found that the electrical resistivity of
the composite films just falls within two extreme cases correlated
with the orientation of the CNT’s dispersion, as shown in Fig. 12.

For the first extreme case, it is assumed that the embedded
CNTs are oriented along the current flow direction, as shown
in Fig. 16(a). The conductivity of the CNTs should be consid-
ered and the total conductivity of the composite film is the same
as the two-phase Maxwell-Wagner equation. In the second ex-
treme case, the orientation of the embedded CNTs is perpen-
dicular to the direction of current flow, as shown in Fig. 16(b).
The CNTs will contribute nil conductivity to the composite film.
Therefore, the conductivity of the CNT’s k, can be assumed
to be much smaller than that of the Ni matrix k,,. By taking
km > kg into (3), the Maxwell-Wagner equation is simplified
as the following:

ke =km(1=V5)/(14+ V;/2). @

ANl
5.0kV 11.7mm x50.0k

SEM photograph shows the cross-sectional view of the undercut near  Fig. 17. SEM photograph of the broken interface of the electrothermal actuator

made of pure Ni—P film.
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Fig. 18. SEM photograph of the broken interface of the electrothermal actuator
made of Ni-P-CNT’s nanocomposite (0.014 g/L).

In comparison with the two extreme cases, as shown in Fig. 12,
that the resistivity obtained by the four-point probe just falls
within two extreme cases means that the distribution of CNTs in
the film is in a random dispersion that is all neither parallel, nor
perpendicular to the direction of the current flow. The electrical
characteristics can be estimated with upper and lower bonds sim-
ilar to the previous mechanical strengthening effect.

In the experiment, the obvious mechanical strengthening ef-
fect is found in the Ni-P-CNT’s device instead of the blank film
while the incorporated CNTs in the plating bath is below 0.014
g/L. Such a mechanical strengthening effect in the Ni-P-CNT’s
nanocomposite actuator can be attributed to the molding struc-
ture, which would disturb the local hydrodynamic field and re-
sult in the increase of the CNT’s incorporation. It could also
explain why the E/p ratios derived from the measurement of
the cantilever beam arrays are smaller than we expected due to
wider beam width, as described previously. Further investiga-
tion is required in the plating process control.

In addition, the broken interfaces of the overloaded actua-
tors have been examined under SEM. Figs. 17 and 18 show that
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there are two distinct microstructures existing in the two dif-
ferent devices, which are made of pure Ni-P and Ni-P-CNT’s
(0.014 g/L) nanocomposite, respectively. Instead of a ductile-
type broken interface, as shown in Fig. 17, a brittle-type broken
interface is found in the microactuator made of Ni—P-CNTs.
The correlation between the mechanical enhancement and the
broken interface change due to the incorporation of CNTs is still
under investigation.

From (5) of the theoretical calculation for the displacement
of the electrothermal microactuators [15], the displacement en-
hancement of the actuators is correlative to the coefficient of
thermal expansion (CTE). Since the conversion factor is only
a function of the device geometry, it is speculated that either
the CTE of the Ni-P-CNT’s nanocomposites material should
be larger than the pure Ni—P or the nanocomposite material has
lower thermal conductivity than the pure Ni—P such that the
microactuator made of the composite performs at higher tem-
perature (larger AT), but with the same power input. Research
has been conducted to find that the coefficient of the linear
thermal expansion increases markedly with the reduction of the
average grain size in the Ni—P samples [26]. The related investi-
gations on the CTE and thermal conductivity measurements for
the detail are required for future applications of the Ni-P-CNT’s
nanocomposite

6= a(’YlongAjjlong - ’YshortATshort) (5)
where 0 is the displacement of the beam tip, « is the coefficient
of the thermal expansion, Vigng A¥short are the conversion fac-
tors, and ATjong Alsnore are the average temperature changes.

V. CONCLUSION

The Ni—P-CNT’s nanocomposite film and related MEMS de-
vices have been successfully synthesized and fabricated. The
incorporation of multiwalled carbon nanotubes (average diam-
eter: 10-20 nm) into the electroless Ni matrix can greatly re-
sult in the mechanical property enhancements of the Ni matrix.
When the concentration of CNTs embedded in the nickel ma-
trix is over a critical point, the Young’s modulus and hardness of
the composite film can be increased up to 665.9 and 28.9 GPa,
respectively, which are four times larger than that of the pure
Ni—P film. Furthermore, based on the measurement of the reso-
nant frequency, the E/p ratio of the cantilever beam with 28.2
vol.% CNT’s concentration is approximately 3.9 times of the
pure Ni one. Such enhancements will be beneficial to microreso-
nant devices for higher frequency performance. Combined with
the extraordinary performance including mechanical strength
and power efficiency of the electrothermal microactuator made
of the Ni-P-CNT’s nanocomposite, the nanotechnology shows
its potential application for MEMS fabrications.
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