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exchange process, a glass substrate was placed in a mixed melt of
AgNOj; and KNOj; at 400 °C. The thickness of the glass substrate, time
of the ion-exchange process, and weight concentration of AgNO; in
the melt determined the concentration and distribution of Ag" ions
in the glass. Thermal annealing of the ion-exchanged glass in a H,
reduction atmosphere, typically at 400-450 °C, resulted in the forma-
tion of spherical silver nanoparticles [14].

Macroporous silicon with lattice constants of 500 nm or 2 pm were
grown in a photoelectrochemical etching process of lithographically
prestructured <100>-oriented n-type silicon wafers. In each case, the
front side of the wafer was in contact with hydrofluoric acid (concen-
tration cgp=>5 wt.-%; T=10°C) whereas the backside was illumi-
nated generating electron-hole pairs. An external anodic bias then
consumed the electrons, and the electrons/holes diffused through the
whole wafer to the silicon electrolyte interface, promoting the silicon
dissolution there. The pores with very flat surfaces and high aspect
ratios grew straight along the (001) direction of the silicon single crys-
tal [15,16]. The macroporous silicon samples were then sputtered with
10 nm chromium film to avoid anodic bonding during the experiments
[17,18].
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Carbon nanotubes have attracted much attention,"!! mainly
because of their unique one-dimensional (1D) electronic
properties and high tensile strength.[z] Nanotubes were first
produced mostly by the arc discharge of carbon, the pyrolysis
of hydrocarbons, and the laser ablation of graphite. The selec-
tive growth of aligned nanotubes was later developed, using
metal-coated Si wafers as growth templates, which produce so
called nanocarpets.”! The intertube binding within carpets is
relatively weak compared with the covalent character of the
in-plane C-C bonds. Consequently, aligned nanotube films
currently focus mainly on electronic field emission.*! To date,
the fabrication of aligned nanotube films into microelectro-
mechanical systems (MEMS), such as suspended microbeams
and -plates, remains a challenge, mainly because the intertube
weakness makes them unable to carry a load in high-fre-
quency bending maneuvers. If nanotube composites are to be
made as MEMS devices, their vibration damping factor must
be equivalent to that of metals. In this paper, we report on the
successful development of a novel method for reinforcing in-
tertube binding with a polymer: the nanotube composites
were then fabricated into MEMS devices. Mechanical tests re-
veal an increase of the composite modulus by a factor of 20
compared with bare nanotubes. The damping and quality fac-
tors for nanotube MEMS devices are 12 and 0.042 at 1 atm
(1 atm =101.325 kPa), respectively, which are comparable
with those of typical MEMS components.

Aligned multiwalled nanotube (MWNT) films have been
grown as microgripper structures (Fig. 1b), which are well de-
fined and commonly seen in MEMS devices. These structures
were established in step IT (Fig. 1a). MWNT grippers were
then filled by polymer in step III, and typical examples are
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Figure 1. a) Fabrication procedure for MWNT MEMS. Scan-
ning electron microscopy (SEM) images of b) typical micro-
grippers made by aligned MWNT films; c) polymer-
reinforced MWNT microgrippers; d) a reinforced MWNT
gripper and its gripper front; e) a suspended microbeam
and its side view; f) exposure of the internal nanotubes to
acidic etching of the polymer. CVD: chemical vapor deposi-
tion; CNT: carbon nanotube.
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shown in Figure 1c. Polymer binding did not change the origi-
nal gripper structures, including the device dimensions and
shape. For example, the microtrenches, folding fences, and the
gap between the grippers did not distort (Fig. 1c). The aligned
wave patterns seen on the gripper surfaces possibly resulted
from the underlying aligned MWNTs (arrow, Fig. 1d). In or-
der to verify whether the polymer uniformly and thoroughly
filled the intertube spaces, the underlying polysilicon layer
was partially etched by vapor-phase XeF, to form suspended
structures (step IV, Fig. 1a). Figure le shows suspended mi-
crocantilevers made of MWNT-polymer. The structures,
which are bent upwards, were formed by the residual stress of
the composite films (Fig. 1e, left).”] We tilted the SEM sample
stage by 10-20°, to observe the bases and side walls of the can-
tilevers (Fig. le, right). Scanning electron microscopy (SEM)
images revealed that the bases and side walls are also solid
structures, in particular, there are no polymer excrescences
along the film edges. The internal MWNTs maintained their
alignment well when they were coated with polymer; this was
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MATERIALS

verified by partial exposure of the MWNTs to mild acidic
etching (Fig. 1f).

The mechanical properties of the aligned MWNT films and
polymer-reinforced MWNT MEMS were tested and com-
pared. Material hardness was tested by commercial thin-film
indentation using magnetic coils as the force induction (MTS
Nano Indenter, resolution 1 nN),[6’7] and the displacement
magnitude was recorded with a capacitive displacement sen-
sor with subnanometer resolution. Film surfaces were in-
dented by a triangular-pyramid tip (Berkovich indenter), and
the tip displacement versus load was recorded in situ. Accord-
ing to the conservation rule-of-thumb, the variation of materi-
al hardness with indentation depth is approximately 5-10 %
of the film thickness.”] Therefore, the measured hardness ver-
sus indentation depth was calculated within a 5 % range for
hardness characterization (Fig. 2a, left). Indentation measure-
ments gave a mean hardness of 0.005 GPa for bare aligned
MWNT films, which is very low. The occurrence of collapsing
edges around the indented holes points to the fact that the
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Figure 2. Indentation measurements of a) aligned MWNT films, and b) polymer-filled MWNT films. The indentation direction is parallel to the MWNT
axis, and the oscillation seen at the beginning of both indentation profiles is due to surface roughness. Oscillation rapidly minimizes, and the profile
levels off when the indentation depth is increased further. The images on the right are SEM images of the respective structures.
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bare, aligned MWNT films are soft surfaces (Fig. 2a, right).
Similar indentation experiments gave a value of 0.07 GPa for
polymer-reinforced MWNT MEMS (Fig. 2b, left), which is
about fourteen times greater than bare MWNT films. The
polymer-reinforced MWNT composite shows a smaller in-
dented crack (1 pm) than the actual indenter tip (Fig. 2b,
right), implying that the indented structure has recovered to
some extent, and that the material is elastic. Note that the
hardness of the parylene film is only 0.005 GPa.

Aligned MWNTSs and polymer-filled MWNT composites
were fabricated into microbridge structures consisting of a
micromachined beam with both ends fixed. Figure 3a shows
two typical microbridges made of aligned MWNTSs, which
are 20 um thick and 20 pm wide, with beam lengths of 100
and 200 um. The density, p, of the aligned MWNT film is
1.39 gem™, a value which is similar to that of the polymer-
filled MWNT composites. The elastic modulus of the bridge
was determined using a resonance frequency method, as
follows. The substrate with microbridges was mounted on
an ultrasonic piezoelectric (PZT) transducer using wax (or
sticky tape) and the PZT was driven by a function genera-
tor and power amplifier. The mounted microbridge was
then vibrated with a broad-bandwidth sine sweep frequency
excitation, and the corresponding dynamic response from
the bridge entity was measured in situ using a commercial
laser Doppler vibrometer system (LDV, Polytec Gmbh Mi-
croscope scanning vibrometer). The time versus frequency
responses from the testing structures were analyzed by an
oscilloscope and a frequency analyzer, respectively. Accord-
ing to the Euler-Bernoulli beam model,[gl the nth natural
frequency of bending vibration (fg), and equivalent
Young’s modulus (E) of a microbridge are expressed by
Equation 1

_ 48r2pL* (}‘B),Z1

1
(BL)ph? .

in which L and & are the length and thickness of the micro-
bridge, respectively. The parameter (f3;),, is the nth eigenvalue
of the equation governing the microbridge. Figures 3b,c show
the frequency responses of microbridges made of an aligned
nanotube film and a polymer-filled MWNT film, respectively.
The first resonant frequency of the bending vibration for an
aligned MWNT microbridge is 78 kHz (Fig. 3b) and the para-
meter (5, ); for the first resonant frequency is 47318 By substi-
tuting the above numbers into Equation 1, the equivalent £
value for the aligned nanotube film is 1.3 GPa. The first reso-
nance frequency of the bending vibration for a polymer-rein-
forced MWNT microbridge is 351 kHz (Fig. 3c), corresponding
to an E value of 26 GPa. Hence, polymer binding enhanced the
E value of the microbridge by about a factor of twenty. Note
that the E value of a parylene polymer film is only 3 GPa’!
Vibration measurements were also carried out on sus-
pended microcantilevers. As aligned nanotubes cannot be
fabricated into a suspended structure, vibration experiments
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were only performed on microcantilevers made of polymer-re-
inforced MWNT composites. The testing cantilever was 20 um
thick, 2700 um long, and 50 um wide (Fig. 3d). The shear
modulus G for the cantilevers was evaluated according to
Meirovitch,'” and the natural frequency of the first torsional
vibration mode fr for a cantilever is expressed by Equation 2

_4pL2(b* + h?)ff @)
- 3C2/’l2

in which b is the width of the cantilever, and the constant ¢, is
a coefficient dependent on the b/h ratio. Hence, when reso-
nance frequencies are defined, the corresponding G of the
microcantilever can be quantified. Figures 3e,f show the fre-
quency response of a suspended cantilever, ranging from 1 to
300 kHz. More than ten resonant frequencies were excited
from the cantilever, and resonant peaks associated with the
PZT transducer are distinct (stars). In addition to vibration
tests, a finite-element model using the commercial software
ANSYS has been established to predict resonance frequencies
of the cantilever, for comparison purposes. This simulation
was carried out by treating the MWNT composite as a continu-
ous and homogeneous structure. Table 1 shows the first ten
resonant frequencies of a cantilever measured by LDV com-
pared with ANSYS calculations; a good agreement emerges

Table 1. Comparison between experimental and calculated data over ten
resonant modes for a suspended microcantilever made of MWNT com-
posites.

Mode 1 2 3 4 5 6 7 8 9 10
ANSYS 25 6.2 157 392 449 909 111.7 1575 2169 225.6
[kHz]

Experiment 2.4 69 13.7 350 479 845 112.6 160.1 216.0 226.8
[kHz]

between measured and simulated data. Equivalent E and G
values, determined by bending modes and the first twisting
mode, are 40 and 15.7 GPa, respectively. It is worth noting that
the microbridge and microcantilever, both measured by the
same procedure, yield different moduli (26 and 40 GPa); the
difference is due to the deviation in film thickness. The E value
of the microcantilever obtained here, however, is more accu-
rate, because deviation of the film thickness has been mini-
mized by repeating measurements using ten different modes.

MEMS devices are frequently operated under resonant
modes, so the damping factor (Q) for the MWNT MEMS de-
vices needs to be characterized. Equation 3 was used to evalu-
ate the Q value, based on the first bending mode (fg)1

Q=1/20=(fe)i/Af (©)

in which Af is the bandwidth of the mode and { denotes the
quality factor. A good fit to Figure 3g gives {=0.042 and
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Figure 3. a) SEM image of a microbridge, and b,c) corresponding vibration frequency response for bridges made of aligned MWNTs (b) and polymer-
filled MWNTs (c). d) SEM image of a suspended microcantilever made of MWNT composites. e,f) The first ten resonant frequencies of a microbridge
made of reinforced MWNT composites between 0 and 140 kHz (e); and between 150 and 300 kHz (f). g) Damping profile calculated based on the first
bending mode. (Note that the microbeam vibration was induced vertically).

Q=12 (at 1 atm), values which are comparable with those of  beam driven by an electrostatic force with different frequen-
classical MEMS devices. Dynamic bending tests were carried  cies (Figs. 4a—d). The dimensions of the suspended beam were
out and recorded on a suspended MWNT-polymer micro- 2700 pm x 50 um x 20 um, and the bending displacement for
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Figure 4. a—d) Snapshots of dynamic bending on a suspended microbeam.

tip-to-substrate was 560 um. The pull-in voltage for driving
the MWNT-polymer microbeam was only 50 V, which is sig-
nificantly lower than that needed to drive a classical MEMS
microbeam with similar structure (500 V). Note that conven-
tional MEMS microbeams driven at 500 V normally produce
a tip-to-substrate displacement below 200 pm.

MWNT-polymer composites, made by mechanical blending
between nanotubes and polymers, or by polymerization in the
presence of nanotubes, only lead to a random arrangement of
MWNTs in the matrix. Such a system lacks packing efficiency,
so the load-carrying capacity of the nanotubes is limited.[!]
The MWNT-polymer composites produced here can be con-
sidered as a unidirectional, long-fiber matrix system, because
the polymer mainly occupies the intertube space, and the
nanotube length is equal to the composite dimension along
the z direction. This novel nanotube—polymer system has sev-
eral advantages. First, the matrix fractures before nanotube
breakage, because the nanotube modulus is greater than that
of the polymer (Epoiymer < Etube)- Second, the MWNT pull-out
mechanism is unlikely. Third, the tube-packing efficiency is
maximized in the matrix. Fourth, the critical length along the
filler axis for efficient load carrying approaches zero,
namely the efficient length for load carrying is about the
same length as the nanotube. We characterized the azimuth
moduli of aligned MWNT composites as follows: the volume
fraction of nanotubes in the composite is Viupe =(Wi/p1)/
(Wilpy + Walps + W3/p) =0.5-0.6, in which W is the weight frac-
tion of the constituents. (Note that for MWNT-polymer mate-
rials prepared via mechanical blending Vlube~0.01—0.005).“21
Using the Halpin-Tsai equations, the parallel (E)) and trans-
verse (E;) moduli were calculated to be 78 and 6.4 GPa
respectively, where Ej= EqpeEpolymer + Epotymer(1=Viube), and
EJ_ = EtubeEpolymer/[Etube(l_Vtube) + Epolymervtube]'[13] By sub-
stituting the above values into Equation 4,

v=(ERG)-1 (4)

in which E=3E|/8+5E,/8 and G=E)/8 + E /431 Poisson’s ra-
tio, v, was calculated to be 0.19. The values of E, E, and Pois-
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son’s ratio obtained here are similar to those of the carbon
fiber—epoxy system,!'*! which explains the significant promo-
tion of the composite modulus in this study.

In conclusion, aligned MWNTs have been grown, and sub-
sequently reinforced by a polymer. MWNT composites can be
fabricated into MEMS devices. A nanotube-based microbeam
was driven at lower pull-in voltage compared with metallic
microbeams.

Experimental

The fabrication procedure established in this study is shown in
Figure la. Step I indicates a thin film of polysilicon (lightest gray,
1 um) deposited on top of the Si wafer (bottom layer, labeled). An Fe
film (black, 30 nm) was then deposited and patterned onto polysilicon
by means of a lift-off technique. Aligned MWNT films were grown by
chemical vapor deposition using acetylene as the precursor at 800 °C
in an Ar/H, flow for 10 min. Parylene was selected as the binding
agent, because of its low dissipation factor, high dielectric strength,
and dielectric constant, which is invariant to the frequency. The inter-
tube space was then filled with Parylene (step II) and the filling pro-
cedure was as follows. Solid parylene dimers were first vaporized at
150 °Cin a stainless steel chamber. The polymer vapor was mixed with
methylene and the gas mixture was then introduced into a neighbor-
ing furnace (680°C) to yield stable, monomeric diradical para-xyly-
lene. Monomers were subsequently re-directed into a room-tempera-
ture deposition chamber where they simultaneously polymerized and
adsorbed onto the MWNTs and polysilicon substrate (step I1I) [9]. Fi-
nally, MWNT-polymer composites were released to form suspended
micromachined structures by removing the underlying polysilicon by
using vapor-phase XeF, etching (step IV).
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