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Abstract This paper presents a controllable electropho-
resis allowing a directed deposition of negatively charged
single-walled carbon nanotubes (SWNTs) on an electro-
active polymer to fabricate thin-film transducers under an
electric field excitation. The assembled high-density
SWNT networks are verified with SEM micrograph and
Raman spectroscopy, and the electric filed-induced mech-
anism for electrophoresis of SWNT is investigated using
electrochemical analysis technique. The dynamic electro-
mechanical properties are characterized by a combinative
approach of piezoelectric excitation and laser vibrometer
measurement. A remarkable performance enhancement and
tunability for such thin-film transducers in both resonant
frequency and quality factor is demonstrated, compared
with pure polymer. This observed enhancement can not
only be exploited to tailor the thin-film transducers for
desired electromechanical properties, but also create
versatile pathways for variety of applications including
polymeric electronic technologies.

1 Introduction

Many existing and emerging M/NEMS devices benefit
from the building blocks of single-walled carbon nanotubes
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(SWNTs) since their discovery in 1991 by (Iijima 1991).
This is not simply due to their nanoscale size but rather to
their overall properties. SWNTs are extremely stiff and
strong, demonstrating remarkable Young’s modulus of up
to 1 TPa and tensile strength over 60 GPa (Lourie and
Wagner 1998; Treacy et al. 1996). Moreover, SWNTs have
excellent electrical properties, exhibiting high thermal
conductivities up to 3,500 W m~' K~' and high current-
carrying capacities over 10° A cm ™2 (Pop et al. 2006; Yao
et al. 2000). However, despite an attractive potential of
SWNTs, challenges in manipulating and positioning to
achieve a control over self assembly still constitute the
major obstacles towards scalable device applications
(Vosgueritchian et al. 2010). Thin films of SWNTs as an
attractive, emerging class of material, are readily suitable
for scalable integration into next generation micro/nano
devices including field-effect transistors, biochemical sen-
sors, electro-active actuators, and ratio frequency (RF)
switches, owing to their properties that can approach the
exceptional electrical, mechanical, and optical character-
istics of individual SWNTs (Cao and Rogers 2010;
Baughman et al. 2002; Avouris et al. 2007). Some suc-
cessful approaches for SWNT film preparation can be
divided into two main categories involving solution-based
deposition processes and chemical vapor deposition (CVD)
growth (Huang et al. 2007). The solution-based techniques
are attractive since they can be cost-effectively scaled to
large areas and compatible with a wide variety of sub-
strates, compared to CVD deposition method. As an
alternative approach among them, electrical field-induced
electrophoresis process, allowed for directed deposition of
chemically functionalized SWNTs to form a highly-com-
pact and homogeneous membrane with a molecular-level
control over the architecture. The electrophoresis self-
assembly approach offers a promising pathway to form
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SWNT films with good mechanical bonding as epitaxial
deposition processes, and to yield excellent mechanical and
electrical properties. Lu et al. (2009) reported directed
assembly SWNT film with Young’s modulus ranged from
350 to 830 GPa, and the electrical resistivity about 8.7 m Q
cm, exhibiting a promising application as a NEMS switch.

To achieve the full potential in SWNT-based devices, this
paper presents a well-controllable electrophoresis for
assembled single-walled carbon nanotube (SWNT)/polymer
transducers under an electric field excitation. A kind of
electro-active polymer, poly(vinylidene fluoride) (PVDF)
film, with silver ink printed as electrodes, serves as a sub-
strate for the SWNT deposition. The architecture of self-
assembled SWNT films was controllable under a variation of
electric field excitations. The -electrical field-induced
mechanism of the controllable assembly of SWNTs was
investigated using electrochemical analysis technique. The
directed assembled high-density SWNT networks were
verified with SEM micrograph and Raman spectroscopy.
The dynamic electromechanical properties are characterized
by a combinative approach of piezoelectric excitation and
laser vibrometer measurement. A remarkable performance
enhancement for such thin-film transducers in both resonant
frequency and quality factor is demonstrated, compared with
pure polymer. This observed enhancement can not only be
exploited to tailor the thin-film transducers for desired
electromechanical properties, but also create versatile and
promising pathways for next-generation actuators, sensors,
and microsystems with a high performance.

2 Fabrication of SWNT/polymer transducer
by electrophoresis

Pristine SWNTs (50 pm in length, 1.1 nm in diameter, and
2.1 g/em® in density) were chemically functionalized with
the concentrated acid (3:1 for 98 wt% H,SO,: 70 wt%
HNOs5) at 110 °C and stirred at 140 rmp for 1 h, followed
by 0.22 pm micropore membrane filtering and several

rinsing by de-ionized water (DI water) until the supernatant
had pH = 5 or more. The chemically treated SWNTs were
negatively charged by covalently-attached carboxylic
groups on the sidewalls as well as openings, which facili-
tated the uniformly well-dispersion of SWNTs into water
with a concentration of 1 g/L approximately. Ag ink-coated
poly(vinylidene fluoride) (PVDF) film from Measurement
Specialties Inc. used as substrate, which consists of 52 pm
PVDF film and 6 um Ag ink-printed electrode on both
sides. The substrate film was firmly bonded to a holed
poly(methyl methacrylate) (PMMA) support block for
fabricating a free-standing anode membrane for electro-
phoresis process, and a copper patch exploited as its cath-
ode. During the fabrication process of the SWNT/polymer
transducers, first, chemically-treated SWNT suspension
with concentration of 1 g/LL was put into a glass vessel with
the anode/cathode electrodes immersed in the solution
vertically, and a DC power supply was applied to offer an
electric field excitation. The electric fields applied, E sub-
ject to E = Uld, can be adjusted by the voltages, U and
distances, d between the two electrodes. In our work the
electric field intensity ranged from 1 to 4 V/cm, and the
assembling duration was 30 min for each sample. Figure 1
illustrates the schematic diagram of fabrication process of
an SWNT/PVDF thin-film transducer by electrophoresis
assembly, consisting of functionalized SWNTs, Ag ink-
coated PVDF substrate, and suspension-based electropho-
resis assembly of an SWNT film. Figure 2a shows the self-
assembly principle for SWNTSs electrophoresis, negatively-
charged SWNTSs was polarized and actuated to move along
the opposite direction of electric field gradient through
imposing a spatial electric field, and eventually was
assembled on the PVDF-based substrate. After fulfilling the
SWNTs assembly, the film device was finally air dried at
room temperature overnight to obtain purified SWNT film.
The sketch before and after electrophoresis self-assembly
and air drying was illustrated in Fig. 2b. A highly-compact
and homogeneous membrane was bonding on the substrate
through a molecular-level control over the architecture.

DC power supply
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Fig. 1 Schematic of fabrication process of an SWNT/PVDF thin-film transducer by electrophoresis assembly
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Fig. 2 a Electrophoresis (a)
self-assembly principle and
b electrophoresis process of
an SWNT film
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Fig. 3 Sketch of
electrophoresis assembled
SWNT/polymer film transducer,
and surface morphology
observed by SEM
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Figure 3 shows the schematic diagram of direct assembled
SWNT/polymer transducers along with the piezoelectric
testing scheme.

3 Electrophoresis SWNTs film characterization

The surface morphology of the electrophoresis assembled
SWNT film were inspected by scanning electron micros-
copy (SEM, JEOL 6700F), and the top-view SEM results
were obtained at an acceleration voltage of 5 kV, as shown
in Fig. 3. The individual SWNTSs as well as their bundles
are observed, and they form a high-densely, randomly

Plan view

Piezo amplifier

entangled and cross-linked network structures with a good
electrical contact.

Raman characterization on the electrophoresis assem-
bled SWNT film was performed by Confocal Raman
Microscope (alpha300R) at the wavelength of 514.45 nm
and the power of 10 mW for 10 s, and the Raman spectrum
is illustrated in Fig. 4. The main feature of the spectrum in
SWNT film is the radial breathing mode (RBM) at
206 cm™!, where all atoms of the SWNT vibrate radically
in phase. It is widely known that RBM is dependent only
on SWNT diameter through the following equation pro-
posed by Graupner (2007):
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Fig. 4 Raman characterization of an electrophoresis assembled
SWNTs film

A
(URBM:EJFB (1)

where o is the wavenumber at RBM, d is the diameter of
the SWNTs, and A and B are constants. Based on the
reported values of A =204 cm™' nm and B = 27 cm™'
(Meyer et al. 2005), the diameter of SWNTs used in this
study has been determined as 1.14 nm, which is in good
agreement with the material data. The peak of disorder-
induced band (D-band) at 1,348 cm™! represented high-
density and purity of chemically functionalized SWNTs
assembled, and the relative strong intensity of the tangen-
tial mode (G-band) at 1,591 cm™! indicated that the
amount of residual ill-organized graphite (amorphous car-
bon) in the sample of SWNT was reached the negligible
level (Liu et al. 2007; Belin and Epron 2005). All these
characteristic of typical peaks demonstrated the presence of
SWNTs in overall good quality and bonding state.

The electric-field-induced mechanism of the controlla-
ble assembly of SWNTSs was investigated using a CHI 630
Electrochemical Analyzer, in which the current density and
area specific resistance can be captured through the timely
-V measurement between the two electrodes during the
electrophoretic self-assembly process. The proportional
relationship between the current density and the electric
field excitation is shown in Fig. 5a, which indicates that the
current density linearly increases correspondingly with the
increasing of electric field intensity. The curve slope O.
433 mS/cm, which means electric conductivity of the
SWNT solution, is measured. Figure 5b illustrates that the
current density change as a function of electrophoresis
duration under different fixed electrical field, and the inset
shows the area special resistance as a function of electro-
phoresis duration. It can be seen from Fig. 5b that, the
current density increases with the electric field intensity,
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Fig. 5 Mechanism characterization of electrophoresis assembly with
different electric field excitations; a Current density versus electric
field, b current density change as a function of electrophoresis
duration under different fixed electrical field

while follows a decrease with the electrophoresis duration.
This can be interpreted as the fact that the electric con-
ductivity of the SWNT solution reduces with the well-
assembly of SWNTSs during the electrophoresis process.

Thickness profile measurement was performed to the
well-assembled SWNT films by a surface profilometer
(Tencor P10). Figure 6 presents the step height profiles for
SWNT films assembled under different electric field exci-
tation for 30 min, the inset plots the average thickness of
SWNT films versus electric field applied, and the error bars
represent standard deviations of experimental data. The
step heights of SWNT films from 0.29 to 1.92 pm were
clearly found nearly proportional to the electric field
applied between electrodes, from 1 to 4 V/cm, resulting in
a variation of SWNT loading fraction from 0.45 to 2.91
vol.% in the whole composite films.
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Fig. 6 Film height profile of assembled SWNT under different
electric field excitations observed by profilometer

4 Performance characterization and discussion

The electromechanical SWNT/polymer thin film trans-
ducers were mechanically excited via the piezoelectric
effect of electro-active polymer substrate by applying an
AC voltage between the electrodes. This creates a strain
along the radial of the circular membrane that develops
into a bending moment resulting in mechanical resonance
at the appropriate frequency of the AC voltage. The elec-
tromechanical SWNT/polymer thin film transducers can be
modeled as a driven damped harmonic oscillator charac-
terized by a time-dependent mass-spring equation given by

. 2m . Frive

2(6) + 2905) + (2nfo2(r) = T8 2)
0 Mefi

with z the displacement, f; :ﬁ miff the mechanical

resonance frequency, k the spring constant, mes the
effective mass, Q =fy/Af-sap the quality factor, and
Farive the oscillating driven force on the thin film
transducers, is given by

Farive = kA, cos(2nft) (3)

max
drive

coupling at the resonate frequency, which can be gained from
experimental test. For thin-film transducers with specific
geometries, the resonant frequencies are determined only by
the mechanical properties of the transducer and pre-tension,
and are independent of the relative contribution of the
electromechanically coupling. The fundamental frequencies
of a circular thin-film clamped at the boundary under the
contribution of stiffness-tension is given by Hong et al.
(2008)

where is a coefficient related to electromechanical

The amplitude/phase-frequency response of the thin film
transducer has a Lorentzian shap characterized using the
harmonic oscillator model as

A= 1 Fdrive 1 _ Ag;?\)/( 02
- 2 272 )
R L IRVIGEV
(7)
tan 6 = jZCO/QZ (8)
fo=f

where A is the vibration amplitude and Othe phase angle of
the transducer system.

The dynamic electromechanical properties were char-
acterized by a combinative approach of piezoelectric exci-
tation and laser vibrometer measurement. A highly sensitive
laser vibrometer was utilized to determine the resonance
frequencies and Q factors resulted by the self-assembled of
SWNT films. Figure 7 illustrates the schematics of experi-
ment setup, consisting of a piezoelectric exciter (VF-500,
DSM, LLC) and a laser-scanning vibrometer (PSV-400,
Polytec). The laser measurement system and equipment are
controlled by the vibrometer controller, and the testing sam-
ples are fixed on the vibration isolation platform. A sinusoidal
harmonic excitation was applied to drive the carbon nano-
tube-PVDF electro-active film transducers, and the wave-
length of He—Ne laser used is 633 nm. Once the samples are
under test, the scanning excitation frequency was implied to
the samples and the corresponding vibration amplitude
could be optically captured by the photodetector and then
transformed into electrical signal for processing by the
computer data-acquisition system.

Figure 8 shows the contrast of amplitude-frequency
curves determined for a pure polymer transducer and the
electrophoresis self-assembled SWNT/polymer transducer
(SWNT loading fraction at 2.68 vol.%) under different
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Fig. 7 Schematic of experimental setup for the measurement of
frequency response
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Fig. 8 Displacement-frequency curves determined for a pure poly-
mer transducer and an SWNT/PVDF transducer (SWNT fraction at
2.68 vol.%) under different voltages applied

voltages applied. The vibration amplitude increases line-
arly with the increasing of excitation voltage applied. The
resonance frequency was enhanced by 131.42 % from
2,715.6 to 3,568.8 Hz, and the quality factor Q was
enhanced by 128.72 % from 20.9133 to 26.9203. To
characterize the tunable dynamic electromechanical prop-
erties of an electrophoresis assembled SWNT film, we
investigated a series of SWNT/polymer piezoelectric film
transducers with a variation of SWNT loading fraction
from 0.45 to 2.91 vol.%, resulted from the excitation of
different electric-field intensities from 1 to 4 V/cm. The
performance enhancement in resonance frequency and Q
factor was characterized through experimental test by
piezoelectric excitation and laser measurement. The per-
formance enhancement ratio for all SWNT/polymer trans-
ducers plotted versus the variation of SWNT loading
fraction is illustrated in Fig. 9. The lines show a linearly
fitting to the measured data, and the correlation coefficients
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are 0.9419 and 0.9740 for resonance frequency and Q
factor, respectively. 135 % enhancement in both resonant
frequency and quality factor of SWNT/polymer transducers
with SWNT loading less than 3 vol.% is observed. As a
result, over 10 times enhancement of resonant frequency
and quality factor for transducers with an SWNT fraction at
80 vol.% is predicted through theoretical verification. Such
remarkable enhancement results from the increased
mechanical properties and spring constants through the
SWNT loading in the electro-active polymer by electro-
phoresis. The combination of SWNTs with electro-active
polymer represents an important step in the development of
SWNT-based devices that may find utility in areas such as
flexible electronics, next-generation high-performance
thin-film devices with potential applications to various
electromechanical systems.

5 Conclusion

Thin SWNT films, as an attractive and emerging material,
are readily suitable for scalable integration into next gen-
eration micro/nano devices including field-effect transis-
tors, biochemical sensors, and ratio frequency (RF)
switches, owing to their exceptional electrical and
mechanical properties. This work presents an electric-field-
induced electrophoresis assembly for controllable deposi-
tion of functionalized SWNTs on electro-active polymer to
fabricate thin-film transducers. The electrophoresis mech-
anism of the solution-based directed assembly of SWNTs
under different electric field excitations was investigated
using electrochemical analysis technique. The assembled
high-density SWNT networks were verified with SEM
micrograph and Raman spectroscopy. The dynamic
electromechanical properties are characterized through
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piezoelectric excitation and laser vibrometer measurement.
135 % enhancement in both resonant frequency and quality
factor of SWNT/polymer transducers with SWNT loading
less than 3 vol.% is observed. As a result, over 10 times
enhancement of resonant frequency and quality factor for
transducers with an SWNT fraction at 80 vol.% can be
predicted, compared with pure polymer. Such remarkable
enhancement results from the increased mechanical prop-
erties through high-density carbon nanotube random
networks. This work can not only be exploited to tailor the
thin-film transducers for desired electromechanical prop-
erties, but also to create versatile and promising pathways
for next-generation actuators, sensors, and microsystems
with a high performance.
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