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We present a method to develop single-wall carbon nanotube (SWCNT)/polymer compos-
ites into arbitrary three-dimensional micro/nano structures. Our approach, based on
two-photon polymerization lithography, allows one to fabricate three-dimensional
SWCNT/polymer composites with a minimum spatial resolution of a few hundreds nm.
A near-infrared femtosecond pulsed laser beam was focused onto a SWCNT-dispersed
photo resin, and the laser light solidified a nanometric volume of the resin. The focus spot
was three-dimensionally scanned, resulting in the fabrication of arbitrary shapes of
SWCNT/polymer composites. SWCNTs were uniformly distributed throughout the whole
structures, even in a few hundreds nm thick nanowires. Furthermore, we also found an
intriguing phenomenon that SWCNTSs were self-aligned in polymer nanostructures, prom-
ising improvements in mechanical and electrical properties. Our method has great poten-
tial to open up a wide range of applications such as micro- and nanoelectromechanical
systems, micro/nano actuators, sensors, and photonics devices based on CNTs.

© 2013 Elsevier Ltd. All rights reserved.

polymer composites. Some progress has been made recently
with fabrication of SWCNT/polymer composites in the form

1. Introduction

Single-wall carbon nanotubes (SWCNTs) have attracted much
attention because of their remarkable mechanical [1], electri-
cal [2], thermal [3], and optical properties [4], as well as their
unique chiral structure with extremely high aspect ratios. In
particular, SWCNTSs are promising as filler materials in poly-
mer-based composites due to their ability to enhance the per-
formance of matrices. It has been demonstrated that
incorporation of SWCNTs into polymers enhances mechani-
cal [5], electrical [6], and thermal properties [7], and therefore,
SWCNT/polymer composites have opened up new device
applications such as actuators [8,9], sensors [10], and pho-
tonic devices [11]. Furthermore, their small size makes it pos-
sible to design micro- or even sub-micro-sized SWCNT/
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of micro/nano-films and fibers [12,13]. These composites have
been fabricated through solution-blended [14], melt-blended
[15], or in situ polymerization processing [16]. However, the
conventional fabrication processes generally require solvent
removal and/or high temperature treatment, resulting in dis-
tortions of fragile structures. Moreover, the fabrication pro-
cesses are not applicable to three-dimensional (3D) micro/
nano-fabrication because of lack of a spatial resolution.
Therefore, there remains a huge challenge to achieve 3D mi-
cro/nano-fabrication of SWCNT/polymer composites. UV di-
rect write fabrication has been proposed for 3D fabrication
of SWCNT/polymer composites with a spatial resolution of
sub-millimeters [17].
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Here, we report on the development of 3D micro/nano-
structural SWCNT/polymer composites with a spatial resolu-
tion of sub-micrometers by using the two-photon polymeriza-
tion (TPP) lithography technique. TPP lithography has been
well established as a powerful tool for developing arbitrary
3D fine polymer structures [18,19]. A near-infrared (NIR)
pulsed laser beam tightly focused onto a photo-polymerizable
monomer solidifies a nanometric volume of the monomer in
the focus spot through TPP, and thus, arbitrary 3D micro/
nano-sized polymer structures can be fabricated with a sub-
diffraction-limit spatial resolution by scanning the focus spot
three-dimensionally. Applications of the TPP lithography are
extended to various research fields, such as photonic crystals
[20,21], photonic quasicrystals [22], metamaterials [23,24], no-
vel mechanical micro/nanostructures [25], microfluidics [26],
functional micro/nano mechanical devices [27], cell culturing
3D scaffolds for tissue engineering [28], and novel platforms
of optical data storage [29]. TPP lithography is also an ideal
tool for developing nanomaterials/polymer composite based
micro/nano-structures. Photoisomerizable dyes [30], semi-
conductor nanoparticles [31,32], metallic nanoparticles
[33,34], and magnetic nanoparticles [35,36] provide additional
physical properties in host polymers, achieving a variety of
functional active micro/nano-devices.

Our approach described here is to disperse SWCNTs into
an UV-curable monomer and fabricate micro/nano-structural
SWCNT/polymer composites in the form of desired shapes by
using TPP lithography. Since SWCNTs possess remarkable
electrical, thermal, mechanical, and optical properties, we
can expect significant enhancement of physical properties
in polymer nanostructures. Thus, this approach for 3D mi-
cro/nano-fabrication of SWCNT/polymer composites is prom-
ising for functional applications in fields such as micro- and
nanoelectromechanical systems (MEMS/NEMS) [27,37].

2. Experimental
2.1.  Preparation of SWCNT-dispersed photo resin

SWCNTs, synthesized by the high-pressure carbon monoxide
(HiPco) process at Rice University, and SWCNTSs (HiPco Single-
Wall Carbon nanotubes, Unidym) were used in this study (see
Supplementary material; Supporting Fig. 1). SWCNTs were
loaded into an acrylate monomer, R712 [38], provided from
Nippon Kayaku Co., Ltd., at a ratio of 0.01 wt.%, and then dis-
persed by using sonicatior (250D-advanced, model # 101-063-
837, Branson) for 1h. Finally, photo-initiator (Benzil, Wako)
and photo-sensitizer (2-benzyl-2-(dimethylamino)-4'-mor-
pholinobutyrophenon, Aldrich) were loaded into the com-
pound at a ratio of 1.67 and 1.67 wt.%, respectively, and the
resin was subsequently stirred for a few minutes.

2.2.  Fabrication of 3D micro/nano structural SWCNT/
polymer composites

A Ti:sapphire femtosecond pulsed laser (Tsunami, Spectra-
Physics, Newport Corp.) emitting at 780 nm, with a pulse
width and a repetition rate of 100 fs and 82 MHz, respectively,
was used as a light source. The laser beam was focused by an

oil-immersion objective lens (100x, NA 1.4, Zeiss) onto the
SWCNT-dispersed resin casted on a glass substrate which
was placed on a three dimensional piezoelectric stage. The
stage moved the resin relative to the focus spot according to
programmed patterns. The typical laser intensity was
15 GW/cm?. The exposure time was 4ms at each scanning
step controlled by a galvanometer shutter. After structures
were created, unsolidified resin was rinsed away using ace-
tone. The obtained structures were used for further
characterization.

2.3. Characterization of SWCNT-dispersed photo resin and
SWCNT/polymer composites

Absorption spectra were measured using UV-Vis-NIR spec-
trometer (UV-3600, Shimadzu) with sampling pitch of
0.5nm. Scanning electron microscopy (SEM) observation
was carried out using Field Emission-Scanning Electron
Microscope (FE-SEM, JSM-6330F, JEOL). Before SEM observa-
tion, the samples were Osmium-coated with a thickness of
a few nm using Osmium-coater (HPC-30W, Vacuum Device
Inc.). Raman microscopy experiments were conducted using
Raman microscope (Raman-11, Nanophoton Corp.) with an
objective lens (100x, NA 0.9, Nikon). Two laser wavelengths
of 532 and 785 nm were used for the excitation. Laser inten-
sity and exposure time were optimized to take Raman spectra
with sufficient signal to noise ratio.

3. Results and discussion

For TPP micro/nano-fabrication, it is essential to well-disperse
SWCNTs in an UV-curable monomer because SWCNTs easily
self-organize into bundles due to van der Waals interactions
between the sidewalls of individual nanotubes [39]. We dis-
persed SWCNTs into an acrylate UV-curable monomer, R712
(Fig. 1a and see Section 2 for more details). Two benzene rings
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Fig. 1 - (a) The chemical structure of R712. (b) A photograph
of the SWCNT-dispersed resin. (c) A bright field image of the
SWCNT-dispersed resin. (d) A bright field image of the
SWCNT-dispersed resin after 3 h from sonication. (e) An
absorption spectrum of the SWCNT-dispersed resin.
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in the monomer allow for n—r stacking interactions with gra-
phitic sidewalls of SWCNTs, which leads to the stable disper-
sion of SWCNTs in the monomer. The bright field image of the
SWCNT-dispersed photo-resin in Fig. 1c is optically flat, con-
firming that SWCNTs were isolated or formed small bundles
in the photo-resin. Indeed, the SWCNTs were adequately dis-
persed for micro/nano fabrication. However, the dispersion
did not last for a long time. After 3h from sonication,
SWCNTs started to form large bundles of ~1pum indicated
by the arrows in Fig. 1d. From this result, we carried out TPP
lithography immediately within 3 h after the resin prepara-
tion. An absorption spectrum for the SWCNT-dispersed resin
just after sonication is shown in Fig. le. The resin exhibits a
strong optical absorption below 450 nm due to the n—n" transi-
tion of electrons of SWCNTs as well as the absorption by the
monomer. On the contrary, the resin shows relatively low
absorption in the NIR range (>800nm) although there are
some small absorption peaks attributed to interband exci-
tonic transitions in SWCNTs [40]. The appearance of intrinsic
absorption peaks relevant to SWCNTs also implies that nano-
tubes were well dispersed in the resin.

Using the SWCNT-dispersed resin, we carried out micro/
nano fabrication of SWCNT/polymer composites (see Sec-
tion 2 for more details). The center wavelength of the Ti:sap-
phire femtosecond pulsed laser was tuned to 780 nm. This
wavelength is suitable for the excitation of TPP of the
photo-resin [18,19], and also corresponds to a valley between
absorption peaks of SWCNTs, so that the excess absorption
and/or damage of SWCNTSs can be avoided. 3D micro/nano-
structural SWCNT/polymer composites were fabricated based
on programmed patterns, such as a 8-um-long micro-bull, a
micro-teapot, a micro-lizard, and a nanowire suspended be-
tween two micro boxes (Fig. 2a-f). The wire widths in lateral
and vertical (along the laser beam propagation) directions
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Fig. 2 - 3D micro/nano structural SWCNT/polymer
composites are fabricated by using the TPP lithography. The
structures in (a)-(f) are a 8-pm-long micro bull, a micro tea
pod, a micro lizard, a nanowire suspended between two
micro boxes, magnified image of (d), and perspective view of
the nanowire, respectively.

are 300 and 800 nm, respectively. These results demonstrate
that the fabrication technique exhibits the ability of 3D mi-
cro/nano-fabrication.

To determine whether SWCNTs are indeed embedded into
the whole structures, Raman microscopy experiments were
performed (Fig. 3). Fig. 3a shows a Raman spectrum taken
from the box suspending the nanowire with an excitation
wavelength of 785 nm. The Raman spectrum shows two spe-
cific peaks at 1595 and at 1300 cm™~* assigned to G-band and
D-band of SWCNTs, respectively, providing evidence for the
existence of SWCNTs in the polymeric structures. The Raman
spectrum also shows some specific peaks in the range of 200~
250cm~! assigned to RBM of SWCNTs, indicating that
SWCNTs remain intact during the polymerization reaction.
We also conclude that the Ti:sapphire laser beam did not
cause any severe damage to the SWCNTs during the fabrica-
tion process, since the intensity ratio of G-band to D-band
did not change between before and after TPP (Supporting
Fig. 4). Raman images of the 300-nm-thick nanowire as well
as two boxes, and a 8-um-long micro-bull were reconstructed
from the G-band intensity at each pixel in each bright field
image (Fig. 3b—e). It should be noticed that the Raman scatter-
ing signal from the polymer was negligibly small compared to
the SWCNT Raman signal due to resonant enhancement for
SWCNTs under 785 nm excitation (Supporting Fig. 2a), and
hence, the Raman images represent the distribution of
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Fig. 3 - (a) A Raman spectrum taken from the box
suspending the nanowire with an excitation wavelength of
785 nm. Laser power and exposure time are 2.8 mW and
60 s, respectively. (b) A bright field image of the 300-nm-
thick nanowire suspended between two boxes. (c) A G-band
Raman image taken at the same area in (b). Laser power and
exposure time are 1.4 mW and 10 s, respectively. (d) A bright
field image of a 8-pm-long micro bull. (e) A G-band Raman
image taken at the same area in (d). Laser power and
exposure time are 2.8 mW and 10 s, respectively.
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Fig. 4 - (a) A schematic setup for laser ablation. (b) SEM
image at a clack produced by laser ablation. (c) Polarized
Raman spectra of a 460-nm-wide-nanowire taken at
different angles 0 between polarization of the incident laser
light and the nanowire axis. Excitation wavelength, laser
power and exposure time are 785 nm, 0.6 mW and 10,
respectively. (d) The angular dependence of G-band
intensity. The square and triangle dots are experimental
results for the nanowire and the box, respectively. The line
is a cos*0 fitting curve for the nanowire [47].

SWCNTs in the structures. The Raman images of SWCNTs
match the shapes of corresponding structures, indicating that
SWCNTs are uniformly distributed throughout the whole
structures, even in the nanowires.

To directly observe the inside of the SWCNT/polymer com-
posites, laser ablation was performed to produce cracks on
the structures (Fig. 4). A femtosecond pulsed laser beam with
a wavelength of 780 nm was focused onto various structures
with an intensity of ~45 GW/cm?, which is much higher than

the intensity for TPP, resulting in ablation of the polymer
(Fig. 4a). As an example, a SEM picture of a 500-nm-wide
nanowire suspended between two boxes after laser irradia-
tion is shown in Fig. 4b. This picture shows entangled
SWCNT-bundles with diameters of ~50 nm bridged between
the crack of the polymer wire. It should be noted that the
SWCNT-bundles are fully packed into the nanowire. Another
interesting point to note is that the polymer was ablated more
easily compared to SWCNTs, presumably due to the higher
thermal stability of SWCNTs compared to that of the polymer.
Furthermore, the picture in Fig. 4b seems to indicate that the
SWCNTs inside the nanowire are aligned along the nanowire
axis. Inspired by this intriguing result, we investigated the
alignment of SWCNTs in the nanowire using polarized Ra-
man spectroscopy. Polarized Raman spectroscopy was carried
out on a 460-nm-wide nanowire with the polarizations of
both incident and scattered light parallel to the nanowire axis
[41]. Fig. 4c displays Raman spectra taken at different angles 60
between the polarization of the incident laser light and the
nanowire axis. Both the G-band and D-band peaks signifi-
cantly vary in intensity as a function of 0. The angular depen-
dence of the G-band intensity is plotted in Fig. 4d. The G-band
intensity becomes largest when the polarization of the laser
beam is parallel to the nanowire axis, while it becomes small-
est when the polarization is perpendicular. This result clearly
indicates that the SWCNTs are uniaxially aligned inside the
wire. As a reference, the angular dependence of the box is
also plotted in Fig. 4d. No angular dependence is observed,
indicating that SWCNTs are randomly oriented in the boxes.
The alignment of SWCNTs inside the wire probably arises
from spatial confinement in the nanowire and/or volume
shrinkage of polymer during the rinse and dry processes
[42,43]. The alignment is expected to enhance the perfor-
mances of mechanical properties of SWCNT/polymer com-
posites [44]. The alignment would also provide significant
enhancement of electrical conductivity [45,46], resulting from
the effective creation of conductive nanotube network inside
the wire, as seen in Fig. 4b.

To assess the spatial resolution of the fabrication tech-
nique, the nanowire width in lateral direction was measured
as a function of laser intensity, and the wire width without
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Fig. 5 - (a) The spatial resolution, which is estimated from wire width, as a function of laser intensity. Wire widths of SWCNT/
polymer composites and those of polymer are indicated by the square and the triangle, respectively. (Inset) SEM image of a
200-nm-wide nanowire made of SWCNT/polymer composites. (b) Raman spectra of (black) photo-resin without SWCNTs,
(blue) a micro box fabricated by TPP without SWCNTSs, and (red) a micro box fabricated by TPP with SWCNTs. Excitation
wavelength, laser power, and exposure time are 532 nm, 0.9 mW, and 120 s, respectively.
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SWCNTs was also measured for comparison (Fig. 5a). The
wire width decreased as the incident laser intensity was de-
creased, and the minimum width was around 200 nm when
the average laser intensity was 12.4 GW/cm? (Fig. 5a inset).
This means that the spatial resolution for fabrication is in
the sub-micrometer regime. Moreover, the spatial resolution
for the composites was higher than that for the resin without
SWCNTs. One of the possible reasons for this result is that the
incident photon was absorbed and dissipated by SWCNTs,
and thus the effective laser intensity for TPP became lower.
Another possibility is that SWCNTs would produce a radical
quencher in the photo-resin that terminates the chain reac-
tion of the photopolymerization. It is reported that SWCNTs
deactivate singlet oxygen and produce triplet oxygen via en-
ergy transfer from singlet oxygen to SWCNTs [48]. If this ef-
fect occurs in our photo-resin, the presence of SWCNTs
would lead to higher spatial resolution because triplet oxygen
plays a role as a radical quencher in photopolymerization
reaction [49].

To confirm the polymerization reactions of the photo-re-
sin in the presence of SWCNTs, Raman spectra were taken
with an excitation wavelength of 532 nm. A Raman spec-
trum of a micro box fabricated by TPP with SWCNTs is
shown in Fig. 5b. A Raman spectrum of the photo-resin
without SWCNTs and that of a micro box fabricated by
TPP without SWCNTs are also shown, as a reference. Ra-
man scattering signal from the polymer is observed under
532nm excitation as well as the G-band signal from
SWCNTs. The peak at 1640 cm™' is assigned to C=C bond
in the acrylate monomer [50]. After TPP, the peak intensity
decreased in both TPP cases with and without SWCNTs.
The result indicates that the polymerization reaction of
the photo-resin proceeded smoothly even in the presence
of SWCNTs.

4. Summary

We have demonstrated a method for 3D micro/nano-fabrica-
tion of SWCNT/polymer composites by TPP lithography. We
showed that SWCNTs were fully and uniformly embedded
into micro/nano-structures. In addition, we found that
SWCNTs were aligned along the nanowire axis. Furthermore,
the spatial resolution for fabrication was as small as 200 nm
in lateral direction, which is much higher than that reported
for other fabrication processes for the 3D structural compos-
ites [17]. The resultant structures would exhibit higher
mechanical and electrical properties, especially in nanowire
shaped composites, due to the self-alignment of SWCNTs in-
side the wire. These results indicate that our method is prom-
ising for realizing SWCNT/polymer composite-based 3D
MEMS and NEMS.
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