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The assembly of single-walled carbon nanotubes (SWNTS) in
predetermined patterns is one of the most challenging tasks in the
fabrication and mass production of SWNT electronic devices, such
as sensotsand field effect transistosCarbon nanotubes have been
aligned by post-treatment techniques utilizing electdcahgnetic?
mechanical forces and self-assemBhand in situ during their
growth? In the post-treatment methods, it is very difficult to obtain
a uniform SWNT alignment with a small bundle size. The assembly
of individual tubes is even more difficult because of the very poor
solubility of SWNTs in organic solvents and their spontaneous
aggregation into large bundles. The tube aggregation problem also
occurs during in situ alignment because the as-prepared SWNTs
are usually produced as bundles. Moreover, the in situ method,
which has mainly been carried out by the chemical vapor deposition
(CVD) process, requires high temperatures-800 °C) and a
reactive environment and is therefore not applicable to devices with
limited stability.

Electrospinning is an electrostatic method for the fabrication of
long organic fiber$.Carbon nanotubepolymer composite fibers
have also been fabricated by using this technfydé&hough the
nanotubes are confined to the fiber, they are not aligned macro-
scopically because the fibers are randomly distrib@t&kcent o
advances in the electrospinning technique have allowed the align- iy
ment of the resulting fibers in predetermined directith&y

applying this modified electrospinning technique we have succeeded MWWMWMM

in fabricating SWNTF-polymer composite fibers with all of the o-€

SWNTs oriented along the axial direction of the fiber. After rigye 1. (a) SEMimage of aligned electrospun fibers—() AFM images

removing the polymer component from the fiber, we obtained large- of aligned SWNTs prepared by heating the electrospun fiber: (b) aligned

scale aligned SWNT arrays. This method allows us to transfer the SWNT array, (c) single line of SWNTs, (d) aligned individual SWNTs,

local SWNT orientation in the electrospun composite fiber to 2nd (€) their height cross-sectional analysis.

macroscopically aligned SWNT structures. Moreover, the SWNTs

resulting from this procedure exist primarily as individual nanotubes ~ The aligned electrospun fibers were collected on a silicon wafer

that are apparently exfoliated by the electrostatic charging generated1 ¢m x 1 cm) placed between the two counter electrodes. The

during the electrospinning experiments. SEM image (Figure 1a) indicates a high degree of alignment. The
We selected poly(vinylpyrrolidone) (PVP) to blend with SWNTs existence of SWNTSs inside the fiber is demonstrated by Raman

for electrospinning because of the compatibility of PVP with Spectroscopy (Supporting Information Figure 3); the characteristic

SWNTSs and because the SWNTSs are expected to form a homoge-SWNT peaks were observed in the SWNTs/PVP composite fiber

neous dispersion in the PVP mattixWhen the PVP/SWNT  but notin pure PVP fiber.

solution was electrospun using a single piece of grounded aluminum ~ The SWNT alignment within the electrospun fiber is clearly

sheet as negative electrode, the composite fibers were randomlyevident on removal of the polymer component by heating or

distributed (Supporting Information Figure 1). When two strips of chemical vapor etching. By raising the temperature of the fibers to

aluminum foil were attached to a polystyrene plate and used as the600 °C in an argon atmosphere, the PVP component in the

negative electrode (Supporting Information Figure 2), the electro- COmposite fiber is decomposed, leaving the aligned SWNTSs; Figure

static force drives the positively charged composite fibers so that 10 shows the SWNTSs resulting from the thermal treatment of a

they align between the two counter electrodes. single fiber. On the basis of the fiber coverage in Figure 1a, a 1
cm x 1 cm silicon wafer contains many thousands of similarly

t University of California, Riverside. aligned SWNT arrays p.atterned.along the same dlrectlop. The
*Carbon Solutions, Inc. number of nanotubes inside a particular electrospun composite fiber
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To demonstrate the directional control of SWNT alignment, we
deposited electrospun fibers along perpendicular directions by
simply rotating the substrate between depositions. The cross-aligned
nanofibers are shown in Figure 3a; after exposure to ethanol for
12 h, the polymer component was removed and the hierarchical
SWNT assembly was revealed (Figure 3b).

In summary, we have developed a flexible approach to SWNT
alignment that allows their hierarchical assembly by use of
electrospinning, and we show that the SWNT orientation is
directionally controllable. In addition, the electrospinning procedure
exfoliates the carbon nanotube bundles and leads to a high yield
of aligned individual SWNTs. The method offers great promise
for the controlled assembly of SWNT devices based on individual
nanotubes.

0.0 60 um
Figure 2. AFM image of aligned SWNTSs prepared by ethanol vapor etching
method.
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