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Abstract

The precise placement of single-walled carbon nanotubes (SWNTs) in device configurations has been accomplished by AC dielectrophoresis
using a biomimetic surfactant, dioctyl sodium sulfosuccinate (i.e. AOT) dispersed SWNTs. To better serve the utilization of SWNTs/AOT for
device fabrication, the dispersion of SWNTs in AOT aqueous solutions was investigated at different micellar concentrations and compared with
other surfactants. UV–Vis–NIR spectroscopy and AFM microscopy have been employed to characterize solubilized individual SWNTs.
Additionally, dispersed solution has been utilized to align SWNTs in field-effect transistor geometrics. We have ascertained that the AOT isolated
individual tubes, well-protected from breakdown during sonication, are good candidates for device applications.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

A phenomenal era of expanded research and development
opportunities emerged because of single-walled carbon nano-
tubes' (SWNTs) unusual structural and electrical properties. In
1998, Trans et al. [1] reported the fabrication of field-effect
transistors (FET) using carbon nanotubes as bridge to connect the
gap between source and drain terminals. To date, various methods
have been employed to search for better performance by growing
tubes on FET substrate [2] or placing surfactant dispersed SWNT
directly on the electrode [3]. Surfactant dispersed individual
SWNTs have been made for better control of aligning tubes over
AC dielectrophoretic deposition process [4]. However, the
insolubility of SWNTs has been a hindrance to exploit their
unique properties. To surmount this problem, nanotubes can be
dispersed into solutions through either covalent [5] or non-
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covalent [6] interactions to improve solubility and to unbundled
the aggregate ropes that are formed from intertube van der Waals
interactions. For FET applications, maintaining electronic
properties of the tubes is necessary. An anionic surfactant AOT
is used to solubilize and debundle SWNTs in aqueous solution
without altering the tubes' electronic property. The short tail
structure of AOT might allow efficient intercalation between
bundled SWNTconstituents. To better serve the usage of SWNTs/
AOT for transistor devices, the dispersion of SWNTs/AOT was
investigated at different micellar concentrations and with other
surfactants. To demonstrate the potential device applications of
these individualized tubes, the fabricated field-effect transistors
were exhibited by aligning SWNTs/AOT in device geometries by
AC dielectrophoresis.

2. Experimental

SWNTs were purchased from Carbon Nanotechnologies,
Inc. Concentration of AOT aqueous solutions were prepared in
0.05, 0.1, 0.2, 0.5 and 1.0 wt.%. HiPco SWNTs were added to
the AOT solutions to a final SWNT concentration of 1 mg/mL
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Fig. 1. UV–Vis–NIR spectra depicted dispersion of AOTwith other surfactants (A) and AOT concentration in (1) 0.05, (2) 0.1, (3) 0.2, (4) 0.5 and (5) 1.0 wt.% (B).
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with 2 h sonication then 2 h centrifugation (17,000 rpm). Four
0.5 wt.% surfactants, anionic (SDBS and SDS) and cationic
(C12TAB and C16TAB), were also separately used to disperse
SWNTs.

For AC dielectrophoretic alignment of SWNTs, microelec-
trode structures with a 3 μm gap were fabricated on Si/SiO2

(500 nm) substrates by electron-beam lithography followed by
the evaporation of 5 nm Cr and then 50 nm Au. A peak-to-peak
voltage (5 MHz, 8 V) was applied across the electrodes. The
AOT dispersed SWNTs (8 μL) was dropped in the gap from 1 to
5 min, and was then washed with ∼800 μL deionized water.
Scanning electron microscopy (SEM) images were obtained on
a Hitachi S4700 at an accelerating voltage of 0.8 kV. The device
characteristics of the obtained SWNT/FETs were studied using
a HP4145 semiconductor parameter analyzer using the silicon
substrate as a back gate.

3. Results and discussion

Fig. 1A shows absorption spectra of SWNTs dispersed in five
different surfactant solutions. The solubilities of SWNTs dispersed in
Fig. 2. Tapping mode AFM image of dispersion of SWNTs/AOT i
anionic surfactants (SDBS, SDS and AOT) are higher than the cationic
surfactants (C12TAB and C16TAB). The double-tailed AOT is shown to
solubilize the SWNT sample better than SDS. Moreover, AOT displays
similarity as SDBS (a commonly used surfactant for SWNTs
dispersion). Thus, AOT appears to be a good noncovalent wrapping
species for debundling SWNTs. The critical micelle concentration
(CMC) is an important parameter when surface tension of a surfactant
can influence the formation of micellar structures within host solutions
[7]. Concentrations of AOT that exceed the CMC would be expected to
have some visible effects on dispersion of the nanotubes [8]. Fig. 1B
shows that AOT concentration exceeding the CMC results in sharp
peaks of singularity that denotes well-dispersed SWNTs [9].

Fig. 2 provides AFM images of SWNTs originally in 0.5 wt.% AOT
aqueous solution. The AFM phase and height images reveal separated,
individual SWNTs coated with AOT. The height of the tubes is
visualized as approximately 2 nm. This dimension can be rationalized
as resulting from SWNTs surrounded by one layer of surfactant.
Moreover, it can be seen from the figure that the mean length of
SWNTs/AOT dispersion is longer than dispersed by other surfactants,
suggesting that the AOT isolated individual tubes were well-protected
from breakdown during sonication. Longer SWNTs are beneficial for
FET fabrication.
n phase image (A), height image (B), and height analysis (C).



Fig. 3. SEM images of SWNTs aligned by AC dielectrophoresis of deposition times in (a) 4 and (b) 5 min. (c) The drain–source current versus the gate voltage for the
device in (b). (d) Plot of the drain–source current versus VDS at three different gate voltages at −50 V (red), 50 V (blue) and 0 V (green). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

845S.C. Wang et al. / Materials Letters 62 (2008) 843–845
Fig. 3 shows SEM images of SWNTs aligned across the gaps by AC
dielectrophoresis [10]. The dielectrophoretic force is proportional to the
difference between the complex dielectric constants of the nanotube and
the water medium. Metallic nanotubes have a much higher dielectric
constant than water (ɛ=79) due to the presence of mobile carriers
(effectively infinite). Semiconducting SWNTs have a bandgap dependent
dielectric constant (∼2–5); however, due to the large surface con-
ductance induced by the electric double layer at the surfactant interface,
both metallic and semiconducting species are pulled into the gap [5]. Zeta
potential measurements (−65.6 mV), indicate that the AOT–SWNT
micelles carry a significant negative charge, which is not surprising given
the anionic nature of the surfactant. The number of nanotubes in the gap
can be controlled by the duration of the dielectrophoresis process from 1
to 5 min. The dielectrophoretically aligned nanotubes initially have high
contact resistances (ranging up to 10 MΩ) due to the presence of the
surfactant at the contacts. However, upon annealing under nitrogen at
300 °C, the contacts are significantly improved and ambipolar devices are
obtained as shown in part c and d of Fig. 3.
4. Conclusions

The data suggest the simplicity and efficiency of using AOT
for dispersion of SWNTs. The isolated tubes are good
candidates for nanotube transistor applications. Moreover,
AOT surfactant encapsulated tubes are well-protected from
break down during sonication. This is a factor for choosing
AOT to use in device alignment. We have demonstrated the
precise placement of these long individual nanotubes in device
geometries. Ambipolar transport has been demonstrated for a
SWNTs network device.
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