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Self-assembly process, patterning, and characterization of well-aligned single-walled carbon
nanotube 共SWNT兲 films are presented in this letter. The dc current in an ac dielectrophoresis of an
SWNT solution was measured and used to control the self-assembly process to get an oriented,
compact SWNT film 15–20 nm thick. The film was further patterned to form submicron beams by
focused ion beams, or lithography and oxygen plasma etching. The Young’s modulus of the film
ranged from 350 to 830 GPa. The electrical resistivity was about 8.7⫻ 10−3 ⍀ cm. The temperature
coefficient of resistance was ⫺1.2%/K. © 2009 American Institute of Physics.
关DOI: 10.1063/1.3151850兴
Nanoscale suspended SWNT beam is a fundamental
building block for many nanoelectromechanical systems
共NEMS兲 devices such as nano switches, resonators, and biosensors. Compared to Chemical Vapor Deposition 共CVD兲
method,1the solution-based approach2–4 seems to be able to
realize lateral alignment without heating the substrate. In the
area of SWNTs patterning, some approaches including contact printing,5 liquid crystalline processing,6 and lithography
plus reactive ion etching7 were reported. In order to realize a
suspended SWNT film, Poly共methyl methacrylate兲 共PMMA兲
was used as the sacrificial layer in a previous work.8 However, the current approaches are not very efficient in forming
flat, highly compact, and lateral aligned nanoscale SWNT
beams for NEMS applications due to the poor process compatibility, uncontrollable SWNT density, or deformed films.
Dielectrophoretic self-assembly of SWNTs is being studied
both experimentally9 and theoretically.10 Some recent
progress focused on the self-assembly of individual SWNTs
between two electrodes.11,12 However, an individual SWNT
cannot meet the current capacity or the process controllability requirements of most nanoelectronics or NEMS applications. If the density of oriented SWNTs in a dielectrophoresis
process is highly increased, a compact, patternable membrane with a high current capacity can be obtained, while
retaining the superior electrical and mechanical properties of
SWNTs.
In this letter, a suspended and compact SWNT film was
fabricated by a well-controlled dielectrophoresis process
without using a sacrificial layer. The film can be patterned to
realize suspended nanoscale beams. Finally, the electrical
and mechanical characteristics of this suspended SWNT
membrane were investigated to provide critical parameters
for the design of future NEMS devices.
First, two bilayers of poly共diallyldimethylammonium
chloride兲 共PDDA兲/poly共styrenesulfonate兲 共PSS兲 and a layer
of PDDA were layer-by-layer self-assembled on the silicon
a兲
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dioxide surface between two Cr/Au counter electrodes to
make the surface positively charged. Next, 50 g / ml
SWNT 共99% purified兲 water solution from NANOINTEGRIS
was put in an ultrasonic bath 共80 W, 40 kHz兲 with the chip
immersed in the solution vertically, and an ac electric field 共5
MHz, 2 V / m兲 was applied. Finally, the chip was rinsed in
de-ionized water followed by nitrogen blow drying. A dc
voltage of 0.5 V was added on the ac electric field to measure
the dc resistance between the two electrodes to timely quantify the number of the assembled SWNTs during the dielectrophoretic self-assembly process. Figures 1共a兲–1共c兲 show
the varied dc resistance in the directed self-assembled process with different ac frequencies, ac electric fields, and
SWNT solution concentrations. Through the data, a minimized resistance, which means a high dense SWNT film, can
be obtained with a concentration of 50 g / ml, and an electric field of more than 1.5 V / m at a frequency of higher
than 300 kHz. In addtion, the circuit shown in Fig. 1共d兲 was
used to control the density of assembled SWNTs. When the
dc current increases to a set point, the analog switch bypasses the ac signal across the electrodes so that the dielectrophoretic assembly is stopped to realize an SWNT film
with a desirable density. Figures 1共e兲 and 1共f兲 shows the
assembled SWNT films with low and high densities connecting two electrodes. In the experiments, the SWNT film
across the two electrodes instead of between the electrode
and the substrate, and close separate electrodes with sharp
projected profiles lead to suspended self-aligned membranes.
As shown in Fig. 2共a兲, the G-band 共⬃1590 cm−1兲 intensity polarized by the laser parallel to the SWNT alignment
direction is ⬃5.7 times higher than that polarized by the laser
perpendicular to SWNT alignment direction, indicating a
high degree of alignment. This intensity ratio is higher than
the previous result of Raman characterization of a CNT
alignment by direct printing 共⬃3.7 times兲,13 and lower than
that of an aligned SWNT film by Langmuir-Blodgett 共LB兲
assembly 共⬃8times兲.14 The G-band intensities inclining at
0°, 11.25°, 22.5°, 37.5°, 45°, and 90° to the SWNT align-
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FIG. 3. SEM images of suspended SWNT beams. 共Left兲 Beam patterned by
focus ion beam. 共Right兲 Beam patterned by lithography and oxygen plasma
etching.

FIG. 1. 共Color online兲 共a兲 Change of dc resistance between electrodes with
different ac frequencies at 100 g / ml, 2 V / m; 共b兲 Change of dc resistance between electrodes with different electric fields at 100 g / ml, 3
MHz; 共c兲 Change of dc resistance between electrodes with different concentrations of SWNT suspensions at 3 MHz, 2 V / m; 共d兲 Schematic illustration of a controlling circuit, 共e兲, 共f兲 SEM images of SWNT films with different densities through the control of dc currents.

ment direction were shown in Fig. 2共c兲. Most of SWNTs
were found to stay at an angle in a range of 0°–22.5° from
the alignment direction. The surface number density of the
self-assembled SWNT film is counted in a range of 100 nm
using a scanning electron microscopy 共SEM兲 image, resulting in a surface number density of 50–100 bundles/m, as
shown in Fig. 2共d兲. Compared with the reported surface

FIG. 2. 共Color online兲 Characterization of alignment and density of an
SWNT film by Raman microscope and SEM. 共a兲 G-band Raman intensity of
parallel to or perpendicular to an SWNT alignment direction. 共b兲 Raman
image of the SWNT film. 共c兲 G-band Raman intensity with different inclined
angels between 0° and 90° with respect to the SWNT alignment direction.
共d兲 SEM images of aligned SWNTs, 5–10 SWNT or SWNT bundles visible
in a range of 100 nm.

number density of a dense SWNT film by liquid crystalline,
in which a surface number density of 18 bundles/ m was
demonstrated,6 the directed self-assembled SWNT film in
this paper hs more SWNT bundles, possibly leading to a
condense SWNT structure due to the allied electric field. In
addition, the dense SWNT film was also verified by a uniform G-band Raman imaging, as shown in Fig. 2共b兲.
Based on densely self-assembled SWNT films, nanoscale suspended SWNT beams were prepared by FIB or photolithography and O2 plasma etching, as shown in Fig. 3. An
FIB 共FEI Quanta 200 3D兲 was used to pattern SWNT membranes at 30 keV and 50 nA. In the oxygen etching process,
an STS dry etcher 共Model 320兲 was employed for the patterning at 100 W, 50 mTorr, and 100 sccm oxygen flow for 2
min with a photoresist 共Shipley S1813兲 mask 1.3 m thick.
As shown in Fig. 4, the mechanical properties of a suspended SWNT beam were measured by atomic force microscopy 共AFM兲 共Digital Instruments Nanoscope III Multimode兲
using an calibrated AFM cantilever 共PointProbe® Plus,
Nanosensors, 3.86 N / m兲. Operating in tapping mode, the
sample was approached to the vertically oscillating AFM tip
until its amplitude was reduced to zero, and further tested
until a particular upward cantilever deflection was achieved.
This was performed at two locations, the center of the suspended beam and a rigid sample surface away from the
beam. Therefore, two “force curves” were sampled: quasistatic deflection 共multiplied by a spring constant兲 versus Z
displacement. The spring constant of the SWNT beam,

FIG. 4. 共Color online兲 Principle and results of AFM characterization of
SWNT beams. 共Left兲 Principle of the spring constant determination. 共Upper
right兲 Force curves on a solid surface and on an SWNT beam. 共Bottom
right兲 Thickness measurement of an SWNT beam.
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FIG. 5. 共Color online兲 共a兲 Resistance of SWNT beams with different length,
and 共b兲 measurement of TCR of SWNT films from room temperature to
120 ° C.

KSWNT was determined by the following equation:
KSWNT =

KAFMcantilever
,
Ssolidsurface/SSWNT − 1

where KAFMcantilever is the calibrated spring constant of the
AFM cantilever, Ssolidsurface and SSWNT are the slope of the
force curve on the solid surface and at the center of SWNT
cantilever, respectively.15 The spring constant of the SWNT
beam was determined to be 16.8 N/m by multiple tests. The
dimensions of the beam measured by SEM are 950 nm long
and 320 nm wide. The thickness was measured to be in a
range from 15 to 20 nm by AFM. The expression for calculating the Young’s modulus of a two-end fixed beam with a
central point load is given by
kL3
,
E=
16wt3
where E is the Young’s modulus, k is the spring constant, and
L, w, and t are the length, width, and thickness of the beam,
respectively. Using the above data in this expression, we
compute the Young’s modulus of the SWNT membrane to be
from 350 to 830 GPa due to the thickness variation. This
result is higher than the report Young’s modulus 共100 GPa兲
of SWNT ropes.16 and is far larger than the reported Young’s
modulus 共35 GPa兲 of SWNT layer-by-Layer film by et al.17
The electric field induced SWNT condensation is one possible reason resulting in a higher Young’s modulus. For example, Mureau et al. demonstrated SWNTs concentrated and
trapped by an electric field through fluorescence imaging.18
The I-V properties of three types of SWNT beams with
the same contact area and different dimensions were tested
关Fig. 5共a兲兴. The width of the SWNT beams is 3 m and the
length of the beams are 150, 350, and 500 nm respectively,
and the average thickness is measured by AFM as ⬃17 nm.
At a bias of 1.0 V, the resistance R of the film is found to fit
the equation: R = 1.9 ⍀ / nm⫻ L + 54 ⍀, where L is the
length of the beam with the unit of nanometer. From the
slope of the equation and the dimensions of the film, the
resistivity of the SWNT film is about 8.7⫻ 10−3 ⍀ cm.
Thess et al. calculated the resistivity of ropes of metallic
SWNTs to be in an order of 10−4 ⍀ cm at 300 K,19 and the
resistivity of SWNTs in the alignment direction by a direct
printing is 2.32⫻ 10−3 ⍀ m.13 Li et al.14 reported an aligned
Hipco SWNT film with a resistance of more than 25 times
higher than the aligned laser-ablation SWNT film by the LB
assembly. This resistivity difference is possibly due to different SWNTs used in these experiments and different align-

ment approaches leading to a variation in SWNTs interactions. The TCR was measured to be ⫺1.2%/K from room
temperature to 120 ° C 关Fig. 5共b兲兴. The value is higher than
that in previous report 共⫺0.7%/K at 300 K兲,20 which proved
that the aligned SWNT film is a promising material for possible thermal or infrared applications.
In conclusion, well-aligned and suspended SWNT films
were deposited by a controllable dielectrophoretic self assembly. The dense films were patterned to form nanoscale
beams by FIB or lithography and oxygen plasma etching.
The mechanical properties were characterized by AFM, and
the electrical performance of the membranes was also tested.
This new process for creating a suspended SWNT beam can
be integrated into the fabrication of NEMS devices, and is
believed to be very promising for a variety of potential applications including nanoswitches, nanoresonators, and biosensors.
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