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Abstract
We present a mass productive and reproducible assembly technique of a single bundle of single-walled carbon nanotubes (sb-SWNTs) using dielectrophoresis (DEP). Gold electrodes with 10 gaps made via microlithography were used to
align the carbon nanotubes (CNTs). The magnitude and type of applied electric ﬁeld were investigated to verify their
eﬀects on CNT assembly. The optimum assembling conditions in which sb-SWNTs could be positioned at a desired site
were experimentally identiﬁed, and the characteristics of the assembled sb-SWNTs were evaluated from AFM, Raman
spectroscopy, and I–V curve. This assembly method has potential for applications, such as gas sensors or electronic
devices.
 2005 Elsevier B.V. All rights reserved.
PACS: 85.35.Kt; 85.85.+j; 82.47.Rs
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1. Introduction
Carbon nanotubes (CNTs) have attracted strong
attention since their discovery in 1991 owing to their
*
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unique electrical and mechanical properties [1–3].
Possessing high aspect ratio, strong mechanical
strength, and high electrical and thermal conductivity, they are considered outstanding materials.
Metallic or semiconducting CNTs have been utilized
to fabricate electronic devices, such as ﬁeld-eﬀect
transistors, memory, chemical and mechanical sensors, and measurement probes [4–8].
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For the real application of CNT devices, it is
very signiﬁcant not only to align CNTs at the desired site but also to control the number of CNTs
at that position, because many CNT-based devices
are very sensitive to the number and the position
of the assembled CNTs.
Several approaches have been used to arrange
each nanotube in the proper position and desired
formation including direct growth and manual
attachment of CNTs on an electronic circuit. The
direct growing technique, however, requires high
temperature and patterning of very tiny catalysts
on the exact point [9]. Furthermore, the uniform
growth of CNTs for each catalyst is extremely difﬁcult. Meanwhile, manual attachment is regarded
as commercially unviable because of long handling
time, expensive apparatus, a vacuum environment,
and diﬃculty of handling the SWNTs. It has also
been diﬃcult to assemble CNTs over a large area
with high speed [10].
Recently, some useful and eﬃcient assembly
methods have been devised, wherein chemical surface treatment, a magnetic ﬁeld, or an electric ﬁeld
is employed for assembling CNTs at designed
positions [11–13]. One of these methods, dielectrophores (DEP), which uses an electric ﬁeld, is a very
useful technique to control the assembly of nanotube bundles on an electrode [14–16]. Meanwhile,
two important results about fundamental study
of the nanotube dielectrophoresis and a large scale
assembly technique of the nanotube by using
dielectrophoresis have been reported by Krupke
et al. [17,18]. The DEP technique has advantages
in that the position and number density of aligned
CNTs can be controlled by adjusting the electric
ﬁeld. Several assembling methods using multiwalled carbon nanotubes (MWNTs) under an electric ﬁeld using DEP force have been reported
[14,15].Even though the number of carbon nanotubes could be controlled, most of the assembled
nanotubes had metallic properties. However,
MWNT has lower sensitivity than SWNT.
SWNTs, meanwhile, are likely to be strongly
aggregated and exist in a bundled form in spite
of puriﬁcation and dispersing processes. Even
though nanotubes in a bundled form apparently
have metallic properties, nanotubes with semiconducting properties are generally included into the

single bundle of single-walled carbon nanotubes
(sb-SWNTs). If necessary, the metallic nanotubes
in sb-SWNTs could be selectively removed by an
electrical burning method for the fabrication of
sensors composed of semiconducting CNTs [16].
These assembled sb-SWNTs, therefore, could be
available to nano devices, because sb-SWNTs have
versatile properties. Although several studies have
reported on sb-SWNT assembly by the DEP
method, a reproducible method of controlling the
number density of CNTs at a desired location
and determination of the optimum conditions for
CNT alignment are still required [19,20].
Here, we report a repeatable and reproducible
assembling technique of sb-SWNTs at a designed
position and also suggest optimum conditions to
control the number of sb-SWNTs between electrode gaps. In addition, the position and the shape
of aligned sb-SWNTs could be tuned by adjusting
the electric ﬁeld line. The diameter of the sbSWNTs and the number of SWNTs in sb-SWNTs
are inferred from the measured results of AFM
and Raman spectroscopy. I–V curve and Raman
spectroscopy results demonstrated that the assembled sb-SWNTs had semiconducting SWNTs.

2. Experimental setup
In this experiment, Au electrode arrays with 10
gaps of round shape, as shown in Fig. 1(a), were
used for the electrical contact of nanotubes between the Au electrode gaps, the gap distance
was 4 lm. The Au microelectrodes were prepared
by optical lithography on a silicon wafer. First,
200 nm SiO2 was deposited onto the silicon wafer
to insulate between the metal electrode and the wafer. Second, a 50-nm gold layer was built onto the
SiO2 layer to serve as an electric conductor.
The SWNT bundles were prepared by laser
ablation. The nanotubes were ultrasonically dispersed in dichlroethylene (DCE) solvents in order
to unfasten the nanotube bundles.
The solutions of SWNTs (0.5 ll) were dropped
on the electrode gap using a pipet. AC (alternating current) electric ﬁelds from 1 to 10 V at a constant frequency of 5 MHz were applied on the
electrode for the DEP experiment. In addition,
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Fig. 1. (a) Optical image of electrode array with 10 round-shaped gaps. (b) Schematic of the experiment for SWCNT assembly across
the electrode gap. (c) SEM images of gap on indicated position (4 lm gap distance, at 3 V).

we investigated whether the number of sb-SWNTs
could be controlled by changes of the types of
electric ﬁeld. A function generator and an oscilloscope were used for the electric ﬁeld generation
and the signal check, respectively. All experiments
were carried out at room temperature for several
minutes. Scanning electron microscopy (SEM,
Hitachi S-4100) was used to verify the number
of sb-SWNTs. The diameter of sb-SWNTs was
calculated from the results of AFM (Model: PSIA
Co, XE-200) and Raman spectroscopy with a
514.5 nm Ar-ion laser (Ranishaw 1000). A signal
analyzer (HP4145B) was used to measure the
I–V curve.

3. Results and discussion
In the DEP experiment, the charge distribution
at the interface between two materials of diﬀerent
conductivity and/or permittivity is important. In

the presence of an applied electric ﬁeld, if a nonuniform electric ﬁeld exists, the ﬁeld strength and
the force acting on each side of the particle will
be diﬀerent, causing the particle to move with respect to the medium. When a polarizable object
is subjected to an electric ﬁeld, a dipole moment
is induced. The nanotubes with high aspect ratio
are largely aﬀected by the DEP forces because of
the increase in their polarization. If there are particles that are larger than the nanotubes, the large
particles are ﬁrst attracted between the electrodes.
However, in our experiments, there were no large
particles such as impurities between the electrodes,
because we used high purity SWNTs. In addition,
DEP force depends on both the particle size and
the gradient of the electric ﬁeld, which is determined by the geometry of the electrode. It is
known that CNTs are oriented and aligned along
the electric ﬁeld line [21].
While the CNTs undergo various forces including gravity, Brownian motion, and DEP force, we
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focus on DEP force in the present experiment as
Brownian motion and gravity are negligible.
Attraction of CNTs at the electrode could be explained by the theoretical formula for a DEP force
[21]. Dielectrophoretic force can be written as


~ep  ~em
1
F DEP ¼ vRe
ð1Þ
rjEj2 ;
~ep þ 2~em
4
where E is the electric ﬁeld and v is the dimensional
constant of the particle. ~em and ~ep are the complex
permeability of the medium and the particle,
respectively. In this case, the particle means the
CNT and the medium is DCE (dichloroethylene)
[21].
~em ¼ em  j

rm
;
x

~ep ¼ ep  j

rp
;
x

ð2Þ

where j is a complex number, r is conductivity,
and x is applied frequency.
In the case of a sharp electrode, shown in our
previous work, the electric ﬁeld was concentrated
on the sharp edge and electric ﬁeld line is more rapidly changed at that region. When the CNT is attracted to this region, the moving speed reaches a
maximum value at the edge point. For this reason,
it is diﬃcult to stable positioning at sharp edge [22].
Therefore, CNTs are likely to pass away rather
than to stay at the sharp location of the gap. Hence,
we speculated that it would be diﬃcult to ﬁnd a

location to situate the CNT. In the case of a round
electrode, the electric ﬁeld gradient has a smooth
change near the round edge. This means that the
moving speed of the CNT slows down near the
round edge. In Eq. (1), we can ﬁnd jDEj2  0 at
the middle area of the round edge. There is little
DEP force around this area. Therefore, the round
shape would be more preferable to assemble the
nanotube compared with the sharp shape, as we
could obtain a wider stable area to ﬁx the CNT.
For this reason, we designed round-shaped electrodes and then simulated the electric ﬁeld of the
electrode using a commercial FEMLAB program.
A typical result of a two-dimensional simulation of an electrical ﬁeld onto an electrode gap is
shown in Fig. 1(a). The results of Fig. 2 show that
alignment is dependent on the direction of the electric ﬁeld, as anticipated. Fig. 2(a) is the simulation
result for the designed round-shape electrode. Fig.
2(b) is an SEM image of the sb-SWNT aligned and
bent along the electric ﬁeld line, where the length
of the SWNT is longer than the electrode distance.
If we were to use a multi-walled carbon nanotube,
the nanotube would not be bent due to its high
stiﬀness. In contrast, the sb-SWNTs can be well
aligned and bent along the electric ﬁeld line because of their ﬂexibility. In addition, the position
of the aligned sb-SWNTs can be controlled
according to the change of the electric ﬁeld line.

Fig. 2. (a) Simulation result of a electrode using a FEMLAB program. (b) SEM image of SWCNT along the electric ﬁeld line
connected between electrodes.
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Fig. 1(b) shows a schematic view of application
of the electric ﬁeld on the electrode using a function generator. A solution of the well-dispersed
sb-SWNTs (0.5 ll) was dropped on the electrode
gap using a pipet. After drying the solvents and
removing the electric ﬁeld, well-aligned sb-SWNTs
connected between the electrodes were obtained
without other particles or impurities. Fig. 1(a)
shows an optical image of 1 · 10 gold electrode arrays used in our experiment.
As shown in Fig. 1(c), the sb-SWNTs connected
the gaps between electrodes at ﬁxed ac 3 V. From
this test, we assessed the assembling yield between
the 1·10 electrode array, and it was about 50–70%.
Raman spectroscopy and AFM were used to
determine the average number of single SWNTs
(s-SWNT) in the individual sb-SWNTs connected
on each electrode gap. Raman spectrum bands of
1565.8 and 1589.7 cm1 in Fig. 3(a) indicate that
both metallic and semiconducting CNTs are present in each sb-SWNT. Using the 186.01 cm1 band
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of the RBM mode, shown in the inset of Fig. 3(a),
the diameter of individual s-SWNT, which is
1.30 nm, could be estimated [23]. Fig. 3(c) is an
AFM image and line proﬁle of sb-SWNT. From
these AFM images, it could be shown that the
diameter of the sb-SWNT was 6.65 nm and each
sb-SWNT had an average number of ﬁve sSWNTs. Electrical properties of single MWNT
(s-MWNT) and sb-SWNT were measured using
an I–V curve. As shown in Fig. 3(b), metallic
and semiconducting properties appeared in the sMWNT and sb-SWNT, respectively.
We controlled the number of assembled sbSWNTs via two factors: the magnitude of the applied voltage and the electric ﬁeld type, such as AC
only, DC (direct current) biased AC with a capacitance and resistor, and AC with a capacitance, as
suggested in a recent paper [15]. The purpose of
the electric ﬁeld type test is to ﬁnd optimum conditions which single CNT can be assembled on the
electrode. The SEM images of Fig. 4 show that

Fig. 3. (a) Micro-Raman spectroscopy of sb-SWNTs obtained at room temperature, inset indicates RBM mode analysis for single
diameter of SWNT. Asterisk denotes Si peak generated from the substrate of the electrode. (b) I–V curve of CNT device, showing
behavior indicative of a semiconducting (sb-SWNT) and metallic (s-MWNT) (c) AFM image of sb-SWNT and line proﬁle.
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Fig. 4. SEM images of SWCNT deposition as a function of the varying of voltage magnitude: (a) 1 V, (b) 2 V (c) 2.5 V, (d) 3 V, (e) 5 V,
(f) 10 V.

alignment and the number of sb-SWNTs can be
tuned by changing ac electric ﬁelds from 1 to
10 V at a constant frequency of 5 MHz. It was observed that the number of sb-SWNTs increased
with the applied ac voltage. We found that below
one volt sb-SWNTs were not connected in any region of the 1 · 10 electrode gap arrays, as shown in
Fig. 4(a). From Fig. 4(b)–(d), we see that sbSWNTs having a number of 1–3 between individual electrode gaps could be obtained between 2 V
and 3 V. The optimum voltage for the alignment
of sb-SWNTs having a number of only one is

approximately 2 V. When an electric ﬁeld above
3 V was applied to the electrodes, the number of
aligned SWNTs was further increased.
However, when the applied voltage was around
10 V, random network structures composed of sbSWNTs were fabricated, as shown in Fig. 4(f), because of the high density of sb-SWNTs. In this
case, most of the sb-SWNTs were located around
the gap and their number could not be controlled
in this regime.
Another important assembling factor for individual nanotube alignment is the type of applied

Fig. 5. SEM images of SWCNT deposition as a function of the varying of voltage type: (a) AC, (b) AC + DC + Circuit, and
(c) AC + Capacitance. Constant voltage of 2.5 V was applied.
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electric ﬁled. To compare the results of mixed electric type with those from application of only AC
2.5 V, shown in Fig. 5(a), we applied diﬀerent
types of electric ﬁelds, AC + DC + Circuit (Resistance (1 GX) + Capacitance (2.2 lF)) (Fig. 5(b))
and AC + Capacitance (Fig. 5(c)), to the electrode
gaps, respectively. Assembly trends of sb-SWNTs
for these electric types are very similar, as shown
in Fig. 5. Under the same conditions, when we applied the 5 V, we could see an increase in the number of connected sb-SWNTs without a large
diﬀerence in tendency for each electric type condition. As such, these results imply that the assembly
of sb-SWCNTs under DEP is mainly aﬀected by
the magnitude of applied voltage rather than the
applied voltage type.

4. Conclusions
In summary, we report the eﬀects of the magnitude and types of electric ﬁeld on the control of the
number density of sb-SWNTs between electrode
gaps and suggest the optimum assembling conditions of sb-SWNTs using DEP force. sb-SWNTs
with a number density of one to three could be
successfully bridged between gold electrode gaps
when an electric ﬁeld of 2–3 V was applied at a frequency of 5 MHz. The density of aligned nanotubes mainly depends on the magnitude of
applied electric ﬁeld. The position and shape of
the aligned sb-SWNTs were aﬀected by the electric
ﬁeld. The average diameter of the sb-SWNT connected between the gaps was around 6.65 nm and
each bundled nanotube was composed of an average of ﬁve SWNTs. Also, the position of assembled nanotubes could be controlled, if we
controlled the electric ﬁeld when designing the
electrode. This technique will be a useful method
for several potential applications such as gas sensors or other electronic devices.
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