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ABSTRACT

The effects of electric field and ultrasonication on the deposition and alignment of single-walled carbon nanotubes
(SWCNTs) across a 10 um electrode gap have been studied. It was found that a frequency of ~1 MHz of the applied
field yields the largest current independent of the magnitude of the voltage or the ultrasonication time of the sample.
Increasing the ultrasonication time of a SWCNT solution changes the I-V characteristics of the deposited nanotubes
from linear to nonlinear for all the voltages and frequencies of the applied field. Even in the absence of an electric field,
SWCNTs bridged the electrode gap up to a critical sonication time which depends on the concentration of nanotubes in

the solution.
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1. Introduction

Carbon nanotubes (CNTs) are cylindrically wrapped gra-
phene sheets with unique electrical, mechanical and ther-
mal properties [1-3]. In order to obtain devices with
CNTs as the major component, it is essential to be able to
align the nanotubes in a desired direction. Dielectropho-
resis (DEP) is a simple yet versatile technique that has
been used to obtain aligned networks and individual car-
bon nanotubes [4-7]. Several parameters influence the
alignment of nanotubes including the voltage and fre-
quency of the applied field, the solvents in which the
CNTs are dispersed, and the ultrasonication time of the
CNT solution.

Dielectrophoresis is a process in which micro/nano
particles align in an applied electric field. The DEP force
on a cylindrical particle with the long axis aligned paral-
lel to the electric field can be written as [8]:

£, — & )
Foep &, Re| = |V|E] (1)

gm
where 6‘; and &, are the complex permittivities of the
particle and medium respectively and E is the magnitude
of the electric field. If the permittivity of the particle is
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greater (less) than the medium, the DEP force on the par-
ticle is positive (negative), which results in the move-
ment of the particle to regions of high (low) electric field
density. CNTs can be metallic or semiconducting. Since
the permittivity of metallic CNTs is very high, the metal-
lic tubes always experience a positive DEP force and are
therefore attracted to the electrode edges where the field
intensity is maximum. Semiconducting tubes however
may experience a negative DEP at high frequencies de-
pending on the permittivity of the medium.

A bundle of CNTs typically contains both metallic and
semiconducting carbon nanotubes. In such a case, when
an electric field is applied between an adjacent pair of
electrodes, the nanotube bundle is attracted to the elec-
trode edge independent of the frequency of the applied
field because the permittivity of the bundle is dominated
by that of the metallic tubes present in it [9].

Ultrasonicating a solution of CNTs is commonly used
to deaggregate the bundled tubes by breaking the van der
Waals forces that keep them together and to disperse the
CNTs in the solution [10-13]. However such a process
also reduces the lengths of the nanotubes present in the
solution [14-16]. Smaller tubes that experience a positive
DEP force tend to get attracted to the electrode edge and
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acquire the potential of the electrode. Other tubes may
then connect to the edge-attached tubes. This process
results in a chain which may form an electrical connec-
tion between electrodes even if the electrode gap size is
greater than the length of the nanotubes.

The effects of varying the voltage of the applied field
and concentration of nanotubes on the DEP alignment of
single-walled carbon nanotubes (SWCNTs) has been
studied previously [17-20]. It was found that lower volt-
ages result in higher resistances across the electrode gap
[17]. In this paper, we study the effects of frequency of
the applied field on the DEP of SWCNTs for several
applied voltages. The effect of ultrasonication times of
the SWCNT solution on the alignment is also studied
both in the absence and presence of an electric field.

2. Experimental Details

The SWCNT samples were obtained from Cheap Tubes
Inc with a 90 wt% purity. The SWCNTs were suspended
in deionized (DI) water with polyvinylpyrrolidone (PVP)
as the surfactant. The nanotubes were 1 - 2 nm in diame-
ter and 5 - 30 um long. The original concentration of the
solution was 2 g/L.. The solution was a mix of both me-
tallic and semiconducting nanotubes containing approxi-
mately 1/3 metallic and 2/3 semiconducting tubes [4,9].
The original solution was diluted with DI water to vari-
ous concentrations. A Branson 1510 bath sonicator was
used to carry out the ultrasonication of the SWCNT sam-
ple. The samples were maintained at room temperature
throughout the study.

A pair of indium tin oxide (ITO) electrodes deposited
on a glass substrate was used for the electrical measure-
ments. The electrodes were obtained from Abtech Scien-
tific Inc. The thickness of the metal was 1000 A. The
electrode spacing was 10 um, the width of the electrode
was 3 um and the length of each electrode was 3 mm.

During the SWCNT deposition, an AC electric field
was applied with a Wavetek 20 MHz pulse function gen-
erator connected to a Tektronix oscilloscope. Approxi-
mately 5 pl of the SWCNT solution was dropped on the
electrodes with either the field on or off. If the electric
field was turned on, the voltage across the gap was moni-
tored in real time until the sample dried at room tem-
perature. If the SWCNTs align along the direction of the
field and bridge the gap between the electrodes, a voltage
drop across the gap is observed.

After the solution dried on the electrodes, the elec-
trodes were connected to a DC power supply with an
ammeter in series. The voltage across the electrodes was
varied from —1.5 V to 1.5 V while the current was meas-
ured. The I-V curves were plotted in Logger Pro and the
conductance was obtained by linear fits to the graphs.

It should be noted that the terms “field frequency” and
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“field” in the remainder of this article refer to the fre-
quency and the AC field applied between the electrodes
during the DEP process to align the SWCNTs, but not
during the electrical measurements.

3. Results and Discussion
3.1. Results without an Electric Field

In order to determine if the nanotubes will bridge the
electrode gap in the absence of a field, SWCNT samples
were deposited on the electrodes without any application
of the field and allowed to dry at room temperature. The
original sample was diluted to various concentrations
(1/2 - 1/64 of the original concentration of 2 g/L) and I-V
data were taken for each concentration. Figure 1 shows a
plot of the current as a function of the ultrasonication
time at a voltage of 1.3 V for a 1/15 concentration. For
1/15 and lower concentrations, the current decreased
monotonically with the increase in ultrasonication time.
In contrast, for concentrations greater than 1/15 of origi-
nal, it was found that the current followed a non-mo-
notonous variation as a function of the ultrasonication
time.

Figure 2 shows the I-V curves plotted for a 1/64 con-
centration for different ultrasonication times of the
SWCNT solution. The I-V curves are nonlinear for all
ultrasonication times. In addition, we did not detect any
current across the gap beyond a critical ultrasonication
time of 210 minutes for this particular concentration.
This critical ultrasonication time increased with the con-
centration of the nanotubes in the solution. This is shown
in Figure 3 where the critical ultrasonication time is
plotted as a function of the nanotube concentration.

The lengths of the SWCNTSs obtained originally ranged
from 5 pm to 30 um while the electrode gap was 10 um.
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Figure 1. The currrent as a function of ultrasonication time
at 1.3 V for a 1/15th concentration.
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Figure 2. Plot of the currrent vs voltage of a 1/64th concen-
tration sample for different ultrasonication times in the
absence of a field.
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Figure 3. The critical ultrasonication time (the ultrasonica-
tion time beyond which no current was detected across the
gap) as a function of the concentration.

When no electric field was applied, the nanotubes deposit
randomly between the electrodes but bridge the gap be-
tween them since the lengths of many of the tubes are
greater than the width of the interelectrode gap. However
as the sample is sonicated longer, the nanotubes are
shortened in length and are unable to bridge the gap, re-
sulting in no current. The critical ultrasonication time is
important since it is desirable in some applications that
the nanotubes align and bridge the gaps due to the DEP
process but not due to longer lengths of the nanotubes.
Since there are a larger fraction of semiconducting
tubes in solution (~2/3 semiconducting vs. 1/3 metallic),
we suggest that the non-linearity in the I-V curves (Fig-
ure 2) for any ultrasonication time is due to the larger
fraction of semiconducting tubes that deposit randomly
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between the electrodes.

3.2. Results with an Electric Field

3.2.1. Ultrasonication Time Dependence

In order to test the dependence of ultrasonication time in
the presence of a field, the electrical properties of a 1/64
concentration sample were examined as the ultrasonica-
tion time was varied from 15 minutes to 75 minutes.
Figure 4 shows the I-V characteristics of a dielectropho-
retically aligned sample using a 10 V peak to peak volt-
age. The current decreased monotonically with the in-
crease in ultrasonication time. In addition, the I-V curves
were linear up to an ultrasonication time of 30 minutes,
indicating ohmic contacts at the electrodes and across the
gap. As the ultrasonication time increased beyond 30
minutes, the I-V curves start to show nonlinear charac-
teristics with the nonlinearity increasing with the ultra-
sonication time. The change to nonlinearity occurred at
all the frequencies and voltages of the applied field. This
change from linearity to nonlinearity occurred at 45 min-
utes for a field of 15 V and 60 minutes for 19 V. This is
in contrast to the results obtained without an electric field
in which case the I-V curves exhibit nonlinearity for all
ultrasonication times (Figure 2), as discussed above.

We propose that the change from linearity to nonlin-
earity in the presence of an electric field is due to two
reasons: A bundle of CNTs most likely contains at least
one metallic tube and hence the permittivity of the bun-
dle is dominated by the metallic tube [9]. At lower ultra-
sonication times, this bundle experiences a positive DEP
force independent of the frequency of the applied field,
leading to the bridging of the gap. As the ultrasonication
time increases, the nanotube bundle is not only separated
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Figure 4. Plot of current vs voltage for a 1/64th concentra-
tion at different ultrasonication times. A 10 V peak-peak
AC voltage was applied at a frequency of 15 MHz.
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but it also gets shortened and this leads to fewer tubes
bridging the gap thereby leading to a decrease in current.
The interelectrode gap is now bridged by a set of semi-
conducting tubes or a mix of metallic and semiconduct-
ing tubes. This results in the nonlinear characteristic of
the I-V curves (similar to the nonlinearity observed in all
cases when no electric field was present). In an investiga-
tion in which multiwalled carbon nanotubes (MWCNTs)
were aligned with an electric field, Cicoria and Sun [21]
observed a nonlinearity in the I-V curves that is similar
to our results. They suggested that the presence of a sin-
gle short semiconducting CNT in the network of nano-
tubes results in a nonlinear behaviour which agrees with
our interpretation.

At higher supply voltages, the SWCNTs experience
more DEP force on them, favoring the attraction of the
metallic CNTs to the electrodes. Hence longer ultrasoni-
cation times (resulting in shorter tubes on average) are
required for the change to nonlinearity as the voltage is
increased.

3.2.2. Frequency Dependence
We also tested the dependence of the frequency of the
applied field on the DEP process. With a 1/64th concen-
tration, the frequency of the applied field was varied
from 100 KHz to 20 MHz. As an example, in Figure 5 is
plotted the conductance (mA/V) obtained from the linear
fits as a function of the field frequency for several volt-
ages. For all these examples and for all the concentra-
tions used in our study, the conductance was found to be
the highest at ~1 MHz.

We suggest that the SWCNTs cannot keep up with the
rapid oscillations at high frequencies of the AC field.
Hence the SWCNTs do not have enough time to reach
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Figure 5. The conductance as a function of field frequency
for three voltages (19 V, 15 V, and 10 V). A 1/64th concen-
tration sample was sonicated for 30 minutes.
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the electrodes and align along the gap before the solution
evaporates, resulting in lower conductance at higher fre-
quencies. A similar result was reported by Moscatello et
al. on MWCNTSs [22].

4. Summary and Conclusions

The effects of ultrasonication and electric field on the
DEP alignment of SWCNTs has been studied. In the
presence of an electric field, the characteristics of the
SWCNTs aligned in the DEP process depends strongly
on the ultrasonication time of the SWCNT solution. In-
creasing the ultrasonication time changes the device
characteristics from linear to nonlinear for all voltages
and frequencies of the field. The conductance was found
to be frequency dependent with the conductance being
maximum at lower frequencies, typically 1 MHz. It was
also found that the SWCNTs bridge the gap even in the
absence of a field up to a critical ultrasonication time that
depends on the concentration of SWCNTs in the solu-
tion.
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