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Abstract

A new theoretical model for the dielectrophoretic (DEP) fabrication of single-walled carbon nanotubes (SWCNTS) is pre-
sented. A different frequency interval for the alignment of wide-energy-gap semiconductor SWCNTs is obtained, exhibiting
a considerable difference from the prevalent model. Two specific models are study, namely the spherical model and the
ellipsoid model, to estimate the frequency interval. Then, the DEP process is performed and the obtained frequencies (from
the spherical and ellipsoid models) are used to align the SWCNTSs. These empirical results confirm the theoretical predic-
tions, representing a crucial step towards the realization of carbon nanotube field-effect transistors (CNT-FETs) via the DEP

process based on the ellipsoid model.

Keywords Dielectrophoresis - Single-walled carbon nanotube - Spherical model - Ellipsoid model

1 Introduction

A graphene sheet rolled up into a cylinder forms a SWCNT,
which can be either metallic or semiconducting depending
on its geometrical structure. SWCNTs are a material with
unique properties such as high tensile strength, high elec-
trical/thermal conductivity, high elastic modulus, and duc-
tility. All these properties mean that CNT-based products
have great scientific importance, in addition to their great
potential for use in technical applications such as thermal
conduction enhancement, composites, filtration, sensors, and
microelectronics.

Due to their unique electronic and mechanical properties,
carbon nanotubes have attracted great attention for use in a
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broad range of applications, especially in nanoelectronics
and sensing applications [1-3]. Electronic devices fabricated
using individual SWNTs have shown outstanding device
performance, surpassing those of silicon. A critical step to
obtain these practical devices is to deposit well-organized
and highly aligned CNTs at desired locations. There are a
number of different methods to align CNTs, such as chemi-
cal and biological patterning, Langmuir-Blodgett assembly,
etc. The interested reader can refer to Refs. [4-9]. However,
these methods have their shortcomings and limitations, such
as intensive preparation processes or the requirement for
assisting materials with special properties. Also, most of
these techniques lack precise control over the positioning
and orientation of individual SWNTSs. Therefore, they may
not be appropriate for scaled-up fabrication of individual
SWCNT devices.

The dielectrophoresis technique was first adopted by
Pohl [10] and involves the motion of suspended particles rel-
ative to the solvent due to polarization forces produced by an
inhomogeneous electric field. This technique is simple but
versatile and can be conducted at room temperature using
low voltages, and thus can be applied to align CNTs between
electrodes with high yield [11, 12]. Several parameters have
great importance in the dielectrophoresis technique, such
as the alternating voltage (AC) amplitude, the frequency of
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the applied voltage, the deposition time, the geometry of the
electrodes, and the concentration of the solution.

In Ref. [13], multiwalled carbon nanotubes with a variety
of sizes were assembled onto electrodes using alternating-
current electric fields by dielectrophoresis. Assembly of
CNTs between electrodes using a combination of optically
induced dielectrophoresis and dielectrophoresis forces was
performed in Ref. [14]. A different study on the directed
assembly of CNTs and graphene in an alternating current
(AC) electric field can be found in Ref. [15]. The authors
of Ref. [16] used simulation results to clarify the role of the
medium in the motion of CNTs during such alignment using
a DEP process prior to actual alignment.

One of the most important problems when using this
technique to align CNTs between electrodes is that metallic
carbon nanotubes are always present along with semicon-
ducting CNTs in the solution, so choosing appropriate values
for the parameters in order to absorb only semiconductor
CNTs is an important consideration.

The work presented herein focuses on the frequency of
the applied voltage, revealing that the use of a suitable theo-
retical model for this technique can identify an appropriate
frequency (one of the important parameters) in this process
to absorb and align semiconductor CNTs between electrodes
and consequently achieve p-type CNT-FET behavior of the
fabricated device.

A prevalent model for DEP, based on a chain of spherical
particles along the CNT axis [17], is first derived and dem-
onstrated, then a new model based on a prolate ellipsoid is
applied. Using this new model, the frequency of the applied
voltage can be chosen properly, as different values are calcu-
lated to absorb semiconductor CNTs compared with the pre-
vious model. This new theoretical result reveals the reason
why devices show metallic or low-bandgap semiconductor
behavior, as our experiment suggested. On the other hand, it
provides pertinent values in terms of the frequency to yield
semiconducting characteristics. The calculated results are
consistent with experiment, whereas previously calculated
parameters at a particular frequency led to mostly metal-
lic or quasimetallic behavior. The theoretical results can be
extended to solve different novel problems in electrochem-
istry, e.g., [18-21], modern physics [21-26], as well as the
simulation of silicon nanowire sensors [27-31], field-effect
transistors [32, 33], and ion channels [34].

The remainder of this manuscript is organized as follows:
Section 2 explains the theoretical work and obtains the fre-
quency interval for the spherical model. Section 3 describes
the ellipsoid model and estimates the corresponding fre-
quency interval. In Sect. 4, the frequencies obtained (accord-
ing to the spherical and ellipsoid models) are employed, and
the I-V characteristics of the fabricated devices are plotted
to identify the type (metallic or semiconductor) of aligned
SWCNTs. Finally, conclusions are drawn in Sect. 5.

2 The theoretical work

The basic idea behind the theory of dielectrophoresis is that a
dielectric particle in a nonuniform electric field experiences
a net force that depends on the electric field and the effective
dipole moment of the particle generated thereby.

Dielectrophoresis is a phenomenon in which a force is
exerted on a dielectric particle when suspended in a non-
uniform electric field. The polarization of the particles by a
nonuniform electric field makes it possible to exert a DEP
force even on uncharged particles. All polarizable particles
exhibit the dielectrophoresis phenomenon in the presence
of an electric field. The electrical properties of the particles
and medium, the shape and size of the particles, the strength
of the electric field, and the frequency of the applied field
are the main parameters that determine the strength of the
exerted force.

The dipole consists of equal and opposite charges (+¢
and —gq) separated by a distance vector d, and is located in
an electric field E. If the electric field is nonuniform, then,
in general, the two charges (+¢ and —g) will experience dif-
ferent values of the vector field E and the dipole will experi-
ence a net force. The total force on the dipole is

F = gE(t +d) — gE(r), (1

where r is the position of the particle with charge —g. The
first-order approximation (dielectrophoretic approximation)
is given by

Fdipole = (qd - V)E(r). )

Therefore, to calculate the force on a dipole given the elec-
tric field, the effective moment of the dielectric particle must
first be calculated. In the current work, SWCNTSs suspended
in a medium are modeled. The first model, which is prev-
alently used, considers the CNTs as a chain of spherical
particles, so we first present the main formula for the effec-
tive dipole moment of a spherical dielectric particle in an
external electric field and then proceed to the new model.

For a spherical dielectric particle in an external electric
field [35], consider an electric field in the Z direction and
solve Laplace’s equation to yield the potential functions
inside and outside the sphere:

€y — & 0
,0) = —Eyrcos 0 + | — RE, ) 222, >R,
i) oree <£p +2e, 0> 2 r=
3)
3¢,
&, (r,0) = —(H—%E())rcos 0, r<R, @)
p m

where €, is the permittivity of the medium and ¢, is that of
particle, while the second term indicates the dipole. Fur-

thermore, note that the electrostatic potential ¢, due to
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a point dipole of moment p g in a dielectric medium of per-
mittivity €, is [35]

Pefi COS O

d)dipole = 5 (5)

2
Are ¢

Comparing Eq. (5) and Eq. (3), it can be concluded that

e, —€
— P m 53
Pett = 4n'€m€ ") R°E,, (6)

p T “Em
consequently for the special case of a homogeneous dielec-
tric sphere, the expression for the effective dipole moment is

Peip = 4 CRE,. (7

Here, /C, known as the Clausius—Mossotti function [36], pro-
vides a measure of the strength of the effective polarization
of a spherical particle as a function of £, and €,

€y~ €

/C(ep,em) = 5p+—25m. ®)
When €, > €, then K and the effective dipole moment p,
is collinear with the electric field vector, but when €y < Epms
the two vectors are antiparallel.

Now consider an AC electric field and assume that the
sphere and medium have finite conductivities.

E(1) = Eyexp(ion) 2. 9)

The solution is the same as Eqs. (3) and (4), except that the
coefficients are now complex and a more general expression
for the complex effective moment results:

et = 47e KRPE(t). (10

The Clausius—Mossotti factor now becomes a function of
the complex permittivities, containing magnitude and phase
information about the effective dipole moment. Consider
complex coordinates as

.0 - .
£, =&, —i—, £ =€,—i—, (11)

where o, and o, indicate the conductivity of medium and
the particle, respectively. Such ohmic, dispersive behavior
is a consequence of the finite time required to build up the
surface charge o at the interface.

Assuming the spatial variation for the electric field from
Egs. (10) and (2), the time-averaged force is

Foep = %R{@eg- VIE@ 0} = 76, RIKIR'VED,  (12)

where E(z, x) indicates the complex conjugate of E(t, x) and
the real and imaginary parts are given by [36]

@ Springer

(€p — Em)e, +26,,) + (2)2(0, = 6,,)(0, +20,,)

RIK(E, €.)} =
{ (5p 13 )} (5p+2£m)2+(i)2(613+26m)2

13)

o 3 EpOm — EmO)
G = . c a4
(ep +2e,)* + ;) (ap +20,,)

Also, the relevant relaxation time constant in this case is
T= ::22:, i.e., the reciprocal of the frequency for which
R{K}is maximum. The important point about this constant
is that, whenever the relaxation time constant is longer than
the reciprocal of the applied frequency, the particle will
respond to the time-averaged force and torque, i.e.,

T> !

wapplied voltage

From Eq. (12) it is clear that, to absorb CNTs onto the
region of strong electric field (downward between the
electrodes), the term R{/C} should be positive. Assuming
thate, < ¢, and o, > o,,, (wide-energy-gap semiconductor
SWCNTs in aqueous solution), we have the following for-
mula for the zero-force frequency (the frequency at which
the particle experiences no time-averaged force):

(6, — oo, + 20,)
(e, — Em)(E, + 26

o(R{K(&,,€,)} =0) = \/ (15)
The key point is obtaining the below frequency that we
desire from the direction of force to align nanotubes between
electrodes.

Considering SWCNTs solved in deionized water,
Eq. 15 is used to calculate the frequency of zero force,
where &, =30¢,, o, = 1072S/m, €, =70¢,, and
6, = 5.5 % 107 S/m are assumed. Here, g, ~ g for large-
gap semiconductor SWNTs, with larger values for small-
gap and metallic tubes. It can therefore be concluded that

~ 6.6 MHz.
(16)

So, to attract an SWCNT with given parameter values, the
frequency of the applied field should lie in the interval

o(R{K(€,,£,)} = 0) = 13.7MHz,

8=

6.6 MHz < w < 13.7 MHz. 17)

An important characteristic of Eq. (15) is that
w(’R{IC(ép, £} = 0) increases with o,
20, +0,,)

iwz(R{K(ép,g;n)} =0) = L > 0.
do,, |(ep, — em)E, + 26,

(18)
This means that the frequency of zero force shifts to the right
with increasing conductivity of the particle, thus to absorb
SWCNTs with lower conductivity (wider bandgap), lower
frequencies should be used, and vice versa. Figure 1 shows
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Fig. 1 The frequency as a func-
tion of o,
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the dependence of the frequency on o, between 107*S/m
and 10* S/m.

3 The ellipsoid particle model of the CNTs

A more realistic model is now applied, based on prolate
ellipsoid, to identify the correct interval for the frequency
of the applied voltage. In Ref. [37], a model based on ellip-
soid particles in an electric field was introduced. The model
predicts the potential at the ellipsoid’s surface leading to
the induced dipole moment. The aim of this section is to
introduce an ellipsoid model for nanotubes to determine
the proper frequency interval for the applied electric field
to absorb semiconductor nanotubes and compare the result
with the prevalent model (spherical model). In other words,
the main goal is to show that the ellipsoid model is better
suited to model cylindrically shaped nanotubes, and that by
using this model a better estimate of the frequency interval
of the applied electric field to absorb semiconductor carbon
nanotubes can be obtained.

The problem of an ellipsoid in an electric field can be
solved by introducing elliptical coordinates [38]. Note that,
in the case of an SWCNT, there are different permittivi-
ties and conductivities in different directions. In the case of
semiconductors, the longitudinal polarizability factor of the
SWCNT is typically more than ten times greater its trans-
verse polarizability [39]. Furthermore, the dipoles generated
in the middle part cancel each other pairwise, so the gener-
ated dipole has a high aspect ratio, i.e., length to radius ratio.

Figure 2 illustrates the general idea of the ellipsoid model
for the SWCNT dipole. In an external electric field, all the
atoms are polarized, and those atoms located near each other
overlap, resulting in two main centers with opposite charge:

102 10° 102 10*
Ty [S/m]

Ellipsoidal model

Effective
Positive Charge

Effective

negative Charge ﬁ’, i .:ts:g'

Fig.2 The polarization of a SWCNT

a positive one on the leftmost side and a negative one on the
rightmost side, giving a dipole whose characteristic length is
the length of the SWCNT.

The resulting equation for the induced dipole moment in
direction n is

dza,a,ay Eppn—En
= - E ,
peff—n 3 m ém +An(ép—n _ ém) n (19)
where A, is the depolarization factor for axis n
A = 410,43 / dx
2 /s (20)

@+a9¢u+aﬁu+a@u+a@’

where a,, a,, and a; are the half-lengths along the axes and
€, 1s the complex permittivity in direction n. Comparing
Egs. (10) to (19), it can be concluded that, in this case, the
Clausius—Mossotti factor becomes

€p-n " €m

1
3E, +A,E

Kn(éwgm’al’aZ’aS) = (21)

p—n 5m)

If a; = a, = a;, all three A, are %, so we get the same
result as for the Clausius—Mossotti factor for the sphere. If
a, > a, = a,, the A, can be calculated as
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11—62[ 1+e
== In

SN S TEF [N TP |
2 o (x+a3)(x +a?): 2 e I-e

(22)

where e is the eccentricity, defined as

a\? 1{a\> 1({a\*
o= 1_<_2> m__<—2> +-<—2> fo (@3)
a, 2\ q 8\ q

For very long, needle-shaped ellipsoid, the following
approximation applies for A;:

a, 2 2a,
A== In— —1). 24)
a a

For A, and A;,
a,a? e
Ay=Ay = — 2/ dy
0 (x+a§) (x+a%) (25)
1 11—62[ 1+e]
= ——= In .
2¢2 2 463 l1—e

In the case of a SWCNT with diameter-to-length ratio of Z—’
1

(which is relevant in our case), then A; ~ 6.6 X 107 and
Ay =A; ~ % Equations (19) and (2) then yield the following
formula for the time-averaged force exerted on a SWCNT in
this model:

2ra,a,a;
F ellipsoidal dipole — 3 °m
€y —Em (26)
R{ — 2 . Eni E.
Em+A(Ep, —Eyn) " Ox,

As before, we need the real and imaginary parts of the Clau-

The relaxation time constant for each direction in this case
is then

g, + (1 =A)e,

An p—n
T, = :
" Ao, +(1—A)o,

n“p-n

29

The point here is that an ellipsoid particle in an electric field
always aligns itself with its longest axes along the direction
of the electric field, so in this case, the dominant term is ;.

In the case of a long SWCNT with a high aspect ratio, the
following approximate formula for the force experienced by
the SWCNT applies:

ma,a,a3 { Epl — &m } 2
L = VE
llipsoidal dipol Z — ;
ellipsoidal dipole 3 m £ +A1(£p] _ £m)
(30)
where £, is the longitudinal complex permittivity. The fre-

quency dependence of the force is present in the
.

F

i } term. With this approximation, the follow-
EntA(Ep—Ey)

ing range of applied frequency is obtained:

1
— <0 <o(R(K\(Ep. E»ay,a5,a3) = 0)), 31)

7
where the right-hand side indicates
co(’R(ICl(épl, Em»ay,ay,a3) = 0))
(0 = o)A oy + (1 = Aoy,) - (32)
- \/(epl — e Arey + (1= ADey)

To estimate the frequency, the effective parameters sum-
marized in Table 1 are applied, yielding

sius—Mossotti factor, obtained from Eq. (26) as 9KHz < < 500kHz. (33)
R(lCn(EP, Em. 0y, 0y, 03))
L= e (A, + (1= ADey) + (i )2(ap_n — 0 (A0, + (1=A)0,,) @7
3 (Ayepn+ (1= Aen) + (i)z(Anap_n +(1—A)oy)’

I(Kn(ép,ém,al,az,%))

Here as in Eq. 18, with increasing electrical conductivity of

€p—nOm — EmOp_y the SWCNTs, the frequency of zero force shifts to the right
"3 2 /1\2 , while the relaxation time constant increases, so to absorb
(A + (1= Aen) + (-) (Ao, + (1 =A)oy) e . L
P » P SWCNTSs with higher electrical conductivity higher frequen-
(28) cies should be used, which results in absorption of more
metal SWCNTs, so fabricated devices will show metallic
Table 1 The parameter values
used to obtaiII: the frequency Parameter ol “rt %nl Ont Fm Om A
Value 30¢, 8¢ 1072 S/m 0 T0¢, 5.5x 107 S/m 6.6 x 1076
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behavior. Moreover, because of the presence of other forces
that result in different motions such as electrothermal motion
or Brownian motion, the frequency should be chosen close
to the lower limit to achieve a strong DEP force and remain
close to the stable polarization.

An important point here is that the transverse conductiv-
ity of a SWCNT is much lower than its longitudinal conduc-
tivity and can thus be assumed to be zero. Figure 3 shows
that variation in this assumption does not have a consid-
erable effect on the real and imaginary parts of the Clau-
sius—Mossotti factor. According to Fig. 3, the variation in
‘R is restricted to the interval (—0.6,0.7) while that of 7 is
restricted to the interval (—0.3, 0.1), so overall R is restricted
to(—1.3,1.2) and 7 to (—0.3, 0.2), which are not comparable
to the longitudinal factors at the relevant frequency.

The point here is that, because of the presence of other
forces which result in different motions such as electrother-
mal motion or Brownian motion, the frequency should be
chosen near to the lower limit to achieve a stronger DEP
force and remain near to the stable polarization.

4 Experimental results

To identify the type (metallic or semiconductor) of aligned
SWCNTs when using the two different applied frequencies
obtained based on the two models, the /-V characteristics
of fabricated devices are plotted. It is known that, for metal-
lic SWCNTs, a straight line is observed in the I-V plane,
whereas for semiconductor SWCNTs, we expect a nonlinear
relationship between the current and applied voltage. Indeed,
for fabricated devices with a dominant number of semicon-
ductor SWCNTSs, with increasing voltage more and more

holes participate in the current generation, and we would
see an exponential /-V characteristic.

The SWCNTs used in the experiment are in the form
of an aqueous solution and purchased from Nanointegris
(http://www.nanointegris.com/). The specification for the
SWNT solution is: diameter range from 1.2 to 1.7 nm, length
range from 300 nm and 5 pm, metal catalyst impurity < 1%,
amorphous carbon impurity 1-5%, electronic enrichment
98% semiconductor SWCNT. We diluted the solution to
100 ng/ml and used it in the DEP process.

For the source and drain electrodes, we used two kinds
of electrodes: one with a 2-pm gap and another with a 1-pm
gap, both having a width of 3 pm at the end tip. The elec-
trodes are shown in Fig. 4.

We performed the DEP process, and in order to align the
SWCNTs between the electrodes, applied a voltage with an
amplitude of 6 V for the electrodes with a 2-pm gap and 5V
for the 1-um gap

The aim is now to use the obtained theoretical results (the
estimated frequencies) to align the SWCNTs. The prevalent
(spherical) model suggests that, in order to absorb semicon-
ductor carbon nanotubes with the given parameters, an AC
electric field with a frequency near 7 MHz should be used.
Meanwhile, the second (ellipsoid) model suggests the use
of a frequency as low as 10 kHz. In the experiment, we used
50kHz.

The duration of the DEP process in all the experiments
was 20 s. Figures 5 and 6 show the I-V curves of the SWC-
NTs with a gap between the electrodes of 1 and 2 pm, as a
function of the source-to-drain voltage. Here, the curves are
related to the different gate voltage. The high linearity of
the curves shows that most of the deposited CNT(s) were
metallic (low-bandgap semiconductor) [40]. Figures 7 and

8 show the current for several V, and Vg, voltages in two

Fig.3 The real and imaginary 0.8 T T T
parts of the CM factor versus
the transverse conductivity at a
frequency of 10 kHz 0.6 -

0.4 -

0.2

0 -
-0.2 -
-0.4

le-014 le-012

le-010 le-008 le-006 0.0001 0.01

@ Springer


http://www.nanointegris.com/

1522

Journal of Computational Electronics (2020) 19:1516-1526

Fig.4 The electrodes with a
2-pm gap (top) and 1-pm gap
(bottom)

Fig.5 The I-V characteristics %1078
of the fabricated device with a Vo OVI
gap between the electrodes of _Vg: v

1 pm at a frequency of 7 MHz

Current [A]

different fabricated devices with a gap between the elec-
trodes of 2 pm at a frequency of 50 KHz. Here, the devia-
tion from linearity reveals that the aligned SWCNT(s) were
semiconducting [41].

An important point to notice is that the model presented
herein applies for a single SWCNT while the experimental
results provide the /-V characteristic of SWCNT bundles, so
we see a back-gate response in the /-V curves and very little
deviation beginning at high source—drain voltages. In this
frequency interval, bundles of metallic semiconductor SWC-
NTs with dominant metallic (low-bandgap semiconductor)

@ Springer
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SD[

behavior are aligned. In fact, the high linearity of the curves
reveals that most of the deposited CNT(s) were metallic.
We now consider the linearity of the -V characteristics
of the SWCNT-FET. In the case of a semiconductor, be it
intrinsic, p-type, or n-type, in the absence of an external
voltage, thermal agitation of electrons in the valance band
results in the continuous creation of electron—hole pairs;
i.e., electrons move from the valence to conduction band
with a lifetime, resulting in a constant concentration of free
electrons and holes at a constant temperature. When using
a SWCNT as the channel in a CNT-FET, the shape of the
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Fig.6 The /-V characteristics
of the fabricated device with a
gap between the electrodes of
2 pm at a frequency of 7 MHz

Fig.7 The /-V characteristics
of the fabricated device with
an electrode gap of 2 pm at a
frequency of 50 kHz

Fig.8 The /-V characteristics
of a fabricated device with a gap
between the electrodes of 2 pm
at a frequency of 50 KHz

Current [A]

Current [A]

Current [A]

-1 C 1 1 1 1 1 1 1 ]
-4 -3 -2 -1 0 1 2 3 4
VSD (vl
-6
1 Xlo T T T T T T T
—V =0V
g
—V =2V
g
0.5 Vg= Y P
—V =6V
g
_V =8V /
g
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current—voltage characteristic is strongly affected by the
potential profile across the channel [42]. Using a self-con-
sistent field method, with increasing source—drain voltage
more states become available for conduction and the elec-
tron (hole) density in the conduction band increases in the
case of a semiconductor, so increasing the external voltage
results in an increase in the concentration of electrons and
holes (up to a point that is not shown on our curves) with a
consequent continuous increase in the conductivity, which
results in the deviation from linearity observed in the case
of semiconductor SWCNTSs [42].

The asymmetry apparent in these curves originates from
the different ohmic contacts of the SWCNTs with metallic
electrodes at the two endpoints. As shown in Fig. 9, when a
symmetric voltage is applied, the resulting /-V curve is not
symmetric, which as stated above is because of the different
contacts at the two endpoints (Figs. 10, 11, 12).

4.1 SEMimages

Scanning electron microscopy images of some of the fab-
ricated devices are now presented. On the pictures on the

Fig.9 The I-V characteristics 60
of the fabricated device with a
gap between the electrodes of
1 pm at a frequency of 50 kHz 40 -
and V, = 0'V. The asymmetry
of the I-V curve originates from =
the two different ohmic contacts 2
s 20
[0
=)
=
Q
0 [
-20
-1200 -800

Fig. 10 Left: SEM images of
the fabricated devices cor-
responding to the /-V curve
shown in Fig. 7. Right: a picture
showing some ropes of carbon
nanotubes between the two
electrodes

1pm EHT = 10.00 kV Signal A = SE2

g WD= 81mm

ate :3 May 2015
Mag= 1000KX  Time:12:47:19 e

-400 0 400 800

1200

Signal A= SE2 Date:3 May 2015

Mag= 50.00KX  Time:12:49:45 m

200 nm EHT = 10.00 KV
WD= 81mm

Fig. 11 Left: SEM images of
the fabricated device corre-
sponding to the I-V shown in
Fig. 7. Right: a picture shows
some ropes of carbon nanotubes
between the two electrodes

EHT = 1000 kV
WD= 56mm

Signal A = SE2

Date:3 May 2015
Mag= 3000KX  Time:13:01:34

Date:3 May 2015
Mag= 5000KX _Time:13:02:58

EHT = 1000 kV
WD= 5.6mm

Signal A = SE2
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Fig. 12 Left: SEM images of
the fabricated device corre-
sponding to the /-V shown in
Fig. 9. Right: a picture showing
some ropes of carbon nanotubes
between the two electrodes

1 EHT = 10.00 kV
WD= 83 mm

Signal A = SE2

Date:3 May 2015
Mag= 1000KX  Time:12:39:57

EHT = 1000 kV
WD= 83mm

Signal A = SE2

Date:3 May 2015
Mag= 29.79KX  Time:12:41:02

200 nm
—

right, some ropes of carbon nanotubes consisting of one or
more single-walled carbon nanotubes are apparent. Another
point worth mentioning is the different currents at the same
voltage in the /-V characteristic curves of the fabricated
devices, which seems to be because of the different numbers
of SWCNTs aligned between the electrodes in the different
devices.

5 Conclusions

Experimental results show that the correct frequency interval
to achieve the alignment of single-walled carbon nanotubes
via the DEP process can be identified by using the ellipsoid
model, and in the case of large-gap semiconductor SWCNTSs
shows a great difference (two orders of magnitude) from that
obtained using the spherical model that is prevalent in litera-
ture. Choosing the correct frequency interval as suggested
by this theoretical model and adjusting the other parameters
of the process such as the geometry of the electrodes and
changing the metal electrodes can enable realization of more
effective carbon nanotube field-effect transistors based on
the DEP process. It is also clear that, when choosing the
correct parameter values, dielectrophoresis can be applied
as a reliable process for fabrication of carbon nanotube FETs
on a large scale.
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