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ABSTRACT

We report herein a rational approach to increase the proportion of metallic carbon nano-
tubes (CNTs) in horizontally aligned ultralong CNT arrays by electric field-assisted chemical
vapor deposition. In a gas flow-directed growth mode, the buoyancy caused by temperature
differences near the substrate can lift catalyst particles or CNTs from the substrate into the
laminar flow so that ultralong CNT arrays with mixed metallic (m-) and semiconducting (s-)
CNTs can be obtained. It was verified that the percentage of m-CNTs was about 47% for
pristine CNTs. When an electric field was introduced during CNT growth, the grown CNTs
were polarized and the generated electric field force assisted them into the laminar flow.
The greater polarizability of m-CNTs compared to s-CNTs resulted in more m-CNTs lifted
and an increased m- to s-CNT ratio in the array. Measurements of CNT electrical properties
showed that the percentage of m-CNTs could reach 80% when the electric field intensity
was set at 200 V/cm.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Carbon nanotubes (CNTs) have been regarded as one of the
best candidates for nanoelectronic devices due to their un-
ique electronic structure and superior electrical properties
[1,2]. Semiconducting (s-) CNTs can be used to fabricate
field-effect transistors and used in logic circuits. Metallic
(m-) CNTs are ideal materials for use in single electron tran-
sistors and in interconnections due to their excellent current
carrying capacity, exceeding 10° A/cm? [3-6]. Current CNT
fabrication techniques can only produce a mixture of m-
and s-CNTs, which remains an obstacle to their application.
Therefore, it will be critical to develop efficient techniques
for separating m- or s-CNTs from pristine mixtures for their
application in devices. Many groups have been devoted to ap-
proaches such as electrophoresis [7], density gradient induced
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centrifugation [8] and gas-phase plasma etching [9]. All of
these can effectively separate s- or m-CNTs with very high
purity. However, the CNTs are inevitably chemically deco-
rated, damaged or contaminated during the separation
process.

In order to solve this problem, protocols for the selective
growth of certain types of CNTs have been developed. This
earlier work reported to directly grow s-CNTs using plasma
enhanced chemical vapor deposition (CVD) [10]. By using an
ethanol/methanol mixture as a carbon source and Cu nano-
particles as catalysts, s-CNT arrays can be directly grown on
ST-cut single-crystal quartz substrates [11]. Recently, our
group also developed an approach to grow s-CNTs by intro-
ducing UV irradiation during the CVD process [12]. Although
some progress has been made in controlling the growth of
CNTs, most work has been focused on the separation of s-
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CNTs and no approaches have offered detailed explanations
of the mechanisms causing separation. Little research has
been carried out on the direct growth of m-CNTs except the
work of Harutyunyan et al. [13]. The development of reliable
techniques for preferentially synthesizing m-CNTs during
growth would be a significant advancement towards the
widespread applicability of CNTs in electronic devices. There-
fore, selective growth of m-CNTs remains a significant chal-
lenge for researchers.

Electric fields (EF) have been used to direct CNT growth
[14-18], but there have been no related reports about selective
effects on CNTs’ grown using EF-assisted CVD. m- and s-CNTs
differ greatly in their permittivity and conductivity, and would
thus be impacted differently by the EF. Based on this view-
point, we report herein a rational approach to increase the
percentage of m-CNTs in horizontally aligned CNTSs array by
EF-assisted CVD. Ultralong CNTs arrays were developed using
EF-assisted CVD, and it was found that the ratio of m-CNTs to
s-CNTs in the as grown CNT arrays was enhanced by the EF
effect. Electrical property measurements indicated that CNT
arrays containing about 80% m-CNTs can be obtained using
an EF intensity of 200 V/cm.

2. Sample preparation

Ultralong CNTs were grown in a low pressure CVD system
(Tystar Corporation, USA). 0.01 M FeCl; in ethanol was used
as a catalyst precursor and was stamped using polydimethyl
siloxane (PDMS) in a striped pattern on 800 nm thermally oxi-
dized p-type silicon substrates. The furnace was heated up to
950 °C in 20 min at 650 Torr under a flow of 800 sccm (stan-
dard cubic centimeter per minute) Ar and 400 sccm H,. Nano-
tubes were then grown using ethanol (kept at 45 °C) as the
carbon source, which was bubbled with 60sccm Ar for
30 min. Meanwhile, a direct-current (DC) EF was introduced.
Finally, the carbon feed was stopped and the EF was shut
down.

Ultralong CNTs were grown on SiO,/Si substrates. The sub-
strates were put into the CVD system horizontally under the
electrodes with the catalyst lines facing the gas flow
(Fig. 1a). Electrodes were fixed horizontally with metal fas-
tener on a quartz board and metal wire, connected to the elec-
trodes, was stretched out of the CVD along two metal poles
separately and joined to a DC power source to transfer voltage
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(electrode configuration and installation are shown in Figure
S1). It was clear that ultralong CNTs arrays can be grown
without EF (Fig. 1b), but well-aligned ultralong CNTs arrays
did not appear under EF-assisted CVD. Fig. 1c-f illustrate the
EF effect on the CNTs’ growth. After increasing EF intensity,
almost no CNTs grew and most CNTs stopped growing at cat-
alyst areas, demonstrating the violent disturbing effect of the
EF on CNTs’ growth. Higher EF intensities above 500 V/cm pre-
vent any ultralong CNTs from growing from the catalyst areas
(Figure S2). Most of our experiments were carried out below
an EF intensity of about 500 V/cm to obtain ultralong CNTs
to investigate the EF effect on s- and m-CNTs.

3. Characterization of carbon nanotubes

To test the EF effect on ultralong CNTs’ growth, we character-
ized structural and electrical properties of CNTs grown under
EF-assisted CVD. Forty CNTs grown under an EF intensity of
200 V/cm were imaged by AFM (Fig. 2a), and the average
diameter of the CNTs was found to be about 2.6 nm. To con-
firm the actual structure of the sample, we transferred the
CNTs [19] to a TEM grid. TEM imaging demonstrated that
most of the CNTs were double-walled carbon nanotubes
(DWCNTs) and single-walled carbon nanotubes (SWCNTSs)
(Fig. 2b and c). Because not all the CNTs are SWCNTs, the
structure and the attribute of our CNTs can not be determined
clearly by single wavelength Raman spectroscopy. On the con-
trary, the Raman characterization sometimes gave the wrong
estimation about the EF’s effect on CNTs’ separation for
DWCNTSs’ coexisting. In order to analyze the separation ef-
fects of EF-assisted CVD, electrical properties of CNTs grown
under various EF intensities far from the catalysts were mea-
sured. The test electrodes were fabricated using electron
beam lithography and subsequent thermal evaporation of Cr
(5nm) and Au (45 nm). Detailed procedures are described in
the SI, Part C. Fig. 2d shows a representative SEM image of
electrodes on a sample — the CNTs are indiscernible at this
scale, but are present between the electrodes.

During measurements of CNT electrical properties, the
ON/OFF ratio (ration of maximum current and minimum cur-
rent in electrical measurement currents) was used as the cri-
terion for distinguishing m- or s-CNT. If the gate voltage (V)
could modulate the current between the source and drain
electrodes (I4s) and the ON/OFF ratio was above 100 for one
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Fig. 1 - SEM images of the effect of an electric field on the growth of ultralong CNTs.
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Fig. 2 - Characterization of CNTs by AFM, TEM and related measurements of electrical properties.

CNT, the CNT was classified as semiconducting. Otherwise, it
was considered an m-CNT. Fig. 2e and f presents typical I35~V
curves for m- and s-SWCNTs, respectively. For SWCNTs, it is
easy to distinguish their metallic or semiconducting attribute
for their simple structure and obvious difference in electrical
property measurements. While for DWCNTs, it is hard to do.
DWCNTs have four distinct shell-shell combinations [20]:
metallic outer layer-semiconducting inner layer (m-s), m-m,

s-m, and s-s. Among the four types of DWCNTs, the s-m
DWCNTs were difficult to distinguish because the I4-Vg
curves present small ON/OFF ratios of about 10 (Fig. 2g) [20].
The curve differed from m-CNT curves because current would
change with the gate voltage, but the modulation was less
pronounced than that seen with s-CNTs [21]. In order to con-
firm the structure, the electrical breakdown technique was
applied to remove the inner m-CNT during measurement pro-
cess [22-23] (Fig. 2h). Electrical measurements after the break-

Table 1 - Statistical results of I4-V; measurements of m-

CNTs and s-CNTs under different direct-current (DC) EF
intensities.

Sample EF intensity Number of Number of m-CNTs %

m-CNTs s-CNTs
1 0V/cm 35 40 46.7
2 DC, 80 V/cm 12 9 57.1
3 DC, 150 V/cm 26 14 65.0
4 DC, 200 V/cm 38 8 82.3

down showed a large ON/OFF ratio like in Fig. 2i, we could
then confirm that the DWCNT configuration was s-m.

We classified the m-s, m-m, and s-m DWCNTSs as metallic
tubes and the s—s DWCNTs as semiconducting tubes based
on the work by Kozinsky B. [24]. (See next section: Discussion
about the EF effect on CNTs. Kozinsky B.’s work showed that
the axial polarizability of multi-walled CNTs was the sum of
that of every shell. The EF can affect m-m, m-s, and s-m
DWCNTs due to their greater axial polarizability, but not does
on the s-s DWCNTs). Assuming that the two shells of the
DWCNTs are totally independent, metallic DWCNTSs should
make up approximately 5/9 of all the CNTs [23]. We tested
the CNT sample grown without an added EF and found that
it consisted of 46.7% m-CNTs, which is accordance with the
theoretic record. Despite these results, we still obtained ultr-
along CNT arrays containing about 80% m-CNTs far from the
catalyst regions under EF-assisted CVD.

Table 1 gives the statistical results regarding m- and s-
CNTs on samples grown under different EF intensities. As
the intensity of the EF was increased, CNT arrays with high
percentages of m-CNTs grew from the catalysts. At EF intensi-
ties of around 200 V/cm, the proportion of m-CNTs in our ultr-
along CNT arrays could reach about 80%.

4, Discussion

For gas flow-directed ultralong CNTs’ growth, the growth pro-
cess can be divided into two stages. During the first stage of
growth, buoyancy lifts CNTs or catalyst particles into the lam-
inar gas flow so that the growing CNTs will be aligned by the
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Fig. 3 - Force analysis for CNT caused by molecules colliding and gas flow during CVD growth.

gas flow during the second stage [25-29]. Therefore, the buoy-
ancy and gas flow orientation forces were the two main fac-
tors in aligning CNTs on surface. When an EF was loaded
during CNT growth, the EF would also affect CNTs’ growth.

Buoyancy is the vertical motion of gas flow caused by gas
density differences [29,30]. Pressure and temperature gradi-
ents lead to gas flow density gradients and impel this motion,
which makes the gas flow transfer vertically, driving the CNTs
to float. The buoyancy forces on a CNT can be considered as
the momentum changes of molecule bumping against the
CNT in a determinate period. Given a CNT with radius
R=1nm and length L =500 um floating horizontally in the
gas flow (Fig. 3a), and a pressure difference P,;-P, between
the top and bottom of the CNT of about 0.001 Pa, we arrive
at a calculated buoyancy of about 107> N. (See the buoyancy
calculation in the part D, SI.) Alternatively, we can make cal-
culations based on the temperature difference T;-T, in for-
mula (6) in SI to calculate the buoyancy. The larger the
pressure or temperature difference, the greater the buoyancy
is. From our above analysis, buoyancy is so weak as to have no
apparent effect on CNTs’ growth. Actually, in our CVD system,
the flowing gas was heated to the reaction temperature before
arriving at the substrate [30] and there would have been little
pressure or temperature difference that could cause gas flow
circulation. Therefore, we conclude that buoyant forces are
insignificance and their effects on CNTs’ growth can be
ignored.

For the gas flow orientation force, we consulted fluid
mechanics theory [31]. If CNTs are parallel to the substrate,
the gas flow shear force is the main force operating on the
CNTs (Fig. 3b). The detailed computation process is given in
the part E in SI. For CNTs of L =500 um, the gas flow shear
force is about 3.4 x 10* N.

If CNTs deviated from the gas flow direction with angle 6 to
the substrate (illustrated in Fig. 3c), the gas flow orientation
force is primarily rooted in the gas flow drag force. The gas
flow shear force and drag force are both part of the gas flow
orientation force, but the gas flow drag force is much larger
than the shear force and holds a large projected area vertical
to the gas flow direction. The drag coefficient, depending on
the aspect ratio of the CNT, is much larger than the shear
force coefficient [31]. So for the acclivitous CNTs, the gas flow
drag force is much larger than gas flow shear force and is the
primary factor in ultralong CNT orientation. Because the drag
force coefficient is difficult to compute, we are only able to
conclude that the gas flow orientation force is larger than a
pico-Newton.

When an EF was applied during CNTs’ growth, the CNTs
would have been polarized [32] and thus an EF force was gen-
erated [14]. This polarization was anisotropic for CNTs [32].

For ultralong CNTs, axis polarizability usually dominates
while that along the radius is often neglected. During the
CNTs’ growth, the EF was perpendicular to the CNTs; thus,
the resulting vertical EF force would cause CNTs to be lifted
up in the horizontal direction [14]. This would be helpful for
ultralong CNTs’ growth, making them grow more readily from
catalyst particles. In general, m-CNTs are more polarizable
than s-CNTs along their axes [32] according to the polarizabil-
ity expression of o,, for m- and s-CNTs [14]:

" 12 4/3 —In2
%2z = 24[In(L/R) — 1] [ In(L/R) — } @)
w5, =17.8 x § 2

9

Using these equations we can calculate CNT’s polarizabil-
ity. Supposing CNT’s length L =500 um and radius R=1nm,
the computed polarizability differs greatly based on electronic
type, at about 9.0 x 10*° A2 for m-CNTs and 1.1 x 10% A2 for s-
CNTs [32]. The EF thus produces an EF force, which would
make the CNTs align with the EF direction. The EF force for
CNTs is expressed by [15]:

= 1/207;E? - 5in20 - 4ney = 27g, - 0,,E? - 5in26 (3)

Here ¢ is the absolute permittivity of air, E represents the
EF intensity and 0 is the angle between EF line and the CNT.
Using the given parameters, we can calculate an EF force of
2.0x107" N on m-CNTs and 23x10"N on s-CNTs. The
longer the CNTs are, the greater the difference about the EF
force between the m-CNTs and s-CNTs is. Based on this data,
we think the EF force only has a significant effect on m-CNTs
because the EF force is several orders of magnitude greater for
m-CNTs than for s-CNTs. Especially, after calculating rotation
energies [14] (see calculations for EF rotation energy about m-
and s-CNTs in Part F, SI), we find that the EF rotation energy
for m-CNTs is also much larger than that for s-CNTs. Thus
we believe that the EF will preferentially affect the growth
of m-CNTs.

With respect to EF-assisted CVD growth of gas flow-direc-
ted ultralong CNTs, we suppose that the EF has no effect on
m-CNTs and s-CNTs at the very beginning of CNT growth be-
cause the EF force on these CNTs is weaker [14,33]. During the
lengthening of CNTs, say at the first stage of growth, the EF
force will only operate on m-CNTs and cause them to align
with the EF [14,15]. The perpendicular EF force can help with
buoyancy, lifting more m-CNTs up into the laminar gas flow
compared with an EF-free system (Fig. 4a and b), which pro-
motes m-CNTs’ growth. In other words, the EF helps m-CNTs
grow more easily; therefore, more ultralong m-CNTs are ob-
tained in CNT arrays far away from catalyst regions where
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Fig. 4 - Illustration of the EF effect on the growth of m-CNTs and s-CNTs.

growth begins. For s-CNTs, the EF energy cannot overcome
the thermal energy [14,33] and the EF force is negligible
[14,15], so only buoyant forces can lift the tubes into the
laminar gas flow at the vertical direction [29]. Due to the addi-
tional EF force on m-CNTs, EF-assisted CVD growth can in-
crease the percentage of m-CNTs. We also carried out the
Raman mapping characterization at the catalyst area to prove
the above speculation, and the one result in Figure S5 in SI
showed that m-CNTs and s-CNTs coexisted and their content
is almost equal, which is an evidence that EF have no selectiv-
ity on the origin growth of m-CNTs and s-CNTs, but only take
effect on the subsequent period of CNTs’ growth.

It is remarkable that the EF force for m-CNTs is comparable
to the gas flow orientation force, but they are oriented in dif-
ferent directions. The EF force along with the gas flow force
will also disturb the m-CNTs’ growth, making them vibrate.
They are then likely to bump onto the substrate and stop
growing. This is why fewer ultralong CNTs are observed at
high EF intensities and the tortuous CNTs, illustrating the im-
pact of the disturbance, are formed. As shown in Fig. 1b-f, the
alignment of CNTs tends to be less regular when the EF is in-
creased from 0 to 330 V/cm.

5. Summary

We reported an approach to increase the proportion of m-
CNTs in ultralong aligned CNT arrays by EF-assisted CVD. It
was found that the EF not only can affect the structure of ultr-
along CNT arrays but also can increase the percentage of m-
CNTs due to the different polarizabilities of m-CNTs and s-
CNTs. Electrical property measurements showed that more
m-CNTs can be obtained under EF-assisted CVD because the
EF force lifts more m-CNTs than s-CNTs into the laminar
gas flow. The percentage of m-CNTs in ultralong CNT arrays
can reach about 80% when EF intensity is 200 V/cm.
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