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ABSTRACT

A new approach for vectorial growth of single-wall carbon nanotube arrays is presented. The origin of growth is defined by patterning the
catalyst nanoparticles, while the direction of growth is defined by a local electric field parallel to the substrate. Statistical analysis of the
nanotube angular distribution indicates that field-directed growth can discriminate between metallic and semiconducting nanotubes during
their formation. Vectorial growth could be used to produce nanotube-based circuitry for molecular electronics.

Carbon nanotubes1 exhibit outstanding structural, mechanical,
and electronic properties, which make them promising
building blocks for molecular electronics.2,3 Recently, we
have presented a new approach for the realization of a highly
integrated, ultrafast, nonvolatile random access memory for
molecular computing based on carbon nanotubes, where the
nanotubes act as both interconnect wires and functional
devices,4 and other groups have been exploring nanotube
field-effect transistors as components for nanoelectronics.5-7

To achieve the integration of large arrays of such devices,
however, two critical issues must be effectively addressed.
First, to produce large arrays of SWNTs on surfaces, it is
necessary to develop reliable synthetic methods for the
production of SWNTs in defined locations and directions.
Several approaches have been reported to address this issue.
SWNTs have been selectively deposited from liquid suspen-
sions on chemically functionalized patterns,8 or using mi-
crofluidics and electric fields.9 The success of this approach
for the assembly of isolated SWNTs has been limited due
to the tendency of SWNTs to aggregate into ropes and
tangles. Suspended nanotube networks have been produced
by chemical vapor deposition (CVD) from microfabricated
pillars,10-12 where directionality was attributed to a mecha-
nism of selective pinning of the growing nanotubes on the
tops of nearest neighbor pillars. Recently, directional growth
of suspended SWNTs was further enhanced using electric
fields.13 SWNTs have also been found to grow on well-

defined silicon surfaces in four or six possible directions that
are defined by the lattice of Si(100) or Si(111) substrates,
respectively.14

A second critical issue for the application of carbon
nanotubes as building blocks in molecular electronics is the
need to organize selectively metallic or semiconducting
nanotubes, since semiconductors and metals play very
different roles in electronic circuits and devices. SWNTs can
be either metallic or semiconducting, depending on both their
diameter and chirality. Assuming a random distribution of
nanotube chiralities, one-third of the nanotubes should be
metallic and two-thirds should be semiconducting. Unfor-
tunately, no methods are yet available for the production of
(or separation of heterogeneous mixtures to yield) relatively
pure samples consisting of either metallic or semiconducting
carbon nanotubes. Recently, a method for the selective
destruction of metallic SWNTs from mixed ropes has been
achieved using electrical breakdown.5 Although these de-
velopments are certainly significant, both the production of
ordered SWNT arrays on surfaces and the selection of
metallic vs semiconducting SWNTs remain two major
obstacles toward nanotube-based electronic technology.

Vectorial growth of SWNTs is a new approach whereby
the growth of these one-dimensional nanostructures is defined
in the form of a vector, i.e., having an origin (x,y), a direction
(φ), and a length (L), as represented in Figure 1a. Ideally,
one would also like to gain control over the diameter (d)
and the chirality (θ) of the SWNTs, which determine their
electronic type, i.e., metallic or semiconducting. Our working
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hypothesis was that the origin of the growth vector can be
defined by the position of the patterned catalyst nanoparticles,
and the direction of growth can be imposed by an aligning
force acting on the growing nanotube. In this work, we
investigate the use of an electric field as an aligning force
during the growth of SWNTs by CVD on oxidized silicon
wafers.15 The electric field is locally created by a pair of
microfabricated electrodes16 on the substrate, as schematically
represented in Figure 1b. When SWNTs grow between the
electrodes, the electric field will induce a dipole in each
growing SWNT, parallel to its principal axis, and then exert
a torque on these induced dipoles, forcing the nanotubes to
grow parallel to the electric field.

The geometric distribution of a typical sample of SWNTs
of different lengths grown by CVD from randomly deposited
ferrihydrite nanoparticles17,18(3-5 nm) is shown Figure 1c.19

The nanotubes were grown in an electric field of 4× 106

V/m. SWNTs grown in these conditions consistently exhibit
a striking distribution of orientations with respect to the
electric field, which can be qualitatively described as follows.
When the SWNTs are longer than ca. 1µm, most nanotubes
are found to lie nearly parallel to the electric field. However,
when the nanotubes are shorter than this critical length of
ca. 1µm, a fraction of the nanotubes is found well oriented
in the direction of the field, even if very short, while the
rest of the nanotubes lie in completely random orientations.

To understand this complex angular distribution of the
field-aligned nanotubes, we have considered a simple electro-
static and thermodynamic model. We assume the growing
nanotubes to be free to rotate and be aligned by the electric
field before they get pinned to the surface. The torque exerted

by an electric field on a polarizable cylinder, and its
associated energy of rotation, are given by eqs 1 and 2,

whereRzz is the principal term of the polarizability tensor,
E is the intensity of the electric field, andφ is the angle
between the nanotube and the field. Static polarizabilities
of SWNTs have been calculated by tight-binding methods20

for a series of structural indices (n,m) and found to be
inversely proportional to the square of their band gap,
following eq 3, wherem is the electron mass,A is the area
per C atom on the graphene sheet andEhg is an “average
gap” proportional to the actual band gap of the nanotube,
designated asEg. The overall proportionality factor ofRzz

with R/Eg
2 is 17.8 eV2Å. The band gapEg is nearly zero for

metallic nanotubes (except for very thin ones21 where a small
gap may be present), while for semiconducting nanotubes it
has been found22 to be Eg) aC-Cγ0/R, whereaC-C is the
nearest-neighbor carbon-carbon distance, 0.142 nm, andγ0

is the corresponding interaction energy, 2.9 eV. Thus, eq 3
assigns finite values to the polarizabilities of semiconducting
SWNT, but it diverges for metallic SWNT. Instead, the static
polarizability of metallic SWNTs can be approximated by a
classical electrostatic model for a continuous metallic
cylinder in an electric field,23 given by eq 4,

whereL and R are the length and radius of the nanotube,
respectively. The nanotube diameters in these samples range
2 ( 1 nm, while the lengths were between 100 nm and
several microns. If we consider a typical nanotube of 2 nm
diameter and 1µm length, applying eq 3, we estimate that
when the nanotube is semiconducting, its static polarizability
is Rzz

S ) 1.1× 103 Å2. Applying eq 4, however, we calculate
that the polarizability of a metallic nanotube of similar
dimensions isRzz

M ) 7.8 × 105 Å2. That is, the static
polarizability of the metallic nanotubes is nearly 3 orders of
magnitude larger that of the semiconducting nanotubes. We
may thus expect the electric field to have a very different
influence on metallic and on semiconducting nanotubes.

More significant is a calculation of the maximum energy
of rotation (atφ ) 90 deg), according to eq 2, compared to
the thermal excitation energy at the temperature of the
nanotube growth, 800°C, i.e.,kT ) 0.093 eV. We find that
at a critical length of 1.5µm, a semiconducting nanotube of
diameter 2 nm has a maximum energy of rotation equal to
kT. However, a metallic nanotube of similar dimensions has

Figure 1. (a) Vectorial growth of a single-wall carbon nanotube
(SWNT) on a surface from a well-defined catalytic particle (black
dot) with ideal control over geometry and structure. Geometrical
parameters: origin (x,y), direction (φ), and length (L). Structural
parameters: diameter (d) and chirality (θ). (b) Schematic repre-
sentation of the field-directed growth of carbon nanotubes on a
silicon chip containing a pair of microfabricated electrodes (in gray).
Nanotubes grow catalytically from the ferrihydrite nanoparticles
(3-5 nm) deposited on the surface between the electrodes. (c) SEM
image of SWNT grown under an electric field of 4× 106 V/m
parallel to the plane of the substrate. The vector E indicates the
electric field, which was created by applying 100 V across the
microelectrodes, 25µm apart. The SWNTs were grown for 10 min
at 800°C in a 1 L/min flow of 0.2% C2H4, 40% H2, and∼60% Ar.
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a maximum energy of rotation of 130 eV, that is, 1.4×
103kT. Therefore, when nanotubes have lengths smaller than
a micron scale, only the metallic nanotubes can be aligned
by the electric field. For nanotubes longer than 1.5µm,
however, both metallic and semiconducting nanotubes have
electrostatic potentials higher thankT. Therefore, when
nanotubes are longer than ca. 1µm, both metallic and
semiconducting nanotubes have the potential to be aligned
by the electric field. This prediction is in good agreement
with the angular distribution observed in our samples, as
shown in Figure 1c. Mechanistically, this thermodynamic
control over the angular distribution of nanotubes lying on
the surface indicates that growing nanotubes are indeed free
to rotate and reach thermal equilibrium before they become
pinned to the substrate.

The mechanisms of carbon nanotube growth15,24,25and field
alignment on the substrate are not fully understood yet.
However, AFM analysis26 of a large number of samples
produced from catalyst nanoparticles of different sizes (see
Supporting Information) allows us to identify two different
growth mechanisms. When the catalyst nanoparticle size is
d ) 1-2 nm, very thin SWNTs (d ) 0.8-1.4) grow in wavy
conformations that are not well aligned with the electric field,
regardless of their length. We attribute this to a surface-bound
growth mechanism. However, when the catalyst nanoparticles
are 3-5 nm, SWNTs longer than 1µm grow straight and
parallel to the electric field. It is this second mechanism that
allows the nanotubes to grow upward from the substrate,
with the freedom to rotate in an electric field before being
pinned to the substrate. To promote this latter free growth
mode, we have used ferritin25 as a catalyst precursor. Upon
activation, ferritin yields iron oxide cores of 4-5 nm, which
are required for this growth mechanism.

Figure 2 shows a sample of long SWNTs grown in an
electric field from patterned ferritin catalyst. These nano-

tubes, with a diameter dispersion of 2.0( 0.5 nm, grow
predominantly straight and well aligned with the electric
field. As expected, nearly all of these SWNTs are oriented,
because they are longer than the critical length required to
align either metallic or semiconducting nanotubes in the
electric field.

After having identified the different kinds of nanotubes
growing on the substrate (metallic or semiconducting, free-
growing or surface-growing), we can formulate a quantitative
prediction for the angular distribution of metallic and
semiconducting SWNTs growing on the substrate under the
electric field, as given by eq 5,

wherep(φ) is the angular distribution,pF is the probability
of free growth,pM is the probability of growing a metallic
nanotube, andNM andNS are two normalization factors. The
first term represents the random distribution of surface-
growing nanotubes of any electronic type, the second term
represents the Boltzmann distribution for the metallic
SWNTs, and the third term represents a different Boltzmann
distribution for the semiconducting nanotubes.

A sample of SWNTs grown in similar conditions as in
Figure 2, but for a shorter time leading to nanotube lengths
below 1µm and a field of 2× 106 V/m, is shown in Figure
3a. The lengths of these nanotubes range 200-800 nm, with
a diameter dispersion of 2.0( 0.5 nm. The predicted critical
length for these nanotubes at this field intensity is ca. 6µm.
In this length regime, only the metallic SWNTs should be
aligned. The angular distribution, represented by the histo-
gram in Figure 3b, shows a maximum in the direction of
the electric field and can be fit with a Gaussian plus a
constant. This distribution follows from eq 5, because in the
case of short nanotubes and small angles it can be ap-
proximated to eq 6.

The area between the Gaussian and the constant, which can
be attributed to the metallic nanotubes, is 21% of the total
area. This may be lower than 33% because part of the
metallic nanotubes could have grown on the surface and not
reached thermal equilibrium. If we assume that the prob-
ability of growing metallic nanotubes is 33%, that would
mean that only 63% of the nanotubes have the freedom to
reach equilibrium. Significantly, from the standard deviation
(10.4 deg), based on eq 6, we can extract an experimental
value for the polarizability of the oriented nanotubes,Rzz )
4 × 105 Å2, which could be at most five times higher or
lower, due to the dispersion of lengths and diameters. The
calculated polarizability for metallic nanotubes by eq 4 is
Rzz

M ) 2 × 105 Å2, which could be at most four times higher

Figure 2. AFM image showing nonselective field-directed growth
of long SWNTs from a patterned stripe of ferritin, under conditions
similar to those in Figure 1.
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or lower, due to the dispersion of lengths. The calculated
polarizability for semiconducting nanotubes of similar di-
ameters, according to eq 3, however, is 1.1× 102 Å2, which
could be at most twice higher or smaller, due to the
dispersion of diameters. Thus, the experimental polarizability
obtained from the angular distribution is in very good
agreement with the calculated value for metallic nanotubes.
Although the divergence between the experimental polariz-
ability and the calculated polarizability for metallic nanotubes
could be up to 1 order of magnitude, due to the dispersion
of diameters and lengths, the calculated value for the
polarizability of semiconducting nanotubes of similar dimen-

sions is 3 orders of magnitude smaller than the experimental
value. These findings together constitute a strong indication
that in the short-nanotube regime, field-directed growth is
selective for metallic vs semiconducting nanotubes. Thus,
field-directed growth could provide a means of discriminating
between metallic and semiconducting single-wall carbon
nanotubes during their formation.

Last, vectorial growth of long carbon nanotubes can be
achieved by patterning the catalyst by electron-beam lithog-
raphy, as shown in Figure 4a. These nanotubes are very long
(>15 µm) and well aligned with the electric field. The
nanotube length is essentially limited by the separation
between the electrodes (25µm). The yield of nanotubes
grown per island can be increased by patterning the catalyst

Figure 3. (a) Selective field-directed growth of metallic short
SWNTs from densely adsorbed ferritin. The AFM image shows a
predominant population of SWNTs aligned parallel to the electric
field. (b) Histogram representing the corresponding angular distri-
bution of (a) relative to the angle of AFM scanning, which is 20
deg off from the direction of the electric field. Overlaid is a least-
squares fitting to Gaussian plus a constant. The optimized Gaussian
is centered at 19.5 deg, with a standard deviation of 10.4 deg. The
area between the Gaussian and the constant is 21% of the total
area below the curve. The applied voltage was 50 V (2× 106 V/m)
and the growth time was 5 min.

Figure 4. (a) Vectorial growth of very long SWNTs (L ) 10-15
µm) from ferritin adsorbed on patterned islands of Al2O3. Voltage:
50 V (2 × 106 V/m); growth time: 20 min. (b) Vectorial growth
of SWNTs from ferritin adsorbed on patterned Al2O3 islands of
different sizes, showing higher densities of parallel SWNTs. The
conditions are similar to those in (a).
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in larger islands, as shown in Figure 4b, but then the space-
resolution of vectorial growth is lower. Better yield and
resolution will require further catalyst optimization. A
catalyst with 100% yield of nanotube growth should allow
a resolution of vectorial growth only limited by the size of
the catalyst nanoparticles and the patterning method.

To conclude, we have shown that vectorial growth of
SWNTs can be achieved by field-directed growth from
patterned catalyst nanoparticles. We have also provided a
theoretical analysis and experimental data strongly supporting
the hypothesis that field-directed growth can discriminate
between metallic and semiconducting nanotubes during their
formation. This selectivity remains to be demonstrated by a
direct characterization of the electronic type of the nanotubes
lying on the surface correlated to their length and their
direction with respect to the electric field during growth. Such
characterization could, in principle, be done by single-
nanotube27 and polarized28,29 resonant Raman scattering
experiments, and by single nanotube electrical transport
measurements. Research along these lines is underway.
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