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Single-walled carbon nanotubes (SWNTs) have excellent elec-
tronic and physical properties, which make them attractive building
blocks for nanoelectronics.' Directional control of SWNTs on a
substrate is an essential step for the fabrication of high-performance
integrated devices. Horizontally aligned SWNTSs have been achieved
by chemical vapor deposition (CVD) using single-crystal substrates,
on which SWNTs grow along either atomic steps® * (step-templated
growth) or anisotropic surface atomic arrangements* ” (lattice-
oriented growth). The lattice-oriented growth was observed on
a-plane ( 1120) and r-plane (1102) sapphire (a-AlLO3)>°® and ST-
cut quartz (Si0,)"-® substrates, and these surfaces offer dense and
highly aligned arrays of SWNTs. Recently, we observed that the
crystalline surface affects not only the SWNT growth direction but
also the diameter and chirality distribution of SWNTs.® This
suggests a strong influence of the crystalline planes on the nanotube
structure. On single-crystal surfaces, the patterning of a transition
metal catalyst is effective to synthesize the high-density array of
long SWNTSs. The patterning maintains the clean substrate surface,
thus preventing growth termination or misalignment due to the
contaminated catalyst.'°~'? Generally, the aligned SWNTSs grown
from the catalyst pattern extend to both sides of the pattern.'®'!
Herein we achieved the unidirectional growth of SWNTs on an
r-plane sapphire, where the SWNTs extend to only one side of the
catalyst pattern without any external forces, such as gas flow and
electric field. This unique growth mode is explained by the
anisotropy in the surface atomic arrangement of the r-plane sapphire.
Our finding offers a new method to control the direction as well as
orientation and possible integration into advanced nanotube
architectures.

The stripe pattern of a catalyst was made by photolithography
on r- and a-plane sapphire and ST-cut quartz substrates. Two types
of catalysts were studied for nanotube growth. The first was
prepared by dip-coating a substrate into the aqueous solution of
the Co—Mo salts, Co(NOs),*6H,0 and MoO,(acac),. The second
was thin films of Fe or Co prepared by magnetron sputtering using
the combinatorial masked deposition method proposed by Noda et
al.;'? a slit situated above the substrate made a gradual change in
the film thickness over the whole area of a substrate. After lift-off,
the substrate was subjected to thermal CVD in a flow of CHy—H,
mixed gases to synthesize SWNTs.%'2

Figure 1 shows scanning electron microscopy (SEM) and atomic
force microscopy (AFM) images of aligned SWNTs grown from
the stripe pattern of the Co—Mo salt catalyst on the r-plane sapphire.
Most of the SWNTs extended only in the [1101] direction (we call
it forward direction hereafter) and not in the opposite (backward)
direction. This unidirectional growth is clearly seen in Figure 1b.
The arrows indicate the nanotubes grown from the left catalyst line
so that it is apparent that SWNTs were selectively extended to the
forward direction. Note that the growth direction of the SWNTs
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Figure 1. Unidirectional growth of SWNTs in [1101] direction from the
Co—Mo salt-based catalyst stripe pattern on r-plane sapphire substrate; (a)
low- and (b) high-magnification SEM images and (c) AFM image of the
catalyst region.

was not influenced by the gas flow, because the slow gas flow and
a slow heating rate were used. The AFM image (Figure 1c) showed
that small metal nanoparticles were sparsely formed during the CVD
process and that neither residual photoresist nor overloaded catalyst
was present. This indicates that the observed unidirectional growth
is not due to impurities. In contrast, no preferential growth was
observed for the SWNTSs grown on the a-plane sapphire (Supporting
Information, Figure S3); the SWNTSs grew in both the forward and
backward directions equally from the catalyst line. The SWNTs
aligned on an ST-cut quartz also showed no preferential growth
direction (S3) consistent with the previous results.'®'!

We examined the nanotube growth using a sputtered catalyst
film with a gradient thickness distribution, as shown in Figures 2a
and S4. Preferential growth in the forward direction was observed
for both the Fe and Co films. This result suggests that the
SWNT—substrate interaction is more important for unidirectional
growth than the catalyst—substrate interaction, as is the case for
the SWNT alignment.'' The ratio of the forward SWNTSs grown
from the sputtered catalysts (r < 80%) was lower than that
originated by the Co—Mo salt catalyst (96%). In the case of the
sputtered catalyst, this ratio increased with decreasing film thickness;
when the film thickness was decreased from 1.5 to 0.5 nm, the
ratio increased from 65% to 74% for the Fe film and 68% to 77%
for the Co film. The perfect unidirectional growth was not observed
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Figure 2. (a) SEM images of the aligned SWNTs grown from the Fe
patterns with different film thicknesses. (b) Histograms of the length
distribution of SWNTSs. The SWNTs grown from a catalyst line with a length
of 300 um was counted. The r and d are the ratio of the forward SWNTs
(V = anrward/(Nforward + Nhackward) X 100) (%) and tube deﬂSity (d = (Nforward
+ Noackwara)/300 ©m) (um™"), respectively.
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Figure 3. Surface atomic arrangements of sapphire (a) a- and (b) r-planes.
Red and blue spheres represent Al and O atoms, respectively. The 180°-
rotated arrangements are also shown. On the a-plane, the arrangements are
equivalent to both directions, but they are different on the r-plane (squares
are guides for eyes). The bond lengths are 0.186 (1A1—20 and 3A1—40),
0.195 nm (20—3Al) on the r-plane. SEM images of aligned SWNTSs grown
from the dot-shaped patterns (c) and a line pattern parallel to the [1101]
direction (d) using the Co—Mo salt catalyst.

even for the very thin films with a thickness below 0.5 nm. The
imperfect unidirectional SWNT growth for the sputtered catalyst
may be originated from the damage of the surface atomic arrange-
ment on the sapphire due to collision of the sputtered high-energy
atoms and/or the inhomogeneous particle size distribution observed
for the sputtered film (Figure S6). The length of the backward
SWNTs was found to be relatively shorter than that of the forward
nanotubes (Figure 2b), suggesting that nanotube growth in the
forward direction is more favorable than the backward direction.

We speculate that the observed unidirectional SWNT growth is
related to the surface atomic arrangement of the sapphire, because
this was observed on the r-plane but not on the a-plane sapphire.
Figure 3a,b illustrate the atomic models of the surfaces of the a-
and r-plane sapphire. Reflecting the crystallographic orientation
(Figure S7), the configuration of Al and O atoms on the a-plane
sapphire has a point symmetry, while the r-plane lacks such
symmetry. Therefore, we conclude that the anisotropy of the r-plane
is the main reason for the observed unidirectional growth.

There are two possible mechanisms for the unidirectional growth.
One possible explanation is the nucleation of a nanotube cap occurs
dominantly to the forward direction in the very early stage of SWNT
growth, assuming a base-growth model.'*'#*'5 In this case, the
nanotube chirality might be modulated by the sapphire surface,
because the cap structure determines the SWNT chirality. Another
possibility is that the extension of a SWNT in the forward direction
is more energetically favored than the backward direction. For
example, the nanotubes extending in the backward direction may
have suffered from a larger frictional force due to geometric or
electrostatic effects than the forward direction. The SEM images
of the aligned SWNTs grown from the different patterns of the
Co—Mo salt catalyst are displayed in Figure 3c,d. The SWNTs
indicated by the arrows are bent in the [1101] direction soon after
protruding from the catalyst pattern. These images suggest that there
is a preferred direction for SWNTSs to grow. Therefore, the latter
mechanism may be more reasonable, but we should note that this
also enhances the nucleation in the forward direction in the initial
growth period. Further study is necessary to understand the
mechanism and effect on the nanotube structure.

In summary, we achieved unidirectional growth of SWNTs by
using the Co—Mo salt-based catalyst. The SWNTSs were perfectly
oriented in the [1101] direction without any external forces on the
r-plane sapphire. The preferential growth of SWNTs is attributed
to the asymmetric surface atomic arrangement of the r-plane. This
unidirectional growth is expected to give further insight into the
growth mechanism and structure control of SWNTs, leading to the
fabrication of advanced architectures.
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