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The unique properties of single-walled carbon nanotubes
(SWNTs) and their potential applications in logic circuits, field
effect transistors, and sensors make SWNTSs important materials
in nanoscience and nanotechnology.'™ To fully utilize the
outstanding electronic properties of the nanotubes, the growth
of horizontally well-aligned carbon nanotube arrays on suitable
substrates is a critical step for large scale, low-cost fabrication
of nanotube electronic devices. Compared with random net-
works of SWNTSs on surface, the aligned SWNTSs can avoid
the overlap of the nanotubes and the resistance caused by the
nanotube junctions. Until now, aligned SWNTs have been
obtained through a self-assembly’ method and direct growth
approaches with the assistance of electric field® and feeding gas
flow.”® However, it remains difficult to produce aligned SWNTs
arrays over large areas with high density, which would limit
the use of SWNTs in realistic devices for their low current
outputs and small active areas. Now, surface lattice guided
growth of SWNTs by chemical vapor deposition (CVD) has
been an important advance for its high density and well
alignment. Using this method, researchers can obtain well-
aligned arrays of SWNTSs on single crystal surfaces including
sapphire’'? and quartz.'*'* Recently, Rogers’ group used quartz
wafers preannealed at 900 °C for 8 h as substrates for the growth
of perfectly aligned arrays of SWNTSs with density as high as
10 SWNTs/um.'>'® In these recent works, iron catalysts
including ferritin and evaporated iron film were always used as
the catalyst. Several growth mechanisms such as “wake up”,”
“raised head”,'? and “top-growth”'” mechanisms have been
presented. However, direct proofs are lacking. Additionally, the
alignment of the nanotubes is thought to be caused by surface
steps formed by long-time thermal annealing. Herein we report
a CVD approach to prepare high-density and perfectly aligned
arrays of long SWNTs on stable temperature (ST)-cut quartz
substrates using copper as the catalyst and ethanol as the carbon
source. Compared with earlier reports, we have demonstrated
that the aligned nanotube arrays can be grown on ST quartz
substrate without the need of thermal annealing. The density
can reach >50 nanotubes per micron and the length can be a
few millimeters (Figure 1 and Supporting Information). Such
high density aligned nanotube films can find immediate ap-
plications in high current and high frequency devices. Addition-
ally, we have obtained direct proof on the “tip-growth”
mechanism for the aligned nanotubes and important evidence
that explained the termination of the growth.

The substrates used in the CVD approach were single-crystal
ST-cut quartz wafer obtained from Hoffman Materials Inc.
without any further treatment. The CuCl,/polyvinylpyrrolidone
(PVP) alcohol solution, used as the catalyst solution, was
patterned onto the quartz surface by two ways. The first was
achieved by the spin-coating method with 4000 rpm. The second
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Figure 1. SEM and AFM images of high-density and perfectly aligned
arrays of long SWNTs along [100] direction on the ST-cut quartz substrate
using patterned copper catalyst. The bright stripes in (a) and (b) correspond
to copper catalyst. (c) High-magnification SEM image of the arrays of
SWNTs. (d) AFM image of 1 um x 0.75 um area, in which 22 SWNTs
have been found.

Figure 2. SEM and AFM images of SWNTs grown on ST-cut quartz using
spin cast CuCl,/PVP as the catalyst. The [100] crystographic direction was
marked with the arrow. d;—d, represent the diameter values of the SWNT
at different positions marked with dotted arrows.

was achieved with a mask method. Briefly, a mask with line
patterns on it was glued onto the quartz surface. Then the
catalyst solution was dropped onto the mask and evaporated.
Lastly, the mask was removed from the quartz surface to leave
the line-shape patterns of catalyst generated on the substrate.
The substrate was then treated with oxygen plasma for 15 min,
followed by CVD growth of SWNTs at 900 °C with a flow of
hydrogen (400 sccm) and argon (150 sccm, through an ethanol
bubbler). After 15 min of growth, the sample was cooled to
room temperature and inspected with scanning electron micros-
copy (SEM), atomic force microscopy (AFM), and RAMAN
spectrometer.

Figure 2a shows an SEM image of SWNTs grown on ST-cut
quartz with spin cast CuCl/PVP as catalyst where the catalyst
nanoparticles are uniformly distributed over the substrate. From
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the SEM image, it is obvious that nanotubes form a parallel array
and the length is a few tens to hundreds of microns. The orientations
of SWNTs are found to align along the X direction of the ST-cut
single crystal quartz, which is equivalent to the [100] crystographic
direction, regardless of the gas flow direction. Another interesting
observation is that some of the nanotubes bent to form a “sickle”
shaped structure. To understand the formation of such “sickle”
structures, AFM was used to inspect these SWINTs carefully. Figure
2b displays an AFM image of one such SWNT, part of which is
aligned to the X direction while the other part is curved. From the
figure, three important observations can be found: First, the SWNT
has uniform diameter at the straight part with values d ~ d;, ~ d;
~ 1.6 nm. But the diameter of the curved part of the SWNT
becomes larger. The diameter of the SWNT was found to change
from 1.6 to 1.9 nm (d3) and 2.1 nm (ds). Second, the catalyst
nanoparticle was found at the top of the curved part with a diameter
of 7.1 nm. Third, no atomic steps were observed in the image,
unlike results from earlier reports on the growth of aligned
nanotubes on quartz substrates.'> These observations can be
explained with a hypothesis of a “tip-growth” mechanism where
the catalyst nanopatrticles slide on the substrate. The growth process
of the “sickle” SWNTs can be divided into two steps. First, the
SWNT grows along the X direction on the surface with catalyst
on the tip and sliding along the X direction of the substrate. The
diameter of the catalyst is relative small. Second, as the nanotubes
grow longer, the catalyst nanoparticles collide with other metal
nanoparticles on the surface. The catalyst nanoparticles merge
together to form bigger particles. As a result of the increase in the
sizes of catalyst nanoparticles, the diameter of the SWNTs
increases. As the diameters of the catalyst nanoparticles become
too big to have strong anisotropic interaction with the surface lattice
of the substrate, the alignment of the nanotubes to the surface lattice
become not energetically preferred and the nanotubes start bending,
leading to the formation of “sickle” SWNTs. Finally, the nanotubes
stop growing either by running into another nanotube on the surface
or because the increase in the size of nanoparticles makes the
catalyst not active for continued growth of nanotubes. In other
words, the changing of the diameter of the catalyst nanoparticles
caused by the collision with other catalyst nanoparticles is
responsible for the bending and growth termination of the nano-
tubes. More proofs for the tip-growth mechanism are shown in
the Supporting Information.

To avoid such influence of unreacted catalyst nanoparticles
on the surface, we used patterned copper catalyst for the growth
of SWNTs on ST-cut quartz. Figure 1 presents the SEM and
AFM images of results. The high-density and perfectly aligned
arrays of long SWNTs have been found on the whole ST-cut
quartz substrate. The distance between the catalyst lines was
600 um in Figure la and 400 um in Figure 1b. Most of the
SWNTs can grow as long as the distance between the patterned
lines. Figure 1c is the high-magnification SEM image of the
perfectly aligned arrays of SWNTs along with X direction. No
curved or random SWNTSs have been found in the image. Figure
1d presents an AFM image of 1 um x 0.75 um area, in which
22 SWNTs have been found. As can be observed from the
image, the change in the nanotube diameter is not present, unlike
the nanotubes growth from spin cast catalysts. The explanation
for such differences is that these nanotubes grown from patterned
catalysts do not run into other catalysts during growth and thus
the diameters of the nanotubes do not change and the lengths
can be much longer until they run into another catalyst pattern
on the surface. As shown in the Supporting Information,

nanotubes up to a millimeter long can be grown easily and the
highest density of nanotubes can reach >50 nanotubes per
micron to the degree that they are not distinguishable from each
other under AFM due to the limited resolution of the instrument
(Supporting Information). To the best of our knowledge, it is
the highest density of aligned SWNTs reported. The histogram
of the SWNT's diameter distribution reveals a narrow distribution
of 1.2 £ 0.3 nm (Supporting Information). Also, the radical
breathing mode (RBM) signal at 189 cm ™" and G-band at 1593
cm™ ' were clearly observed (Supporting Information).

In summary, we discovered a method to grow high-density,
uniform, perfectly aligned arrays of long SWNTSs on ST-cut quartz
using copper as the catalyst and ethanol as the carbon source. We
have also observed the formation of “sickle” shaped nanotubes
when using spin cast nanoparticles as catalysts. The increase in
the sizes of the catalyst nanoparticles as a result of merging with
unreacted nanoparticles on the substrate surface is believed to be
the cause of bending and termination of nanotubes. With the
understanding of the impacts caused by nanoparticles merging, a
patterned catalyst is used to avoid the effect for the growth of long
and straight nanotubes with high density. The length of the
nanotubes can be controlled by the spacing between catalyst
patterns, and the diameter has an intrinsically narrow distribution
around 1.2 nm. Such high-density perfectly aligned nanotubes can
be directly used for high current and high frequency electronic
devices. The uniformity and the alignment make the fabrication
of nanotube devices more straightforward. We believe that our
method for the growth of high-density aligned SWNTs will find
wide applications for practical nanotube devices.
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