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The unique electrical and mechanical properties of
single-walled carbon nanotubes (SWNTs) have moti-
vated rapid progress in nanotube synthesis and elec-
tronics in the past few years.! Many significant initial
steps have been taken. For example, simple circuits
based on SWNTs have recently been demonstrated.2—*
However, large-scale integration on a level comparable
to current microelectronics, although in principle achiev-
able, is still an elusive goal. In this work, we take a step
closer to this goal by demonstrating the controlled
growth of millimeter long, straight arrays of SWNTs in
a single-furnace chemical vapor deposition (CVD) sys-
tem.

Currently, three general methods exist for the syn-
thesis of SWNTSs:5> Arc discharge, laser ablation, and
CVD. CVD has the advantage that the catalyst struc-
tures that initiate growth can be defined lithographi-
cally, initially demonstrated by Kong et al.,® a signifi-
cant first step toward large-scale integration of nano-
systems. Kong et al. used methane as the feedstock and
showed that high-quality SWNTs of length ~10 um
could be grown on Si wafers; the orientation of the
nanotubes was not controlled.

Subsequent work by the same group showed that with
use of a combination of methane, ethylene, and H, as
the feedstock, SWNTs up to 600 um in length could be
synthesized. These were also randomly oriented and
contained ~10 loops along their length, i.e., were not
straight but rather “curly”. Using the same growth
recipe of methane, ethylene, and H; feedstock CVD, the
Fuhrer group recently synthesized and electrically
contacted a single 300 um long, straight SWNT.” Other
research has shown that when an electric field is applied
during growth, SWNTs grown by CVD can be aligned
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parallel to the direction of the electric field.2~1° Recently,
the Liu group has demonstrated outstanding results in
the synthesis of arrays of long SWNTs.11715 They
developed a technique based on “fast-heating”. Using
this technique and CO/H; as the feedstock, they dem-
onstrated the growth of arrays of SWNTs ~1 mm in
length and observed SWNTs up to approximately 1 cm
in length. They also demonstrated crossed arrays of
SWNTs.

In this work, we demonstrate the growth of arrays of
1.5 mm long, straight single-walled nanotubes fabri-
cated using a single furnace with methane and H, as
the feedstock. Our work shows that arrays of long,
straight nanotubes can be grown in a single furnace
system, without the need for rapid heating, thus sim-
plifying the synthesis procedure.

For the pre-growth catalyst preparation, we started
with a 4-in. Si wafer (100, p-type, resistivity 12—16 kQ-
cm) with a 500 nm thick SiO; film as a substrate. A
thin Cr/Au (50 nm/200 nm) bilayer was deposited by
e-beam or thermal evaporation and patterned photo-
lithographically using liftoff. After definition of the
metallization pattern, photoresist was applied, exposed,
and developed, to fabricate wells in the resist over the
Cr/Au pattern. An aqueous suspension of Fe-laden
alumina nanoparticle catalysts was applied and allowed
to dry in air and then lifted off in acetone. The result is
a lithographically defined Cr/Au/nanoparticle catalyst
pattern ready for growth. Since our catalyst suspension
is aqueous based, it is compatible with standard photo-
resist and economical optical lithography, in contrast
to the method of Kong, which uses a methanol-based
suspension requiring PMMA, hence electron beam
lithography or special deep UV lithography.

The nanoparticle suspension was prepared by adding
0.3 g of alumina nanoparticles (Degussa, aluminum
oxide C), 0.05 mmol of Fe(NO3)3-9H,0 (Aldrich), and
0.015 mmol of MoO;(acac), (Aldrich) to 300 mL of DI
water (18 MQ-cm). The mixture was stirred for 24 h
and sonicated for 1 h. In this work, different diluted
nanoparticle catalyst solutions have been investigated
for nanotube growth.

The synthesis was carried out using a home-built
CVD system based on a 3 in. diameter Lindberg furnace,
with a specially designed gas-flow injector to minimize
turbulent flow. The growth procedure was as follows:
First, the sample was heated to 900 °C in Ar over the
course of 0.5 h. Next, H, was flowed for 10 min. Next, a
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Figure 1. Array of 1.5 mm long SWNTs shown in a mosaic of SEM images. Scale bar: 0.5 mm.
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Figure 2. High-magnification SEM image of initial and
terminal points of long nanotubes shown in Figure 1. Scale
bar: 50 um.

methane (1000 sccm)/H, (200 sccm) mixture was flowed
for 15 min to activate the growth. The sample was then
allowed to slowly cool in Ar. Post-growth characteriza-
tion was carried out with SEM (S-4700-2 FESEM,
Hitachi, Japan) and AFM (Digital Instruments, Multi-
mode).

Before we developed the Au underlayer technique, a
series of growth runs with only nanoparticles as catalyst
were performed in order to determine the optimum
nanoparticle concentration for growth. Five different
diluted concentrations (original, 5x, 10x, 20x, and 50x)
were prepared and studied in a series of 12 growth runs;
each concentration was used in at least two growth runs,
except the 50x dilution, which was used only once. At
high concentration, such as the original and 5x dilution,
the nanotube growth yield is high. At this high density,
the nanotubes tend to overlap and entangle with each
other. On the other hand, at low concentration, such as
20x and 50x dilution, the growth yield is low. The 10x
diluted nanoparticle catalyst solution afforded the high-
est number of long nanotubes, although all the nano-
tubes were less than 100 um in length for the initial
studies without the metal underlayer (see Supporting
Information). After optimizing the catalyst concentra-
tion, we then turned to studies with a Au metal
underlayer to investigate the growth of longer carbon
nanotubes.
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Figure 3. Histograms of nanotube lengths from five separate
growth runs. Nanotubes less than 0.1 mm in length were not
counted in this study.

In Figure 1 we show an SEM image mosaic of a one-
dimensional array of ultra-long SWNTs. The growth
results indicate an aligned array of six nanotubes with
pitch of 50 um and length of at least 400 um. Three of
the 6 nanotubes were 1.5 mm in length. The growth of
the longer nanotubes was terminated only by the
presence of a neighboring catalyst site. In Figure 2, we
show a higher magnification set of SEM images of the
array shown in Figure 1. The catalyst pad initiating the
growth shows no outstanding features. From the im-
ages, we find three mechanisms for terminating the
growth: (1) The nanotube continues to grow straight
until it hits the nearest obstacle. (2) The nanotube grows
straight over distances on the order of millimeters and
then begins to turn with a radius of curvature on the
order of 10 um, terminating in the nearest obstacle. (3)
The nanotube grows straight over distances on the order
of millimeters and then turns extensively, returning on
itself many times, without reaching the nearest obstacle.
The third termination mechanism is also visible in
Figure 1, for two nanotubes that grew to only 0.7 mm
in length. At the moment, the mechanism for a straight
nanotube terminating in a loopy section is unknown.
Clearly, though, all three mechanisms are related to an
obstacle of some sort, which indicates that we have not
reached the limits in nanotube length for our growth
procedure. In some cases, we find the nanotube growth
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Figure 4. AFM image of nanotubes, showing a height of 1.7
and 1.6 nm. Image area is 1 x 1 um.

terminates before it reaches an obstacle. For these
nanotubes, we believe the growth initiated sometime
after the beginning of the growth run and then termi-
nated when the methane flow was halted. However, we
cannot rule out the possibility that an alternative,
unknown mechanism exists to terminate nanotube
growth.

To quantify the length of the nanotubes, we have
carefully analyzed the results of five separate growth
runs, corresponding to three separate catalyst deposi-
tions. We plot in Figure 3 five histograms of the number
of nanotubes grown vs length. For each run, we carefully
measured the length of all the nanotubes grown from
1/3 of the 18 catalyst pads on the chip, each pad being
1 x 2 mm in size. In five other growth runs we
performed, although we did not perform as detailed an
analysis, we found similar results. Thus, our results are
reproducible from growth run to growth run (for 10 runs
total) and from catalyst deposition to catalyst deposition.

In Figure 4, we plot an AFM image of nanotubes
synthesized with our growth procedure, indicating a
height of 1.6 and 1.7 nm. AFM images of other nano-
tubes synthesized with the same procedure yield diam-
eters ranging from 1.4 to 1.9 nm. TEM imaging (see
Supporting Information) indicates that our long nano-
tubes are individual single-walled nanotubes and not
bundles. Additional TEM images (not shown) indicate
that our shorter nanotubes (<10 um) are single-walled
with bundles occasionally occurring. Thus, we find that
the long nanotubes are indeed isolated, individual
SWNTSs.

The ability to grow these ultra-long, straight nano-
tubes is due to two key factors: First, we have designed
a special gas injector to efficiently mix the gases before
flow and minimize the turbulence (see Supporting
Information). This allows the nanotubes to grow long
distances in a single direction parallel to the gas flow.
Second, the Au underlayer supports the nanoparticle
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Flgure 5. To scale schematic drawing of nanotube growth
from elevated catalyst sites.

catalysts well above the substrate, ~100 times larger
than the nanotube and nanoparticle diameter. This
allows the nanotubes to grow without interference from
the substrate over long distances. In dozens of control
experiments with no metal underlayer (see Supporting
Information), we found no carbon nanotubes longer than
100 um in length. We postulate that, during growth, the
nanotubes are freely suspended and that, after the
growth, the nanotubes gently settle to the substrate and
become van der Waals-bound there. This is indicated
schematically in Figure 5. This is unique to our growth
procedure. Evidence for this is given in the Supporting
Information, where an SEM image shows the beginning
of a 0.65 mm long nanotube. The image shows the
nanotube is freely suspended between the catalyst and
the substrate, indicating that growth initiated from a
nanoparticle that was well above the substrate. Al-
though we know the as-grown nanotubes are parallel
to the gas flow direction, for the studies presented here
we do not know if the nanotubes grew in the upstream
or downstream direction; this will be addressed in future
work.

In conclusion, we have demonstrated the growth of
1d arrays of millimeter long SWNTs using a single-
furnace, methane/H, recipe. In the future it should be
possible to grow 2d arrays by rotating the wafer and
carrying out a second growth run. By engineering the
nanotube pitch through careful catalyst preparation,
ultra-dense electrical circuitry could be fabricated.
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4) TEM images of a 156 long SWNT grown on a thin i, membrane.

Figure S3: TEM images.



