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ABSTRACT A gas shower system was introduced to improve the growth of single-walled carbon nanotube

(SWNT) forests by controling the gas flow direction. Delivery of gases from the top of the forest enabled direct and

precise supply of ethylene and water vapor to the Fe catalysts. As such, this approach solved one of the limiting

factors of water-assisted chemical vapor deposition method (CVD), that is, delivery of the very small optimum

water level to the catalysts. Consequently, this approach improved SWNT forests growth stability, uniformity,

reproducibility, carbon efficiency (32%), and catalyst lifetime. With this improved growth, we could synthesize a

1 cm tall forest with 1 X 1 cm size. Also we employed this approach to grow an A4 size SWNT forest to highlight

the scalability of water-assisted CVD.
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hen single-walled and multi-

walled carbon nanotubes are ef-

ficiently grown by chemical va-
por deposition (CVD) from catalysts
deposited on a substrate, the subsequently
grown nanotubes align vertically into a bulk
material called a SWNT forest' 7 and
MWNT forest,” '® respectively. CNTs within
the forest possess excellent properties, such
as, alignment, high surface area, high car-
bon purity, good electrical conductivity, and
long length. As such, possessing these im-
portant properties, CNT forests have been
shown to be advantageous for numerous
applications spanning a wide range of
fields, exemplified from three-dimensional
MEMS,"” stretchable conductors,'® high
power and density supercapacitors,'® sens-
ing applications,?® field-emitters in flat-
screen displays,?’ superhydrophobic sur-
faces for self-cleaning surfaces,?? fast-
moving, low-voltage actuators,?® super-
tough fibers,>* gecko tape,?® and fuel
cells.?®

From these pioneering researches, the

potential applications of CNT forests have
been revealed, however their use in real ap-
plications has been precluded so far mainly
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because production of forests have been
limited. Therefore, to pursue and utilize the
full promise of CNT forests, the develop-
ment of a synthetic approach that enables
efficient, large-area, economical, and stable
growth of CNT forests is of paramount im-
portance. Such a synthetic approach, if real-
ized, might advance the use of CNT forests
toward commercial applications. In the
past, many synthetic approaches have been
proposed to address the above-mentioned
issues, including, but not limited to, HiPco
process,”” alcohol CVD," plasma CVD,*""
and “flying carpets”.'® A different approach
introduced a small amount of water into the
growth ambient of standard chemical va-
por deposition (CVD)>>71%2" to increase
the growth rate and lifetime of the cata-
lysts, and thus dramatically improve the
synthesis efficiency of SWNTs>'®2" and
MWNTs>” to unprecedented heights.
Specifically, with an almost background
level of (100—200 ppm) water, SWNTs and
MWNTs could grow into millimeter scale
forests within 10 min. Water acted to re-
move the carbon coating on the catalyst to
revive catalyst activity for high synthesis ef-
ficiency.?® This water-assisted highly effi-
cient growth, denoted as “supergrowth,”
has become a popular method to efficiently
grow forests; however, the application of
only a minute amount of water to the cata-
lysts on the substrate (base growth mecha-
nism) had seriously hindered the controlla-
bility, reproducibility, and stability. Research
of precise and controlled gas delivery for
CVD has a long history, and for CNT forest
growth, use of patterned catalysts has been
proposed to introduce a gas channel for fast
and efficient mass transfer.?® Another differ-
ent direction is to use a shower head to dis-
pense gases for better control of growth.3%3'
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This technique is widely used in (@)
the semiconductor industry be-

cause precise and uniform growth

over large areas is required.
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Figure 1 panels a—c sche-
matically show the concept of
the shower system to deliver water vapor and carbon
source gas from the top compared to conventional
lateral-flow growth where the gas flows in from the
side and out the other. Specifically, a 60 X 20 mm
quartz shower system with a 27 array of 0.5 mm holes
(see Supporting Information, Figure S1) was installed in
a 1in. quartz lateral tube furnace (Supporting Informa-
tion, Figure S2) and placed above and parallel to the
sample (Figure 1c¢). As shown in the schematics, three
types of growths and sample configuration (L1 and L2)
with different gas deliveries were implemented on
these samples: (i) water vapor and carbon source gas
(ethylene) both incident from the side (conventional
lateral-flow growth), (ii) only water vapor from the top
(water top-flow growth), and (iii) both water vapor and
carbon source gas (ethylene) from the top (top-flow
growth), with different water levels.

The growth yield, particularly the sensitivity to water,
and the graphitic (G-band) to disorder band (D-band) ra-
tio measured by Raman (532 nm wavelength) spectros-
copy showed significant dependence on the gas delivery.
The three cases showed similar overall trends, that is, the
growth yield increased, peaked, and decreased with the
water level, but with markedly different sensitivities (Fig-
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for (d and g) conventional lateral-flow, (e and f) water top-flow, and (f and i) top-flow growths, re-
spectively. Red and blue circles indicate the L1 and L2 samples, respectively.

ure 1d—f). The lateral-flow growth and the top-flow
growth represented the two extremes in all cases. While
conventional lateral-flow growth showed relatively the
weakest sensitivity to water as evident in the indistinct
and broad peak (Figure 1d), the top-flow growth was sig-
nificantly more water sensitive as reflected in the sharp
and narrow peak (Figure 1f). The sensitivity of the water
top-flow growth fell between the two extremes (Figure
1e). In similar fashion, for the water level required to opti-
mize the growth and the resultant growth yield, the top-
flow growth required the smaller level than that of the
other cases while possessing the highest growth yield at
the optimized condition. Meanwhile, the lateral-flow
growth required the highest optimized water level yet
producing, relatively, the lowest yield. Once more, the wa-
ter top-flow growth fell between the two in both catego-
ries. In contrast to the growth properties, the quality of
the nanotubes did not appear to depend on the gas de-
livery as the G/D ratio was similar for all three cases (Fig-
ure 1g—i). Another important aspect of the shower was its
ability to improve growth stability, uniformity, and repro-
ducibility and to facilitate growth on larger areas. For the
top-flow growth, the difference between two simulta-
neously grown samples L1 and L2 (Figure 1f,i) and fluctua-
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Figure 2. Schematics of gas flow direction to catalysts at initial
stage of the growth and with the presence of a forest for (a and
b) conventional lateral-flow and (c and d) top-flow growth,
respectively.

tion between successive growths were small in terms of
the yield and G/D ratio. In contrast, conventional lateral-
flow growth showed a large difference between the L1
and L2 samples (Figure 1d,g) and strong fluctuation
among growths (Table 1). We believe this instability re-
flects the difficulty in controlling the supergrowth. Fur-
thermore, the yields of 10 consecutive growths for the
three types of gas delivery (see Supporting Information,
Figure S3) showed that the top-flow growth demon-
strated the best reproducibility (fluctuation among
growths) and uniformity (fluctuation between samples),
and the highest yield. It should be noted that the catalyst
was not a critical factor in this work, and we could apply
the top-flow growth to synthesize SWNT, DWNT, or
MWNT forests by tailoring the catalyst thicknesses.”

These results clearly show that the top-flow growth
was valuable to control and regulate the growth of for-
ests. In addition, not only did top-flow growth produce
the highest yield, this method exhibited an exception-
ally high carbon efficiency (the percentage of the input
carbon converted to CNTs) of 32% which is over an or-
der higher than the 1% carbon efficiency from the
lateral-flow growth (Table 1).

We interpret that the difference in the growth with dif-
ferent gas delivery originates from stable and uniform de-
livery of water vapor and carbon source gas to the cata-
lyst (Figure 2). The forest mass densities were calculated
by dividing the weight by volume and as 0.03—0.04
g/em.>3? As calculated from the mass density, the aver-

TABLE 1. Summary of the Yield and G/D for L1 and L2
Samples for Each Growth Process Synthesized by 10
Continuous Growths

RDof RD‘of carbon
process yield® (CV°) G/D (CV®) yield  G/D efficiency
lateral-flow 2.0 =0.5(0.25) 6.2 +0.8(0.13) —38% —3% 0.9%
water top-flow 2.3 £0.3(0.13) 7.8 = 0.4(0.05 —13% +3% 1.1%
top-flow 34 +04(0.12) 6806009 —6% —3% 32%

“Unit of yield is mg/cm?. °CV is coefficient of variation. ‘RD is relative difference
between L1 and L2 samples.
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age distance between SWNTs (average size 2.8—3.0 nm)
was ~14 nm. Ethylene and water vapor transfer through
the forest by Knudsen diffusion because the mean free
paths of ethylene and water vapor calculated as 405 and
180 nm, respectively, are an order larger than the mean
distance between SWNTs in the forest.?® This means that
a forest acts as a diffusion barrier to water and ethylene
similar to a nanoporous layer.

For conventional lateral-flow growth, at the initial
stage of the growth, the gases diffuse over the substrate
by ordinary molecular diffusion (Figure 2a), and this al-
lows a uniform and optimum supply of the gases to the
catalysts. In contrast, under the presence of a forest, gases
that contact the forest would feel a diffusion barrier and
thus a part would pass across the top by molecular diffu-
sion. Consequently, a part of the gases would penetrate
into the forest from the side and from the top, transport
through the nanoporous forest by Knudsen diffusion, and
reach the catalyst at the root (Figure 2b). As the forest de-
velops with time, the amount and ratio of ethylene and
water vapor supplied to the catalysts would not only vary
spatially and but also temporally, making it impractical
to supply the optimum levels of gases to the catalysts
over a large area for extended time. In addition, it should
be remembered that the optimum required water level is
extremely small on the hundreds of ppm level and that
water could react and be consumed by the quartz tube
or any carbon impurities on the tube before they reach
the forest, which would affect the growth stability and
sensitivity. In fact, Fourier transform infrared (FT-IR) spec-
troscopy detected CO in the exhaust gases providing di-
rect evidence of reaction of water and carbon during the
growth process. These observations mean that the water
level reaching the catalyst varies spatially and deviates
from the water level supplied to the forest, and this ex-
plains the observed broad and high water level window
associated with lower yield for the lateral-flow growth.

In contrast, for top-flow growth, the shower head
forces the gases to flow into the forest with minimum
flow around the forest (Figure 2¢), and this facilitates a
uniform and optimum supply of the gases to the cata-
lysts. In addition, the gases diffuse parallel to the CNT
alignment direction and encounter minimal interruption,
and thereby reach the catalysts by the shortest possible
path with minimum diffusion barrier. As such, even with
the presence of the forest, the flow is expected to be
rather unvarying (Figure 2d). These effects explain the ob-
served sensitivity, stability, uniformity, high carbon effi-
ciency, and high yield of the top-flow growth.

We found that the top-flow possessed an addi-
tional benefit of increasing the catalyst lifetime that en-
abled the synthesis of centimeter tall CNT forests. To il-
lustrate this point, three forest growth curves (Figure
3a) using the three different gas deliveries were mea-
sured by the in situ telecentric height monitoring sys-
tem (LS7030M, Keyence).?® In brief, a brilliant parallel
green light was transmitted into the furnace and the
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Figure 3. (a) Time evolution of the forest growth observed
in situ telecentric optical monitoring system for the three dif-
ferent growths. (b) Photograph of CNT forest with a height
of 1 cm synthesized by top-flow growth.

projected shadow of the forest progressed to the re-
ceiver and was refocused onto a CCD through a telecen-
tric optical system. The growth curves of the lateral-
flow and water top-flow growth were almost identical
and followed the radioactive decay growth model as
previously reported, that is, the growth rate was high-
est at the onset of growth, gradually decreased, and fi-
nally terminated.>* A significant difference was ob-
served for the top-flow growth. Although, the growth
rate was initially slightly slower, the decrease in the
growth rate was nominal over a long duration, and con-
sequently, the forest kept growing. In fact, the top-
flow growth curve was concaved up while the other
growth curves were concaved down below 20 min. This
means that the growth rate increased from the onset
of the growth. We interpret that this unusual concaved
growth behavior originates from the small total flow of
gases (100 sccm) of the top-flow growth that is an or-
der smaller than that of the lateral-flow growth (1000
sccm). Accordingly, at the onset of growth, the concen-
tration of carbon at the catalysts does not immediately
reach the critical value of supersaturation as is the case
for lateral-flow growth. Instead, the concentration of
the carbon gradually rises and CNTs precipitate from
the catalyst when the critical value is exceeded. The
growth accelerates as the carbon concentration builds
up. This effect would result in a concaved down growth
behavior as observed in this work and has been also re-
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ported in growth where a low level of carbon source
was supplied by a molecular jet.>®

By extending the growth time, we synthesized a 1
cm tall forest with 1 X 1 cm size (Figure 3b) while main-
taining a ~50 wm/min average growth rate. In fact,
the growth terminated when the forest reached the
gas shower delivery system, and thus we expect that
growing even taller forests is possible. For top-flow
growth, the growth rate remained almost unchanged
over a wide range, and almost no saturation in growth
was observed in sharp difference with the other reports
where a growth termination has been observed.3*3637
The observed long lifetime would provide an important
evidence to understand the long debated mechanism
of growth termination, and here we provide several
possible explanations. First, it should be noted that the
lifetime of growth strongly depends on the relative
level of water to carbon source gas supplied to the cata-
lysts. When catalysts are exposed to the optimum rela-
tive level of water to carbon (~1:2000), the surfaces are
kept clean and active, and thus the lifetimes are long.>*
Deviation from the optimum level results in shorter life-
time from catalyst deactivation because excess water
oxidizes the catalysts and excess carbon smothers the
catalysts. As explained above, as the height of the for-
est increases, the ability to maintain the optimum lev-
els at the catalysts decreases for lateral-flow growth.
This effect could be one reason for the shorter lifetime
of lateral-flow growth. Another explanation is the very
high carbon efficiency of 32% of the top-flow growth.
For typical low efficiency CNT synthesis (less than 10%),
we believe that the unreacted carbon species contrib-
ute to the deactivation of surrounding catalyst particles.
This effect results in the shorting of the growth life-
time. On the basis of this high carbon efficiency re-
ported here, we interpret that the concentration of the
unreacted carbon species would decrease significantly
because upon contact with the catalyst ethylene effec-
tively converted into CNTs. We tentatively interpret that
this effect accounts for the observed long lifetime.
Growth termination has been one of the main ob-
stacles in CNT growth, and top-flow growth provides a
simple yet effective approach to address to this issue.

We found that growths with different gas delivery pro-
duced almost identical SWNTSs that demonstrate that gas
delivery rules the growth kinetics but not the structure of
the SWNTSs. First, Raman spectra showed that the radial
breathing mode peaks, an indicator of the existence of
SWNTs, and the G/D ratio were almost identical for the
three types of growths (Figure 4a). Second, transmission
electron microscopy (TEM) images revealed that the di-
ameter, straightness, and impurity levels of the SWNTs
were similar for all the three types of growths (Figure 4b).
The average sizes of the SWNTSs were estimated to be in
the range of 2.5 to 3 nm, and did not depend on the
growth type. Third, thermogravimetric profiles (not
shown) of the CNTs synthesized by the three types of
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Figure 5. Photographs of (a) constructed 6 m x 1.5 m lateral batch CVD furnace and (b) grown A4.

growth were nearly identical with negligible weight re-
duction at low temperatures below 500 °C, followed by
the main combustion in the range of 550—700 °C, and no
measurable residue above 750 °C.

Finally, to demonstrate the potential of the top-
flow growth to synthesize forests on large scale, we
constructed a 6 X 1.5 m lateral batch CVD furnace that
could accommodate a sample up to A4 size (210 mm X
297 mm). This furnace was equipped with a gas shower
delivery system designed by thermofluid simulations
to deliver the water uniformly across the entire sub-
strate (Figure 5a). To ensure uniformity of the catalyst
on this large sample, we used a large sputtering instru-
ment with the capability to sputter and rotate a sample
as large as 500 X 500 mm (see Supporting Informa-
tion, Figure S4). The A4 samples were placed off-
centered and rotated providing uniformity of thickness
within 10%. This uniformity was sufficient to prepare a

%\K) VOL.3 = NO.12 = YASUDA ET AL.
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proaching a millimeter and
weight exceeding a gram in
a 10 min growth time (Fig-
ure 5b). This important re-
sult clearly demonstrates
that the supergrowth pro-
cess is scalable in two-
dimension, and opens up a
route for mass production
of CNT forests based on this
approach. Such a large area
forest could be directly used
as a large blackbody light
absorber for solar energy
collectors®® or could be
transformed into densely
packed SWNT solid large
sheets useful for electrodes of com-
pact and high energy density super-
capacitors.'® In contrast, we failed to
obtain a large area forest by lateral-
flow growth because the water level
reaching the catalyst at downstream
side was smaller than that at the up-
stream side. When the water level
supplied to the forest was tuned to
the optimum level of the upstream/
downstream side, we got inferior
growth yield at the opposite down-
stream/upstream side. If the sample
length was over 4 cm, we could not
grow forests across the entire sample, and this high-
lights the superiority of top-flow growth for large-scale.
In conclusion, we demonstrated that the gas flow di-
rection is a very important factor that governs many as-
pect of supergrowth. By delivering both carbon source

lateral-flow, water top-flow, and top-flow growths. TEM images of SWNTs grown by (b) conventional
lateral-flow, (c) water top-flow, and (d) top-flow growths, respectively.

gas and water vapor from the top, they could flow par-
allel to the CNT alignment, and thus reach the cata-
lysts with high efficiency, stability, and uniformity. This
approach improved not only the stability and reproduc-
ibility of growth but also the lifetime of the catalysts
that resulted in an increase of yield and height. While
conventional lateral-flow growth only possesses scal-
ability in one dimension, this approach is fundamen-
tally scalable in two dimensions as demonstrated by the
successful growth of forests on A4 size substrates. Ac-
cordingly, this simple approach provides a powerful
tool to unlock the full potential of supergrowth.

www.acsnano.org



METHODS

Single-walled carbon nanotube forests were synthesized in
a 1in. quartz tube furnace by water-assisted chemical vapor
deposition, “supergrowth” at 750 °C (referring to set tempera-
ture of the furnace) on two 2 X 2 cm Si wafer samples (L1 and
L2) with Al,O; 10 nm/Fe 1 nm catalyst. The catalysts were pre-
pared by a sputtering process. As the prepared Fe thin film was
around 1.0 nm and very thin, it was preferred to have a sputter-
ing rate that was as slow (but stable) as possible. To maximize
our control over sputtering levels, we minimized the sputtering
rate to deposit a 1.0-nm-thick Fe film with a time exceeding 30 s.
This ensures that the deposition process is both very stable and
uniform. Conventional lateral-flow growth were performed by
introducing 100 standard cubic centimeters per minute (sccm)
C,H, and 900 sccm He-contained small water vapor from a tube
furnace at atmospheric pressure. In the case of a water top-flow
growth, only water vapor was introduced from a gas shower sys-
tem placed above and parallel to the sample with 6—10 mm dis-
tance, and 100 sccm C,H, and 900 sccm He gases flowed from
tube furnace. C;H; (10 sccm) and 90 sccm He with a controlled
amount of water vapor was introduced from gas shower system
for top-flow growth. The flowchart of the process is presented
in Supporting Information, Figure S5). All furnaces were
equipped with an in situ telecentric height monitoring system
for growth kinetics measurement. TEM and Raman characteriza-
tion showed that the CNTs were dominantly SWNTs.
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