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espite the intense interest in the
controlled growth of single-wall car-

bon nanotubes (SWNTs) by chemi-

cal vapor deposition, several long-standing
questions remain about how ensembles of
catalyst nanoparticles respond to processing
variables such as temperature, choice of
hydrocarbon feedstock gas, gas flux, and
partial pressure. Factors controlling the nu-
cleation efficiency, diameter, wall number,
and chirality of nanotubes remain critical not
only for nanoscale electronics, where individual
nanotubes are desired, but also in vertically
aligned nanotube forests, where more macro-
scopic properties are developed, such as elec-
trical conductivity for interconnects'? and
thermal conductivity for thermal interface
materials.>* High areal densities of catalyst nano-
particles contain a variety of particle sizes and
compositions yet often exhibit a cooperative
response in the growth and termination of
dense nanotube forests of uniform lengths, the
mechanisms for which remain key questions.® 2
Although a variety of effects can affect
nanotube diameter and quality, including
catalyst composition,”'® type of feedstock
gas,'' '3 and effects of oxidant or inert back-
ground gases on catalyst shape,'®'*'> the
partial pressure of carbon feedstock gas has
also been shown to play a major role.'® "8 In
seminal work, Cheung et al. showed not only
that catalyst nanoparticle size governs the
diameter of resultant nanotubes but also
noted the important role that reactant partial
pressure plays to determine the distribution
of nanotube diameters that grow from an
ensemble of polydisperse particles.'® Larger
diameter nanoparticles were shown to re-
quire higher partial pressures to nucleate and
grow correspondingly larger diameter nano-
tubes. Later, Lu et al. showed that by low-
ering not only the carbon feeding rate but
also the temperature, small diameter (<1 nm)
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ABSTRACT The nucleation and growth kinetics of single-wall carbon nanotubes in aligned
arrays have been measured using fast pulses of acetylene and in situ optical diagnostics in
conjunction with low pressure chemical vapor deposition (CVD). Increasing the acetylene partial
pressure is shown to decrease nucleation times by three orders of magnitude, permitting aligned
nanotube arrays to nucleate and grow to micrometers lengths within single gas pulses at high (up to
7 um/s) peak growth rates and short ~0.5 s times. Low-frequency Raman scattering (>10 cm )
and transmission electron microscopy measurements show that increasing the feedstock flux in both
continuous- and pulsed-CVD shifts the product distribution to large single-wall carbon nanotube
diameters >2.5 nm. Sufficiently high acetylene partial pressures in pulsed-CVD appear to
temporarily terminate the growth of the fastest-growing, small-diameter nanotubes by overcoating
the more catalytically active, smaller catalyst nanoparticles within the ensemble with non-nanotube
carbon in agreement with a growth model. The results indicate that subsets of catalyst nanoparticle
ensembles nucleate, grow, and terminate growth within different flux ranges according to their
catalytic activity.

KEYWORDS: single wall carbon nanotubes - chemical vapor deposition -
induction time - nucleation - growth rate - kinetics - in situ - real-time - diagnostics -
pulsed growth - diameter distribution - flux - aligned - partial pressure

SWNTs could selectively be grown from a
wide distribution of catalyst nanoparticle
diameters and proposed an optimal carbon
feeding rate to grow SWNTs from different
diameter nanoparticles, with overfed nano-
particles shutting down growth due to over-
coating with carbon and underfed particles
never nucleating.'”°

The rapid growth of SWNTs in milli-
meters-long aligned arrays?° tends to result
in large-diameter nanotubes with a broad
distribution of diameters (e.g, 1-5 nm,
average of 3.0 nm).2' Raman spectroscopy

of vertically aligned carbon nanotube arrays ~ *Address correspondence to

(VANTA) typically indicate much higher frac-
tions of small-diameter SWNTs and higher
G:D band ratios for the nanotubes grown
earliest (in the top portion of the arrays),
indicating that the nanotube diameters or
wall-numbers (as well as defect levels), are
changing with time during growth.''??
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However, the accurate analysis of wall number and
SWNT fraction in such arrays is difficult to characterize
by Raman spectroscopy because most Raman instru-
ments are sensitive only to ~100 cm™" from the laser
frequency, limiting the assessment of SWNTs dia-
meters to <2.5 nm. Recently, Hasegawa et al. used
TEM analysis to confirm a doubling in the average
SWNT diameter (from ~1.5 to 3 nm) during the first 200
um of rapid SWNT array growth for several acetylene
partial pressures.?

To understand the prolonged growth of carbon
nanotubes in aligned arrays for different fluxes
and temperatures, we developed a combined approach
utilizing time-resolved, in situ optical diagnostics™' #2242
of nanotube array growth kinetics and an associated
growth model.**2% Our growth model was based
upon the concepts of Baker,?” as were those of many
other researchers?®3° to explain the growth of both
nanofibers and nanotubes. It predicts the growth
kinetics, number of walls, and terminal length of
nanotubes grown for a particular catalyst preparation
at different hydrocarbon fluxes and temperatures.” It
also predicts that the fastest growing nanotubes are
SWNTs and determines the optimal hydrocarbon flux
for fast SWNT growth from catalyst nanoparticles of
different activities.?® In the model, growth of a nanotube
terminates when surface carbon forms faster from
decomposed feedstock than it can be removed by
dissolution into the particle or by surface diffusion to
the growing nanotube.

Recently, we explored the growth of VANTAs by
pulsed CVD and showed that the rapid variations in
carbon supply inherent to the process can produce

EXPERIMENTAL SECTION

TRR is a sensitive technique to measure the height and the
density of VANTAs during the first 20 um of their growth, >242>3
Fabry—Perot interference oscillations in the signal amplitude
indicate aligned growth, and each fringe corresponds to an
additional ~300 nm increase in height. Recently, we showed
that the effective extinction coefficient obtained from the
exponential attenuation of the TRR signal is directly propor-
tional to the density in the VANTA array, even for layered
VANTAs with oscillating density variations as large as a factor
of 1.6.3" Therefore, TRR can be used to simultaneously under-
stand how both the density and the growth rate of a VANTA
evolve with variations in growth conditions.

The experimental apparatus used for the pulsed CVD growth
of VANTAs has been described elsewhere' All experiments
described here used a 0.5 nm Fe catalyst and 30 nm Al,O3 buffer
layer on Si wafers at 690—720 °C within a conventional 3 inch
o.d. tube furnace into which Ar (2000 sccm) and H, (250 sccm)
gases are continuously flowed at low (6.3 Torr) pressure. Pulses
of acetylene were introduced into this fast-flowing Ar/H, mix-
ture with a pulsed valve upstream of the quartz tube. Modeling
of the pulse of acetylene arriving at the vertically standing
substrate 0.6 m away predicts a pulse width full-width at half-
maximum (fwhm) of ~0.12s after a transit delay of ~0.1s. The
transients in the optical reflectivity signal measured experi-
mental fwhm pulse widths of 0.2—0.25 s fwhm, however. For the
pulsed growth experiments described here, the volume of
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variations in the density of nanotube arrays, permitting
the construction of multilayered nanotube architec-
tures with variable density and layer spacing.®’ In
pulsed CVD, the feedstock gas is supplied by a pulsed
valve, and fast flows of background gases at low
pressures carry the hydrocarbon gas past the substrate
within discrete time periods.®' Pulsed CVD differs in
two main respects from conventional CVD: First, the
growth of the array is interrupted by stops and starts,
requiring repeated continuation or renucleation of
growth on catalyst nanoparticles.>® Second, the flux
of feedstock varies over a wide range during a brief
period. Fundamentally, pulsed CVD thereby provides a
means not only to understand the kinetics of nanotube
nucleation, renucleation, and growth but also to ex-
plore how rapidly ensembles of active sites can re-
spond to highly nonequilibrium growth conditions.
Here, we explore the effects of changing acetylene
partial pressure on the growth kinetics and diameter
distribution of nanotubes in VANTAs grown by both
constant flows and pulsed CVD. At low total pressures,
where fast gas flows and optical diagnostics provide
~0.1 s time resolution for kinetics studies, increasing
the hydrocarbon partial pressure is shown to markedly
decrease the nucleation time for coordinated array
growth as well as terminate the growth of small-
diameter SWNTSs, selectively producing large-diameter
SWNT arrays. Interrupting the growth and reducing the
acetylene flux is shown to reinitiate small-diameter
SWNTs in the arrays. These results, taken together with
recent TRR measurements of density variations in
VANTAs®' and growth model considerations, provide
a more complete picture of their coordinated growth.

acetylene gas injected per pulse at 20 °C ranged from 0.2 to
3.1 cm?, providing peak fluxes (using a 0.2 s fwhm acetylene
pulse) of ~0.53—8.2 x 10'® cm~2s~" which are equivalent to
60—920 sccm continuous acetylene flows at 6.3 Torr. After each
pulse, 10 s of time was provided before the next pulse to ensure
that growth had stopped.

After growth, the nanotube arrays on Si substrates were
typically cleaved at a position that included the optically
monitored spot and investigated from the side by scanning
electron microscopy (Hitachi S-4700 FEG-SEM at ~2 kV). Strips
of the array from the cleaved region were transferred to TEM
grids for analysis by either Z-contrast scanning TEM (STEM)
(Hitachi HD-2000 at 200 kV) or bright field TEM imaging (Hitachi
HF-2000 at 200 kV). Raman spectroscopy capable of measuring
large-diameter SWNTs grown in VANTAs was performed on the
sides of the cleaved arrays using a Jobin-Yvon T-64000 triple
monochromator system and 532 nm laser excitation.>®

RESULTS AND DISCUSSION

VANTAs with banded appearance were grown by
pulsed CVD as shown in Figure Ta—c. The nanotubes
grow by base growth, each band corresponding to a
separate pulse of gas, with the band corresponding to
the first gas pulse located at the top of the array. The
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Figure 1. (a) Side-view SEM image of cleaved VANTA formed from 62 equal pulses of acetylene (each equivalent to 570 sccm
for 0.2 s) into flowing Ar/H, at 690 °C, showing banded appearance. (b) Closer view SEM image of two bands in the array,
corresponding to two gas pulses. Disordered nanotubes (adding to aligned nanotubes running throughout the array) in the
denser portion of each band are indicated in the yellow-shaded zones, corresponding to the early, high-flow portion of each
gas pulse. (c) TEM image of a strand of the array shows another view of the disordered zones. (d) Evolution of the array length
vs pulse number. (e) Length of each band as a function of pulse number in the array.

bands provide a record of the incremental growth of
the array for each subsecond acetylene pulse.>* Corre-
sponding estimates of the increase in array length
per pulse using Fabry—Perot interference oscillations
measured by in situ TRR (not shown) yielded excellent
agreement with the lengths of the bands measured
ex situ via SEM.

As shown in ref 31, TRR measurements and Z-con-
trast STEM revealed that the density of nanotubes
within each band varies, with a sub-band of disordered
crossbar nanotubes appearing in the high-density
region of each band. The bright contrast difference in
the SEM micrographs is due to this disordered layer of
nanotubes within each growth band (yellow-shaded
region in Figure 1b). Strips of the arrays that were
loosened by the cleavage process were placed onto
TEM grids, as described in ref 31. TEM images of the
strips (Figure 1¢) confirm that this band of disordered
nanotubes occurs at the beginning of each gas pulse
and that these crossbar nanotubes are interwoven
within a distribution of vertically aligned carbon nano-
tubes which appear to run continuously throughout
the array from band to band.

As shown in Figure 1d and e, the length of each band
decreases linearly as a function of pulse number,
resulting in a decline in the growth rate of the array.
Such rolloffs in growth efficiency are not unique to
pulsed CVD. The length of continuously grown nano-
tube arrays, for example, can be fit by L(t) = fz(1 —
exp(—t/1)) relating length, L, to time, t, and the initial
growth rate, 3, and the catalyst lifetime, 7.2>3* 37 In our
previous work we found that the density of VANTAs

GEOHEGAN ET AL.

also progressively declines from the top to the bottom
of the array, both for continuous growth from constant
feedstock flux and for pulsed growth from varying
flux3' Such long-term declines in the growth rate
and the density of nanotube arrays have been attrib-
uted to many factors, including Ostwald ripening,*®
diffusion-limited feedstock supply,?3°° diffusion of
the catalyst into the support,*' catalyst poisoning,** or
collective mechanical effects.®

Here, performing CVD with fast gas pulses of acet-
ylene, we investigate how the growth rate and the
composition of the nanotube array are affected by
rapid variations in the partial pressure of acetylene on
very short time scales compared to these long-term
declines. Figure 2 shows subsecond growth kinetics of
a nanotube array for the first three pulses. The growth
rates within each gas pulse were calculated from the
spacing between Fabry—Perot fringe maxima and
minima in the time-resolved reflectivity (TRR) signal
(refs 25 and 31 and Supporting Information). Here, t =0
corresponds to the time measured at the onset of
growth on the first gas pulse (where the TRR signal
deflects from a constant value) and therefore occurs
after the transit time of gas to the substrate as well as
the nucleation time for growth on the first pulse. The
subsequent t = 0 times for the second and third pulses
in Figure 2 follow exactly 10 and 20 s after t = 0 for the
first gas pulse, since the pulsed valve is fired precisely
at 0.100 Hz. The peak growth rate within the first pulse
is extremely high, reaching 7.3 um/s at 0.1 s after
growth begins. The growth rate falls to 3 um/s at the
tail of the pulse, resulting in a total array length of
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Figure 2. (a) Instantaneous growth rates measured from
TRR during the first three pulses of array growth (pulse
estimated 570 sccm and 0.2 s half-width).

2.2 um for the first pulse of gas. However, the peak
growth rate on the second and third pulses declines (to
4.9 and 3.6 um/s, respectively) and shifts to later in the gas
pulse (at t = 0.24 and 0.28 us, respectively), ending with
very similar growth rates at the end of the three pulses.

As shown in ref 31, each successive band declines
slightly in length, and its peak density declines also,
reflecting a decrease in overall catalytic activity. How-
ever, the kinetics data of Figure 2 indicate that the
fastest growing nanotubes in the high-partial pressure
portion of the pulse are preferentially declining com-
pared to slower growing nanotubes later within each
pulse.

To understand the nature of the fastest-growing
nanotubes at high acetylene partial pressures, single-
pulse growth experiments were performed. Figure 3a
shows a side-on SEM image of a cleaved, 1.3 um tall
nanotube array grown by a single gas pulse. Strips from
the side of the cleaved array were deposited on TEM
grids for analysis, as shown in Figure 3b. This array was
nearly finished its growth within 0.5 s, as indicated by
the TRR signal in Figure 3¢, which exhibits ~4 oscilla-
tions in the reflectivity, each corresponding to ~0.3 um
of growth. High-resolution TEM (HRTEM) images of the
top and bottom regions of the array are given in
Figure 3d and e. At the top of the array, highly
disordered, tangled, defective nanotubes are observed
along with disordered carbonaceous products. Both
single- and double-wall carbon nanotubes were ob-
served, in a variety of diameters between 0.5 and 6 nm.
At the bottom of the array, corresponding to material
that grew at the end of the first pulse of gas, aligned
bundles of only large-diameter (2.5 — 6 nm) SWNTs
were observed. In contrast to the top of the array, the
SWNTs at the bottom of the array had well-formed,
much less-defective walls along with a much lower
density of non-nanotube carbon.

Therefore, highly defective nanotubes with a broad
diameter distribution are responsible for the rapid
array growth during the first half of the first gas pulse
in the kinetics data of Figure 2. This component of fast-
growing, defective nanotube material decreases on
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the second and third pulses, resulting in aligned single-
wall nanotubes with large diameters and better wall
quality. The small (1—2 nm) diameter SWNTs observed
in TEM micrographs at the top of the array disappear
within the first few gas pulses. Their catalyst particles
either become deactivated more quickly on each pulse
of gas or are permanently deactivated and do not
renucleate.

Diameter distributions and wall numbers of nano-
tubes grown by pulsed-CVD with different peak acet-
ylene fluxes were performed by examining HRTEM
images of thin strands of nanotube arrays that had
been cleaved. The nanotubes were nearly entirely
SWNTSs, with <1% double-wall nanotubes. One hundred
SWNTs from different locations within long strands
grown from multiple pulses were measured from HRTEM
micrographs for different pulsed partial pressures. Two
different pulsed valves were employed to provide a wide
range of estimated peak acetylene partial pressures
equivalent to continuous flows of 36—1230 sccm at 6.3
Torr but for just 0.2 s. For the high flows (570— 1230 sccm)
provided by the larger valve, a truncated diameter dis-
tribution was obtained compared to the flows (36—
81 sccm) provided by the smaller valve. Figure 4 sum-
marizes the observations for two cases: (a) low (60 sccm)
and (b) high (920 sccm) peak acetylene flow. As shown in
Figure 4a, the comparatively low-flow pulses displayed a
much broader diameter distribution of SWNTs than
high-flow pulses. SWNTs in the 0.5—25 nm range
were nearly absent in arrays grown from the high-flow
pulses. The important implication is that higher acetylene
partial pressures attained within the gas pulses used for
pulsed growth shift the product distribution to large
diameters.

In order to check this conclusion, a series of separate
continuous-feedstock growth experiments were per-
formed at different acetylene flow rates for the same
Ar/H, flows and 6.3 Torr total pressure used in the
pulsed CVD experiments. As shown in the HRTEM
image and diameter distribution of Figure 5a and b,
for low 1—5 sccm acetylene flows entirely SWNTSs (<1%
DWNTs) with a broad distribution of diameters are
found, with most nanotubes observed with 0.6—4 nm
diameters and very few large-diameter (4—6 nm) nano-
tubes. As the acetylene partial pressure is raised, how-
ever, the diameter distribution shifts to favor larger
diameter SWNTs and suppresses the smaller diameter
SWNTs, as shown in Figure 5¢ and d for the 40 sccm C,H,
flow condition.

Representative microRaman spectra measured
from the sides of cleaved arrays using 1.5 um beam
spot sizes are shown in Figure 6. These spectra
include the low (10—125 cm™") frequency region
and confirm the collapse of the SWNT product dis-
tribution to large-diameter nanotubes at higher acet-
ylene partial pressures. In both the 40 sccm
continuous flow and pulsed CVD (920 sccm peak
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Figure 3. (a) Side-on SEM micrograph of a 1.3 um tall, cleaved, vertically aligned nanotube array grown by a single pulse of
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gas (equivalent to 900 sccm for 0.2 s fwhm). (b) Corresponding TEM image of a tuft of the same array. (c) Optical reflectivity
signal (blue) indicating the subsecond growth kinetics of the aligned array and temporal profile of acetylene partial pressure
at substrate (red) after arrival at t = 0. (d) HRTEM image of the disordered carbon nanotubes at the top of the array. (e) HRTEM
image of the aligned, large-diameter SWNTs at the bottom of the array.
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Figure 4. SWNT diameter distributions from HRTEM mi-
crographs of strands taken from aligned nanotube arrays
grown by repeated pulsing with peak acetylene fluxes of (a)
60 and (b) 920 sccm.

flow) cases, breathing modes the 40—125 cm ™! re-
gion of the Raman spectra shown in Figure 6a indicate
the presence of SWNTSs in these arrays with diameters
between 2 and 6 nm, in accordance with the TEM
observations of Figures 4b and 5d. In addition, the
SWNTs in these arrays are more defective compared
to those grown at lower acetylene partial pressures,
as evidenced by their relatively larger D bands shown
in Figure 6b.
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Figure 5. (a) TEM and (b) resulting histogram of diameters
for SWNTs grown at 1—5 sccm acetylene flow. (c) TEM and
(d) resulting histogram of SWNT diameters grown at 40
sccm acetylene flow.

However, as shown in Figure 6a, at lower acetylene
partial pressures Raman scattering intensity in the
>125 cm™' region emerges, while the intensity in the
40—125 cm™' frequency region systematically de-
creases, indicating the presence of significant numbers
of small (<2 nm) diameter SWNTs and fewer large
diameter (2—6 nm) SWNTSs. For 10 sccm acetylene flow,
a broad distribution of both large- and small-diameter
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Figure 6. Raman spectra (1, = 532 nm) of VANTAs grown under different continuous (CW) flows (<5—40 sccm) and pulsed
flows (est. 570 sccm peak flow for 0.2 s). The breathing mode region in (a) shows a loss of small-diameter nanotubes in the
>125 cm ™ region with increasing acetylene flux and a corresponding emergence of large-diameter nanotubes in the

<125 cm ™! region. A corresponding increase in the D vs the G bands with increasing flux is observed in Raman scattering at

higher frequencies in (b).
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Figure 7. (a) SEM image of a cleaved cross-section of an aligned carbon nanotube array grown first at 10 sccm C;H, gas, then
after a 10 s pause, at 1 sccm C;H, gas, along with the indicated points for Raman spectroscopy in the breathing mode spectral
region for SWNTs at the indicated positions for the laser polarized (b) parallel and (c) perpendicular to the growth direction.

SWNTs are growing at the same time. However for
acetylene flows <5 sccm, the distribution of SWNT
diameters shifts to smaller (1.2—4 nm) diameters in
agreement with the TEM measurements of Figure 5a.

Therefore, the data indicate that increasing hydro-
carbon flow can shift the nanotube diameter distribu-
tion toward large-diameter SWNTs in these arrays.
However, while SWNT diameter changes in long VAN-
TAs may occur over hundreds of micrometers length
and hundreds of seconds time during continuous
growth,'?>?* the higher hydrocarbon partial pres-
sures in pulsed growth appear to deactivate the smal-
ler catalyst nanoparticles within just a few pulses. The
arrays grown by pulsed CVD with high peak flow rates
(this work and ref 31) exhibit cyclical density variations,
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which indicate that a fraction of the catalyst nanopar-
ticle ensemble may be renucleating, growing, and
terminating the growth of nanotubes within each
subsecond pulse.

In order to understand whether catalyst nanoparti-
cles that are deactivated by one flow condition can
grow SWNTs again under different flow conditions,
interrupted growth experiments using different con-
tinuous acetylene flow rates were performed. The array
shown in Figure 7, for example, was grown first with 10
sccm acetylene flow for 100 s and then again with
1 sccm for 5700 s. Between the two flow conditions, the
acetylene flow was turned off for 10 s to simulate the
time period between pulses of gas in the pulsed
growth experiments. Due to the high flow velocity
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Figure 8. (a) In situ TRR signal during VANTA growth for 5
different C;H, flows (in sccm). Growth was stopped for 10s
before each new flow was introduced. (b) Normalized TRR
signals following the introduction of acetylene (at t = 0 in
each case) for three different flows (0.2, 1.0, and 5.0 sccm),
showing different times for the onset of measurable de-
position. (c) Plot of the induction times for the continuous
flows of (a and b) in red and the estimated range of peak
flows measured in pulsed growth experiments (green
region), scaled in terms of acetylene partial pressure at
700 °C.

through the tube furnace at the low (6.3 Torr) pressures
and high (2250 sccm) background Ar/H; flows used in
these experiments, this time was sufficient to stop the
growth of the array. The entire experiment was mon-
itored with TRR (see Supporting Information). Raman
spectra measured in the 10 sccm region (top 7.8 um) of
the array (see Figure 7b) were similar to the 10 sccm
spectrum shown in Figure 6a, with a broad distribution
of breathing modes across both the 40—125 and
125—-210 cm™' frequency regions. Raman spectra
measured from the 1 sccm (lower 5.4 um) portion of
the array (see Figure 7b and c) indicate the strong re-
emergence of small diameter (d <2nm,w >125cm ™)
SWNTSs and a loss of large diameter SWNTSs (d > 3.5 nm,
w < 70 cm™"). Although it is clear that portions of the
array are always dislodged during the cleavage process
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(as shown in Figure 7a), lending some uncertainty to
such position-dependent Raman measurements, simi-
lar line scans up and down other cleaved portions of
the same array confirmed this recovery of smaller
diameter SWNTSs in the nanotube diameter distribution
due to the reduction in acetylene partial pressure.

To understand the dependence of the induction
time for the initiation of array growth on the acetylene
partial pressure, we used a similar interrupted growth
approach. Figure 8a shows a growth run where acet-
ylene was gently introduced at 0.2 sccm into a back-
ground gas flow [Ar (2000 sccm), H, (250 sccm), 6.3
Torr] att =0, and then a series of five growth stoppages
(for 10 s at the dashed lines) were implemented,
followed by the gentle reintroduction of acetylene
flow at 0.2, 1, or 5 sccm. After each growth stoppage,
the induction time before the resumption of growth
(signaled by the deflection of the reflectivity signal)
was measured for each flow rate.

Figure 8b shows an expanded view of the normal-
ized reflectivities for the first three growth periods,
where t = 0 refers to the reintroduction of C;H, in each
case. Clearly, the induction times decrease with in-
creasing acetylene partial pressure, from 76 s for 0.2
sccm flow to 25 at 1 sccm and to 10 at 5 sccm. In
addition, the original nucleation of measurable array
growth occurred after 76 at 0.2 sccm. However after
stopping growth for 10 s, the induction time for re-
growth at 0.2 sccm occurred after just 49 s. Similarly,
the induction time for the second regrowth at 1 sccm
decreased (i.e. 10 s vs 15 s).

Figure 8c plots these induction times as a function of
the acetylene partial pressure at 700 °C for the different
continuous flows of Figure 8a and b and the estimated
peak pulsed flows. In all of the pulsed CVD experiments
described here, the induction time for array growth
was less than 0.1 £ 0.05 s, which represents the
propagation time of the gas to the substrate and
consideration for all timing errors under these low-
pressure, fast-flow conditions.

The combined data of Figure 8c span three orders in
magnitude in acetylene partial pressure and show a
corresponding 3 orders of magnitude reduction in the
induction time for nanotube array growth as the
acetylene partial pressure is increased. As demon-
strated above, it is reasonable to expect that the
induction time will change as the nanoparticle catalytic
activity changes throughout a growth run (or following
stoppage of growth), altering the activation energies
for dissociation of acetylene and dissolution of carbon
by the catalyst nanoparticles. The induction time is also
strongly dependent on the growth temperature and
the choice of substrate, as recent in situ Raman spec-
troscopy measurements have demonstrated.*® We
measured a similar decrease in induction time vs flux
for low-pressure, continuous acetylene beam growth
in a cold wall reactor, however at higher fluxes.” In

VOL.5 = NO.10 = 8311-8321 =

ACH AN

WWww.acsnhano.org

8317



Constant E,;=0.6eV

(a)

g S
3 £
o 5 2
I
05 1 15 2 25
(b) Variable E,,
0.5eVv
0.6eV =,
0.46V, £
£
< £
M~
n
05 1 156 2 25

50 | R=2.5 nm ]
40 | g
1.5nm
30} ]
1.0 nm
20} B
0.5 nm
10} =
0 L n L . s
0 1000 2000 3000
Time (s)
100 T T . T T
1.5
80} ]
60| 1 25
40+ R=0.5 nm
20} J
0 . L L " L
0 1000 2000 3000
Time (s)

Figure 9. Nanotube height distributions (terminal lengths) and kinetics of growth from catalyst nanoparticles of different

radii predicted by the model in ref 31 with activation energies E, and E,, for the catalytic decomposition and dissolution of
feedstock gas, respectively. (a) Both £, =0.6 eV and E,, = 0.7 eV are constant for all particles, and nanotubes grow at different
rates, and terminate at different lengths. (b) E,_ is variable, and E, = 0.7 eV results in more uniform growth rates and terminal

lengths.

pulsed CVD, sufficiently high effective partial pressures
can shorten the induction time to permit highly effec-
tive growth within the time constraints of a gas pulse.

The coordinated growth of VANTAs implies a diam-
eter-dependent variation in the catalytic activity of
nanoparticles. As shown in Supporting Information
and illustrated in Figure 9a and b, it follows from
our previous growth model that if catalyst nanoparti-
cles with different radii had equal catalytic activity
(expressed in terms of the activation energies £, and
E,, for the catalytic decomposition and dissolution of
feedstock gas, respectively),®® the larger diameter
nanotubes should grow faster than the smaller diam-
eter nanotubes due to their higher surface area to
circumference ratio. In this case, the coordinated
growth of long VANTAs with the observed broad
diameter distributions would be difficult to explain.
Moreover, the growth model predicts that for particles
with equal catalytic activity, the nanotubes from smal-
ler nanoparticles should terminate growth at much
shorter lengths for a given feedstock flux than nano-
tubes grown from larger particles, due to carbon over-
coating or other catalyst poisoning mechanisms
(model predictions plotted in Figure 9a).

In order for a broad distribution of catalyst nanopar-
ticle diameters to grow nanotubes with corresponding
diameters at nearly equal rates and to terminate
growth at similar lengths, the catalytic activity must
be varied in the growth model as a function of nano-
particle diameter. Specifically, the smaller nanoparti-
cles must have a lower activation energy E, (more
catalytically active for dissociation of the feedstock) in
the example of Figure 9b for their growth rate to keep
pace with that of the larger nanoparticles. However if

GEOHEGAN ET AL.

the dissolution and/or the surface diffusion rates of
carbon on the nanoparticle are not also increased,
the model predicts that the overproduction of carbon
on the surface of the nanoparticle will lead to its
overcoating and cessation of growth. This situation
is consistent with the observed narrowing of the
diameter distributions at higher acetylene partial
pressures.

CONCLUSIONS

In situ kinetics measurements during the pulsed and
continuous growth of VANTAs at low pressure were
correlated with ex situ Raman spectroscopy, HRTEM,
and Z-STEM characterization of the nanotube dia-
meters, products, and density to provide new under-
standing of the effects of feedstock partial pressure on
catalyst nanoparticle ensembles for nucleation,
growth, and deactivation. Pulsed growth with peak
flow rates >570 sccm (corresponding to just 1.3 Torr
acetylene partial pressure, however) effectively elim-
inates the growth of SWNTs with diameters <2.5 nm,
shifting the distribution into the 2—6 nm range, as
detected by a broad Raman scattering band in the
40—125 cm ™' frequency range. Similar shifts in the
diameter distribution were obtained for VANTAs
grown with continuous acetylene flow at 40 sccm
(0.11 Torr partial pressure acetylene).

The results indicate that subsets of catalyst nano-
particles in typically prepared ensembles nucleate,
grow, and terminate in different ranges of feedstock
partial pressure according to their catalytic activity.
This result is consistent with our previously published
growth model that simulated the slowing and termi-
nation of growth of a nanotube by the loss in surface
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area and eventual overcoating of its corresponding
catalyst nanoparticle. Here we considered the effects of
diameter-dependent catalytic activity and showed that
smaller nanoparticles should have greater catalytic
activity in order for small-diameter nanotubes to keep
pace with large-diameter nanotubes in the coordi-
nated growth of aligned arrays of broad diameter
distribution.

In pulsed CVD, each gas pulse rapidly sweeps the
feedstock flux at a catalyst nanoparticle surface over a
wide range, permitting the response of the catalyst
nanoparticle ensemble to changing flux to be partly
separated from long-term changes in the activity,
density, or disappearance of the catalyst. Within a
single subsecond pulse of gas, HRTEM images of the
resulting layer revealed that only large diameter
SWNTs were able to survive the high-flux portion of
the gas pulse, with smaller diameter nanotubes and
other highly disordered nanotubes of various dia-
meters apparently extinguished in carbonaceous by-
products, consistent with the aforementioned carbon
overcoating mechanism for more catalytically active,
smaller nanoparticles. This disordered region of both
small- and large-diameter nanotubes at the top of the
array is responsible for the fastest (initial) growth of the
array on the first pulse, associated kinetics measure-
ments showed. The active nanoparticles on the second
and third pulses have less catalytic activity, producing
significantly shorter lengths per pulse with progres-
sively more uniform growth rates throughout the
pulse, indicating that the fastest-growing component
of the nanoparticle ensemble may remain inactive on
subsequent pulses.

Stopping the growth and allowing the catalysta 10 s
rest between pulses can repeatedly recover a signifi-
cant fraction of the peak density from the previous
pulse, producing the banded appearance in the arrays.
The fraction of regenerable catalyst nanoparticles may
be roughly estimated from the density extrapolations

METHODS

Pulsed CVD of VANTAs. The experimental apparatus is gen-
erally described in ref 31. For pulsed growth Ar (2000 sccm)
and H, (250 sccm) gases were flowed continuously, and
acetylene gas was injected from one of two pulsed valves
(Parker models: 099-0167-900 and 099-0340-900) using a
1.0 ms wide electrical pulse supplied by a digital delay
generator (Stanford Research Systems, DG545), which was
subsequently amplified. The amount of acetylene introduced
per pulse depends on the backing pressure supplied to the
pulsed valves (20—60 psi) and ranged from 0.2 to 3.1 cm? at
20 °C, as determined from pressure rises measured in a
calibrated volume. All experiments were carried out at low
(6.3 Torr) total pressure and ~700 °C, so normal continuous
growth (e.g. at 10 sccm acetylene) and the maximum peak
fluxes used in these experiments (920 sccm acetylene in

GEOHEGAN ET AL.

measured for the disordered bands in the pulsed CVD
arrays (e.g.,~ 25% in Figure 3c of ref 31). This indicates
that not all of the nanoparticles are irreversibly over-
coated, lost, or poisoned by the previous pulse. In the
context of our growth model, these catalyst nanopar-
ticles may dissolve their carbonaceous overcoat layer
once the carbon deposition due to the feedstock gas
stops. As shown in Figure 7 for continuous flows at low
partial pressures, even small-diameter catalyst nano-
particles can recover to grow small-diameter nano-
tubes again if they are not irreversibly overcoated.
Thus, the kinetics of this dissolution process during
the rest period inherent to pulsed growth implies that
the distribution of diameters in the array, as well as the
array density, may be tunable through the choice of
repetition rate as well as the hydrocarbon partial
pressure in pulsed growth.

It is also reasonable to expect that the catalytic
activity varies among catalyst nanoparticles not only
as a function of nanoparticle diameter but also among
those particles sharing a given nanoparticle diameter
(e.g., resulting from variations in particle composition
and crystalline structure and from interaction with the
catalyst support). In this case, the wide variation in
acetylene partial pressure within gas pulses in pulsed
CVD might result in the repeated termination of the
more catalytically active subset of nanoparticles within
a distribution of regenerable particles, explaining the
density variations observed in the banded VANTAs of
pulsed CVD.>'

Finally, time-resolved measurements show that in-
duction times for VANTA growth and regrowth de-
crease with increasing acetylene partial pressures and
are extremely short for the high-peak fluxes used here
for pulsed growth, within the <0.1 s range at the limit of
our current gas delivery and modeling uncertainties.
Such rapid, sub 0.1 s variations in both the density and
the product distribution within the VANTA provide a
new perspective on how quickly a catalyst ensemble can
respond to changing growth conditions during CVD.

Figure 4) correspond to partial pressures of acetylene of only
28 mTorr and 1.8 Torr, respectively.

Optical Reflectivity Measurements. A continuous HeNe laser at
633 nm was used to illuminate a vertically standing substrate in
the tube furnace. The specularly reflected beam was turned by a
first surface mirror, passed through a lens and bandpass filter
and digitized (12 bit) with a fast photodiode at 300 points/s.
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