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mong the wide variety of carbon

nanotube composite

architectures,' 3 vertically aligned
nanotube arrays (VANTAs) attract special at-
tention since they self-assemble during
growth into dense, self-supporting, oriented
arrays that can be grown to centimeter
lengths.* The VANTA platform of vertically ori-
ented, continuous nanotubes is highly prom-
ising for a wide range of different applica-
tions such as gas sensors,” flexible electronics
and field emission devices,®” vertical inter-
connects for microelectronics,? thermal inter-
face materials and heat pipes,®~ " and unique
optical absorbers.'>'* The unique morphol-
ogy of VANTAs has been shown to be espe-
cially well suited for “gecko” type
adhesives,'#"'6 supercompressible foams,'”
and “carpets” from which fibers and transpar-
ent, conductive sheets can be continuously
spun.'81®

Two of the most important parameters

governing the properties and applicability
of VANTASs are their length and density. Un-
derstanding how to simultaneously moni-
tor and control both the length and the
density of VANTAs during growth by chemi-
cal vapor deposition (CVD) would enable
the synthesis of constant-density VANTAs,
VANTASs with tunable density, or more com-
plex multilayered architectures tailored for
particular properties. To measure and con-
trol the length of short VANTAs in situ, time-
resolved optical reflectivity (TRR) has been
demonstrated.?’ Direct measurements of
VANTA height in real-time using TRR and
imaging have been used to understand the
growth kinetics of VANTAs, and even pre-
dict their ultimate length.2°~2 For VANTAs
< 20 pm in length, TRR can control lengths
with ~20 nm accuracy by simply terminat-
ing the constant feedstock gas flow after a
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ABSTRACT The density of vertically aligned carbon nanotube arrays is shown to vary significantly during

normal growth by chemical vapor deposition and respond rapidly to changes in feedstock flux. Pulsing the

feedstock gas to repeatedly stop and start nanotube growth is shown to induce density variations up to a factor

of 1.6 within ca. 1—2 pum long layers, allowing the synthesis of new array architectures with distinct regions of

controllable length and density variation. Z-Contrast scanning transmission electron microscopy of corresponding

sections of the arrays is used to provide unambiguous measurements of these density variations. Time-resolved

optical reflectivity measurements of the height and optical extinction coefficient of the growing arrays are shown

to provide a real-time diagnostic of both array density and growth kinetics.
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prescribed number of reflectivity oscilla-
tions.2’ However, similar in situ diagnostics
and control over the density of VANTAs dur-
ing growth have been lacking to date.

The density of VANTAs appears to be in-
tegrally linked to their growth mechanism,
which is based on the cooperative growth
of a nanotube forest from a high areal den-
sity of catalyst nanoparticles on a substrate.
However, the mechanism by which nano-
tubes grow cooperatively to form a VANTA
of uniform height is still not understood de-
spite a number of interesting studies in
this area.?’ 3% Only a fraction of available
catalyst nanoparticles grow nanotubes and,
due to variations in nanoparticle size and
their interactions with the substrate, it is
reasonable to expect that the nanoparti-
cles which support nanotube growth have
different catalytic activities, with some frac-
tion capable of maintaining growth of a
nanotube for a very long time under favor-
able conditions. Recent measurements of
the mass density of arrays grown for differ-
ent times have shown that just prior to the
termination of array growth, the mass den-
sity decreases.>' This coincides with a pro-
gressive change in the apparent alignment
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of the nanotubes from the top to the bottom of tall ar-
rays as observed in SEM images, and as characterized by
X-ray scattering and small-angle neutron scattering
analyses.>' 33 Thus it is reasonable to conclude that
the termination of collective VANTA growth is attribut-
able to a decrease in nanotube density below a critical
threshold needed to maintain alignment.3' This density
decrease has been attributed to Ostwald ripening, sub-
sequent subsurface diffusion, or decreasing catalytic ac-
tivity of the catalyst nanoparticles on the substrate 3>34
As a critical number of catalyst nanoparticles change
shape, disappear, or become inactive, the cooperative
growth of the array terminates.

Here we report the effects of changing feedstock
gas flux on the growth of VANTASs, including those in-
duced by “pulsed CVD". Pulsing the feedstock gas at
high flow velocity offers the opportunity to grow
VANTAs “digitally” in predetermined length intervals
by controlling the flux and duration of each pulse.
VANTAs with precise heights might be fabricated by
this procedure if growth can be reinitiated and contin-
ued from pulse to pulse. Rapid changes in feedstock gas
flux during pulsed-CVD are shown to significantly
change the density of the arrays over submicrometer
lengths. Pulsed-CVD therefore offers the opportunity
to tailor both the length and the density of VANTAs dur-
ing different growth intervals to construct new multilay-
ered array architectures with locally variable properties.

We describe our approach to extract both the evolu-
tion of height and density of growing VANTASs in real-
time from TRR measurements.?*?' Differential changes
in the optical extinction coefficient and the height of
the arrays are used to estimate the changes in carbon
density as the array adds new layers at the substrate by
base growth. We show that the evolution of density de-
rived from the in situ optical diagnostics agrees well
with absolute measurements of the carbon density in
the array determined by ex situ Z-contrast transmission
electron microscopy (Z-STEM).

RESULTS AND DISCUSSION

In this study we use fast switching and pulsed deliv-
ery of CVD growth gases to explore fast, subsecond,
nucleation and growth kinetics. In these experiments,
similar substrates, catalysts, Ar/H,/C;H, gas mixture and
flow rates were used as previously described.?! How-
ever, the flow velocity was increased 121-fold by lower-
ing the pressure from 760 to 6.3 Torr, thereby decreas-
ing the arrival time of the gas to the substrate from 26
to ~0.2s.

For the pulsed growth of VANTAs, Ar and H, were
flowed continuously and acetylene was injected “digi-
tally” from electrically actuated valves either continu-
ously or in discrete, well-separated pulses of ~0.2 s
fwhm at the substrate. Each pulse was followed by typi-
cally 10 s of dead time to ensure growth had com-
pleted (as measured by TRR). The amount of gas and
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the peak flux in each acetylene pulse could be varied
by adjusting the acetylene pressure and the electrical
pulse width applied to the valve. Thus, the kinetics of
nucleation and growth resulting from each gas pulse
can be measured separately using TRR, as discussed be-
low. Detailed measurements of VANTA nucleation and
growth kinetics enabled by this technique will be pub-
lished elsewhere. Here we concentrate on the effects of
pulsed gas injection on the density of the nanotube
arrays.

Figure 1 shows the cross-section of a 114 um tall
VANTA with a multilayered architecture that was grown
by pulsed CVD using 151 equal pulses of acetylene at
10 s intervals. The results of each pulse of gas are clearly
seen as banded gradient zones in the array. TRR indi-
cated that growth occurred within ~1 s for each pulse,
so each band after the first corresponds to a separate,
subsecond growth period. As the number of growth pe-
riods increase, the bandwidth decreases from 2.0 um
at the top of the array to 0.5 wm at the bottom most
layer.

Figure 1b shows a magnified view of the first 11
growth segments from the top of the array, and Figure
1c shows the fourth and fifth bands, respectively. The
magnified SEM images reveal that many vertically ori-
ented nanotubes can be continuously traced across the
interface between different growth bands. Additional
disordered nanotubes, interwoven within the continu-
ous, vertically oriented nanotubes, appear to comprise
the brighter regions of the bands. These poorly aligned
“crossbar” nanotubes grow during the early part of
each renucleation and regrowth period.

By integrating the grayscale values within the
dashed regions on the SEM micrographs plotted in yel-
low in Figures 1b,c, it is evident that each band in the
images displays a gradient in intensity with peak inten-
sities of measured secondary electrons corresponding
to the early period of growth. Similar layering of VANTA
structures has been observed when the gas flow was
stopped or interrupted, resulting in disordered* or
disconnected®?7 layers. In our experiments, the
brighter regions in the SEM images correlate with the
disordered regions of “crossbar” nanotubes that inter-
weave with the more vertically aligned nanotubes
which interconnect neighboring segments. Many differ-
ent factors can affect the secondary electron emission
yield and produce contrast variations in SEM images, in-
cluding changing work function, changing conductiv-
ity, bundling of the nanotubes, or changing carbon
density. As we will show below using Z-STEM, the ori-
gin of the contrast difference is most directly explained
by the additional carbon density in the “crossbar”
nanotube region.

Time-resolved reflectivity was employed to charac-
terize the growth kinetics and optical properties of the
VANTASs in situ during growth by pulsed CVD. The cross-
section SEM image in Figure 2a shows the top 15 pm
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Figure 1. SEM cross-section images of a 114 pum tall multilayered VANTA architecture grown by pulsed CVD using 151 equal,
discrete pulses of acetylene (est. peak flux of 576 sccm) into flowing Ar/H, at 690 °C and 6.3 Torr. (a) Cleaved array cross-
section reveals bright bands marking the start of each new growth segment. (b) Magnified view of the first 11 layers of
growth at the top of the array and overlaid integral of grayscale values within the dashed region quantifying the variation
in contrast seen by eye. (c) Magnified view of two interfacial regions, showing a disordered layer of nanotubes interwoven

into a forest of vertical nanotubes which appears continuous.

of a cleaved VANTA grown by pulsed CVD. The TRR sig-
nals which correspond to the first three gas pulses are
shown in Figure 2b. In each case, the reflectivity signals
show that the majority of growth occurs within 0.6 s.
Each interference fringe in the TRR signals corresponds
to 0.30 wm in length, so the 8, 6, and 5 interference
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Figure 2. (a) A cross-section SEM image of a VANTA grown
using subsecond exposures of acetylene into fast-flowing
Ar/H, at 10 s intervals. (b) The reflected laser (633 nm) inten-
sity vs time for the first three gas pulses.
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fringes measured for the first three gas pulses in Fig-
ure 2b correspond to predicted lengths of 2.4, 1.8, and
1.5 wm for the first three growth periods, respectively.
Each nucleation and growth event leaves a distinct gra-
dient band in the SEM images, with the brighter re-
gions of the bands corresponding to the disordered
layer of “crossbar” nanotubes forming during the early
stages of growth. The lengths measured for each band
in the cleaved array matched those predicted by TRR.

As shown in Figure 1a,b and Figure 2a, thin strips
of the nanotube arrays were loosened by the cleavage
process. These strips were carefully collected from the
region corresponding to the optically monitored spot
by gentle sonication in alcohol and deposited on lacey
carbon TEM grids for analysis by SEM, TEM, and Z-STEM.
The SEM and TEM measurements of the length of each
band were checked against the original TRR growth
record and the corresponding cross-section SEM
measurements to ensure that compression or stretch-
ing of the arrays had not occurred.

Figure 3 panels a and b show TEM and Z-STEM im-
ages of the top three layers from a collected strip of
the VANTA shown in Figure 2 and confirm that the
nanotube array consists of two distinct components:
nanotubes which appear to continuously interconnect
throughout the array, and randomly oriented nano-
tubes which appear only during the high flux portion
of each new gas pulse to form entangled “crossbars”.
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Figure 3. (a) TEM and (b) Z-STEM images of a VANTA grown
by pulsed C,H, gas introduction. (c) Extinction coefficient de-
rived from real-time TRR measurements (connected dots)
and Z-STEM image intensity distribution along the VANTA
length (solid curve) binned inside the rectangle shown in
panel b.

Z-STEM image analysis is a reliable technique used
to quantify the density of materials such as
biomolecules.3 % In these experiments Z-STEM was
used to unambiguously provide a direct measure of car-
bon density vs length in samples of the VANTAs. The in-
tensity of the Z-STEM image is directly proportional to
the mass of carbon that the electron beam traverses
(see Methods section) with the brighter regions of the
image corresponding to higher carbon densities. By in-
tegrating the counts in the Z-STEM image intensity
within the rectangular area shown in Figure 3b, the
blue curve in Figure 3c is obtained, which represents
the relative variation in carbon density along the VANTA
length. The carbon density in the VANTA exhibits a pro-
nounced variation (up to a factor of 1.6) over the pe-
riod of each gas pulse. The density peaks during the
high-flux, fast-growth region of each growth period,
and then declines during the low-flux tail of each pulse.
The peak in density occurs within the region of disor-
dered “crossbar” nanotubes which grow during the
nucleation and early growth period of each gas pulse.

The red points in Figure 3c are estimates of the op-
tical extinction coefficient for each corresponding posi-
tion in the array derived from the in situ TRR measure-
ments shown in Figure 2b. A central result of this work
is the remarkable agreement (<24% difference) be-
tween the variation in the normalized optical extinc-
tion coefficient and the carbon density changes deter-
mined from Z-STEM images (blue line). The shape of the
interference fringes and the attenuation of the re-
flected intensity in each growth region provide a record
of the evolution in length from the top surface of the

VOL. 4 = NO. 12 = JACKSON ET AL.

VANTA, d(t), and the corresponding optical characteris-
tics in that region, which are described by an effective
complex refractive index, fiy(d) = ny(d) + ikp(d).2*' Two
fitting methods were considered to obtain the optical
constants vs length from the TRR signal: a complete fit
of the measured reflectivity curves (see Methods sec-
tion) and an approximate procedure.

In the approximate procedure, the goal is simply to
extract the local exponential attenuation of the oscillat-
ing reflectivity signal to obtain the effective extinction
coefficient for each region. First, the reflectivities of the
oscillation maxima R(Nmay) and minima R(N,) in Fig-
ure 2b are recorded (see Supporting Information Fig-
ure S1). Then, the resulting dependences are linearly in-
terpolated, then averaged and plotted to obtain an
averaged curve of reflectivity vs fringe number, R(N),
from which the effective extinction coefficient is de-
rived as

_ diIn(R/Ry)]

=TT 4@2dN)

The effective extinction coefficient obtained by this pro-
cedure exhibits periodic variations with length that
closely follow the density profile measured by Z-STEM
intensity analysis in Figure 3c. In addition to the peri-
odic behavior, both the measured carbon density and
the effective extinction coefficient exhibit a gradual de-
cline with length, d = dyN, for increasing number of
pulses. However, the effective optical extinction coeffi-
cient exhibits interesting secondary structure that does
not appear in the measured carbon density profile. Esti-
mates of variations in the extinction coefficient intro-
duced by the interpolation process in the approximate
procedure could not account for the magnitude of this
secondary structure, and may result from changing the
alignment of some fraction of nanotubes at particular
positions inside the array. It is well-known that optical
absorption cross sections are sensitive to the alignment
of the nanotubes with the light polarization axis. Nano-
tubes oriented parallel to the polarization axis absorb
more strongly than those that are perpendicular. Since
the effective optical extinction coefficient « = po,
where p is the density of the VANTA layer and o is its ef-
fective extinction cross-section, the overall good agree-
ment between the measured optical extinction coeffi-
cient and density implies a relatively weak dependence
of the effective extinction cross section on variations

in VANTA characteristics or orientation.

In addition to possible changes in nanotube align-
ment within the array, other characteristics of the
VANTA may change during growth. The distributions
of nanotube diameters, wall-numbers, and fraction of
non-nanotube carbon may change due to changing
catalytic activity, temperature, flux, or growth rate. 22241
Each of these factors may affect the optical extinction
coefficient. Over the approximately mm laser beam

www.acsnano.org
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Figure 4. (a) SEM cross-section image of a cleaved VANTA
array grown at 690 °C using an Ar/H,/C;H, gas mixture at 6.3
Torr. The C;H; flow rate was smoothly changed three times
during growth. (b) Intensity of the reflected HeNe laser beam
vs growth time. The growth starts at t = 0 and the vertical
dotted lines show the times when acetylene flow is switched
from 10 to 5; 5 to 2; and 2 to 1 sccm, respectively. The inset
shows an example of a complete fit to the experimental
curve (dots) using eq 1 in the Methods section.

spot used for TRR, the vinelike morphology of billions
of nanotubes in the VANTA present a multitude of
three-dimensional orientations, so the effective extinc-
tion cross-section for a layer represents an average
which accounts for the multitude of orientations in the
VANTA layer and the effects of these additional factors.

Nanotube arrays grown with continuous gas intro-
duction showed similar magnitudes of decline in extinc-
tion coefficient and density, without the presence of
“crossbar” nanotubes or visible bands in the SEM im-
ages. Figure 4a shows a cross-section SEM image of a
VANTA grown when the flow rate of the continuously
injected feedstock gas was smoothly switched during
the growth from 10 sccm, to 5, to 2, and finally to 1
sccm. Unlike the SEM images of Figures 1 and 2, no
banded regions are apparent to easily interpret the
growth regions. The corresponding in situ TRR measure-
ments are shown in Figure 4b. Below we describe how
the length and optical extinction coefficient of each
VANTA region is extracted from the corresponding
fringe spacings and the exponential decay in the TRR
signal.

The inset in Figure 4b shows a three-fringe seg-
ment of the 10-sccm portion of the reflectivity curve
and a fit to the data using the complete fit procedure
described in the Methods section. As indicated by the
excellent fit in this example, a fit to three fringes of
growth (~900 nm) was found to best determine the fit
parameters within that length and time region. The
time dependence of the fit parameters was obtained
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Figure 5. (a) Roughness, (b) refractive index, and (c) extinc-
tion coefficient (blue squares) vs the length of the VANTA de-
rived from a complete fit of the experimental reflectivity
curves in Figure 4 to eq 1 (Methods section). The red solid
circles in panel c show a obtained using a simplified proce-
dure (see text) compared to the full regression analysis
(blue). The inset at the bottom shows a Z-STEM image of
the corresponding top region of the VANTA in Figure 4a.
The normalized Z-STEM image intensity integrated vs
VANTA length within the indicated area is plotted (green
curve in panel c) as a direct measure of the density varia-
tion. Contributions to the measured carbon density from the
lacey carbon grid supports are evident as small peaks at
the corresponding positions on this curve.

by rolling fits of three-fringe regions as each new fringe
could be discerned.

Figure 5 shows the resulting optical parameters as
a function of length of the nanotube array for a series
of such fits. The most notable change is a factor of 1.6
change in the effective extinction coefficient « =
4ky,/\ of the VANTA which decreases from 0.28 pm™'
to ~0.17 wm™" over the 9 wm length. Similar variations
occur for arrays grown using constant feedstock flows
(see Supporting Information, Figure S2). In addition, Fig-
ure 5b shows that the complete fit to the data indi-
cates that the roughness of the top VANTA layer & in-
creases from ~60 to ~100 nm as the array grows to 9
pm length. Although the top VANTA layer is formed
early in the growth process, in situ imaging has revealed
that its roughness can continue to evolve late in the
growth process,? presumably from internal stresses in-
herent to the coordinated growth mechanism of the ar-
ray. However, the effective refractive index n of the ar-
ray given in Figure 5b does not change appreciably
over the length.

Also shown in Figure 5c are the estimates of the ex-
tinction coefficient from the simplified data analysis ap-
proach described previously. Although this approxi-
mate procedure essentially neglects the contributions
to the reflected signal from multiple internal reflections

VOL. 4 = NO. 12 = 7573-7581 = 2010 AJM

e

-

)

7577



within the array (second term in the denominator of
eq 1, Methods section) and also the nearly constant re-
flected signal from the rough, top layer (the first term in
eq 1), in most cases, as in Figure 5¢, the extinction coef-
ficient obtained using this approach matches well with
that derived through the nonlinear least-squares fit of
the complete reflectivity curve. Both the complete and
approximate fit procedures indicate that the optical ex-
tinction coefficient of the array decreases significantly
with length as the VANTA grows.

Z-STEM image intensity analysis of a sample of the
array (shown in the inset to Figure 5¢) was again used
to directly measure the variation in VANTA density
along its length. The carbon density given by the green
curve in Figure 5c also decreased by a factor of 1.6 dur-
ing the first 8.5 um of growth, following the same trend
as the extinction coefficient derived from the in situ op-
tical measurements. The excellent agreement between
the carbon density variations measured by Z-STEM and
the optical extinction coefficient variations measured
by TRR for both pulsed growth and continuous growth
of VANTAs validates TRR as an effective in situ diagnos-
tic tool for determining the density variations within
growing nanotube arrays.

The decline in the extinction coefficient during
growth by continuous feedstock introduction cannot
be explained solely by changes in nanotube alignment
with array length. Millimeters-long VANTAs grown with
continuous feedstock gas introduction have been
shown to develop pronounced orientation changes
which have been characterized by small-angle X-ray
scattering and small-angle neutron scattering.3*** How-
ever, SEM and TEM imaging show that for the rela-
tively short array lengths (<20 wm) which were opti-
cally monitored in these continuous flow studies, no
nanotube alignment changes could be discerned.

Different interpretations have been proposed to ex-
plain observations of long-term declines in the density
of VANTAs and the eventual termination of their collec-
tive growth during CVD. These include Ostwald ripen-
ing,?® poisoning, and overcoating of the catalyst nano-
particles. In these models, the overall number of active
catalyst nanoparticles is reduced by different mecha-
nisms. To minimize Ostwald ripening of the catalyst in
these experiments, all catalyst films underwent a 5—10
min annealing period at the growth temperature in
Ar/H, flow prior to growth during which time the TRR
signal was stable. Nevertheless, the densities of arrays
grown under different constant feedstock fluxes tended
to monotonically decline.

According to a simplified rate equation-based model
developed to describe the observed growth kinetics
during the sustained growth of long VANTAs,?"?2 cata-
lyst nanoparticles assist in multiple functions, with dif-
ferent rates for cracking of the feedstock gas to intro-
duce carbon on the surface of a nanoparticle, diffusion
of the surface (or subsurface) carbon to an active site,

\\&) VOL.4 = NO. 12 = JACKSON ET AL.

and incorporation of the carbon into a nanotube. In
the model, buildup of amorphous carbon on the nano-
particle surface restricts its effective surface area (and
represents many possible means of catalyst deactiva-
tion) ultimately leading to the termination of growth.
Conversely, dissolution or chemical etching of this sur-
face carbon (e.g., by hydrogen) represents a means of
catalyst recovery. The pulsed CVD results indicate that
a high density of catalyst sites can be reactivated de-
spite this apparent long-term decline in site density. If
one assumes that the coordinated growth of VANTAs
relies upon a cooperative adjustment in the catalytic ac-
tivities of nanoparticles within an ensemble, then intro-
ducing transients in the gas flux permits a way to re-
examine this cooperative adjustment of the
nanoparticle ensemble at different phases in the
growth of the VANTA. The nonequilibrium nature of
the pulsed growth process, with periods of growth at
high feedstock flux followed by periods of recovery
with only Ar/H; flow, represents a promising avenue
for reactivation of catalyst site density.

Considering the pulsed growth results in the con-
text of this model, nanotubes should initially grow
from all catalyst nanoparticles during each new gas
pulse; however, only some nanoparticles should have
catalytic rates that are balanced to sustain growth
throughout the duration of the pulse without overcoat-
ing. However, the recovery time between pulses (10 s
in these experiments) is sufficient for some deactivated
catalyst nanoparticles to have a chance to recover their
activity. Thus, the nonequilibrium processes occurring
in a periodic growth gas supply appear to repeatedly re-
activate nanoparticles, initiate growth from a high den-
sity of available sites, and downselect those with suffi-
ciently broad tolerance to deactivation, producing
VANTAs with periodically changing density.

CONCLUSIONS

Time-resolved optical reflectivity measurements of
the height and optical extinction coefficient of VANTAs
during growth have been shown to provide a real-time
diagnostic of both growth kinetics and array density.
The rapid density variations induced by pulsed growth
provide a pathway for digital synthesis of new variable-
density VANTA architectures. Through variation of the
pulsed flux and duration, the lengths and densities of
each region can be adjusted, which provides opportu-
nities to tune the thermal, optical, acoustic, and electro-
magnetic properties of VANTAs.

The ability to measure the variation of density in
situ during growth, coupled with the rapid variations in-
duced by pulsing the feedstock flux, lead to several
new conclusions about the cooperative growth of
nanotubes in VANTAs. First, the densities of the ar-
rays are flux dependent, and the growth process is
capable of responding to rapid flux variations. As
shown above, VANTAs can nucleate and grow
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micrometers in length during subsecond periods.
During this time, the VANTA density can vary by a
factor of at least 1.6 with higher density regions cor-
responding to the periods of high flux.

Second, a decline in density is noted in the growth
of arrays (e.g., Figure 5) with constant feedstock flux. In
both continuous and pulsed growth, the measurement
of growth rate and density indicate a gradual decline
in catalytic activity. This decline has been attributed to
various phenomena such as Ostwald ripening, poison-
ing, or overcoating of the catalyst. While each of these
mechanisms undoubtedly occurs to a degree, the abil-
ity of the nanoparticle ensemble to repeatedly renucle-
ate and regrow high densities of nanotubes with suc-
cessive pulses of feedstock indicates that pulsing the

METHODS

CVD Growth of VANTAs. Ar/H,/C;H, gas mixtures were intro-
duced into a 3'’-diameter, 4'-long quartz tube-furnace reactor
as previously described?' except that the pressure was lowered
from 760 to 6.3 Torr, thereby decreasing the arrival time of the
gas to the substrate from 26 to ~0.2 s, and increasing the flow
velocity 121 fold. Si(100) wafer substrates were coated with cata-
lyst bilayers with nominal thickness of 0.5 nm Fe and 30 nm
AlL,Os.

Pulsed CVD Growth. For pulsed growth, Ar (2000 sccm) and H,
(250 sccm) gases were flowed continuously and acetylene gas
was injected “digitally” from a pulsed valve (Parker model: 099-
0167-900) which was electrically actuated by a circuit which was
electrically triggered by a digital delay generator (Stanford Re-
search Systems, SR545). The pulsed valve could be opened for
minimum times of 1 ms, then closed, producing ~0.2 s fwhm
pulses of acetylene at the substrate. Each pulse was followed by
typically 10s of time to ensure growth had completed (as
measured by TRR). The amount of gas and the peak acetylene
flux in each pulse were varied by adjusting the backing gas pres-
sure of acetylene to the valve and the gate width of the applied
electrical pulse.

Time-Resolved Reflectivity. The intensity of the HeNe laser beam
reflected from the vertically standing substrate was monitored
using a Si photodiode with a 633 nm interference filter.2%?' The
photocurrent was conditioned with a transimpedance amplifier
(gain 1 V/10 pA), digitized with a LabJack 12-bit A/D converter at
300 samples/s, and computer recorded.

Reflectivity Data Analysis. To analyze the experimental reflectiv-
ity curves shown in Figure 4b, we used the following complete
fit procedure. The shape of the interference fringes and the at-
tenuation of the reflected intensity in each growth region (Fig-
ure 4b) are determined by the evolution in length, d(t), of the
VANTA and its optical characteristics, which are described
by an effective complex refractive index, fi, = np + ik,.2>?" In
the complete fit of the curves, we follow the well-established no-
tation of an effective medium model, considering three layers:
(@) Ar/H,/C,H,, n, = 1; (b) VANTAS, Ay, = ny, + iky; and (c) Si, A =
4.1 + 0.057i.2'

Here the complex reflective amplitude, rap,, is modified from
that in ref 21, eq 2 to include scattering effects induced from
roughness on the top layer of the VANTA:*

2 2
S5¢ Tap ToaPoc P

fab = pabsext + m

2
1- Sintpbcpbaq)

where 3, the roughness of the top VANTA layer, is introduced in
three scattering factors:
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flux can provide the conditions to reactivate sites for
nanotube growth that would otherwise remain inac-
tive under a given flow condition.

The ability to digitally vary the duration and flux of
gas, coupled with the development of real-time in situ
diagnostics of both VANTA density and growth rate, af-
fords new opportunities to understand the flux depen-
dence of nucleation (and renucleation) kinetics, effects
on the diameter and wall number distributions of the
nanotubes, and details of the cooperative growth phe-
nomena which will be presented in a separate publica-
tion. Moreover, these diagnostics afford the pathway to
optimize advanced nanotube architectures with vari-
able length and anisotropic density distributions for a
variety of applications.
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which, respectively, correspond to external backscattering of
the incoming beam from the rough top VANTA surface back into
the surrounding gas, scattering encountered during transmis-
sion of the beam through the rough top layer into the VANTA,
and internal scattering off the rough interface from backscat-
tered beams within the VANTA. The effects of including rough-
ness in the model is assessed for A = 632.8 nm.

For normal incidence, the amplitude reflection and transmis-
sion coefficients at each interface, p; and T, are defined as

3

— A 2

B T
i+ A A;

>
>

!
n;

B
+

where i, j = a, b, cand ® = exp(i2mi,d(t)/\) is the phase factor
at normal incidence.® Therefore, predicted reflectivity curves are
calculated as R(t) = rirap and must be fit to the experimental
data to obtain d(t), and corresponding values for fi, and 3.

To regressively fit the experimental reflectivity curves, initial
values for d(t) were obtained by fixing the real part of the total re-
fractive index, iy, as a constant across the VANTA length. In this
case the VANTA lengths at times corresponding to the maxima
and minima of the oscillations can be obtained simply by count-
ing the number of fringes at the corresponding times, using
N(tma) = 0, 1, 2, ... and N(tmin) = 0, 0.5, 1.5, 2.5, ...

d(tmax) = N(tmax)dOI d(rmin) = N(tmin)do (4)
where dy = N/(2ny), the length per fringe in the case of normal in-
cidence,”’ was determined experimentally by measuring the
length of cross-sectioned VANTAs by electron microscopy when
the growth was intentionally stopped after specific numbers of
fringes.?>2! Having calibrated the lengths corresponding to the
peaks and valleys of the fringes, the height of the VANTA at any
time d(t) could be obtained using a cubic polynomial fit to either
the discrete d(tmax) or d(tmin) data points

dit) = o+ ¢t + o, + ot (5)
where the ¢, ¢, ¢, and ¢; are the corresponding fitting
parameters.

These parameters were used as starting values for a nonlin-
ear least-squares fit of d(t), d(d), ny(d) and a(d) using Matlab and
the Levenberg—Marquardt algorithm.
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Z-STEM Image Analysis of Density. TEM and Z-STEM methods were
developed and used extensively to determine masses of
biomolecules.***' The Z-STEM technique employed here is
based on collecting electrons elastically scattered onto an annu-
lar detector of a Hitachi HD-2000 microscope operating at 200
kV. The molecular mass of VANTAs can be determined as*!

IAm

M=Nm= ——
llo, + o]

(6)

where m and N are the atomic mass and the total number of car-
bon atoms within the pixel area A, respectively, I/, is the frac-
tion of the incident electron beam, /o, deflected toward the an-
nular detector, and o, and o; are the elastic and inelastic
scattering cross sections, respectively. Here we also assume that
a relatively thin layer of a carbon nanotube array is monitored
with an electron beam. The relative intensity of the deflected
electron beam was determined based on the Z-STEM image in-
tensities recorded by the microscope’s CCD camera. The contrast
of the image was adjusted to keep the signal from saturating
within an 8-bit range, and the brightness of the image was ad-
justed so that the darkest part of the image, with the electron
beam blocked, still had a few positive counts.
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