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ontrolling the size of a nanomaterial
C is critical for its application because

the characteristic length of a material
significantly affects its mechanical, thermal,
chemical, and particularly electronic proper-
ties. This well-known “size effect” has been
intensively demonstrated in a variety of
systems, including quantum dots, nano-
tubes, nanowires, nanoribbons/belts, etc.' >
For a single-walled carbon nanotube (SWNT),
the diameter primarily determines the band
gap of a semiconducting nanotube and
is therefore directly related to the perfor-
mance of this material in electronics and
optics applications.*”

In 2004, we reported the first vertically
aligned (VA) SWNT array,6 which was syn-
thesized by alcohol catalytic CVD (ACCVD).
This method yields high-quality SWNTs with
an average diameter of 2 nm. Since then,
there have been considerable attempts to
control the diameter of VA-SWNTs, among
which the most successful work was re-
ported in 2006 by Yamada et al., who man-
aged to continuously tune the average
diameter of the SWNTs from 2 to 5 nm.” More
recently, Hart et al. demonstrated successful
control over the diameter as well as the
number of walls for single-walled and few-
walled carbon nanotubes (CNTs), being able
to adjust the diameter from 5 to 100 nm2
However, extension of the range of VA-SWNT
diameters to less than 2 nm remains a critical
challenge. Earlier this year, Zhong et al.
proposed a three-layer AlO,/Fe/AlO, catalyst—
support design that could produce sub-
2 nm VA-SWNTs. The dense VA-SWNTs ob-
tained in that work show a great promise for
the use of SWNTs as interconnects.” More
generally, because the band gap is roughly
inversely proportional to the diameter, smal-
ler diameter SWNTs are of interest for most
electronics and optics applications.
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We demonstrate wide-range diameter modulation of vertically aligned single-walled carbon
nanotubes (SWNTs) using a wet chemistry prepared catalyst. In order to ensure compatibility
to electronic applications, the current minimum mean diameter of 2 nm for vertically aligned
SWNTs is challenged. The mean diameter is decreased to about 1.4 nm by reducing Co catalyst
concentrations to 1/100 or by increasing Mo catalyst concentrations by five times. We also
propose a novel spectral analysis method that allows one to distinguish absorbance
contributions from the upper, middle, and lower parts of a nanotube array. We use this
method to quantitatively characterize the slight diameter change observed along the array
height. On the basis of further investigation of the array and catalyst particles, we conclude
that catalyst aggregation—rather than Ostwald ripening—dominates the growth of metal

particles.
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control - catalyst aggregation

The absence of small-diameter VA-SWNTs is
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Figure 1. (a) Typical SEM image of a vertically aligned SWNT
array grown on a quartz substrate shows the worsening
alignment from top to bottom; insets are enlarged images
of the top, middle, and root of the array. The scale bar
applies to all three images. (b) Graphene lattice showing
the chirality range of typical randomly aligned SWNTs
(indicated in red) and vertically aligned SWNTs (indicated
in green).

arrays with a widely tunable average nanotube di-
ameter. Our method can produce VA-SWNTs with an
average diameter as small as 1.2 nm. This small di-
ameter is achieved using ACCVD and catalyst particles
prepared by a wet process.®'> Additionally, we per-
formed a quantitative study on the diameter using a
novel spectral analysis method, giving insights into the
time-dependent SWNT formation process. On the basis
of further investigations, a possible growth mechanism
for small-diameter SWNT arrays is discussed.

RESULTS AND DISCUSSION

Characterization of VA-SWNT Morphology and Diameter.
Figure 1a shows a typical SEM micrograph of a
VA-SWNT array synthesized by ACCVD. The SWNTs
grow perpendicular to the quartz substrate and form
a self-standing forest-like array. The height of the array
can be adjusted from submicrometer to hundreds of
micrometers by changing CVD and catalyst prepara-
tion parameters. The average diameter of the SWNTs is
approximately 2 nm using our standard procedure.'®"”
Although relatively small for vertically aligned SWNT
arrays, 2 nm is considerably larger than non-aligned
SWNTs synthesized by powder-supported or floating
catalyst methods (e.g., HiPco, COMoCAT, and zeolite-
supported ACCVD processes),'>'®"?  which vyield
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SWNTs with diameters around 1 nm. The difference
in diameter range for VA-SWNTs and random SWNT
aggregates is illustrated in Figure 1b. We acknowledge
that large-diameter SWNTs (2 nm or larger) may be
suitable or preferable in some applications (e.g., the
diameter effect on device performance),® but small-
diameter SWNTs (1 nm or less) possess considerable
band gaps, clearly setting them apart from graphene
for semiconductor electronics applications. The synth-
esis of small-diameter VA-SWNTs could advance and
extend the applications of this material.

We used optical absorbance as our primary method
of characterizing diameter distribution, with supple-
mental use of Raman scattering and TEM observations.
It is important to summarize the experimental meth-
odologies being employed to characterize SWNT di-
ameters because the difficulty in diameter control lies
not only in the synthesis protocols used but also in the
characterization methods and interpretation of data.
Raman spectroscopy is perhaps the most often used
method because the frequency of the radial breath-
ing mode (RBM) is directly determined by the SWNT
diameter.° However, Raman spectra contain informa-
tion from a limited number of SWNTs in the sample
because excitation of the RBM is a resonance process,
leaving the actual diameter distribution of bulk SWNTSs
unclear (unless a wide range of excitation energies are
used). Furthermore, the strong dependence of Ra-
man intensity on diameter and chirality hinders the use
of this technique for the accurate estimation of dia-
meter distribution.?’ Photoluminescence excitation
spectroscopy (PLE) has more recently proved to be a
powerful technique for the unambiguous identification of
SWNT chiralities.?? However, the main shortcoming
of PLE is that only isolated, small-diameter, semi-
conducting SWNTs can be detected. Selectivity dur-
ing sample preparation, a narrow detection window,
and chirality-dependent quantum efficiencies also
restrict the use of PLE for obtaining a statistically
accurate result representative of the entire nanotube
ensemble.?*?* TEM and atomic force microscopy
(AFM) in this sense are the most reliable methods,
despite the complicated sample preparation and
time-consuming measurement. Other strategies
such as Rayleigh scattering are applicable to only
well-isolated and suspended samples.?®

Effects of CVD Parameters. Figure 2 presents resonance
Raman and optical absorbance spectra of vertically
aligned SWNT films grown at various CVD tempera-
tures and pressures using our standard catalyst
recipe.® The resonance Raman spectra were taken
directly from the top of the samples with 488 nm laser
excitation, and the optical absorbance spectra were
obtained by titling the as-grown array 30° with respect
to the Poynting vector of the incident light. Clear
differences appear in the RBM region of the Raman
spectra (red arrows in Figure 2a), suggesting that
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Figure 2. (a) Resonance Raman and (b) UV—Vis—NIR optical absorbance spectra of aligned SWNTs grown at different
temperatures and pressures clearly show different Raman RBM peak intensities but similar absorption peak positions.

Excitation wavelength in (a) was 488 nm.
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Figure 3. (a) UV—Vis—NIR optical absorbance spectra of aligned SWNTs synthesized using different catalyst recipes. The
concentration of the catalyst solution is normalized by a standard value of 0.01 wt % for each of the metal species in cobalt

acetate and molybdenum acetate.

SWNTs with smaller diameters are synthesized at
elevated pressure and reduced temperature. The
nearly identical positions of the E;; and E,, peaks in
the optical absorbance (Figure 2b),%® however, imply
that the increase in the population of a minority of
small-diameter SWNTSs indicated by the Raman spectra
is insufficient to alter the overall diameter distribution.
This superficially contradictory result is because most
of the strong RBM signals (145, 181, 244, 256 cm ™ ') are
from a minority population of small-diameter SWNTs
randomly suspended in the forest.?” For example, from
the Kataura plot, we know that RBM peaks at 244 and
256 cm ™' correspond to (7,7) and (8,5) SWNTs with
diameters of 0.96 and 0.90 nm,”® which are both far
from the mean diameter of VA-SWNTSs. In general, due
to differences in resonance conditions as well as a
stronger Raman response from small-diameter near-
zigzag SWNTs,?" small differences in sample popula-
tions can be greatly exaggerated in resonance Raman
spectra. This is evidenced by a careful TEM character-
ization in which little difference in diameter distribu-
tion is observed (not shown).

Effect of Catalyst Recipe. We find the influence of
catalyst recipe on the diameters of produced SWNTs
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to be more significant than synthesis temperature or
pressure. We have shown that the reduction of mean
diameter can be achieved by modifying the reduction
condition.?® By carefully adjusting the catalyst reduc-
tion condition to inhibit aggregation of catalysts, we
have obtained a mean diameter of 1.6 nm. Even
though SWNTs with much smaller diameters can be
obtained by exposing the catalyst to water vapor prior
to CVD, vertically aligned morphology was lost due to
less efficient growth from such catalysts.>®

Since we use a bimetal Co—Mo catalyst in the
present study, the effects of the two components were
investigated independently. When the absolute amount
of Co is decreased in the solution catalyst precursor, a
clear blue shift of the E;; and E, peaks is seen in optical
absorbance (Figure 3a). Assuming the peak positions
denote the mean diameter of the SWNTSs inside the array,
this suggests that the diameter reduces from 2 to 1.6 nm
when the Co concentration is decreased by 2 orders of
magnitude. This overall tendency is consistent with
combinatorial experiments, in which the nominal thick-
ness of Co and Mo were continuously changed."® Still, it is
surprising that VA-SWNT morphology is obtained in this
wide range of Co concentrations.
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It seems qualitatively straightforward that a smaller
amount of catalyst generates smaller catalyst particles,
which produce thinner SWNTs.3? It has also been
proved that Co is the active site driving nanotube
growth in our Co—Mo system.>' However, unlike on
porous catalyst supports such as zeolites, where nano-
sized pores restrict the size of the catalyst,> nano-
particles on a flat substrate always have a temperature-
dependent minimum size limit determined by the
energy of the system. Furthermore, small particles
can easily migrate and aggregate at elevated tempera-
ture. One common strategy to inhibit this aggregation
is to introduce a secondary species, such as alumina or
molybdenum.'®'33" Therefore, the role of Mo in our
Co—Mo system is also studied independently.

Figure 3b shows optical absorbance spectra of
VA-SWNTs grown using different Mo concentrations
while keeping the Co concentration constant. The E;,
and E,, peaks of the produced SWNTs exhibit more
significant shifts than in the reduced Co case, indicat-
ing the average diameter changed from 2.5 to 1.4 nm.
This diameter reduction was achieved by increasing
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Figure 4. Resonance Raman spectra of vertically aligned
SWNTs obtained from ACCVD with reduced Co amount on
quartz substrates. Indication of the existence of smaller dia-
meter SWNTs is consistent with optical absorbance spectra.
Excitation wavelength was 488 nm.
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the Mo concentration by only 10 times yet is much
more significant than the reduction obtained by redu-
cing the Co concentration by a factor of more than 100.
This agrees well with the hypothesis that Mo forms an
oxide (MoO, or CoMoO,) that strongly interacts with
Co, thereby reducing the mobility of Co nanoparticles
at high temperatures.'**'

Two significant changes can be observed in reso-
nant Raman spectra (Figure 4) from the reduced-
concentration-Co recipe and are consistent with the
above absorption results. First, higher-frequency peaks
in the RBM range are enhanced in the sample grown
using the least amount of Co. This indicates an increased
population of small-diameter SWNTs. Second, decreas-
ing the amount of Co also leads to an emergence of a
more intense Breit—Wigner—Fano (BWF) feature in the
G-band region, also indicating an increased contribu-
tion of small-diameter metallic nanotubes such as (7,7)
and (8,5). However, the relatively weak BWF signal from
our VA-SWNTs for a wide range of diameters and
different excitation energies (not shown) cannot be
straightforwardly understood. Because a considerable
contribution to the G-band from majority larger diameter
and vertically aligned nanotubes is apparent from polar-
ized Raman measurements,?” silence of metallic nano-
tube features may imply that the percentage of
semiconductor nanotubes is high. Similar results were
obtained for the increased Mo case. As stated above, such
changes in the Raman spectra are not sufficient evidence
for overall diameter modulation, and agreement with
absorbance spectra is necessary.

High-resolution TEM (HR-TEM) characterization was
performed on samples obtained in the above-
mentioned experiments. For consistency, we chose
the upper portions of the arrays for all TEM observa-
tions. Micrographs of a typical SWNT array and a small-
diameter array are shown in Figure 5a,b, respectively.
We measured the diameters of approximately 400
SWNTs and present the statistics in Figure 5c. The
histograms show three representative samples, with

Mean: 1.2 nm
Mo*5

Mean: 1.6 nm

Mo*2
Mean: 2.0 nm
Mo*1
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Figure 5. (a,b) Representative TEM images and (c) diameter histograms of vertically aligned SWNTs synthesized using

different catalyst recipes.
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average diameters of 2.0, 1.6, and 1.2 nm. Although
time-consuming, this TEM measurement unambigu-
ously reveals that the diameter distribution was suc-
cessfully modulated over a broad range. Furthermore,
for the dayg = 1.2 nm sample, all SWNTs in the array
were found to be thinner than 2 nm, which may be
critically important for some applications. We note that
the mean diameter estimated from optical absorbance
spectra is slightly larger than the value obtained from
TEM observations (i.e., 1.4 nmvs 1.2 nm). The reason for
this is explained in the following section. It is also worth
noting that although SWNTs with mean diameters of
less than 1.2 nm may be obtained by further reducing
the Co or increasing the Mo concentration, the catalyst
activity decreases dramatically and the vertical align-
ment is therefore lost. Very recently, we also reported
the growth of nitrogen-doped VA-SWNTSs with a mean
diameter of less than 1 nm by using mixed ethanol/
acetonitrile carbon source.>® However, for undoped
VA-SWNTs, further reducing the diameter while main-
taining vertical alignment still presents a challenge.

Our present understanding of how SWNT diameter
changes as a function of Mo concentration is described
as follows. Co acetate decomposes during thermal
annealing, and the Co then aggregates into metallic
particles that act as nucleation centers for SWNT
growth. The Mo species, however, forms a MoO, or
CoMoO,, phase that serves to stabilize the Co metal.
Since Mo is known to be much less mobile than Co at
high temperature, it is rational to expect that more Mo
on the substrate could better inhibit surface diffusion
of Co. Therefore, the chance for Co to remain as small
particles increases with added Mo. In this sense, we
speculate that a similar strategy to reduce SWNT
diameter may also apply to physically deposited
Co/Mo films. One other point that needs to be taken
into account is that Mo oxides such as MoOs easily
evaporate at temperatures above 600 °C. However, we
use Ar/H, as a carrier gas during the entire heating
process. MoOs can be reduced above 400 °C, which
means that although some Mo may be lost due to
evaporation, a significant could remain as MoO,
or CoMoO,. Our previous study revealed that the
atomic concentration of Mo did decrease after reduc-
tion, but half of the material remained on the
substrate.®'

Quantitative Measurement of Diameter along the SWNT
Array. Vertically aligned CNTs normally obey a root
growth mechanism,>*38 and all CNTs grow in gen-
erally the same direction. The resulting alignment
enables easy access to regions in the array where
CNTs formed at different times during synthesis, thus
study of the time-dependent growth process becomes
possible. For example, in the SEM image shown in
Figure 1a, it appears that the upper portion of the array
(grown earlier) is better aligned than the root (grown
later). The bundle size also appears to decrease with
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CVD time. Resonance Raman spectra taken from dif-
ferent points along the cross section of the array
(Figure 6a) also show a marked difference. Note that
the anomalous effect of suspended nanotubes is less
pronounced for excitation with a 633 nm laser.?”*°
Low-energy RBM peaks (ie., from large-diameter
SWNTs) are enhanced in spectra obtained near the
root of the array.

For a more quantitative characterization, we synthe-
sized three VA-SWNT arrays (called A, B, and C for
convenience) by changing only the CVD time; other
parameters were kept strictly identical. The depen-
dence of film thickness on growth time, depicted by
a growth curve,*® is shown for each array in Figure 6b.
These three growth curves suggest that all three
samples exhibited almost exactly the same growth
behavior, having nearly identical growth rates and
catalyst deactivation times. Optical absorbance spectra
corresponding to each of these arrays are shown in
Figure 6¢, and little difference is seen in the E;; and E,,
peak positions.

Assuming the only difference in these SWNT arrays
is their height, we can consider the arrays are nearly
approximated as combinations of the others. In this
approach, array A is simply an array with a height of
3 um and is represented by the green box in Figure 6b.
Array B (height =6 um, purple box in Figure 6b) may be
considered as two 3 um arrays stacked on top of each
other. The upper 3 um array should be identical to array
A, so subtracting spectrum A from the spectrum of
array B should yield the absorbance contribution from
the bottom half of array B (blue box in Figure 6b).
Similarly, subtracting spectrum B from that for C gives
the net absorbance of the root part of array C (red box
in Figure 6b). Using this strategy, the absorbance
of array C (an 8 um SWNT array) can be decomposed
into three spectra, spectrum A (top), spectrum B—A
(middle), and spectrum C—B (root). The spectra de-
composed in this manner are shown in Figure 6d. The
peak positions are clearly different, indicating that the
SWNT diameters are not uniform along the array, and
the SWNTSs synthesized last (near the root) have larger
diameters than those which form first (at the top). This
gradual increase of the SWNT diameter with growth
time was observed before by Hasegawa et al. for
sputtered Fe/Al catalyst but generally difficult to char-
acterize by conventional approaches.*’ Our “sliced”
optical absorbance method offers a quantitative eva-
luation and confirms the diameter change is approxi-
mately 20% in the present case. This diameter widen-
ing may commonly occur in various systems and
thus remains a challenge for the nanotube synthesis
community.

The spectra shown in Figure 6 also help to under-
stand why the average diameter obtained from TEM is
slightly smaller than suggested by optical absorbance.
The difference between diameter estimates based on
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Figure 6. (a) Raman spectra obtained from the top, middle, and root of a cross section of a typical aligned SWNT array
showing that the diameter of SWNTs at the root seems to be larger than at the top. Excitation wavelength was 633 nm.
(b) Growth curves of three arrays grown under strictly identical CVD conditions but for different times. Inset shows the
morphology of the VA-SWNTs. (c) Optical absorbance of the three arrays. (d) Net/absolute absorbance of the different parts of
the 8 um array obtained by subtracting the data in (c). Shifts in peak positions quantitatively show the diameter change

occurring during synthesis.

optical absorbance and HR-TEM measurements shown
in Figure 5 is likely because the former averages the
entire array, whereas the latter is only representative of
a local region that may not necessarily be representa-
tive of the entire array. Nevertheless, the results shown
in Figure 5 indicate that VA-SWNTs with diameters as
small as 1.2 nm can be obtained. Previous VA-SWNTs
grown on physical vapor deposited catalyst usually
have diameters larger than 2 nm.

Mechanism for Diameter Change: Ripening or Aggregation.
Since the SWNT diameter is essentially determined
by the size of the catalyst particle,' the observed
diameter change reveals the behavior of the catalyst
on a flat substrate. At high temperature, there are two
competing mechanisms that can lead to particle
growth. At CVD temperatures, the catalyst particles
are mobile on the substrate and may collide with each
other, forming a larger particle. Less mobile particles
can also grow via Ostwald ripening.*’*? The main
difference between these two processes is that in
Ostwald ripening small particles gradually lose atoms
to larger particles, causing the larger particles to grow
and smaller ones to shrink. This would cause the
distribution of an ensemble of particles to shift from
Gaussian to bimodal. Since our sliced absorbance

XIANG ET AL.

spectra in Figure 6d reveal a general shift in one
direction (no split in the small diameter range), it appears
that catalyst aggregation—rather than Ostwald
ripening—dominates catalyst behavior during the
growth of our SWNTs.*?

To confirm this speculation, we investigated the
catalyst morphology by TEM after different CVD times
(Supporting Information). To make the observation less
challenging, we intentionally used a high-concentration
catalyst solution to form slightly larger catalyst parti-
cles. TEM micrographs and a statistical histogram
showing catalyst sizes (Figure S1) reveal that in the
early stage of the CVD process all particles are below
3 nm, whereas after 10 min, all catalyst sizes increase to
approximately 3.5 nm. No noticeable enhancement of
small diameter particles was observed. These findings
indicate that Ostwald ripening is not the primary
mechanism behind catalyst growth in this process.

SUMMARY

We present a comprehensive study on the diameter
modulation of vertically aligned SWNT arrays and show
that the catalyst recipe has a much more significant
impact on mean diameter than either CVD tempera-
ture or pressure. By changing both the relative and

A N NS
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absolute amounts of Co and Mo in a binary catalyst
system, we were able to tune the average SWNT
diameter between 1.2 and 2.5 nm, as determined by
optical absorbance, resonance Raman spectroscopy,
and HR-TEM. For the mean diameter of 1.2 nm, all
of the SWNTs were found to be thinner than 2 nm.
Due to their nearly doubled band gap and improved
structural stiffness, such small-diameter VA-SWNTs
may be desirable for optical and electronic applications.

EXPERIMENTAL SECTION

Vertically aligned SWNT arrays were synthesized using
ethanol as the carbon source. Co/Mo catalyst is directly pre-
pared on the quartz substrate by dip-coating without the use of
an additional support layer. The growth temperature, ethanol
pressure, and concentration of the catalyst precursor were
changed independently to investigate their effects on the
diameter of obtained SWNTs. CVD duration was 5 min, and
the ethanol flow was 450 sccm in all cases. Additional details
about the catalyst preparation and CVD procedure may be
found in our previous reports.®** The as-grown SWNT array
was characterized by scanning electron microscopy (SEM, Hitachi-
5500), resonance Raman spectroscopy (488 and 633 nm excitation
wavelengths), UV—Vis—NIR absorbance spectroscopy (Shimadzu
UV-3150), and transmission electron microscopy (TEM, JEOL
2000EXII operated at 120 kV).
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