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Abstract: On single-crystal substrates, such as sapphire (a-Al.O3z) and quartz (SiO.), single-walled carbon
nanotubes (SWNTs) align along specific crystallographic axes of the crystal, indicating that the SWNT
growth is influenced by the crystal surface. Here, we show that not only the orientation, but also the diameter
and chirality of SWNTs are affected by the crystal plane of the sapphire substrate. The aligned SWNTs
grown on the A- and R-planes of sapphire have narrower diameter distributions than randomly oriented
tubes produced on the C-plane sapphire and amorphous SiO,. Photoluminescence measurements reveal
a striking difference between the aligned SWNTSs: near-zigzag tubes are observed on the A-plane and
near-armchair tubes on the R-plane. This study shows the route for the diameter and chirality control of
SWNTs by surface atomic arrangements of a single-crystal substrate.

Introduction

Single-walled carbon nanotubes (SWNTs) are a promising
material for nanoelectronics because of their excellent electronic
and physical properties.! It is essential to control the position,
orientation, and electronic structure of a large number of SWNTs
attached to a substrate in order to realize nanotube-based devices,
such as field-effect transistors (FETs),? logic circuits,” and sensors.*
There are two major approaches for the fabrication of these devices:
one is to utilize postsynthesis separation together with patterning
techniques, and the other is to synthesize nanotubes directly on a
substrate in a highly controlled manner. Although the metal-
semiconductor separation has recently been demonstrated,™® draw-
backs of the postsynthesis separation are sonication-induced damage
and contamination during the dispersion process, which result in
shortened nanotubes (<1 um) and deteriorated transport properties.

The growth of SWNTs directly on a substrate, on the other hand,
can produce long SWNTs with clean surfaces. The position of
SWNTs is usually defined by the catalyst patterning achieved with
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conventional lithography,”® ink-jet printing,’ or microcontact

printing'® techniques. One can control the SWNT growth direction
by, e.g., electric field,"" gas-flow,'? or self-organized alignment
utilizing the atomic steps'*™' or orientation'>2° of single-crystal
substrate surfaces. The self-organized alignment method produces
dense and highly aligned SWNT networks without any special

technique or equipment.

However, the selective growth of semiconducting SWNTSs or
SWNTs with a unique chirality is still challenging. Recent studies
demonstrated the synthesis of SWNTs with narrow chirality
distributions through the optimization of growth conditions such
as temperature,?'~>* catalyst metal,>-** catalyst support,”® pres-
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sure,”> and carbon precursor.”>?® Nevertheless, neither perfect

control of chirality nor selective growth of semiconducting SWNTs
has been achieved so far. Selective plasma etching of metallic
SWNTs was reported,”-*® but it deteriorates the transport properties
of semiconducting SWNTs, probably due to side reactions.

Several theoretical and experimental studies have suggested that
nanotube chirality depends on the cap structure, like a hemisphere
of fullerenes, formed on a metal nanoparticle catalyst in the early
stage of SWNT growth.>*=>! Therefore, it should be important to
control the structure of metal catalysts for the selective growth of
SWNTs with specific chiralities. One possible approach to this
selective SWNT growth is to utilize the epitaxial interaction between
the metal catalyst and a single-crystal substrate. The direct
interaction between the cap of a nanotube and the crystal surface
is another possibility. Single-crystal sapphire (a-Al,Os) is widely
used for the epitaxial growth of compound semiconductor films,
such as AlGaN, GaN, and ZnO, which are applied to light-emitting
diodes and lasers.>? In addition, Fe—Mo and Co metals are also
reported to form epitaxial films on a sapphire suface.**>> Therefore,
influence of the sapphire surface on nanotube structure is interesting
from the viewpoint of epitaxial growth.

Hongo et al. reported that the yield of SWNT growth on sapphire
depends on the crystal orientation, thus suggesting a route of
controlling the nanotube growth.*® More recently, we demonstrated
horizontally aligned growth of SWNTs along specific crystal-
lographic axes on the A-plane (1120) and R-plane (1102) sapphire
but not on the C-plane (0001)."®'” Because the growth direction
is predetermined by a crystallographic direction on the A- and
R-planes, we called this process an “atomic arrangement pro-
grammed growth”. Polarized Raman measurements confirmed the
aligned growth of SWNTSs,'” but the detailed characterization of
the SWNTs has not been performed so far, except for the analysis
of transport properties.*”

Photoluminescence (PL) and resonance Raman spectroscopies
are powerful tools for the assignment of the chiral index (n, m) of
SWNTs. However, PL measurements from as-grown SWNTSs lying
on a substrate were rather difficult, because interaction with the
substrate quenches the PL from SWNTs.*®3° In this study, we
investigated the diameters and chiralities of as-grown SWNTs on
different planes of sapphire using Raman and PL spectroscopies.
The SWNTs aligned on the A-plane showed narrow chirality
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distribution and near-zigzag structure with small chiral angles,
whereas the SWNTS on the R-plane showed relatively wide chirality
distributions with dominant emission from near-armchair tubes
(chiral angle ~30°). These results suggest the possibility of chirality-
selective growth based on the interaction between the metal catalyst
(or the SWNT) and the crystal surface.

Experimental Section

Sapphire substrates with a misorientation <0.3° (KYOCERA
Corp., Japan) were cleaned by sonication in acetone and
isopropyl alcohol. An Si (1 0 0) substrate with a thermally grown
Si0; layer (thickness, 300 nm) was also used for comparison.
Although we have applied Fe-based catalysts for the SWNT
growth in our previous studies,">™” a Co—Mo-based catalyst
was utilized here, because it supported SWNT growth in the
wider temperature range (750—900 °C). The Co—Mo catalyst
was dip-coated by introducing a substrate into the ethyl alcohol
solution of cobalt (I) nitrate hexahydrate (Co(NOs3),*6H,0) and
bis(acetylacetonate)dioxomolybdenum (MoO»(acac),) with an
atomic ratio of Co:Mo = 94:6 and then dried in air. For chemical
vapor deposition (CVD) growth of SWNTs, a substrate was
loaded into a quartz tube of an electric furnace and heated in a
flow of 300 sccm Ar under atmospheric pressure. After reaching
the CVD temperature (750—900 °C), the catalyst was reduced
in an H, gas flow for 10 min and then reacted with a CH4/H,
gas mixture (H, 7 vol%) flowing at a rate of 1000 sccm.

The structures of the as-grown SWNTs and catalysts were
studied with atomic force microscopy (AFM, Veeco Nanoscope
Illa) and scanning electron microscopy (SEM, HITACHI
S-4800). Resonant micro-Raman spectra were obtained using
a JASCO NRS-2100 spectrometer equipped with Ar ion (488,
514 nm) and He—Ne lasers (633 nm). We used the VV
configuration to effectively measure the aligned SWNTSs, where
the incident and scattered beams were polarized parallel to them.
PL spectra were measured with a setup®® utilizing a continuous-
wave Ti-sapphire laser (700—1030 nm) and a liquid nitrogen-
cooled InGaAs detector (900—1650 nm). The laser power and
spot size were approximately 1 W and 1 mm, respectively. The
chiralities were assigned using the data reported by Weisman
and Bachilo.*!

Results and Discussion

AFM Characterization of the Catalyst. The substrates for
SWNT growth were dip-coated by Co—Mo salts. Elevating the
temperature in Ar followed by reduction in H, decomposed
the salts into metal nanoparticles which acted as the catalyst of
the subsequent SWNT growth. The particle diameter is essential
for growth, and it was separately evaluated by AFM for the
samples reduced at 900 °C in a H, flow. The AFM images and
histograms of the nanoparticle height are depicted in Figure 1.
The mean diameter of nanoparticles was strongly dependent on
the crystal plane, and it increased in the order of A-plane (0.6
4 0.5 nm) < R-plane (1.6 & 0.7 nm) < SiO; (1.7 = 0.6 nm)
< C-plane (4.8 £ 4.0 nm). We would note that the absolute
AFM values could be affected by the process-induced substrate
inhomogeneities, and the relative AFM trends are more reliable.
Those substrate inhomogeneities should, however, be much
weaker in the catalyst assessment than in the SWNT pictures
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Figure 1. AFM images and diameter distributions of metal nanoparticles on (a) A-, (b) R-, and (c) C-plane sapphire substrates and on (d) oxidized silicon
substrates. These images were obtained after the reduction of the Co—Mo metal salt with H, at 900 °C for 10 min. The total number of counted metal

nanoparticles is 120.

» jpino)
X,

b

Figure 2. SEM images of SWNTs grown at 900 °C on (a) A-, (b) R-, and
(c) C-plane sapphire substrates, and on (d) oxidized silicon substrate.

because of the shorter and cleaner (H, only, i.e., no CHy4
decomposition) gas environment.

Regarding the observed diameter differences, we would note
that the surface energies of the A-, R-, and C-planes were
calculated as 2.39, 2.14, and 1.85 J/m?, respectively.42 Although
the surface state of a sapphire substrate might be changed by
the heat treatment, this trend explains well the difference in the
diameter distribution of the metal nanoparticles of Figure 1. The
particles adhere better to the A- and R-sapphire planes having
higher surface energies and thus do not aggregate much, while
the aggregation is enhanced on the C-plane due to its lower
surface energies.

SEM Observations of the Nanotubes. The substrates covered
with Co—Mo metal nanoparticles were then used for the SWNT
synthesis. Figure 2 shows SEM images of SWNTs grown over
a Co—Mo binary catalyst supported on A-, R-, and C-plane

(42) Sun, J.; Stirner, T.; Matthews, A. | NN 2006, 201, 4205.
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Figure 3. Raman spectra of aligned SWNTs grown at 900 °C on A-plane
sapphire measured with three excitation wavelengths (488, 514, and 633
nm). The asterisks indicate the peaks originating from the excitation light.

sapphire and oxidized silicon substrates at 900 °C. Note that
the substrates are electrically insulating, and thus the SWNTs
appeared thick due to the electron beam-induced charging. As
we reported previously, SWNTs are aligned along the specific
crystallographic axes on the A- and R-planes.'®'” This alignment
represents the anisotropic van der Waals interaction between
SWNTs and the sapphire substrate. Alternatively, SWNTSs grew
randomly on the C-plane, as is the case of oxidized silicon
substrates. The random orientation of SWNTs is accounted for
by the isotropic interaction with the oxidized silicon or the high-
symmetry C-plane of sapphire.

Raman Scattering Results. The Raman spectra of SWNTs
grown on the four different substrates were measured with three
different excitation wavelengths (488, 514, and 633 nm). Figure
3 presents the typical Raman spectra measured for the aligned
SWNTs on A-plane sapphire. They show a clear G-band at
~1592 cm ™!, almost negligible defect-induced D-band at ~1350
cm™ ', and low-frequency radial breathing modes (RBMs). The
intensity ratio of the former two bands (Ig/Ip) was greater than
110 indicating the high SWNT quality. Because the sapphire
substrates give peaks only in the range of 300—1500 cm ™', we
could easily distinguish the RBM peaks from others and
estimate, from the RBM position, the SWNT diameter. In the
case of single-crystal quartz, two strong peaks originating in
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Figure 4. Diameters of SWNTSs deduced from the Raman spectra. Blue,
green, and orange circles represent the data measured with 488, 514, and
632 nm excitations, respectively.
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Figure 5. Diameters of SWNTs deduced from the Raman spectra as a
function of the CVD growth temperature on the A-plane (a) and R-plane
(b) sapphire substrates. The symbol colors are the same as in Figure 4.

the substrate appear at low wavenumbers (100—250 cm™")."
They overlap with the RBM signals, making difficult to assess
the SWNT diameters.

Using the RBM signals, we have estimated the SWNT
diameters on A-, R-, C-plane sapphire and oxidized silicon
substrates as follows: each substrate was widely scanned by
moving the sample stage automatically and measuring the
Raman spectra. For each excitation wavelength, 10 different
RBM spectra were collected (Figure 4). The nanotube diameter
dnt (nm) was calculated as dnt = 248/wrpm, Where wrpm 18
the RBM frequency (cm™'). We did not use the AFM height
profiles to analyze the SWNT diameter distributions, because
the AFM diameters were affected by the substrate (see Sup-
porting Information, S-1). Interestingly, we found that the
aligned SWNTs on the A- and R-plane sapphire surfaces have
smaller diameters (1.2—1.8 nm) than the SWNTs randomly
oriented on the C-plane (1.3—2.2 nm). This tendency is
consistent with the observed diameters of the Co—Mo metal
nanoparticles (see Figure 1). These results signify that not only
the growth direction but also the nanotube diameter is influenced
by the crystal surface.

The SWNT diameter is mainly determined by three factors:
catalyst particle size, hydrocarbon feedstock, and CVD tem-
perature. The hydrocarbon feedstock and CVD temperature were
the same for all of the substrates. Therefore, we speculate that
the narrow diameter variations of SWNTs on R- and A-planes
is realized by an indirect effect of the crystal orientation, through
altering the size of the catalyst nanoparticles.

The temperature dependences of SWNT diameters for the
A- and R-plane sapphire substrates are plotted in Figure 5. On
both of the substrates, the diameter variations of SWNT's became
narrower with decrease in the CVD temperature. In particular,

the formation of large-diameter nanotubes was suppressed at
low temperatures. This can be explained by the suppression of
the thermal agglomeration of the metal nanoparticle catalyst at
lower temperatures.?'>>

It is important to note that the data of Figures 4 and 5 merely
show relative trends in the nanotube diameters as a function of
the growth plane and temperature. Because of insufficient
statistics and difficulties in normalizing Raman intensity, those
data only indicate presence of certain nanotubes, but not their
abundance. Besides, the Raman excitation selectively probed
those nanotubes whose bandgap was in resonance with the laser,
but whose relative density could be small. Much more reliable
data on the nanotube diameter were obtained with the PL as
discussed below.

Photoluminescence Results. The near-infrared PL spectros-
copy is a powerful tool for characterizing the chiralities of
semiconducting SWNTs. However, the PL from SWNTs is
strongly quenched when the SWNTs are directly deposited on
a substrate.*®*® The detailed mechanism of this PL quenching
is still unclear, but it is explained by the formation of
nonradiative recombination centers at the SWNT-substrate
interface. Xie et al. suggested that the formation of C—O
covalent bonds between an SWNT and a SiO, surface in a CVD
process creates new energy levels in the energy gap of a
semiconducting SWNT.*® Nevertheless, we have succeeded in
measuring PL contour maps from SWNTSs on sapphire, as shown
in Figure 6. To the best of our knowledge, this is the first
observation of PL from as-grown SWNTs lying on a substrate.
Several reasons could account for this successful observation:
(1) enhanced sensitivity of our PL setup, (2) growth of high-
density arrays of isolated SWNTs, (3) partial detachment of
SWNTs from the substrate, and (4) negligible PL background
from the sapphire substrates. On the contrary, strong signals
from a Si substrate hindered PL measurements of SWNTSs on
oxidized silicon.

Note that traditional preparation of PL samples involves
SWNT dispersion and centrifugation, which do alter the SWNT
diameter distribution. The PL. measurements reported here of
as-grown samples can provide more reliable information on the
SWNT diameters and chirality. This information is, however,
affected by the chirality dependence of PL quantum yield which
has been neglected here.

The contour maps of many as-grown SWNT samples
(Figure 6) exhibit broad features with partially resolved
chiralities; the broadening can be attributed to the SWNT-
substrate interaction. It could be possible that the measured
PL originated from SWNTs, which for some reason have
mostly detached from the substrate. Those SWNTs would
then lose the substrate-induced alignment that could be
detected in polarization-resolved PL measurements.>® An
example of this is shown in Figure 7 for the SWNTs on
R-plane sapphire. Strong alignment (polarization ratio ~15)
is observed, revealing that the SWNTs are attached to the
substrate. We cannot, however, exclude a possibility that
some SWNT segments, in a caterpillar-like fashion, lost
intimate contact with the substrate while remaining parallel
to the tube axis.

The dependences of PL intensity on SWNT diameter and
chiral angle are presented in Figure 8. The chirality distributions
are much wider for the R-plane compared to the A-plane of
sapphire. It is important to note that the SWNTSs with diameters
over 1.4 nm could not be detected in these PL measurements.
The chirality distributions of SWNTs on the A-plane (Figure

J. AM. CHEM. SOC. = VOL. 130, NO. 30, 2008 9921
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Figure 6. PL contour maps of the as-grown SWNTs on A- and R-plane sapphire at different CVD temperatures.
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Figure 7. Polarized PL spectra of the aligned SWNTs grown on the R-plane
substrate measured with 880 nm excitation. Red and blue lines indicate the
PL spectra measured parallel and perpendicular to the orientation of the
SWNTs, respectively.

L
1300

8a) suggest preferential growth of near-zigzag (16, 2) SWNT
at 900 °C, (15, 1) tubes at 800 °C, and (15, 1) and (9, 8) tubes
at 750 °C. On the contrary, PL from the SWNTSs grown on the
R-plane (Figure 8b) is dominated by the near-armchair SWNTs
for all the CVD temperatures studied.

Vast numbers of reports reveal that near-armchair tubes
dominate the PL spectra from SWNTSs of different diameters,

9922 J. AM. CHEM. SOC. = VOL. 130, NO. 30, 2008

grown by various techniques such as CVD?*'%* and laser

ablation.**** The exact population density of each (n, m) SWNT
cannot be estimated from the PL intensity, because the
fluorescence quantum yield has not been experimentally deter-
mined for all of the chiralities shown in Figure 6.% However,
since the aligned SWNTs on A- and R-planes have the similar
diameter distributions (Figure 4 and Supporting Information
S-1), the preferential growth of near-zigzag SWNTs on the
A-plane is reliable. Note that we cannot assign many chiralities,
such as (15, 1) and (16, 2), to the specific RBM peaks of the
Raman spectra, because these SWNTSs are not resonant with
the excitation wavelengths used in this study.*® Figure 6 reveals
that the chirality distribution shifted toward small diameters with
lowering CVD temperature on both A- and R-planes. This
observation is consistent with the result of the Raman measure-
ments (see Figure 5).

Red Shift of PL Peaks. The ovals in the PL. maps of Figure
6 uniquely determine the first and second transition energies,
E and Ey, of the SWNTSs: excitation of the E», transitions,
after internal relaxation, leads to PL emission from the Eq;
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Figure 8. Luminescence intensity and chirality distribution of the SWNTs grown on sapphire surfaces at different CVD temperatures. The diameter of the

circle and the color contrast represent the relative PL intensity.
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Figure 9. Optical transition energies, Ey; and Ex, of air—suspendcd,47 SDS-
wrapped,*! and aligned SWNTSs (present work) derived from PL measurements.

transition. The E;; and E», values have been extracted from
the PL spectra of four SWNTs with different chiralities grown
on R-plane sapphire and plotted in Figure 9. The data of the
air-suspended SWNTs grown on a trenched quartz substrate by

CVD,* and those of the sodium dodecyl sulfate (SDS) wrapped
SWNTs*' are also shown for comparison. Not all of the
chiralities are plotted in Figure 9 because of the lack of the
reference PL data or broadness and weakness of some PL feature
in our spectra.

We found that the Ej; and E», transitions of our aligned
SWNTs are red-shifted by ~45 meV for E|; and ~32 meV for
E» peaks as compared to those of air-suspended SWNTSs.*” It
is well-known that both Ey; and E», values are sensitive to the
SWNT environment and can shift to higher or lower energies
depending on the bundling,*® temperature,*®*° charge transfer,
dielectric screening,*”->'=>* and deformation (strain).>*> In our
study, most of the aligned SWNTs are isolated, and the laser-
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induced heating effect should be small because of the high
thermal conductivity and optical transparency of sapphire
substrates and strong SWNT-substrate interaction. Analysis of
the G-band in our Raman spectrum suggests negligible charge
transfer between SWNT and a sapphire substrate: the charge
transfer to SWNTs induces the down- or upshift of the G-band,>®
but we did not observe any shift in the G-band for the aligned
SWNTs on sapphire. Thus, we suggest that dielectric screening
and/or deformation brought the red shift into our PL spectra.
As for the dielectric screening, the Coulomb interaction between
the electron—hole pairs in SWNTs decreases with increase in
the dielectric constant of the environment, thus resulting in the
red shift in the PL spectra. It is known that a larger dielectric
constant reduces the E;; and Ey values.”>>* The dielectric
constants of air and water—surfactant environments are 1.0 and
~2, respectively.’' Considering the higher dielectric constant
of sapphire (3.1),%” we suggest that dielectric screening is the
primary reason of the observed red-shift. In addition, the SWNT
alignment indicates strong interaction between the sapphire
substrate and SWNTSs, which may produce strain in the SWNTs
and thus also contribute to the observed red shift of the E;; and
E» energies.

Mechanism of Chirality Dependent Growth. This study
demonstrates the chirality-dependent growth of nanotubes on
the A- and R-plane sapphire, and in this section, we would
briefly comment on the possible reasons for this selectivity. The
nanotube chirality is determined by the cap structure initially
formed on the metal nanoparticles.>*=' In our growth process,
those metal nanoparticles are produced from the Co—Mo salts
covering the sapphire substrate, through heat- and gas-flow
assisted decomposition. It is reasonable to suggest that the
dissimilar atomic structures of the A- and R-plane sapphire
surfaces induce differences in the particle morphology and
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orientation thereby affecting the SWNT chirality. Another
possible explanation is the formation of specific cap structures
during the initial growth due to the direct interaction with the
different atomic arrangements of the sapphire surfaces. In other
words, the epitaxial relationship due to the matching of the
lattice constants of sapphire and a specific SWNT may lead to
the crystal plane-dependent growth. The surface atomic struc-
tures of the A- and R-plane sapphire with overlaying graphene
sheets are illustrated in the Supporting Information (S-2). It is
difficult to rationalize the two lattice structures, which may be
related with the initial nucleation step of the SWNT growth at
high temperature. Further study, such as high-resolution mi-
croscopy, is also required to reveal the SWNT growth mechanism.

Conclusions

We have investigated the influence of the surface atomic
arrangement of sapphire on the diameter and chirality of
horizontally aligned SWNTs using Raman and PL spec-
troscopies. Raman measurements suggest that aligned SWNTs
on the A- and R-planes have narrower diameter distributions
compared with randomly oriented SWNTs on the C-plane and
oxidized silicon. We have succeeded in measuring the PL
spectra from as-grown SWNTs on sapphire. They showed a
large red shift in the first and second band gap energies, Ej;
and Ej, probably due to the influence of the substrate. The
emission from the near-armchair SWNTs was mainly observed
on the R-plane substrate, as is the case in micelle-encapsulated
SWNTs synthesized by CVD and laser-ablation methods.
However, PL from the near-zigzag SWNTs was observed on
the A-plane. These results suggest that the atomic arrangements
of sapphire affect the diameter and chirality of SWNTs along
with their growth direction. We hope that these findings will
develop into highly controlled “epitaxial nanotube growth”.
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