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ABSTRACT: Single-walled carbon nanotubes (SWCNT) have long
attracted attention due to their distinct physical properties, depending on
their chiral structures (chiralities). Clarifying their growth mechanism is
important toward perfect chirality-controlled bulk synthesis. Although a
correlation between the chirality distribution and the carbon atom
configuration at an open tube edge has been predicted theoretically, lack
of sufficient statistical data on metallic and semiconducting SWCNTs
prohibited its verification. Here, we report statistical verification of the
chirality distribution of 413 as-grown individual air-suspended SWCNTs
with a length of over 20 μm using broadband Rayleigh spectroscopy.
After excluding the impact of the difference in the number of possible
SWCNT structures per chiral angle interval, the abundance profile with
chiral angle exhibits an increasing trend with a distinct anomaly at a
chiral angle of approximately 20°. These results are well explained considering the growth rate depending on armchair-shaped site
configurations at the catalyst−nanotube interface.
KEYWORDS: carbon nanotubes, Rayleigh spectroscopy, chirality, armchair, CVD growth

Carbon nanotubes1 have attracted attention due to their
district physical properties, for example, strong light−

matter interaction,2 high electrical3,4 and thermal conductiv-
ity,5,6 high thermal stability,7,8 and outstanding strength-to-
weight ratio.9,10 In addition, their potential to be generated
from carbon dioxide has recently expanded their importance in
terms of social demand to reduce carbon dioxide emissions on
a global scale. Among carbon nanotubes, single-walled carbon
nanotubes11 (SWCNT) have excellent properties that depend
on their chiral structures, which are specified by pairs of a
diameter d and chiral angle θ (Figure 1a) or by chiral indices
(n,m) (Figure 1b). Even when SWCNTs have similar
diameters and chiral angles, they may be metallic (n − m =
3q; q is an integer) or semiconducting (n − m ≠ 3q)12−14 with
different optical transition energies originating from exciton
resonances.15−18 The structure-dependent narrow-window
exciton resonance provides a promising application as a
wavelength-selective near-infrared-to-visible photon emit-
ter.8,19−21 In addition, even the mechanical strength of
SWCNTs, whose strength-to-weight ratio is among the highest
among known materials, depends on the chiral structures of
the SWCNTs.10,22 The preferred structure of SWCNTs
depends on the applications; thus, structure-controlled syn-
thesis of SWCNTs has attracted attention in a wide range of
scientific fields.23−43

To date, various methods that can generate a small amount
of highly structure-controlled SWCNTs have been re-
ported,23−33 and mechanisms to explain the structure

selectivity have been proposed.34−41 Bulk synthesis of much
narrower chirality distribution has been reported recently;42,43

however, bulk synthesis of perfectly structure-controlled
SWCNTs has not yet been achieved, and deeper under-
standing of the growth mechanism is required to realize this
goal. Previous experimental studies have reported the
preferential growth of SWCNTs with large chiral angles (red
region in Figure 1b), referred to as armchair (achiral, with θ =
30°) and near-armchair (chiral, with θ ∼ 30°) SWCNTs, in as-
grown condition.23,40,41,44−47 This abundant growth has been
verified by theoretical calculations, and the abundant armchair
sites on the open tube edge (red and blue squares in Figure 1a)
with a smaller potential barrier for carbon adhesion than the
zigzag sites (black circles in Figure 1a) have been suggested as
the primary origin of this preferential growth.35,37 In addition,
for the solid catalyst case, theoretical studies have predicted the
preferential growth of near-armchair SWCNTs over armchair
SWCNTs due to the existence of kink edges (indicated by the
black dotted line in Figure 1a) that promote screw
dislocation34,36 or the larger entropy of atom configurations
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of edge structures.37 In contrast, for the liquid catalyst case the
preferential growth of achiral armchair species has been
predicted because the energy costs of the edge nucleation of
each structure are comparable, and the number of armchair
sites becomes the dominant factor in the growth.36 Thus, the
structure abundance distribution as a function of θ includes the
information about the catalyst phase (solid or liquid), as well
as the dependence of the growth rate on the overall atom
configurations of the edge structures, which is most important
in terms of experimental verification of the theoretical
predictions. However, the correlation between the statistical
abundance distribution and the structure-dependent edge
configurations has remained to be clarified thoroughly from
an experimental perspective.
Here, we report the statistical structure distribution of

individual air-suspended SWCNTs grown by alcohol chemical
vapor deposition (CVD). For simplicity, we studied as-grown
isolated individual SWCNTs suspended over a slit because
SWCNT bundling and/or interactions with the substrate may
complicate their growth process and structural selectivity. We
determined the chiral structure of 413 SWCNTs via broad-
band Rayleigh spectroscopy, covering photon energies in the
range of 0.8−2.8 eV, which enabled rapid and efficient
structure characterization of both semiconducting and metallic
SWCNTs. The preferential growth of SWCNTs with large
chiral angles was observed, together with inhibited growth of
SWCNTs with small chiral angles with diameters above ∼2.6
nm. Statistical analyses revealed that the abundance distribu-
tion exhibited an increasing trend with an anomaly in the
derivative at the chiral angle of approximately 20°. In addition,
the growth of achiral armchair SWCNTs was preferential to
that of chiral near-armchair species. We demonstrate that the
anomaly in the abundance distribution can be accounted for by
considering the different contributions of open tube edge
structures to the SWCNT growth rate.

SWCNTs were grown and suspended over open slits (width,
20−30 μm) prepared at the center of silicon substrates via
ambient CVD48 using a modified fast-heating process49,50

(growth temperature, 900 °C; see Methods for details). Their
structures were determined by Rayleigh spectroscopy,2,45,51,52

which is applicable to structure characterization of both
semiconducting and metallic SWCNTs. All SWCNTs have
inherent sets of multiple optical transitions originating from
exciton resonances in each one-dimensional sub-band, which
are widely distributed across the infrared-to-visible photon
energy range. In this study, we applied Rayleigh spectroscopy
in the broad photon energy range of 0.8−2.8 eV (broadband
Rayleigh spectroscopy8,10), where a sufficient number of
exciton resonance peaks to specify the structure is included
(Figure 2a; see Methods for details). The observed exciton
series in the 0.8−2.8 eV range were compared to an empirical
table developed to represent the relationship between the
nanotube structure and set of optical transition energies,52

leading to rapid structure characterization (see Supporting
Information Note for details). In the experiments, as-grown
suspended SWCNTs were searched under white light
illumination (Figure 2b) followed by broadband Rayleigh
spectroscopy.

We determined the chiral structure of 413 SWCNTs,
including 276 semiconducting SWCNTs and 137 metallic
SWCNTs. Assuming a random distribution of SWCNT chiral
structures, one-third of the SWCNTs should have been
metallic. Although the results revealed a ratio of nearly 2:1
for semiconducting and metallic SWCNTs, the chiral structure
distribution demonstrated preferential regions with a charac-
teristic diameter and chiral angle (Figures 2c). SWCNTs with
d = 1−3 nm and large chiral angles (near-armchair types) were
preferential. In contrast, relatively small-diameter SWCNTs (d
< ∼1 nm) and near-zigzag and zigzag SWCNTs (θ < ∼10°)
with d > ∼ 2.6 nm were hardly found under these growth
conditions. Figure 2d,e shows chiral structure distribution as a
function of diameter and chiral angle, respectively, where the
bin sizes are 0.2 nm and 2°, respectively. In Figure 2e, the dark
red bar at 30° represents the number of only armchair
SWCNTs although it is plotted with the same bin size as the
other SWCNTs. As shown in Figure 2d, the average diameter
was 2.22 nm (standard deviation: 0.52 nm), which is greater
than that reported in previous studies (d = ∼1 nm).23,44,46 This
is because the growth temperature was higher than in those
studies.23,44,46 A similar abundance to ours was reported for a
similar growth temperature.45 Despite the difference in
preferential diameters, both our results and those of previous
studies23,44−46 demonstrate that as-grown SWCNTs favors
large chiral angles (Figure 2e). In addition, in our experiment
18 armchair SWCNTs were detected (their spectra are shown
in the inset of Figure 2c).

To investigate the chiral angle dependence of the fractional
abundance, we analyzed the data of the SWCNTs with their
diameters falling within one standard deviation of the mean (d
= 1.70−2.74 nm; Figure 3a). Here, the bin size is 2°, and the
red bar at 30° represents the number of armchair SWCNTs
with the same bin size. We compared this distribution to the
theoretically expected distribution under the fully random
growth condition, where each (n,m) SWCNT was assumed to
grow with equal probability. To calculate the theoretical
distribution under the random growth condition, first we
counted possible numbers NR (θ) of chiral indices (n,m)
within the diameter range of d = 1.70−2.74 nm in each bin of

Figure 1. Structural classification of single-walled carbon nanotubes.
(a) Definitions of diameter (d) and chiral angle (θ). The chiral angle
is defined as the angle between the zigzag direction and the
circumference (θ = 0°−30°). Black circles indicate carbon atoms
composing zigzag sites. Squares indicate pairs of carbon atoms
composing armchair sites. The black dotted line indicates a kink edge.
(b) Definition of chiral indices of (n,m). The chiral indices of (n,m)
represent the chiral vector (black arrows) of a nanotube mapped on a
graphene plane with a basis of a1 and a2.
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Figure 3a. Then, the probability of finding SWCNTs having a
chiral angle of within θ ± 1° was calculated as PR (θ) = NR
(θ)/∑NR (θ), where ∑NR (θ) is the total number for all θ.
Note that chiral SWCNTs have an equal number of left- and
right-handed enantiomeric helical forms53−56 (Figure 3a, inset)
but they were indistinguishable in this study because we did
not measure Rayleigh scattering circular dichroism56 to
distinguish enantiomeric helical forms. Thus, the expected
number of each chiral SWCNT was two times greater than that
of the achiral species. The expected value under the random
growth condition denoted as ⟨NR (θ)⟩ is given as follows

= ×( )N N P( ) ( ) ( )R R (1)

where N(θ) is the number of experimentally found SWCNTs
within θ ± 1°, and ∑N(θ) is the total number for all θ in the
experiment. Recall that only armchair SWCNTs were counted
independently. The green markers in Figure 3a indicate
⟨NR(θ)⟩ with a 95% confidence interval estimated from the
Poisson distribution (orange band). A comparison of the
experimental and expected values indicated that the abundance
distribution of SWCNTs could be divided qualitatively into
three groups, that is, SWCNTs with θ < ∼10°, ∼10° < θ <
∼20°, and ∼20° < θ (referred to as small-, middle-, and large-
chiral-angle SWCNTs, respectively). Compared to the middle-

chiral-angle SWCNTs, which exhibited moderate deviation,
the experimental number of small- and large-chiral-angle
SWCNTs deviated greatly from the expected range under
the random growth condition (orange band). The abundance
of large-chiral-angle SWCNTs exceeded the upper limit of the
expected range (orange band) considerably, and the
abundance of small-chiral-angle species was significantly less
than the expected minimum value. Thus, stochastically, these
results confirm the preferential growth of large-chiral-angle
SWCNTs, including both near-armchair and armchair
SWCNTs. To further discuss the prevalence of large-chiral-
angle SWCNTs, Figure 3b plots the normalized count N(θ)/
⟨NR(θ)⟩, excluding the impact of the difference in the number
of possible SWCNT structures in each bin. As shown in Figure
3b, the normalized abundance distribution clearly displays
preferential growth of armchair SWCNTs, although these
SWCNTs were apparently the least abundant among
SWCNTs with large chiral angles, as shown in Figures 2e
and 3a.

In the following, we discuss the practical implications of the
results on the growth mechanism. A previous theoretical
study36 predicted a significant impact of the morphology of the
open tube edge at the nanotube-metal catalyst particle
interface on the growth of SWCNTs. The fractional abundance

Figure 2. Structure distribution of individual as-grown SWCNTs. (a) Schematic of the optical setup for broadband Rayleigh spectroscopy.
Switching mirrors change the optical paths to the charge-coupled device (CCD) camera for imaging, to the CCD camera for spectroscopy, or to the
indium−gallium−arsenide (InGaAs) camera for spectroscopy. (b) Optical image of an individual SWCNT. The white vertical line and horizontal
dotted lines indicate the positions of the SWCNT and slit edges, respectively. The bright spot at the center indicates the point at which the
broadband light is focused. Scale bar: 10 μm. The color is modified for clarity. (c) Structure distribution in a polar plot of the diameter and chiral
angle. Each marker indicates the number of corresponding SWCNTs. The inset shows the Rayleigh spectra of (n,n) armchair SWCNTs of the first
sub-band exciton resonance peaks (n = 10, 12−16, 18, 20). (d,e) Structure distribution as a function of (d) diameter and (e) chiral angle. The bin
sizes are 0.2 nm and 2°, respectively. The dark red bar at 30° in (e) represents the number of only armchair SWCNTs plotted with the same bin
size as the other SWCNTs.
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of each SWCNT type was expected to be proportional to the
product of the nucleation probability Pn,m and growth rate Γn,m,
both of which depend on the chiral angle.36 The growth rate
Γn,m depends on whether the catalyst is solid (Γn,m ∝ 30°- θ) or
liquid (Γn,m ∝ θ).36 Thus, the key experimental result
differentiating the two cases is the preferential growth of the
armchair SWCNTs over other structures, which is allowed
only for the liquid state catalyst case38 and observed in this
study. Therefore, our experimental condition could be
described as the liquid catalyst case, where nearly random
nucleation of the open tube edge was expected. This situation
allowed us to focus on the impact of growth rate Γn,m on the
abundance distribution.
Thus, the most naive prediction of the abundance

distribution for the liquid catalyst case is that it is proportional
to the chiral angle θ due to Γn,m ∝ θ.36 However, the

experimental result shown in Figure 3b clearly exhibits an
abruptly accelerating increasing trend as a function of θ, where
the slope for SWCNTs with θ > ∼20° is much steeper than
that for SWCNTs with θ < ∼20°. To further explore the
implications of this anomalous trend, we considered the
geometry of the open tube edges by referencing a previous
study.40 Figure 3c shows the open tube edges projected on a
graphene plane for middle- and large-chiral-angle SWCNTs
with similar diameters of ∼2.28 nm. Here, the geometry for the
minimal-length circle along the nanotube circumference is
considered for simplicity. As shown in the inset of Figure 3c,
the squares indicate pairs of carbon atoms composing the
armchair sites (A-sites), and the black circles indicate zigzag
sites (Z-sites). The number of A-sites (NA) and Z-sites (NZ) is
represented as NA = m and NZ = n − m, respectively (see the
(25,7) SWCNT for an example).35 For medium-chiral-angle

Figure 3. Chiral angle dependence of structure distribution. (a) Histogram of SWCNTs with diameters of 1.70−2.74 nm as a function of the chiral
angle. Bin size, 2°. The red bar at 30° represents the number of armchair SWCNTs with the same bin size. Green markers show the number of
SWCNTs expected under the random growth condition with 95% confidence interval estimated from the Poisson distribution (orange band). The
inset shows an example of enantiomers of the (8,4) SWCNT. (b) Histogram of the normalized count. The black dotted line represents the fitting
result. The inset shows the growth contributed to by straight armchair sites (A-sites; AsA N′sA) and kink A-sites (AkA N′kA). (c) Open tube edges of
(25,7), (22,11), and (21,12) SWCNTs projected onto graphene plane (solid black lines). Dotted lines represent open tube edges with the minimal
circle length. As shown in the inset, red and blue squares and black circles indicate A-sites and zigzag sites (Z-sites), respectively, and their numbers
are indicated by NA and NZ. (d) Open tube edges represented using A-sites and Z-sites (upper panel). Summary of the number of consecutive and
isolated A-sites for a (n,m) SWCNT (bottom panel).
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(25,7) and (22,11) SWCNTs, only isolated A-sites (blue
squares) are evident, which form kinks at the open tube edge.
In contrast, the large-chiral-angle (21,12) SWCNT has
consecutive A-sites forming partially straight open tube edges
(adjacent blue and red squares). This is more apparent in the
schematic representation of the open tube edges as A-sites and
Z-sites in the upper panel of Figure 3d. Note that NA is less
than NZ for middle-chiral-angle SWCNTs; thus, all A-sites are
isolated. For example, for the (22,11) SWCNT, the A-sites and
Z-sites alternate in a row because NA = NZ. In contrast, for
large-chiral-angle SWCNTs, consecutive A-sites always exist
because NA was greater than NZ.
According to this geometric analysis, here we divide A-sites

into two groups, that is, A-sites that form kinks (blue squares
adjacent to a Z-site on the left; referred to as a kink A-site) and
those forming a straight edge at the open tube edge (red
squares adjacent to an A-site on the left; referred to as a
straight A-site). The number of kink A-sites (NkA) is given by
NA if n ≥ 2m and NZ if n < 2m, that is, m or n − m. The
number of straight A-sites (NsA) is given by NsA = NA − NkA;
thus, it is zero if n ≥ 2m or 2m − n if n < 2m (summarized in
the bottom panel of Figure 3d). We phenomenologically relate
the SWCNT fractional abundance to the number of A-sites as
follows

˜ ˜= +N N A N A N( )/ ( ) ( ) ( )R sA sA kA kA (2)

where As(k)A is the contribution from the straight (kink) A-
sites, and N′s(k)A is the density of the straight (kink) A-sites,
which is given by N′s(k)A = Ns(k)A/πd. The chiral angle θ is
related to the chiral indices (n,m) by

= + +m n m nmsin ( 3 /2 )1 2 2

Here, we neglected the contribution from zigzag sites due to
our observations and a previous report on the larger potential
barrier for carbon adhesion in zigzag sites than in armchair
sites.35 The best fit (dotted line in Figure 3b) well reproduced
the abruptly accelerating trend above θ ∼ 20°. The inset of
Figure 3b shows the details of the relative contribution of the
AsA N′sA and AkA N′kA terms to the fluctional abundance. The
ratio of AsA/AkA = 2.2 obtained by the fit suggests that the
existence of the straight A-sites contributed to the growth rate
approximately two times more than the existence of kink A-
sites. Thus, the experimentally observed anomaly in the
abundance distribution is a signature of the geometry-
dependent contribution of the nanotube edge to the growth
rate. Finally, we briefly comment on the step like feature found
in the chiral angle distribution around θ ∼ 8° (Figure 3b) that
deviates from the linear change expected from eq 2. Possible
reasons for this could be that the near zigzag SWCNTs with
slow growth rate could not be detected due to their shorter
lengths than the open slit width on our substrates (see
Methods), or there might be any unknown intrinsic
mechanism. This topic remains as a future issue.
In this study, we investigated the chirality distribution of

individual as-grown SWCNTs using broadband Rayleigh
scattering spectroscopy. The chirality distribution of 413
observed SWCNTs revealed the preferential growth of
armchair and near-armchair SWCNTs. Among large-chiral-
angle SWCNTs, the preferential growth of armchair SWCNTs
was confirmed statistically. The obtained abundance distribu-
tion exhibited an increasing trend with an anomaly at a chiral
angle θ ∼ 20°. We found that the experimental trend, including

the chiral angle where the anomaly occurs, can be well
explained as a consequence of the different contributions of
consecutive and isolated A-sites on the open tube edge to the
growth. These findings on the anomalous abundance
distribution and the proposed model accounting for the chiral
angle dependence of the growth rate are expected to allow us
to obtain deeper understanding of the growth mechanism of
SWCNTs.

■ METHODS
Synthesis of Suspended SWCNTs. SWCNTs were

grown using the CVD method with cobalt (Co)- and
molybdenum (Mo)-doped mesoporous silica catalysts on a
SiO2/Si substrate with an open slit of 20−30 μm on the basis
of ref 49. The catalysts were prepared as follows. A
mesoporous silica solution was prepared by mixing tetraethox-
ysilane, 0.1 M HCl, and dehydrated ethanol in a volume ratio
of 2:1:12 at 70 °C for 1 h. Co acetate tetrahydrate and Mo
acetate dimer were dissolved in dehydrated ethanol with 8 wt
% surfactant (Pluronic F127) with a moderate bath sonicator
for 1 h such that the concentration of each metallic species was
0.2 and 0.1 wt %, respectively. The mesoporous silica solution
and catalyst solution were then mixed in equal volume ratio
and concentrated to half of the initial volume. CVD growth
was performed as follows. The catalysts were placed at a
distance of approximately 20 μm from the slits of the
substrates. The substrates were heated at 400 °C for 15 min
in a dry air flow at 400 standard cubic centimeters per minute
(sccm) to calcine the catalysts. The CVD chamber was cooled
to room temperature and evacuated to a pressure of <1 Pa.
Argon−hydrogen (Ar−H2) mixture gas (3% H2) and ethanol
were used as the carrier gas and carbon feedstock, respectively.
The Ar−H2 gas bubbled into ethanol was introduced into the
CVD chamber at 100 sccm together with the Ar−H2 gas flow
at 400 sccm. The substrates were heated rapidly to 900 °C, and
CVD growth was performed for 15 min. Then, the CVD
chamber was cooled to room temperature with the Ar−H2 gas
at a flow rate of 400 sccm.

Broadband Rayleigh Spectroscopy. Broadband light
produced by a supercontinuum source (Fianium, WL-SC-400-
PP-4 or YSL photonics, SC-Pro) was focused on an individual
SWCNT placed in a vacuum chamber. The integrated power
was approximately 2 mW over photon energies of 0.56−2.8 eV.
The scattered light collected by an objective lens (numerical
aperture: 0.42) was detected by three types of detectors that
were remotely switchable by mirrors (Figure 2a). Following
observation of the SWCNT image through a charge-coupled
device (CCD) camera (Watec, WAT-910HX/RC), the
Rayleigh spectra were measured using a monochromator
with a thermoelectrically cooled CCD camera (Princeton
Instruments, ProEM) and a monochromator with an indium−
gallium−arsenide (InGaAs) two-dimensional photodiode array
(Princeton Instruments, NIRvana).
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combination of Rayleigh (1.2−2.8 eV) and Raman
spectroscopies, broadband Rayleigh scattering spectra of
(15,13), (13,13), and (9,8) SWCNTs (PDF)
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