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Universal map of gas-dependent kinetic selectivity in carbon nanotube growth
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Single-walled carbon nanotubes have been a candidate for outperforming silicon in ultrascaled
transistors, but the realization of nanotube-based integrated circuits requires dense arrays of purely
semiconducting species. Control over kinetics and thermodynamics in tube-catalyst systems plays
a key role for direct growth of such nanotube arrays, and further progress requires the comprehen-
sive understanding of seemingly contradictory reports on the growth kinetics. Here, we propose a
universal kinetic model and provide its quantitative verification by ethanol-based isotope labeling
experiments. While the removal of carbon from catalysts dominates the growth kinetics under a
low supply of precursors, our kinetic model and experiments demonstrate that chirality-dependent
growth rates emerge when sufficient amounts of carbon and etching agents are co-supplied. As the
model can be extended to create kinetic maps as a function of gas compositions, our findings resolve
discrepancies in literature and offer rational strategies for chirality selective growth for practical

applications.

I. INTRODUCTION

Control over length, density, and chirality of single-
walled carbon nanotubes (SWCNTs) at the synthesis
stage is still of great interest for their applications. The
fabrication of logic integrated circuits (ICs) [I} 2], for ex-
ample, requires high-density arrays of exclusively semi-
conducting species. To fulfill the requirements for digital
ICs [3], significant progress has been made in the chirality
sorting in nanotube dispersions and the subsequent as-
sembly [4H6], as well as the selective removal of metallic
species [7HI] from aligned nanotubes grown on crystalline
substrates [I0), [I1]. Chirality-sorted nanotubes usually
suffer from the excessive interface states that originate
from residual surfactants, degrading the switching capa-
bility of transistors [5] [12]. Ultimately high performance
should be achieved by using processing-free nanotube ar-
rays from chemical vapor deposition (CVD) on wafers.

As proposed and experimentally demonstrated [T3HI9],
the harmony of kinetic and thermodynamic control is
crucial to acquire nanotube arrays of a desired electronic
type. The abundance of nanotubes with a given chirality
(n,m) is obtained from the product of lengths and popu-
lation [14] 20]; the understanding of the growth kinetics
further involves decoupling of the lengths into growth
rates, incubation time, and lifetime (Fig. [Th). Several
studies have captured the one-by-one growth rates by op-
tical or electron microscopy [2IH24], but the results often
disagree with each other. Even for the case of alcohols as
carbon sources [25], the discrepancy is evident. Despite
the claim that the growth rate difference is the key for
selective growth methods [16, [26], one-by-one measure-
ments show that metallic (m-) and semiconducting (s-

)JSWCNTSs exhibit a similar growth rate without a clear

* Corresponding author. otsuka@photon.t.u-tokyo.ac.jp
 Corresponding author. maruyama@photon.t.u-tokyo.ac.jp

chirality dependence, and the growth rate significantly
differs within the same chirality [22] [24].

This confusion may arise from complicated decompo-
sition of precursors [27, 28]. Since the decomposed prod-
ucts include several carbon sources, as well as etching
agents that remove carbon from the catalyst [26] [29],
the growth kinetics cannot be accurately captured with-
out considering these opposing effects. A recent study
has shed light on the role of etching by observing the
(n,m)-independent growth rate in the absence of etching
agents [23]. There remains vast room for the verification
of such a kinetic model and the quantitative understand-
ing of various experimental observations.

Here we propose a universal model that quantitatively
describes supply and removal of carbon during a catalytic
CVD process, inspired by the distinctive chirality distri-
bution only appearing under a high ethanol vapor pres-
sure. In order to decouple growth parameters usually
inter-linked during CVD processes, we develop a duplex
labeling technique using isotope ethanol and acetylene,
and trace the growth modulation of individual SWCNTs
from spatial and spectral points of view. The dominant
role of etching agents in the growth kinetics is quantita-
tively elucidated, which is a key to selective growth ac-
cording to the electronic structures. The kinetic model
also predicts the growth conditions under which the chi-
ral angle-dependence emerges and thereby allows us to
experimentally observe the fast growth of near-armchair
species. We finally classify the nanotube growth into five
regimes depending on the pressures of carbon sources and
etching agents, which not only explains various phenom-
ena unresolved in previous studies, but also offers solid
strategies for chirality control in catalytic CVD process.

II. RESULTS AND DISCUSSION
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FIG. 1. From chirality distribution of ensembles to growth kinetics by “carbon bookkeeping” of individual nanotubes. (a)

Schematic showing the three levels of analysis on nanotube growth achieved before: spectroscopy to evaluate relative abundance
(top), its breakdown into length and population (middle), and the tracing of growth process (bottom). This study seeks to
uncover beyond the growth rate. Colors of lines represent nanotube chirality. (b,c) Relative population of nanotubes with
each chirality sorted by chiral angles in the low-pressure ethanol CVD (b) and the atmospheric-pressure ethanol CVD (c),
corresponding to the number of SWCNTs whose length exceeds the dashed line in the middle panel of (a). Data in (c) are
adopted from ref. [31]. Inset of (b): Schematic showing the micro-PL measurements of air-suspended SWCNTSs over trenches.
(d,e) Schematics of the kinetic modeling of SWCNT growth at the equilibrium state (d) of a metal nanoparticle and a nanotube
wall and that at the non-equilibrium state (¢). When no atom enters or leaves the system, carbon concentration N = Neq.
When carbon atoms are supplied to or removed from the iron nanoparticle, carbon concentration N shifts from Neq, leading
to the growth or shrinkage of the nanotube wall. Parameters in dark red is extrinsic and can be determined by experimental

setting, while those in dark blue is inherent to the catalyst-nanotube (intrinsic parameters).

Sketch of catalyst-nanotube

geometries are obtained from our classical molecular dynamics simulation using Tersoff-Brenner potential [33].

From chirality distribution to growth kinetics of indi-
vidual nanotubes. Before delving into the growth kinet-
ics, we focus on the effect of gas pressure and compo-
sition on the chirality distribution of nanotubes grown
from ethanol under two slightly different conditions. In
both cases, we use evaporated iron as catalysts on ther-
mal oxide of Si substrates and assign the tube chirality
by photoluminescence (PL) spectroscopy [30, B1]. The
key difference lies in the pressure inside the reactor; in
the case at a low pressure (LP), ethanol partial pres-
sure is 130 Pa with the flow of Ar containing 3% of
Hs. In the other case at an atmospheric pressure (AP),
Ar/H, is supplied through an ethanol bubbler, where
ethanol accounts for ~2.4 kPa. While the LP-CVD pro-
cess yields SWCNTs with a rather uniform distribution
(Fig. ), the clear preference towards near-armchair chi-
rality species has been observed in the AP-CVD (Fig.[If).
Because we are observing PL from nanotubes suspended
across tranches, chirality-dependent growth rate of nano-

tubes might lead to the near-armchair preference through
the different probability of reaching the other side of
trenches. We need to take a closer look at the growth
kinetics to understand the modulated chirality distribu-
tion.

To analyze the growth kinetics, we consider a steady-
state model [23, B2] for a nanotube-catalyst system.
First, we define the concentration of carbon in a cata-
lyst at an equilibrium state to be Noq. When no carbon
atom is added or removed to/from the catalyst particle,
N reaches N¢q either by precipitation as a tube wall or
by dissolution of the tube wall into the catalyst (Fig. [Td).
In the presence of carbon sources and etching agents, the
adsorption and desorption of carbon occur and thereby
shift N, resulting in the continuous growth or shrinkage
of the nanotube (Fig. [Tf).

In our model, the growth rate v, is proportional to the
kinetic constant for growth k., and the degree of super-



saturation AN (= N — Ngq),
Ve = kg AN. (1)

With the focus shifted to the role of etching agents, such
as oxygen and water [34H36], carbon atoms are eliminated
from the catalyst at the rate I's, which is proportional to
the surface area A, a kinetic constant ke, the pressure of
etching agents P,, and N. The carbon supply rate '
is proportional to A, adsorption efficiency k.q, and the
carbon source pressure Pc. We note that a CVD process
includes several carbon sources due to gas decomposition,
whose k,q varies widely, but we do not distinguish those
carbon sources and express them using single values for
Pc and k,.q. At the steady state, the equation to describe
“carbon bookkeeping” becomes,

where D is the number of carbon atoms per unit length
(x diameter), and therefore the supersaturation of car-
bon can be expressed as,

kadPC - kePeNeq
kgD’ + koD

AN = : (3)

with D’ being D/A. This kinetic model can describe
the growth and shrinkage [24] 29] B7] of nanotubes that
depend on the balance between Pc and P..

Dominant role of etching agents in growth kinetics.
By varying an extrinsic parameter during the growth and
tracing the corresponding modulation of kinetics, we ver-
ify the model and determine the intrinsic parameters.
Unlike the parameters unique to each catalyst-nanotube
pair shown in dark blue in Fig. [Ie, Pc and P, can be
controlled by experimental settings, but they are intri-
cately coupled in the ethanol CVD process. To decouple
these parameters, we add a small amount of acetylene
gas in the middle of the synthesis, which results in the
independent increase of Po (Fig. S3). The complemen-
tary experiment where we change only P, is summarized
in Fig. S5.

In our duplex labeling technique to trace the growth
modulation of individual SWCNTSs, ethanol with natural
abundance of carbon (hereafter called 12C ethanol) and
13C-enriched ethanol (hereafter called '3C ethanol) are
introduced alternately (Fig. ) We add acetylene of
natural abundance (hereafter called 12C acetylene) as a
growth accelerator in the latter half of the CVD process.
The lower panel shows a typical time dependence of a
nanotube length, which is reconstructed from the Raman
mapping (Fig. ) The growth rate before the acetylene
addition (7g,1) and that defined between the labels #4
and #5 (7g,2) are 5.2 and 29.4 pm/min, respectively. The
growth rate is even accelerated to vy 3 = 61.2 pm/min
after the label #5, reflecting the slow saturation of a
small amount of acetylene in the reactor. The addition of
<2% of acetylene to ethanol accelerates the growth by 12-
fold owing to its efficient adsorption on the catalyst [38].

To fully exploit the model, we should quantitatively
determine the multiplication factor A of the total supply
rate of carbon, assuming the acetylene addition increases
Pc to APc. The isotope ratio in the nanotube grown from
the mixture of *C ethanol and '2C acetylene provides ac-
curate A for each nanotube through Raman spectroscopy
(the inset of Fig. k). The '2C ratio a in the label #5
of the particular nanotube (Fig. [2p) is calculated to be
59% from the G-band frequency. The Pc multiplication
factor is then A = 2.42 (= 1/(1—«)). To understand how
the increased Pg affects the actual growth rate, we plot
the growth acceleration factor v ;/vs,1 (i = 2, 3) against
A for all nanotubes (Fig. [2k). It is somewhat surprising
that the growth rates after the acetylene addition is no-
ticeably larger than Avyg 1 (solid line). Carbon removal
from the catalyst holds the key to this discrepancy be-
cause the simple rate equations are derived for the growth
before and after the acetylene addition,

Ye,1 = VC — Yes (4)

Vg2 = AVC — 5%, (5)

where v¢ and . are defined as I'c/D and I's /D, respec-
tively. The ., multiplication factor due to increased Pg is

given by s = No /Ny = % (1 < s < A) with
N;7 (N3) being N before (after) the acetylene addition.

The left panel of Fig. [2d shows the accelerated growth
rate g2 plotted against -, 1 with two different flow rates
of additive acetylene. Interestingly, the linear fit of each
set of experimental data has a large value of y-intercept.
For better understating of this tendency, we derive ana-
lytical expressions of v, 1 and 7,2 by assigning Pc and
APc to Pe in Eq. [3| respectively, and then remove k. to
yield the relationship,

 Akad Po + kgD'Neg

kaaPckgNeq
Vg2 =

Fad Pe + gD/ Nog 15" keaa Pe + kg D' Neg

()‘71)7
(6)

which assumes k. variance to account for the 7, dif-
ference. The experimental confirmation of large y-
intercepts, which correspond to the second term on the
right-hand side of Eq. @ is equivalent to a non-zero Neg.
This supports the versatility of our kinetic model to in-
clude nanotube shrinkage as well as growth. Note that
eliminating k. from the 7, 1-7,,2 relationship yields the
best fit to the experimental results (see Fig. S9). With
two different amounts of additive acetylene, the ratio of
the y-intercepts (14.4/23.0) agrees to that independently
obtained from the average A — 1 values (1.39/2.28), also
verifying our kinetic model.

Having obtained A from Raman spectra, we reproduce
the vg,1-7,,2 relationship using our kinetic model. When
we simulate ~, with the carbon source pressures of Pc
and APc, the relationships in the right panel of Fig.
are obtained. Here, k. and kg are determined from the
averages of v,1 and 742, and we assume both kinetic
constants have relative standard deviations of 20%. By
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FIG. 2. “Carbon bookkeeping” to elucidate the dominance of carbon removal in low-pressure CVD. (a) Switching of feedstock

gases during the nanotube growth (upper panel) and a corresponding time evolution of a nanotube length traced by a Raman
mapping (lower panel). In addition to Ar/H, buffer gas at 50 sccm, '2C ethanol (**CoHzOH), *C ethanol, and '*>C acetylene
(*?C3Hs) are introduced. Acetylene also serves as a second labeling agent that modulates the isotope ratio in nanotubes,
allowing identification of the growth time. (b) Raman mapping image showing the peak position of G-band and its peak area.
Catalysts are placed at the top of the image. Excitation wavelength is 532 nm. Scale bar is 20 um. (¢) The Pc multiplication
factor A versus the growth rate acceleration vg:/7g,1 (i = 2,3). The X values are obtained from G-band downshifts that
originate from the mixture of ?C acetylene and *3C ethanol. Inset: Typical Raman spectra of the nanotube in (a) measured at
four different positions. Black lines are the Lorentzian fits. (d) (Left panel) Experimental growth rates before (7g,1) and after
(7g,2) the addition of acetylene with two different flow rates (0.077 and 0.092 sccm). (Right panel) Simulated growth rates for
comparison at different levels of A (=2.39 and 3.28). (e) Contribution of carbon adsorption rate y¢ and removal rate —7y. on
the catalyst nanoparticles to the growth rate vg,1. Data only for ssSWCNTSs are plotted. (f) The ratio of removal rate ve to
carbon adsorption rate y¢ in the growth of semiconducting (upper) and metallic (lower) nanotubes.

comparing the experiments and simulations, the variance
in g1 can be attributed to k. varying from the average
by up to £60%. Although the parameters are adjusted
using the results with the flow rate of 0.077 sccm alone,
we can reasonably predict another vy, 1-7g 2 distribution
for the other amount of acetylene once A is determined
from the Raman spectra.

We take a closer look at the influence of I', in individual
nanotubes. As the slope of the 74 1-7, 2 relationship is
equal to s (Eq. @, we can breakdown the growth rate
7e,1 of each nanotube into the contribution of supply and

removal at a catalyst using Eq. [i] and [f] (Fig. [2). The
growth rate is correlated with the rate of carbon removal
from the catalyst, indicating the dominant influence of
the etching agent derived from ethanol on growth rate
determination under this growth condition.

Such carbon removal effects have been claimed to
be the driving force behind the selective growth of s-
SWCNTs [26], [39]. Using the duplex labeling, we can
successfully quantify the susceptivity to carbon removal
in the form of ~./vc for s- and m-SWCNTs as shown
in Fig. 2f. While ssSWCNTSs have a wide distribution
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FIG. 3. Absence and emergence of chiral angle-dependent growth kinetics. (a) Growth rate 742 right after the acetylene
addition as a function of the chiral angle. (b,c) Diameter (b) and chiral angle (c) distribution of analyzed SWCNTs. (d)
Deterministic growth rate (red solid line) and simulated growth rate distribution (color contour map) as a function of the
kinetic constant kg of the catalyst-nanotube systems. The parameters that reproduce the growth rate distribution in Fig.
(A = 2.39) are used with kg uniformly distributed between 0 and 1.7, where k; = 0.85 corresponds to the average in the
experiments. (e) Simulated growth rate distribution with the conditions that emulate the purely ethanol-based CVD (upper
panel) and with 15X carbon sources and 10x etching agents (lower panel). (f) Total pressure and ethanol flow rate during the
isotope labeling CVD, where C ratio monotonically increases with time. As the total flow rate is small, extended dwell time
of ethanol in the furnace leads to an increased Pg/P. ratio due to acetylene generation (Fig. S3). (g) Typical G-band peak
position wg plotted against the position along the tube axis. (h) Growth rate of the nanotube grown with the isotope labeling
as a function of the chiral angle. Orange circles and blue diamonds represent s- and m-SWCNTs, respectively. The gray line
is a guide for the eye.

between 0 to 1, m-SWCNTs show a rather narrow dis- Figure and c show the diameter and chiral angle dis-
tribution closer to 1. We expect that when P, is further  tribution. Judging from the more significant preference
increased, the nanotubes with a large v./vc, i.e., most of  towards armchair chirality in terms of population than
m-SWCNTs and a part of ssSWCNTs, start to be short- that in the growth kinetics, the weak bias in the chiral-
ened, leading to the preferential growth of semiconduct- angle distribution in Fig. |[Ip should be attributed to the

ing species. number of nucleation in this regime.
Emergence of chirality-dependent growth kinetics. So With the kinetic model, we can clearly understand the
far, we have discussed the carbon supply/removal for cat-  insignificance of (n,m) in the apparent growth rate. In

alysts. One might wonder if the susceptivity to carbon Fig. 3, we draw the deterministic growth rate
removal is determined by chirality (n,m) [40], but that
is excluded by the widely distributed ~./vc (0.15-0.68)
within the (12,8) nanotubes (Fig. S11). We can con-
firm the chirality-independent I'y from the growth rate
Vg2 after the acetylene addition, which is plotted against From the simulation in which k. follows a normal dis-
the chiral angle (Fig. |3p). The dispersion within simi-  tribution with a deviation of 20%, the distribution of
lar chiral angles is large likely due to the non-uniformity growth rate at a certain ks can be obtained and over-
of catalyst particles, and no overall trend can be found. layed in Fig. as a color contour. The growth rate

kg(kadpc B kePeNeq)

=k, AN = . 7
’}/g g ng/+kePe ( )




easily saturates with respect to kg because carbon sup-
ply to the catalyst becomes the rate-determining step at
a small F.. Furthermore, 7, varies widely depending on
ke (at a fixed kg), indicating that kg is not the dominant
factor in determining the growth kinetics. The absence
of an explicit trend in the experiment (Fig. [3h) can be
reasonably explained by these two aspects. We can also
simulate the k,-dependent growth rate for the condition
corresponding to the ethanol CVD that yields v, 1 (the
upper panel of Fig. ) At the reduced P¢/ P, ratio, the
relative dispersion at a fixed kg is even larger, in good
agreement with our previous study [22].

According to the above comparison, the clear (n,m)
dependence in growth rates should appear when both P,
and Pgc/P, are increased, and the corresponding distri-
bution of simulated growth rates is shown in the lower
panel of Fig. [Bp. Experimentally, such a growth condi-
tion is often seen in the ethanol-based AP-CVD, where
a large amount of acetylene is generated through a long-
time dwelling in the hot zone of furnace (Fig. S2 and
S3).

To test the above hypothesis, we conduct another iso-
tope labeling experiment, where we emulate the condi-
tions for the AP-CVD [30] by introducing ethanol with-
out a carrier gas (Fig. [3f). As the total pressure is sim-
ilar to the CVD process for Fig. [2] despite the absence
of buffer gases, the partial pressure of ethanol and the
gas heating time are 10x larger. In this experiment, af-
ter reducing the catalyst in Ar/Hy atmosphere, we start
the synthesis only with '2C ethanol and gradually in-
crease the fraction of 13C ethanol. Figure |3l shows the
peak frequency of G-band obtained at different positions
along a nanotube, slope of which can be converted into
a growth rate. As shown in Fig. [Bh, the growth rate is
more clearly correlated to the chiral angle, though arm-
chair (n,n) nanotubes [I4] and a few s-SWCNTSs deviate
from the overall trend (see Fig. S2). Compared with the
result in Fig. B, the growth rate with a small chiral angle
is relatively suppressed in this growth regime.

Kinetic regimes depending on gas compositions. By
taking gas compositions as explanatory variables, we can
generalize the above discussions to gain a full picture of
growth kinetics. Figure [4a shows the growth rate at the
fixed kg and k. as a function of P and P.. In addition,
the sensitivities Sy (Se) of v, to the change in k, (k.) are

: : _ B'ngig _ O ke
obtained from the equations S; = e ] (Se = o ] ).

Similar two-dimensional maps for Sy and S, are provided
in Fig. S12. Using these sensitivities, we define the rel-
ative dominance of k, in determining growth rates by
Sgje = Sg + (Se (a weight coefficient ¢ of 0.2 is chosen)
as shown in Fig. [4p. A large S/, requires a large Pc/ P
ratio and a large F, to suppress S, while keeping S, large.

When hydrocarbon is supplied and P, is negligible, the
growth rate is simply limited by the carbon supply rate.
All nanotubes thus grow at a similar rate as seen in the
previous studies (“homogeneous rate regime”) [AIH43].
In this regime, a smaller k; results in a short growth
lifetime due to a large N, and the (n,m) dependence

may appear rather in the lifetime difference [23]. In con-
trast, “randomly dispersed rate regime” should be ob-
served in the low-pressure ethanol CVD, where Pc and
P, are small. Growth rates are largely influenced by
ke, an uncontrolled property of catalyst-nanotube pairs,
leading to a minor (n,m) dependence. Unlike the ho-
mogeneous rate regime, the catalyst with a large ke is
expected to have a small N and hence a long lifetime,
which can explain the negative correlation between -y,
and lifetime [24] (Fig. S13). Historically, the above
two regimes with a small P, appeared when one at-
tempted to capture the suppressed growth rate under
somewhat extreme conditions (e.g., in-situ electron mi-
croscopy) [23] 44]. This may ironically led to the disap-
pearance of the chiral angle-dependent growth rate par-
ticularly in the experiments that carefully studied indi-
vidual SWCNTs [20] 22] 24].

When the partial pressure of ethanol increases, Pc and
P, accordingly increases with their ratio being constant
as drawn by the solid line in Fig. [@p. We have previously
observed that increasing ethanol pressure alone leads
to a significant tube-to-tube dispersion in the growth
rate |22, 45] and saturation of its average value [46]
(Fig. S14). Although Pu and P, are inter-related when
using only ethanol, independent control of P, has been
achieved by adding water vapor or methanol [26] [39].
With the addition of such etching agents, the reduced
Pc /P, ratio results in the “metallicity selective regime”,
where only the nanotubes with a small k. can grow
longer. As shown in Fig. [2f, m-SWCNTs have a rela-
tively high k., and therefore the growth of metallic nano-
tubes is preferentially suppressed. When the Pc /P, ratio
becomes even smaller, all nanotubes will be shortened
(“shrinking regime”) as experimentally observed in the
literature [29]. It is noteworthy that growth and shrink-
age rates have different dependencies on k; and k. [37]
(Fig. S13).

Finally, the chiral-angle dominant rate regime [2]]
emerges when both the Pc /P, ratio and P, are large. The
white circles in Fig. [f] corresponding to the growth condi-
tion for Fig. [Bf-h falls under this regime. Note that when
CO is used as a precursor, the reverse reaction of dispro-
portionation easily happens, resulting in the preferred
growth of near-armchair species from liquid catalysts
without explicitly adding etching agents [23] 47, [48]. As
the previous studies that reported the growth of (n,m)-
specific nanotubes employed the ethanol bubbler-based
AP-CVD [I5] [16], we suspect that the growth rates high-
est in a (2n,n) chirality indeed played an important role
in solid catalyst systems, in addition to a thermodynamic
preference.

In conclusion, we have proposed the simple but uni-
versal kinetic model of nanotube growth and provided
the experimental supports. Whereas the susceptivity
to carbon removal governs the growth rates in the low-
pressure ethanol CVD, the kinetic model predicts the
emergence of the chirality-dependent growth rates with
the increased ethanol pressure. Furthermore, by general-
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line represent the balancing point with zero growth rates and the same Pc/P. ratio as in the ethanol-based LP-CVD (vg,1),

respectively.

izing the catalytic growth from the viewpoints of carbon
supply and removal, we are able to comprehensively ex-
plain various experimental results that previously seemed
contradictory. Such kinetic maps could be extended for a
wide range of temperature and catalyst systems. For the
selective growth with the purity level required for logic
IC applications, the dependence of k,q and k. on the elec-
tronic structure of catalyst-nanotube systems also needs
to be studied to boost kinetic selectivity. To capture
transient phenomena at an early growth stage, atomic-
scale experiments and theoretical study should be per-
formed, which will provide rational strategies for the con-
trol over SWCNT arrays when combined with the present
findings.

METHODS

Carbon nanotube growth. SWOCNT arrays are grown
on r-cut single-crystal quartz substrates (Hoffman Ma-
terials Inc.) [22], and air-suspended SWCNTSs are grown
across trenches that are formed on SiO5/Si substrates by
dry etching [3T]. Iron catalysts with a typical thickness
of 0.1 nm are evaporated in lithographically patterned
areas. The catalyst is reduced in an Ar atmosphere con-
taining 3% Hy at 800°C for 10 min, followed by the sup-
ply of carbon sources. Total pressure during the growth
is 1.3-1.5 kPa and 110 kPa for the LP- and AP-CVD
process, respectively. The flow rates of Ar/Hy are 50 and
500 sccm for isotope labeling experiments and normal
growth experiments without labeling, respectively. In
the AP-CVD process, ethanol is supplied from a bubbler

kept at 5°C using Ar/Hs as a carrier gas. After a certain
growth duration, the carbon source supply is stopped,
and the furnace is cooled to room temperature. Ethanol
and acetylene with the natural isotope ratio (12C ~99%),
as well as 13C-enriched ethanol (Cambridge Isotope Lab-
oratories, Inc., 1,2-13Cy, 99%) are used as carbon sources.
Details for each growth condition are summarized in Ta-
ble S1.

Raman mapping and spectroscopy of aligned nanotubes.
Raman spectroscopy is performed for nanotube samples
transferred to SiOq/Si substrates. SWCNT arrays are
transferred via poly(methyl methacrylate) to Si with a
100-nm-thick oxide layer. To locate SWCNTSs, metallic
markers (Ti and Pt) are patterned on SiO4/Si substrates
before the transfer of the SWCNTs. We use Raman
spectrometry (Renishaw, inVia) to determine the types
and positions of isotope labels in SWCNTs transferred
to SiO4/Si substrates and then converted them to time
evolution of SWCNT lengths [22]. Raman spectra are ob-
tained in 0.6 pum steps along directions both parallel and
perpendicular to the SWCNT orientation. Excitation
wavelengths of 488 and 532 nm are mainly used. This
is because the strong power of the available laser enabled
efficient Raman mapping measurement, and the photon
energies are resonant with SWCNTSs of various chirality
grown under the current growth conditions. Typically,
each Raman spectrum is acquired over 5 s with excitation
by a ~ 0.6 um wide and ~ 17 pm long laser spot with an
intensity of ~ 30 mW (power density ~ 3 x 10> W /cm?).

PL measurement of air-suspended nanotubes. A
homebuilt confocal microscopy system is used to perform
PL measurements at room temperature in air [30, B1].



We use a wavelength-tunable Ti:sapphire laser for exci-
tation. The laser beam is focused on the samples us-
ing an objective lens with a numerical aperture of 0.65,
and a working distance of 4.5 mm. PL is collected
through the same objective lens and detected using a
liquid-nitrogen-cooled InGaAs diode array attached to a
spectrometer. For the quick chirality assignment, exci-
tation wavelengths of 780, 850, and 910 nm are used,
which are nearly resonant to a wide range of nanotubes
with diameters between 0.98-1.36 nm. Excitation powers
of 10-20 W are used (see Fig. S1).
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