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High-purity semiconducting single-walled carbon nanotubes (s-SWCNTs) are of paramount signiﬁcance
for the fabrication of high-performance electronics. Here, we present continuous production of highpurity, long, and isolated s-SWCNTs by gas-phase synthesis, retaining the pristine morphologies of assynthesized nanotubes. The s-SWCNTs were synthesized at ca. 920  C using ethanol and methanol as
carbon source and growth enhancer, respectively in N2 and H2. The purity of as-produced s-SWCNTs with
a mean length of 15.2 mm can reach 98% as determined by optical absorption spectroscopy. We observed
that the overpressure in the reactor and methanol are the principal causes of the enrichment of sSWCNTs. Speciﬁcally, the s-SWCNTs were found to be more negatively charged, and oxygen-contained
species play critical roles in the s-SWCNT synthesis. Through the demonstration of ﬁeld-effect transistors, the s-SWCNTs exhibit a high mean charge carrier mobility of 453.3 cm2 V1 s1 which is 2.27 times
higher than that of the transistors fabricated with high-quality dispersion-processed SWCNTs. Additionally, we discuss the challenges of synthesis repeatability and recommend a few tips to improve
reproducibility. Our study represents an important step towards the scalable production of clean, long,
and isolated s-SWCNTs with high purity and narrow bandgap distribution.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction
Single-walled carbon nanotubes (SWCNTs) have been considered as promising candidates for constructing next-generation
electronics because of their exceptional electrical and optical
properties [1e3]. Semiconducting SWCNTs (s-SWCNTs) are
aggressively applied in the semiconductor ﬁeld in, e.g., digital
electronics [4], thermoelectric generators [5], and photovoltaics [6].
For instance, a transistor employing s-SWCNTs as a channel material simultaneously exhibits a superior on/off current ratio and
excellent charge carrier mobility [7], compared to transistors using
organic semiconductors as the channel material [8]. The scalable
production of highly enriched s-SWCNTs is, thus, imperative for

* Corresponding author.
** Corresponding author.
E-mail addresses: qiang.zhang@aalto.ﬁ (Q. Zhang), esko.kauppinen@aalto.ﬁ
(E.I. Kauppinen).
1
E.-X. Ding, P. Liu, and A.T. Khan contributed equally to this work.

their large-scale applications.
High-purity s-SWCNTs can be separated from raw SWCNT
powder dispersed in a solvent via well-established methods like
density gradient ultracentrifugation [9], gel chromatography [10],
or polymer-assisted extraction [11]. Substrate chemical vapor
deposition (CVD) growth [12] and selective etching of metallic
SWCNTs (m-SWCNTs) [13] are also general techniques to produce
high-purity s-SWCNTs. Nevertheless, ultrahigh-performance devices utilizing those s-SWCNTs have faced several obstacles.
Dispersion-sorted s-SWCNTs undergo repeated intense sonication, during which nanotubes become damaged and dirty (covered
by residual dispersant) [14]. The introduced structural defects are
unlikely to get repaired and contaminants are difﬁcult to remove.
These introduced imperfections in turn deteriorate the performance of CNT transistors [15]. The typical mean length of
dispersion-sorted s-SWCNTs is below ~2 mm [16,17], which is one
of the limiting factors to their applications in high-performance
thin-ﬁlm transistors. CVD-grown s-SWCNTs on a substrate suffer
from low yield, which is limited by the number of active catalyst
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2.2. Characterizations of s-SWCNTs

particles immobilized on the substrate [14], preventing them from
being applied at a pilot scale. Additionally, as-grown s-SWCNTs
have to be transferred by some binder, e.g., poly(methyl methacrylate), to a temperature-sensitive substrate for ﬂexible and/or
stretchable device applications, which readily introduces impurities into the nanotubes [18]. Consequently, a facile process for
the scalable production of high-quality s-SWCNTs would be highly
appreciated.
To meet this end, we have developed a single-step process for
the continuous production of high-purity s-SWCNTs in a ﬂoating
catalyst CVD (FCCVD) reactor (Fig. S1), which enables us to fabricate
tunable-density s-SWCNT networks retaining their pristine morphologies onto any substrate. With the FCCVD technique, O2 [19,20]
or H2 [21] was introduced into the reactor as an in-situ etchant for
the synthesis of s-SWCNTs, though the electrical quality of the sSWCNTs needs to be further improved for ultrahigh performance
electronics. We reported the purity of 76.8% of s-SWCNTs in our
previous work using ethanol as the carbon source [22]. It was
suggested that methanol, as a weak etchant, has the potential to
enrich s-SWCNTs by preferentially etching some m-SWCNTs with
substrate CVD [23]. Hence, ethanol and methanol were selected as
the carbon source and growth enhancer, respectively, for s-SWCNT
synthesis in this work. The impacts of the barometric pressure
(relative gas pressure used in this work) inside the synthesis reaction system and methanol concentration on s-SWCNT purity
were investigated through optical and microscopic characterizations. In-situ Fourier-transform infrared (FT-IR) spectrometer and
aerosol electrometer were applied to monitor CNT synthesis. Then,
ﬁeld-effect transistors (FETs) were fabricated to examine the electrical performance of as-synthesized s-SWCNTs. We also tried to
reproduce high-purity s-SWCNTs and provide some suggestions to
improve the process reproducibility.
2. Experimental

For optical characterizations, the ﬁlms on membrane ﬁlters
were press-transferred onto quartz slides (35  20  1 mm3,
HSQ300, FinnishSpecialGlass Oy, Finland). A UVeViseNIR spectrometer (Agilent Cary 5000) was utilized to record the optical
absorption spectrum in the range of 200e2500 nm. The data interval was set to be 1 nm to acquire the ﬁne features of the absorption spectrum. The baseline was subtracted before each
measurement by placing one clean quartz slide in the reference
beam path and another in the sample beam path. The purity of sSWCNTs was calculated from the absorption spectrum, and the
calculation methods are described in Fig. S2. Based on the absorption spectrum, SWCNT diameter distribution was ﬁtted with a
Matlab code [24]. FT-IR spectra were acquired with a Nicolet
Antaris IGS analyzer. Raman spectra were collected using a Raman
spectrometer (Horiba Jobin-Yvon Labram HR 800) equipped with
four excitation wavelengths, i.e., 488 nm, 514 nm, 633 nm, and
785 nm. Each present Raman spectrum was averaged from three
spectra taken at different locations on the ﬁlm (the distance between successive measurements was set to be 50 mm to avoid
multiple detections of the same nanotube). A suitable ﬁlter size was
selected to reduce the laser intensity to avoid beam damage to
SWCNTs. An Aerosol Electrometer 3068B was employed to detect
the total net current of the products from the reactor exhaust. For
length measurement, sparsely distributed SWCNTs were deposited
onto a SiO2/Si substrate via a thermophoretic method [25] for imaging with a scanning electron microscope (SEM, Zeiss Sigma VP). A
JEOL 2200FS Double Cs-corrected transmission electron microscope (TEM) operated at 80 kV was employed to gather the electron
diffraction patterns of the SWCNTs deposited onto a copper grid
coated with lacey carbon ﬁlm. SWCNT chiralities were determined
from their electron diffraction patterns using the intrinsic-layerline spacing method [26].

2.1. Synthesis of s-SWCNTs

2.3. Fabrication of FETs

Ethanol (99.5%, Altia Oyj, Finland) is the carbon source, ferrocene (98%, Sigma-Aldrich) and thiophene (99%, Sigma-Aldrich)
were utilized as catalyst and promoter precursors, respectively. A
variable volume (0e40 v%) of methanol (99.9%, Acros Organics) was
intentionally added to enhance the growth of s-SWCNTs. Ethanol
solution containing methanol, 0.25 wt% ferrocene, and a small
amount of thiophene (molar ratio of sulfur to iron is in the range of
0.125e0.175) was sonicated for 1 min in a vial to form a homogeneous solution which was injected into a heating line using a syringe pump (NE-1000 series, New Era Pump Systems, USA) at a
feeding rate of 1e4 ml/min. The evaporated precursors in the
heating line at 130  C were carried by 300 standard cubic centimeters (sccm) N2 (vaporized from liquid nitrogen supplied by AGA,
Finland, and puriﬁed by an oxygen/moisture trap, OT3-4, Agilent)
and 7.5e26 sccm H2 (99.999%, AGA, Finland). The reactor temperature for SWCNT synthesis was adjusted in the range of
900e940  C. As-produced SWCNTs were collected at the reactor
outlet using a patterned ɸ25 mm membrane ﬁlter (the effective
collection area was scaled to ca. 5  5 mm2 through patterning).
The barometric pressure inside the quartz tube was raised due to
the usage of a patterned ﬁlter. The samples were collected with a
250 sccm vacuum from a 320 sccm total gas ﬂow, exhausting the
surplus gas via the bypass line. The collection time for a 5  5 mm2
ﬁlm with a transmittance (T) of ca. 95% was around 1e2 h. The
pressure (0e20 kPa) inside the quartz tube was regulated with a
needle valve (to partially block the exhaust) mounted at the reactor
outlet and was measured with a precision digital test gauge (type
2084, Ashcroft, USA).

A fast and ultraclean approach [27] was adopted to fabricate and
characterize devices. Conventional photolithography and lift-off
processes were employed to fabricate bottom gate FETs. The
backside of the boron-doped pþþ silicon wafer (Electrokem Oy)
functions as the gate and the thermally grown oxide layer (100 nm
thick) performs as an insulating layer between the metal contact
and silicon. Conventional photolithography (Süss Microtec MA6/
BA6) and electron beam evaporator were utilized to pattern electrodes using Ti/Pd with a thickness of 5 nm/25 nm. Then, the asproduced SWCNTs were deposited onto pre-fabricated arrays of
contacts with a thermophoretic deposition method [25]. Before
electrical characterization, the chips were annealed at ambient at
200  C for 2 h. The electrical characterization was performed at
ambient and at room temperature utilizing an automated probe
station (PA200, SUSSMicroTec AG, Germany) with the combination
of a semiconductor parameter analyzer (Agilent 4168, USA).
3. Results and discussion
3.1. Synthesis of highly enriched s-SWCNTs
Initial optimization of the growth parameters to obtain highpurity s-SWCNTs was based on the analyses of optical absorption
spectra. To minimize the inﬂuence of ambient doping on s-SWCNTs,
all the absorption spectra were acquired immediately upon
extracting the ﬁlm sample from the reactor downstream (air
exposure time throughout the whole process was approximately
2 min). During the optimization period, we found that the
93
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certain chiral indices and narrow chirality distributions. Additionally, the SWCNT diameter distributions ﬁtted from the absorption
spectra show that ~55% of the nanotubes collected at 20 kPa have
diameters in the range of 1.2e1.4 nm, and the proportion is nearly
twice that (~28%) of the nanotubes collected at 0 kPa (Fig. S3).
We also noticed that the heights of the characteristic peaks in
the absorption spectra are sensitive to the concentration of methanol in the precursor solution. It is worth noting that S11 height,
relative to that of the p plasmon peak, rises with increasing
methanol concentration, implying the increased population of
speciﬁc chiral indices and the shrinkage in diameter distributions.
The purity of the s-SWCNTs synthesized without methanol is lower
than that obtained with the addition of a suitable amount of
methanol, although an excess of methanol again decreases the
purity (Fig. 2a, Fig. S5). The ﬁtted diameter distribution (based on
the absorption spectrum) of the SWCNTs synthesized with the
addition of 18 v% methanol demonstrates an increased proportion
of diameters in the range of 1.2e1.4 nm (Fig. S6c), which veriﬁes the
results obtained from the absorption spectra. The intensity reductions in some of the high-frequency RBM peaks in the Raman
spectra of the SWCNTs synthesized with high methanol concentrations reveal the reduction or absence of some zigzag and nearzigzag nanotubes (Fig. S7), which is in accordance with the
reduced percentage of narrow-diameter SWCNTs (Fig. S6). However, the mean diameter of the SWCNTs collected with 18 v%
methanol modestly increased to ca. 1.31 nm from ca. 1.29 nm when
no methanol was added (Figs. S6a and c). One explanation for the
methanol effect observed here can be the selective etching of mSWCNTs by the oxygen-containing group [23,34,35]. When a
proper volume of methanol is added, the oxygen-containing radicals decomposed from ethanol and methanol can selectively etch
some m-SWCNTs, which have lower ionization energy and are
more reactive [23,36,37], resulting in the enrichment of s-SWCNTs.
Further addition of methanol into the precursor solution could,
however, induce the etching of both m-SWCNTs and narrowdiameter s-SWCNTs with higher curvatures [38]. We have found
that when the methanol concentration surpass 50 v%, the collection

barometric pressure inside the quartz tube signiﬁcantly affected
the heights and widths of the characteristic peaks of the absorption
spectrum, i.e., the ﬁrst and second interband transitions of semiS and ES ), and the ﬁrst interband tranconducting nanotubes (E11
22
M ). The atmospheric
sition of their metallic counterparts (E11
pressure inside the reaction tube produced low, wide S11 and S22
peaks (i.e., 0 kPa in Fig. 1a), indicating a broad diameter distribution
of as-synthesized SWCNTs. In contrast, SWCNTs produced at a
slight overpressure (caused by the partial blockage of the exhaust)
generated higher, narrower S11 and S22 peaks (Fig. 1a), reﬂecting
their narrower diameter distribution. Further increases in pressure
moderately elevated the height of S11 peak and the purity of sSWCNTs (Fig. 1b). The purity of s-SWCNTs is the highest when the
overpressure of 14 kPa was set. Raman analysis supported our
ﬁndings on the effect of pressure on s-SWCNT purity. Radial
breathing mode (RBM) peaks excited by 488 nm (Figs. 1c) and
514 nm (Fig. 1d) lasers indicate that some small-diameter mSWCNTs are present in the sample collected at 0 kPa. Some mSWCNTs in each sample were resonant with a 633 nm laser, but
their proportion is the lowest in the sample collected at 14 kPa
(Fig. 1e). The barometric pressure inside a quartz tube was found to
be able to modulate the purity of as-synthesized s-SWCNTs. We
hypothesize that this arises because overpressure promotes the
growth of s-SWCNTs with speciﬁc chiral indices by lowering their
nucleation barriers and accelerating the formation of corresponding carbon caps [28], or by producing catalyst particles with more
even morphology and/or structure distribution [29,30]. Theoretical
calculations have predicted that large-chiral angle SWCNTs need
lower activation energies for cap formation compared to those with
smaller chiral angles [31,32]. It has also been reported that higher
pressure inside the reaction system favors the growth of SWCNTs
with speciﬁc chiral indices, narrowing either the chirality distribution [28] or the diameter distribution [33]. In this work, a few
low absorption peaks can be found in the S11 region of the spectrum
labeled with 0 kPa. Whereas other spectra present a sharp and
dominant peak in the S11 region while the neighboring absorption
peaks are suppressed, revealing the enrichment of s-SWCNTs with

Fig. 1. Optical characterizations of the effect of barometric pressure inside the quartz tube on the purity of s-SWCNTs. (a) Absorption spectra of SWCNTs collected at different
pressures. (b) Calculated purities of s-SWCNTs from the corresponding spectra displayed in (a). The calculation method of s-SWCNT purity can be found in Fig. S2. (c)e(f) are RBM
regions in Raman spectra of SWCNTs resonant with laser wavelengths of 488 nm, 514 nm, 633 nm, and 785 nm, respectively. S and M refer to s-SWCNTs and m-SWCNTs,
respectively. The labeled numbers are the chiral indices of SWCNTs. 940 oC-22 sccm H2-14 v% methanol. (A colour version of this ﬁgure can be viewed online.)
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Fig. 2. Optical absorption analysis of the effect of methanol concentration on the purity of s-SWCNTs and electron diffraction results. (a) and (b) are absorption spectra of the
SWCNTs synthesized with low and high methanol concentrations, respectively. Parameters for (a) are 940  C-22 sccm H2-14 kPa, for (b) are 920oC-7.5 sccm H2-14 kPa. (c) Calculated
purities of s-SWCNTs from the corresponding spectra in (b). The inserted photograph is a light green semiconducting-enriched SWCNT ﬁlm on a membrane ﬁlter (ɸ ¼ 13 mm),
demonstrating the ability of our reactor for the scalable production of s-SWCNTs. (d) Chirality map of SWCNTs, showing an s-SWCNT purity of 91.7%. The number in a hexagon refers
to the chiral indice, (n,m) of an SWCNT. M and S in the proﬁle represent metallic and semiconducting SWCNTs, respectively. 920 oC-7.5 sccm H2-14 kPa-28 v%. (e) and (f) are chiral
angle and diameter distributions, respectively, extracted from the map in (d). (A colour version of this ﬁgure can be viewed online.)

time of a 90% T ﬁlm was greatly increased. The decreased yield of
SWCNTs at high methanol concentrations might indirectly support
the etching proposal.
To further increase the purity of s-SWCNTs, we moderately
adjusted other growth parameters. Through slight tuning of growth
temperature and H2 ﬂow rate, we noticed that more s-SWCNTs
were produced at a lower temperature and a reduced H2 ﬂow rate
(Fig. S9). Decreasing the ﬂow rate of H2 leads to a blueshift of S11 in
the absorption spectrum (Fig. S9b), indicating a reduction in
SWCNT mean diameter. As can be observed from the ﬁtted diameter distributions (Fig. S10), the mean diameter of SWCNTs
decreased to ca. 1.23 nm from ca. 1.29 nm when the H2 ﬂow rate was
reduced to 7.5 sccm from 18 sccm. The enhanced growth of narrowdiameter SWCNTs at a lower H2 ﬂow rate may be attributed to
fewer carbon radicals being decomposed from ethanol via
hydrogen abstraction [41]. The modulation of SWCNT mean
diameter by H2 has also been reported elsewhere [22]. An optimal
combination of growth parameters was then identiﬁed and sSWCNTs with a purity close to 98% were produced (Fig. 2b and c). It
should be noted that far fewer m-SWCNTs in the 28 v% methanol
sample were resonant at the excitation wavelength of 633 nm
(Fig. S12c). The purity of s-SWCNTs varied slightly in the optimum
window of methanol concentration, then began to decline when
excessive methanol was added (Fig. 2b and c). In contrast to the
variation tendency of SWCNT mean diameter at low methanol
concentrations (Fig. S6), the SWCNT mean diameter obtained at a
high methanol concentration regime was reduced to ca. 1.12 nm
from ca. 1.23 nm with increasing methanol amount (Fig. S11). RBM
peaks also show a growing number of narrow-diameter SWCNTs
with increasing methanol concentration (Fig. S12). The presence of
more narrow-diameter SWCNTs at an increased methanol concentration is ascribed to a higher proportion of small-sized catalyst
particles. The scenario might be similar to the impediment of
catalyst from Ostwald ripening via hydroxyl stabilization of the
nanoparticles on a substrate [42]. It is also possible that the active
area of catalyst particles is shrinking with methanol concentration,
due to partial oxidation of particles by oxygen-containing groups
from methanol. Additionally, we would like to emphasize that the

as-synthesized SWCNTs possess superior structural quality, which
is supported by the high peak ratios of graphitic (G) and disorderinduced (D) bands in the Raman spectra (Fig. S4, S8, S13).
In order to unambiguously determine the chiral indices of
SWCNTs and s-SWCNT purity, individual SWCNTs were probed for
their electron diffraction patterns (Fig. S14). We selected the
parameter of methanol concentration here to examine the purity of
s-SWCNTs with electron diffraction and to validate the etching
behavior proposed in the literature [23,34,35]. The chirality map of
SWCNTs synthesized with 28 v% methanol presents more clustered
chiral indices than that obtained without methanol addition,
although their mean chiral angles and mean diameters are similar
(Fig. 2def, Fig. S15). The purity of s-SWCNTs produced with the
addition of 28 v% methanol was determined to be 91.7% by electron
diffraction (Fig. 2d), which is ~5% lower than the purity of ~97%
calculated from the absorption spectrum (Fig. S18). This discrepancy may arise from the distinction between absorption and
limited-counting-based characterizations, provided that s-SWCNTs
are longer than the metallic counterparts [43]. Zhang et al. [29] also
found a difference of 3% between the purities of s-SWCNTs determined by absorption and electron diffraction. Additionally, the
gatherings of the chiral indices (9,7), (10,8), and (9,8) (Fig. S17), and
the narrow diameter distribution (87% of nanotube diameters are in
the range of 1.0e1.3 nm, Fig. 2f) are deemed to be responsible for
the appearance of sharp and high S11 peak displayed in Fig. S18.
Based on the chirality distribution in the maps, selective etching of
m-SWCNTs by oxygen-containing chemicals contributed by methanol could be one of the causes of the enrichment of s-SWCNTs,
which is supported by Raman analysis and mechanism investigation described below.
Prior to the electrical characterization, we measured the lengths
of as-synthesized SWCNTs deposited onto a silicon substrate
(Fig. S19a). The mean bundle length of the SWCNTs collected under
optimized conditions is 15.2 mm (standard deviation is 9.4 mm)
(Fig. S19b), which is only half that reported in our previous studies
without the addition of methanol [22,44]. The as-produced
SWCNTs are highly isolated due to the low number concentration
(Fig. S19c). SWCNT bundles with lengths shorter than 5 mm account
95

E.-X. Ding, P. Liu, A.T. Khan et al.

Carbon 195 (2022) 92e100

with the same purities. For some unknown reasons, we could not
reproduce s-SWCNTs with a purity close to 95% (calculated from
optical absorption spectrum) for the moment, though we still
would like to share our progress. We believe that there exists some
certain parameter combination or a sweet window where highly
enriched s-SWCNTs could be synthesized with our reactor. Nevertheless, we successfully found that the effects of methanol concentration and H2 ﬂow rate are consistent with the tendency
displayed in Figs. 1 and 2. As presented in Fig. 4a, c, the purity of sSWCNTs gradually increases ﬁrst then decreases sharply with
increasing the concentration of methanol. H2 with a lower ﬂow rate
of 7.5 sccm narrows SWCNT diameters and their distributions,
resulting in a higher purity of s-SWCNTs (Fig. 4b, d). However,
adjusting the pressure inside the quartz tube induces negligible
changes in the purity of s-SWCNTs (Figs. S22a and b).
Then, to explore the mystery behind the variation in the purity
of s-SWCNTs, we utilized a gas-phase FT-IR spectrometer and an
aerosol electrometer for in-situ monitoring of as-synthesized
SWCNTs. The IR results suggest that CO and CH4 are the main
direct carbon sources for the growth of SWCNTs. High-chiral angle
SWCNTs which require low activation energy for cap formation
could preferably grow in an enriched CO atmosphere when the
concentration of methanol is increased [31,32,46] (Fig. 5a). In
addition, the amount of H2O is very sensitive to the variation of
methanol concentration. The H2O concertation has a dramatic rise
of 125 ppm when the methanol concentration increases to 28 v%
from 0 v% (Fig. 5a), indicating that the decomposed H2O could etch
the unstable m-SWCNTs when an appropriate amount of methanol
is added [47,48]. It should be noted that other possible mechanisms
of the enrichment of s-SWCNTs can not be simply excluded. It has
been proposed that H2O can modify the structure and/or
morphology of catalyst particle [39,40], and can affect the nucleation of SWCNTs [12]. The shaping of particle morphology by H2O
can also account for the narrowed mean diameter of SWCNTs when
the methanol concentration is increased (Fig. S11), which has been
mentioned above. Thus, the enrichment of s-SWCNTs in this work
could be realized through the synergistic effects of etching, nanoparticle reshaping, and selective nucleation. Induced by the
chemical equilibrium, one aspect of Le Chatelier's principle, the
reverse reaction of ethanol and methanol decomposition enhances
as the pressure inside the system increases, which is conﬁrmed by
the reduced carbon source concentration at elevated pressure
(Fig. S22c). Whereas the H2O concertation only has a moderate
increase (less than 50 ppm) with pressure.
An aerosol electrometer was employed to monitor the total net
current of as-produced gas-phase SWCNTs. The experimental results indicate that the net charge of the SWCNTs produced in the
ethanol-based system is negative in this work. The measured

for ~14% of the total, while the corresponding fraction is less than
1% in our previous work [44], which also suggests the etching role
of oxygen-containing radicals decomposed from methanol.
To evaluate the electrical performance of s-SWCNTs, we characterized the FETs incorporating as-produced SWCNTs. The FET
chips were fabricated using a common bottom gate design, with a
channel length of 2 mm and width of 5 mm [27]. A working FET is
considered as semiconducting if the ratio of on-current to offcurrent (Ion =Ioff ) is above 100. 37% of the devices among the
working ones turn out to be metallic (Fig. S20). We attribute this
phenomenon to two factors. First, some devices have more than
one SWCNT bridging the channel. Second, because the SWCNTs in
this study are considerably longer than our previous studies, some
SWCNTs are bridging the neighboring devices. These factors
contribute to the larger fraction of metallic devices and cannot be
easily modeled. Therefore, we only utilized the devices to show that
the SWCNTs are of high electrical quality by picking out the singleSWCNT bundle devices upon SEM inspection. In order to obtain
highly enriched semiconducting devices, further modiﬁcation of
the chip design (e.g., large distance between two pairs of electrodes), ﬁne-tuning of SWCNT density (e.g., low density), and
careful characterization (e.g., long integration time) of FETs are
needed, which we consider as future work. The charge carrier
mobility (mFE ), on-state current (Ion ), and off-state current (Ioff )
ratio were extracted to assess the electrical quality of the sSWCNTs. The peak transconductance formula was used to extract
the charge carrier mobility (mFE ) of semiconducting device. To
investigate the charge transfer properties of s-SWCNTs, we selected
20 semiconducting devices that exhibited good on-state conductance (Gon ¼ Id =Vds ). Fig. 3a displays transfer characteristics of the
20 FETs, with semiconducting behavior, exhibiting clear p-type
characteristics. The mean mFE value of the 20 FETs is
453.3 ± 98.8 cm2 V1 s1 (Fig. 3b), suggesting superior transport
properties of s-SWCNTs. The mean mFE is 2.27 times higher than
that (200 cm2 V1 s1) of high-quality dispersion-processed
SWCNT-based transistors measured using a similar method [45].
The mean value of Ion =Ioff of the 20 FETs is 2.43  107 (Fig. S21),
indicating excellent switching efficiency of the s-SWCNT FETs. In
addition, the devices exhibit Gon with a mean value of 2.85 mS at
Vds ¼ 2 V. The exceptional performance of SWCNT-based FETs,
demonstrated by high values of mFE and Ion =Ioff , reﬂects the high
quality of these as-synthesized s-SWCNTs for electronics.

3.2. s-SWCNTs with moderate purities
As we found the conditions for the scalable growth of highly
enriched s-SWCNTs which are extremely useful for large-scale
optoelectronics, we have been aiming to reproduce s-SWCNTs

Fig. 3. Electrical characterization of SWCNT-FETs. (a) Transfer characteristics (Id  Vgs ) of 20 semiconducting devices with gate sweeping (Vgs ) from 10 V to þ10 V. (b) Gon  mFE
plot of the 20 devices. 920 oC-7.5 sccm H2-14 kPa-28 v% methanol. (A colour version of this ﬁgure can be viewed online.)
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Fig. 4. Reproducibility study: The effects of methanol concentration and H2 ﬂow rate on s-SWCNT purity. (a) and (b) are optical absorption spectra. (c) and (d) are corresponding
calculated purities of s-SWCNTs. Parameters for (a) and (c) are 940  C-22 sccm H2-0 kPa, for (b) and (d) are 940 oC-0 kPa-28 v%. (A colour version of this ﬁgure can be viewed online.)

Fig. 5. Reproducibility study: Exploration of the origin of s-SWCNT enrichment with a gas-phase FT-IR spectrometer and an aerosol electrometer. (a) FT-IR results show the effect of
methanol on the concentration of main decomposed products in the exhaust. 940 oC-22 sccm H2-0 kPa. The effects of methanol concentration (b), feeding rate (c), and H2 ﬂow rate
(d) on the net current of as-synthesized SWCNTs. Parameters for (a) and (b) are 940  C-22 sccm H2-0 kPa, for (c) and (d) are 940 oC-0 kPa-28 v%. (A colour version of this ﬁgure can
be viewed online.)

ﬂuctuation in s-SWCNT purity (Figs. S22b and d). In addition, we
investigated the effects of H2 ﬂow rate and feeding rate of precursors on the net current. The trends of net current agree well with
the purity of s-SWCNTs in the two cases (Figs. 4d and 5c, d,

current reaches the highest when the methanol concentration is 28
v% (Fig. 5b), which is consistent with the trend of s-SWCNT purity
presented in Fig. 4c. But tuning the pressure leads to negligible
variation in the net current, which matches with the slight
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 Utilization of the data acquired only after stabilizing the reactor
by comparing sequential optical absorption spectra.

Fig. S23b). The results from the electrometer reveal that s-SWCNTs
carry more negative charges and possibly grow faster than their
metallic counterparts, providing an instant response to the optimization of growth parameters targeting high-purity s-SWCNTs. It
was reported that the electronic density of state of s-SWCNT is
larger compared with that of m-SWCNT when the catalyst particle
is negatively charged, resulting in an increased number of electrons
on the catalyst particle [49]. Therefore, the nucleation barrier of sSWCNT is lower than that of m-SWCNT and s-SWCNT likely grows
faster [50]. The variation of length (i.e., growth speed) between sSWCNT and m-SWCNT is currently under investigation. The effects
of feeding rate (Fig. S23) and S/Fe ratio (Fig. S24) on the purity of sSWCNTs were studied as well. Structure-controllable growth of
SWCNTs is achieved usually by sacriﬁcing the yield. We also
observed that s-SWCNTs with higher purities yet lower yield are
produced with a decreased feeding rate of precursors.

4. Conclusions
In summary, we have demonstrated the feasibility of continuous
production of semiconducting-enriched SWCNTs in an FCCVD
reactor through increasing the barometric pressure inside the
reactor and adding an appropriate volume of methanol. The barometric pressure and the methanol concentration were found to
apparently tailor the purity of s-SWCNTs. The purity of s-SWCNTs
collected under optimal conditions can reach 98% calculated from
the absorption spectrum. Moreover, the mean diameter of SWCNTs
is located in the range of 1.1e1.3 nm and the diameter distribution
can be modulated by regulating methanol concentration and the
ﬂow rate of H2. The mean bundle length of SWCNTs is 15.2 mm
which is much longer than that of dispersion-sorted SWCNTs. We
suggest that overpressure promotes the formation of speciﬁc carbon caps for the growth of high chiral angle s-SWCNTs. Additionally, an appropriate amount of methanol favors the growth of sSWCNTs with the decomposed H2O through selective etching unstable m-SWCNTs, reshaping catalyst nanoparticles, and suppressing the nucleation of m-SWCNTs, leading to the enrichment of sSWCNTs with narrow diameter (i.e., bandgap) distribution. FETs
incorporating the as-collected s-SWCNTs exhibit excellent electrical performance. Although s-SWCNTs with a purity higher than
95% were hardly reproduced, our study points out a way to the
large-scale production of s-SWCNTs for ultrahigh performance
thin-ﬁlm electronics with even energy landscape, particularly in
the ﬁeld of ﬂexible and/or stretchable electronics.

3.3. Discussion
We have found that there exists a parameter window where the
s-SWCNTs with a purity close to 98% could be produced in a ﬂoating
catalyst CVD reactor mainly by regulating the barometric pressure
inside the quartz tube and the concentration of methanol added
into the precursor solution. The breakthrough of continuous production of high-purity s-SWCNTs motivated us to repeat the experiments. Possible factors like the evaporation of thiophene,
oxygen/moisture-remover capsule, quartz tube age, constant N2
purging, etc. were all checked while the other growth parameters
were kept constant. We also tried many other parameter combinations, but it turned out that only s-SWCNTs with moderate purities could be easily reproduced. Thus, we believe that the wall
conditions of a quartz tube play a signiﬁcant role in producing sSWCNTs. An old quartz tube that has been run for two weeks improves the reproducibility of high-purity s-SWCNTs whereas a new
one always produces s-SWCNTs with low purities. An old quartz
tube was utilized for the synthesis of highly enriched s-SWCNTs.
For three months, we have been producing s-SWCNTs with high
purities displayed in Figs. 1 and 2. The importance of wall conditions in CNT synthesis has been addressed by others [51e53] as
well. According to the absorption spectra (Figs. 1a and 2a, b) of the
s-SWCNTs collected under the same growth parameters, a quartz
tube saturated by carbon deposits and catalyst particles should be
stable to produce s-SWCNTs with reasonable consistency.
Herein, we would like to call for the description (e.g., detailed
parameters, critical minutiae) of process reproducibility in the
scientiﬁc community to beneﬁt the reproducers. We recommend a
few tips to improve data reproducibility for those who are working
on the structure-controllable synthesis of SWCNTs:
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