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Direct Synthesis of Semiconducting Single-Walled Carbon
Nanotubes Toward High-Performance Electronics

Peng Liu, Abu Taher Khan, Er-Xiong Ding, Qiang Zhang,* Zhenyu Xu, Xueyin Bai,
Nan Wei, Ying Tian, Diao Li, Hua Jiang, Harri Lipsanen, Zhipei Sun,
and Esko I. Kauppinen*

The large-scale synthesis of high-purity semiconducting single-walled carbon
nanotubes (s-SWCNTs) plays a crucial role in fabricating high-performance
and multiapplication-scenario electronics. This work develops a
straightforward, continuous, and scalable method to synthesize high-purity
and individual s-SWCNTs with small-diameters distribution (≈1 nm). It is
believed that the water and carbon dioxide resulting from the decomposition
of isopropanol act as oxidizing agents and selectively etch metallic SWCNTs,
hence enhancing the production of s-SWCNTs. The performance of
individual-SWCNTs field effect transistors confirms the high abundance of
s-SWCNTs, presenting a mean mobility of 376 cm2 V−1 s−1 and a high
mobility of 2725 cm2 V−1 s−1 with an on-current to off-current (Ion/Ioff) ratio as
high as 2.51 × 107. Moreover, thin-film transistors based on the
as-synthesized SWCNTs exhibit excellent performance with a mean mobility
of 9.3 cm2 V−1 s−1 and Ion/Ioff ratio of 1.3× 105, respectively, verifying the
enrichment of s-SWCNTs. This work presents a simple and feasible route for
the sustainable synthesis of high-quality s-SWCNTs for electronic devices.
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1. Introduction

High-performance microprocessors
based on field-effect transistors (FETs)
are the foundation of electronic devices
that pervade every aspect of life and
accelerate the progress of modern indus-
try as well as our daily lives. However,
due to the role of quantum effects in
small-scale FETs, the size of traditional
silicon-based FETs can hardly be reduced
indefinitely, and the well-known Moore’s
Law is reaching its limit. Therefore, the
traditional silicon-based FETs will be
out of its depth in future revolutionary
technologies.[1–4] To meet the increas-
ing demands of high performance and
more complex application scenarios of
electronic devices, researchers have been
exploring new electronic materials to
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replace silicon. Single-walled carbon nanotubes (SWCNTs) have
been proven to be an ideal alternative channel material for FETs
owing to their unique structure, excellent electrical properties,
and stability.[2,5,6] For example, the small tube diameter and quasi-
1D topology of SWCNTs, can largely minimize short-channel ef-
fects, thus enable the excellent gate control at an extreme device
scaling (gate length lower than 10 nm).[5–7] In addition, the su-
perior chemical and mechanical stability of SWCNTs combined
with their outstanding flexibility, open the opportunity for devices
to function under extreme operating conditions (high/low tem-
perature, strain, etc.).[6] Since Tans et al. reported the first p-type
SWCNT transistor in 1997,[8] SWCNT-FETs technology has in-
tensively been developed over the last 20 years. For instance, Hills
et al. corroborated the feasibility of integrating SWCNT-FETs,
and the microprocessor containing more than 14 000 comple-
mentary metal-oxide-semiconductor FETs.[9] Furthermore, Liu et
al. reported that CNT-based FETs outperform that of commercial
silicon metal oxide-semiconductor FETs with similar gate lengths
in several key performance metrics.[2] Despite of the remark-
able advances, the large-scale fabrication and industrialization
of SWCNT-FETs are still facing challenges.[10,11] Since CNTs can
be either metallic or semiconducting, naturally forming about
one-third of metallic CNTs during the uncontrolled synthesis
process,[6,12] the large-scale production of high-purity s-SWCNTs
with outstanding electrical quality is a key factor for electronics
application.

Great efforts have been devoted to developing a controlled
preparation process for high-purity s-SWCNTs. There are mainly
two pathways to achieve this goal so far:[6,13] 1) post-synthesis
sorting,[14–17] and 2) direct synthesis.[18–20] The sorting meth-
ods mainly include density gradient ultracentrifugation,[14] col-
umn chromatography,[15] ion exchange chromatography,[16] and
conjugated polymer extraction.[17] However, the unavoidable in-
tensive sonication and introduction of dispersants in those
methods could lead to uncontrolled contamination of SWC-
NTs and destruction of the structure, thus impairing their
intrinsic properties.[12,21,22] In regard to direct synthesis, the
important strategy is to introduce an oxidizing environment
(methanol,[19,23] water vapor[20,24,25] and oxygen,[26], etc.) during
the synthesis process, to inhibit the growth of metallic-SWCNTs
(m-SWCNTs) or to etch them. Liu et al.[19] utilized a mixture of
ethanol/methanol as a carbon source, proposing that methanol
(as a weak etchant) preferentially etch most of the m-SWCNTs
on substrates, resulting in enriched s-SWCNTs on substrates. In
addition, Zhou et al.[20] found that a suitable water concentra-
tion plays a key role in the selective growth of s-SWCNTs. They
achieved dominant growth of s-SWCNTs using isopropanol (IPA)
as a carbon source via a substrate CVD method and found it to
be superior to ethanol. This was attributed to the fact that IPA
could provide a higher water concentration than ethanol. De-
spite the reported high-purity s-SWCNTs, they were mostly ob-
tained on the substrate growth process with low yield.[22] Ding et
al.[23] made their efforts on the floating catalyst chemical vapor
deposition (FCCVD) system to synthesize enriched s-SWCNTs
based on mixed carbon sources (methanol and ethanol), while
they obtained a low yield of high-purity s-SWCNTs with poor re-
producibility. Batch synthesis of high-purity s-SWCNTs with rea-
sonable selectivity and good reproducibility has still been a far
goal to reach by far. In addition, it will be interesting to study

and certify the superiority of IPA in the selective synthesis of s-
SWCNTs in FCCVD systems. A thoughtful understanding of the
effect of thermodynamic and kinetic factors on the chirality dis-
tribution is also demanded, especially on the direct controllable
synthesis of high-purity s-SWCNTs by FCCVD.

In this study, we adopted a laboratory-designed FCCVD sys-
tem and used IPA as the carbon source for controlled synthesis
of s-SWCNTs. The scheme of the experimental setup is shown in
Figure S1, Supporting Information. Rather than a mixture of car-
bon sources,[19,23] the utilization of IPA is free from the effect of
multiple carbon precursors, thus is advantageous for the mech-
anism investigation. Besides, the IPA-ferrocene method is safer
and less toxic than other methods utilizing certain hydrocarbons,
or carbon monoxide. In addition, we have systematically investi-
gated the effects of temperature, feed rate, and H2 flow rate on
the purity of s-SWCNTs. We demonstrated a sustainable synthe-
sis of s-SWCNTs films with 90% transmittance (T), high purity
up to 94%, and a yield of 0.28 cm2 h−1. Additionally, both the
electron diffraction analysis and individual-SWCNTs FETs statis-
tics verified the high purity of s-SWCNTs. The highest mobility
of our s-SWCNTs FETs reached 2725 cm2 V−1 s−1 with a high on-
current to off-current (Ion/Ioff) ratio of 2.51 ×107. Furthermore,
the thin-film transistors (TFTs) simultaneously demonstrated a
mean mobility of 9.3 cm2 V−1 s−1 and a mean Ion/Ioff ratio of
1.3 × 105. This demonstrates the great application potential of
our large-scale synthesized SWCNTs in the field of electronics.

2. Results and Discussion

All optical absorption spectra (Figure 1a,c,e) show distinct char-
acteristic peaks of the first and second inter-band transitions of
s-SWCNTs (S11 and S22), and the first inter-band transition of
their metallic counterparts (M11), proving the successful synthe-
sis of SWCNTs. In addition, the low ID/IG ratio (≈0.05) in the
Raman spectra (Figure S2a, Supporting Information) indicates
the high-quality of as-synthesized SWCNTs.[20] The highest syn-
thesis temperature resulted in low and broad S11 peaks (980 °C
in Figure 1a), suggesting a relatively broad diameter distribution
and larger diameter of as-synthesized SWCNTs (FigureS3a, Sup-
porting Information). This result is in a good agreement with
the previous reports,[27,28] showing that high temperature usu-
ally leads to large diameters and broad chirality distribution of
SWCNTs. In contrast, SWCNTs synthesized at a lower tempera-
ture produced higher and narrowed S11 peaks, accompanied by
blue-shifted peaks, and the mean diameter decreased to 0.94 nm
from 1.08 nm. Moreover, the diameter distributions of SWC-
NTs demonstrated that ≈72% of the product collected at 880
°C were in the range of 0.75–1.15 nm. Interestingly, a high pu-
rity of ≈93% was obtained for the as-synthesized s-SWCNTs at
880 °C (Figure 1b). It is worthy to mention that the obtained
results were repeatable, indicating the excellent reactor stabil-
ity and reproducibility of the s-SWCNTs (Figure S2b, Support-
ing Information). The good reproducibility is attributed to ap-
plying of IPA (instead of the mixed carbon source) and strict ex-
perimental control (dedicated quartz tube and reactor). Besides,
the purity of s-SWCNTs followed a trendline, which initially in-
creased and then decreased with an increase in temperature. This
could be attributed to the rapid decomposition of feedstocks and
the nucleation of catalysts at high temperatures, resulting in the
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Figure 1. Optical characterizations of SWCNTs samples under different synthesis parameters. a) Absorption spectra of s-SWCNTs collected at different
temperature. The three-color region from left to right represents the M11, S22, and S11 regions, respectively. b) Purity and yield (cm2 h−1 90%T film) of
s-SWCNTs at different temperatures. The feed rate and H2 flow rate are 1.0 μL min−1 and 60 standard cubic centimeters (sccm), respectively (synthesis
parameters of (a) and (b) are 1.0 μL min−1 and 60 sccm H2, following the same). c) Absorption spectra of SWCNTs collected at different H2 flow rates.
d) Purity of s-SWCNTs. Synthesis parameters of (c) and (d) are 880 °C – 1.0 μL min−1. (e) Absorption spectra of SWCNTs collected at different feedstock
feed rates. f) Purity and yield (cm2 h−1 90%T film) of s-SWCNTs at varied feed rates. Synthesis parameters of (e) and (f) are 880 °C–60 sccm H2.

uncontrolled growth of SWCNTs, and increased production yield
of SWCNTs (Figure 1b). This indicates that the high-temperature
environment was not conducive to the controlled growth of s-
SWCNTs.[29] Raman characterization further supported our find-
ings on the effect of temperature on the purity of s-SWCNTs. As
shown in Figures S4b,c, Supporting Information, the same reso-
nant SWCNTs of the samples were excited by 514 nm and 633 nm
lasers, respectively. While the radial breathing mode (RBM) in-
tensities of m-SWCNTs were enhanced with the temperature, in-
dicating that more m-SWCNTs were synthesized. However, the
synthesis of s-SWCNTs could not be achieved at low tempera-
ture either. As shown in Figure 1b, both the yield and purity of
s-SWCNTs were low when the synthesis temperature was lower
than 850 °C. The reason for low yield is believed to be the insuffi-
cient decomposition of the feedstock at lower temperatures. For
the low purity, we hypothesized that the low temperature was not
preferred for the selective formation of catalyst seeds that were
beneficial for the s-SWCNTs synthesis. In addition, the activity of
the etchant (CO2) is affected by temperature,[30] and the selective
etching efficiency of m-SWCNTs decreases at low temperature.
Obviously, the as-synthesized SWCNTs at a lower temperature,
had a signal peak of a new chirality of m-SWCNT excited by the
514 nm laser (Figure S4b, Supporting Information).

The effect of H2 flow rate on purity of s-SWCNTs was
also investigated under the optimum synthesis temperature of
880 °C. The absorption spectra of the synthesized SWCNTs in
different H2 flow rates (30–100 sccm) are presented in Figure 1c.
The highest peak position of S11 remained as the H2 flow rate
gradually increased from 30 sccm to 60 sccm. However, with the
additional increase of the H2 flow rate, a redshift of the high-

est S11 peak was observed, indicating that the mean diameter of
the s-SWCNTs was increased.[23] The diameter distribution dia-
gram (Figure S3b, Supporting Information) clearly showed that
the mean diameter of SWCNTs increased by ≈0.1 nm with the
increase of H2 flow rate from 30 sccm to 100 sccm. This trend
also agrees with our previous report[23] that the mean diameter
of SWCNTs can be adjusted by the H2 flow rate. It is worth not-
ing that at the low H2 flow rate (30 sccm) ≈63% of the SWCNTs
possessed a sub-nanometer diameter, while this proportion de-
creased to 46% when the H2 flow rate is increased to 100 sccm.
The above-mentioned phenomenon indicated a preferential etch
effect of H2 on small-diameter SWCNTs.[31] The more impor-
tant fact was that the purity of s-SWCNTs raised with H2 flow
rate until 60 sccm (Figure 1d). This enrichment of s-SWCNTs by
H2 could be attributed to the high reactivity between H2 and m-
SWCNTs (relatively smaller ionization potential) compared to s-
SWCNTs with the similar diameters.[19,32] This phenomenon was
supplementary supported by the Raman spectra (Figure S5, Sup-
porting Information), where the RBM signal intensity excited by
four different wavelength lasers was decreased in the small di-
ameter SWCNTs region, under high H2 flow rate.

To systematically investigate the synthesis parameters affect-
ing the purity of s-SWCNTs, the feedstock rate was also varied.
Optical characterizations of the obtained SWCNTs at different
feedstock rates are shown in Figure 1e. In our premixed feed-
stock design, the amount of carbon source and catalyst increased
linearly with feed rates. A high feed rate led to a large amount
of catalyst aggregation, resulting in s-SWCNTs with larger mean
diameters (higher resistance to etchant) (Figure S3c, Support-
ing Information) and lower purity (Figure 1f). Meanwhile, the
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Figure 2. Determination of chirality and the purity of s-SWCNTs by electron diffraction technique. a) A representative TEM micrograph of an individual
SWCNT; b) the corresponding electron diffraction pattern and the determined chirality index. c) Chirality map of as-synthesized SWCNT samples at
880 °C–1.0 μL min−1–60 sccm H2. M and S represent m-SWCNTs and s-SWCNTs, respectively. d) Chirality map of as-synthesized SWCNTsamples at
880 °C–3.0 μL min−1–60 sccm H2. e) Chiral angle distributions and f) Diameter distributions of SWCNTs presented in (c) and (d).

formation of amorphous carbon in larger amount could reduce
the quality of SWCNTs, which could be observed from the high
background contribution and the obvious decrease in the S11
peak intensity at high feed rate.[33] The purity of s-SWCNTs
was improved significantly with the decrease of feed rate (Fig-
ure 1e and Figure S6, Supporting Information). The purity of
s-SWCNTs reached 88% accompanied by a yield ≈2.06 cm2 h−1

90%T film at feed rate of 2 μL min−1 (Figure 1e). To improve the
purity of s-SWCNTs, we decreased the feeding rate to a more ex-
tent. The purity reached the highest value (94%) with the feed
rate reduced to 0.8 μL min−1. In this case, structure-controllable
synthesis of s-SWCNTs was achieved by sacrificing the yield.[23]

Electron diffraction patterns of a large number of individual
SWCNTs were acquired to map their chirality distribution (Fig-
ure S7, Supporting Information). A typical electron morphology
and a diffraction pattern of an as-synthesized individual SWCNT
are shown in Figure 2a and Figure 2b. At a feed rate of 1.0 μL
min−1, the chirality distribution of SWCNTs (Figure 2c) demon-
strated higher purity of s-SWCNTs, and more concentrated chi-
ral indices than those obtained at 3.0 μL min−1 (Figure 2d), al-
though their mean chiral angles were similarly concentered on
the near armchair region (Figure 2e). The purity of the synthe-
sized s-SWCNTs determined by the electron diffraction patterns
was 88%, which was ≈5% lower than the purity (≈ 93%) calcu-
lated from the absorption spectrum (Figure 1a). This discrepancy

could be attributed to the distinction between the absorption in-
tensity based on bulky SWCNTs film, and the finite count based
on microscopic individual SWCNTs. It was also implied that s-
SWCNTs were longer than m-SWCNTs in our samples.[23,34] Sim-
ilarly, the diameter distribution of SWCNTs detected by the elec-
tron diffraction patterns (Figure 2f) was also slightly different
from that of the absorption spectra (Figure S3c, Supporting In-
formation), however, this could be neglected due to the samples’
scale variation. It is important that the variation trend of the
SWCNTs diameter with the feed rate was the same using the two
detection methods.

To obtain information on the variation of s-SWCNTs purity,
we performed an in-situ monitoring of gaseous reaction compo-
sition during the synthesis of SWCNTs using gas-phase FT-IR
spectroscopy. The IR spectra of the gas composition obtained af-
ter filtration are shown in Figure 3a, and the results were ana-
lyzed using reference spectra of individual substances.[35] Based
on the IR spectra, the observed vibrational rotation bands can be
assigned to CH4, H2O, CO, CO2, etc. The dependence on the
concentration of aerosol components at a total pressure Ptotal =
750 mbar on the set feed rates is shown in Figure 3b and Fig-
ure S8a. The concentration of CO and CH4 (light purple area)
obviously exceeded the contribution of the rest of the gas phase
species, especially the proportions of acetylene (C2H2), ethylene
(C2H4), ethane (C2H6) and toluene (C7H8) were all lower than
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Figure 3. Investigation of the origin of s-SWCNT enrichment using a gas-phase FT-IR spectrometer (at 880 °C–60 sccm H2). a) FT-IR spectra of the
outlet reactor gas at varied feed rates. b) Feed rate versus the concentration of main decomposed products in the reactor outlet. c) Feed rate versus the
mole fraction of main decomposed products in the reactor outlet.

0.5%. In addition, the concentrations of CO and CH4 maintained
high levels at each feed rate, indicating CO and CH4 were the
main gaseous products of IPA decomposition, and direct car-
bon sources for SWCNTs growth. This result was similar to the
ethanol decomposition reported before.[35] They claimed that the
ethanol-ferrocene aerosol CVD combined the advantages of the
two synthesis schemes (CO and CH4), which enabled the produc-
tion of pure SWCNTs with small diameters (≈1 nm). Besides,
the CO-rich atmosphere favors the growth of high chiral angle
SWCNTs requiring low activation energy for cap formation.[29,36]

Notably, the total mole fraction of H2O and CO2 increased sig-
nificantly with the decrease of the feed rate (Figure 3c). It was
proposed that H2O could affect the nucleation of s-SWCNTs,[20]

and etch the unstable m-SWCNTs.[23] Besides, CO2 was reported
to have a similar etching effect on m-SWCNTs.[30] Therefore, the
enrichment of s-SWCNTs in this work was achieved due to the
synergistic effect of H2O and CO2 on etching. In addition, we
performed multiple detections of the gas products under opti-
mal conditions (Figure S8b, Supporting Information) and found
only a small fluctuation in the concentration of the main gas
components, indicating the good reproducibility of high-purity
s-SWCNTs.

To evaluate the electrical properties of s-SWCNTs, the bun-
dle length of the synthesized SWCNTs was measured before the
TFT fabrication (Figure S9a, Supporting Information). The mean
bundle length of SWCNTs collected under the optimized condi-
tions was ≈6.38 μm (Figure S9b, Supporting Information), which
was several times than that of typical solution-sorted SWCNTs
(0.5–2.0 μm).[17] The diameter and composition of the bundles
were also analyzed (Figure S9c, Supporting Information), and
found that ≈45% of the bundles were individual SWCNTs (di-
ameters <1.5 nm were considered as an individual based on Fig-
ure 2f), while the rest were small bundles composed of 2 or 3
SWCNTs, with a mean bundle diameter of ≈2.37 nm. The pu-
rity of s-SWCNTs was additionally evaluated by electrical char-
acterization of individual-SWCNTs FETs. Figure 4a illustrates a
representative SEM image of the individual-SWCNTs FETs with
a narrow channel length of 2 μm. Figure 4b exhibits the trans-
fer curves (Id – Vgs) measured at drain-source bias voltage Vds =
−1 V and gate-source sweeping voltage Vgs from −10 V to +10 V.
A device was considered as working if drain to source current
(Id) is larger than 10 pA, and the working device was consid-
ered semiconducting if Ion/Ioff ratio is >100, otherwise consid-

ered as metallic. Herein, 99 of 107 working devices were semi-
conducting FETs and the rest (8) were metallic FETs. Therefore,
the ratio of semiconducting FETs was ≈92.5%, which is very
similar to the s-SWCNTs purity detected by optical characteri-
zation (Figure 1b). This result additionally confirmed that our
synthesis strategy could consistently produce highly enriched s-
SWCNTs with good quality. In addition, SEM was used to check
the number of bundles bridged by the electrodes. It was found
that ≈50% of semiconducting FETs were bridged by individual-
SWCNTs. The Ion/Ioff ratio and charge carrier mobility (μ) are
widely used metrics for describing the potential of SWCNTs for
electronic applications.[37] Here, the transfer curves showed p-
type characteristics with excellent control over off-state current
and a large variation in on-state current. Individual-SWCNTs
FETs exhibited a mean Ion/Ioff ratio of 8.33 × 106 with a max-
imum value of 5.24 × 107, demonstrating the excellent switch-
ing control of SWCNTs-FETs (Figure 4c). Charge carrier mo-
bility of 49 individual-SWCNTs FETs has been extracted from
the linear region of transfer curves using the standard peak
transconductance (PTC) method (shown in Supplementary text
2).[23,38–40] The extracted mean PTC-mobility (μPTC) of individual-
SWCNT FETs was 156.3 cm2 V−1 s−1, and the maximum value
663.3 cm2 V−1 s−1 with high Ion/Ioff ratio of 5.16 × 107 (Figure 4c).
Even though the PTC method proved the concrete evidence of
good charge carrier mobility, the metal to SWCNT contact re-
sistance has an adverse effect on the obtained mobility, in that
the μPTC would be lower than the actual mobility of the channel.
To avoid this effect, a more accurate estimation of charge carrier
mobility was by the Y-function method (shown in Supplemen-
tary text 2).[39] The extracted mean Y-function mobility (μYF) was
376 cm2 V−1 s−1 with a maximum value of 2725 cm2 V−1

s−1(Ion/Ioff ratio of 2.51 × 107), which is close to the theoret-
ical limit for the 1 nm SWCNTs on SiO2 substrates at room
temperature (according to the theoretical analysis by Zhou et
al.).[41,42] This demonstrates the great application potential of our
as-synthesized SWCNTs in the field of electronics.

Figure 4d shows the surface morphology of TFT channel area,
filled by the as-synthesized SWCNTs film. In addition, the line
density of our SWCNT film was as high as 3.9 CNTs μm−1, which
is much higher than those of the previously reported TFTs by de-
tecting the gray value peak of SEM scanlines (Figure S10a).[43,44]

To accurately evaluate the intrinsic mobility of as-synthesized
SWCNTs film, the Id – Vds curve was plotted (Figure S10b). It
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Figure 4. Electrical characterizations of SWCNT transistors. a) SEM image of a representative individual-SWCNTs FETs with a 2 μm channel length.
b) Transfer characteristics of 115 SWCNT-FETs. c) μFE versus Ion/Ioff ratio plots of the 49 individual-SWCNTs devices. d) SEM image of representative
back-gated TFTs with channel length and width of 100 μm and SWCNTs film (the inset). e) Transfer characteristics of the TFTs. (f) Comparison of our
SWCNTs TFTs and other representative TFTs based on CNTs film. The SWCNTs samples were collected by the TP method at 880 °C–1.0 μL min−1–60
sccm H2.

was found that the Id – Vds has a linear characteristic at various
Vgs, which indicates that the contact of SWCNTs film with metal
electrodes is an ohmic contact. Figure 4e presents the transfer
curves of our fabricated TFTs at drain-source bias voltage Vds = –
0.05 V and gate-source sweeping voltage Vgs from -10 V to +10 V.
Here, the common parallel plate model was used to extract the
mobility (shown in Supplementary text 3),[18,38,45] although this
method would overestimate the capacitance of the SWCNTs film
and thus underestimate the value of the extracted carrier mo-
bility. Figure 4f and Supplementary table 1 show the mobility
and the Ion/Ioff ratio of 20 SWCNTs TFTs (Lch = 100 μm), to-
gether with those of other TFTs based on CNTs film.[18,32,46–55]

The mean mobility and Ion/Ioff ratio of our fabricated TFTs are
∼ 9.3 cm2 V−1 s−1 and ∼ 1.3× 105, and the corresponding maxi-
mum values are 29.5 cm2 V−1 s−1 (with an Ion/Ioff ratio of 1.35×
105) and 1.72× 106 (with a mobility of 3.5 cm2 V−1 s−1), respec-
tively. Here, the moderate mobility is attributed to the relatively
small diameter (∼ 1 nm) of our synthesized SWCNTs, which have
larger band gaps.[41] Comparisons of the present TFTs with those
representative TFTs reports, including TFTs based on the solu-
tion sorting s-SWCNTs with larger diameter,[46,48–52,54] reveal that
our fabricated TFTs have an advantage in flexible transistors and
sensors[45] as the latter requires tedious and harsh sorting pro-
cess with low yield. The work is in progress to further improve
the device performance through the selective synthesis of large-
diameter s-SWCNTs, and the optimization of device parameters.

3. Conclusion

In this work, we report a continuous synthesis strategy for the
production of highly individual semiconducting-SWCNTs with
purity as high as 94%. The produced s-SWCNTs have a mean
diameter ≈1 nm and a mean length ≈6.38 μm. Under the opti-
mized condition, the decomposition of IPA not only provided a
carbon source for growing high-quality SWCNTs but also a suit-
able environment where s-SWCNTs are favored. In addition, as-
synthesized s-SWCNTs exhibited excellent electrical properties
with the mean mobility of 376 cm2 V−1 s−1 and Ion/Ioff ratio up
to 8.33 × 106 in individual-SWCNTs FETs. The high-performance
TFT fabricated from the FCCVD high-purity s-SWCNTs exhibits
high potential for their application in flexible electronics. To fur-
ther enhance the TFT performance, employing additional sorting
methods in the gas-phase environment to obtain a higher purity
of s-SWCNTs with larger diameters could be affective methods.
Besides, by further optimizing TFT parameters, it is foreseeable
to enhance devices with better performance. Our synthetic strat-
egy opens an important and feasible routine for continuous and
large-scale production of s-SWCNTs that meets the needs of fu-
ture electronic devices.

4. Experimental Section
Synthesis of s-SWCNTs: IPA (≥ 99.5%, Sigma-Aldrich), ferrocene

(98%, Sigma-Aldrich), and thiophene (≥ 99%, Sigma-Aldrich) were uti-
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lized as carbon source, catalyst, and promoter precursors, respectively.
The preparation process of IPA feedstock is shown in Figure S1a. Fer-
rocene (0.25 wt.%) and thiophene (0.014 wt.%) were dissolved in IPA to
form a liquid feedstock, which was injected into the system by a syringe
pump (NE-1000 series, New Era Pump Systems, USA) at a feed rate of 0.6–
3.0 μL min−1. The feedstock was evaporated in a heated line maintained
at 130 °C and carried by 300 sccm N2 (vaporized from liquid nitrogen
supplied by AGA, Finland, and then purified by an oxygen/moisture trap,
OT3-4, Agilent) and 30–100 sccm H2 (99.999%, Woikoski Oy, Finland) into
the FCCVD reactor. The synthesis temperature was regulated in the range
of 730 to 980 °C. As-synthesized SWCNTs film was collected at the outlet
of the reactor using a MF-Millipore membrane filters (Φ = 25 mm and
thickness of 150 μm, Merck Millipore) with a pore size of 0.45 μm.

Characterizations of s-SWCNTs: After the s-SWCNTs film was trans-
ferred onto a quartz slide (35 mm× 20 mm× 1 mm, HSQ300, Finnish Spe-
cial Glass Oy, Finland) by the press-transferred method (Figure S1c),[56] an
ultraviolet-visible-nearinfrared (UV-Vis-NIR) spectrometer (Agilent Cary
5000) was used to acquire optical absorption and transmission spectra.
Optical absorption spectra were normalized by the 𝜋 plasmon peak inten-
sity for each sample. A MATLAB code[57] was used to fit the SWCNT di-
ameter distribution from the absorption spectra. The purity of s-SWCNTs
was calculated with the same method which was described in the previ-
ous work.[23] Besides, the collection area of 90% T film per hour was used
to present the yield of SWCNTs, and the computing method for yield is
shown in Supporting Information Text S1. A Nicolet Antaris IGS spectrom-
eter (connected to the reactor outlet) was used to measure the Fourier
transform infrared (FT-IR) spectra of the gas composition without SWC-
NTs. The resulting spectra represent the molecular absorption and trans-
mission responses, creating the molecular fingerprint of the sample. 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,
was employed to acquire Raman spectra. In addition, Raman spectra were
normalized by the Graphitic (G) band intensity and averaged from 3 ran-
dom positions on each sample. The sparse s-SWCNTs were collected onto
SiO2 substrate by thermophoretic (TP) method[43] for the length measure-
ment with the scanning electron microscope (SEM, Zeiss Sigma VP) at an
acceleration voltage of 1 kV. For further structural and morphological char-
acterization, a JEM 2200FS (JEOL Ltd.) double Cs-corrected transmission
electron microscope (TEM) was used for electron diffraction analysis op-
erated at 80 kV and for high-resolution imaging operated at 200 kV. The
chiral indices of an individual SWCNT can be extracted from its electron
diffraction pattern based on an intrinsic-layer line spacing method devel-
oped earlier in the group.[58]

Fabrication of Transistors: The back-gated transistors were fabricated
by the commonly used photolithography and lift-off processes. The ar-
ray of contacts was prefabricated on thermally oxidized silicon wafer with
100 nm of SiO2 insulating layer and highly boron-doped back side of sili-
con wafer (Microchemicals GmbH) as the back gate. The source and drain
electrodes were patterned by photolithography (Heidelberg MLA150) and
5 nm / 25 nm Ti/Pd were deposited by electron beam evaporation (Evap-
orator MASA IM-9912).[38] Then, the dry and direct thermophoretic (TP)
method was employed to deposit as-synthesized SWCNTs on the top of
prefabricated arrays of electrodes.[43] After SWCNTs deposition, the chan-
nel areas were defined by photolithography and the unwanted SWCNTs
from outside channel area were etched away by an O2/Ar plasma. Next,
both FETs and TFTs chips were annealed at 200 °C for two h at ambient
conditions to improve the contact between SWCNTs and electrodes. Fi-
nally, the electrical measurements were carried out at room temperature
and ambient condition with a semi-automatic probe station (PA200, Karl
Suss AG, Germany) which is equipped with a semiconductor parameter
analyzer (Agilent 4168, USA).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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