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Separation of Ultrahigh-Purity Long Semiconducting Carbon

Nanotubes via Gel Chromatography
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Haifang Yang, Weiya Zhou, and Huaping Liu*

Mass production of ultrahigh-purity long semiconducting single-wall carbon
nanotubes (s-SWCNTs) is essential for their utilization in high-performance
carbon-based devices. Here, the separation of ultrahigh-purity long s-SWCNTs
is achieved by integrating repeated short-duration ultrasonic dispersion

with iterative separation via gel chromatography. The resulting s-SWCNTs

are confirmed to have a purity exceeding 99.9999%, representing the

highest purity achieved via surfactant-based separation methods. Additionally,
the average length of the separated s-SWCNTs exceeds 430 nm, with ~47%
surpassing 400 nm in length—more than twice the length of those obtained
through traditional dispersion and separation methods. From these, a subset
of s-SWCNTs with an average length of %674 nm and 79.8% exceeding 400 nm
is further extracted for fabricating SWCNT thin-film transistors. The resulting
transistors exhibit markedly superior transport performance compared

to those derived from s-SWCNTs produced via conventional methods,
characterized by significantly higher on-state conductance of ~149 pS um~',
higher carrier mobility of over 89.1 cm?V~'s~" and a high on/off ratio
exceeding 10°. The work demonstrates the exceptional separation capability
of surfactant-based gel chromatography in producing ultrahigh-purity

long s-SWCNTs with minimal defects, which holds significant promise for
advancing the application of SWCNTs in high-performance electronic devices.

optoelectronic devices owing to their excep-
tionally high carrier mobility,?] superior
gate control capability,**] tunable en-
ergy gap,>® and broad optical response
spectrum.”l Compared with traditional
silicon-based devices at the same technol-
ogy node, SWCNT-based devices exhibit an
improvement in energy efficiency by over
one order of magnitude.’®! Within the same
device dimensions, the simulation results
show that the performance of SWCNT
devices surpasses that of silicon-based
devices by one to two generations. For
instance, the performance of 28 nm node
SWCNT devices is comparable to that of
7 nm node silicon-based devices.°! Further
theoretical studies indicate that the energy
efficiency of 3D integrated circuits based
on SWCNTs could potentially exceed ex-
isting silicon-based circuits by a factor of
1000.11°1 Consequently, the advancement
of SWCNT-based devices represents a key
direction for future device development.

SWCNTs can exhibit either metallic
or semiconducting properties depend-

1. Introduction

Single-wall carbon nanotubes (SWCN'5) are regarded as ideal
materials for fabricating high-speed, low-power electronic and

W. Wang, X. Li, C. Huang, . Xing, L. Li, Y. Wang, X. Wei, H. Yang,

W. Zhou, H. Liu

Beijing National Laboratory for Condensed Matter Physics

Institute of Physics

Chinese Academy of Sciences

Beijing 100190, China

E-mail: liuhuaping@iphy.ac.cn

W.Wang, X. Li, C. Huang, J. Xing, L. Li, X. Wei, W. Zhou, H. Liu

Center of Materials Science and Optoelectronics Engineering

and school of Physical Sciences

University of Chinese Academy of Sciences

Beijing 100049, China

W.Wang, X. Li, C. Huang, ]. Xing, L. Li, Y. Wang, X. Wei, W. Zhou, H. Liu
Beijing Key Laboratory for Advanced Functional Materials and Structure
Research

Beijing 100190, China

DOI: 10.1002/adfm.202507593

Adv. Funct. Mater. 2025, 2507593

2507593 (1 of 13)

ing on their chirality. The cornerstone of

constructing high-performance SWCNT-
based integrated circuits (ICs) containing billions of transis-
tors is the mass production of ultrahigh-purity semiconducting
SWCNTs (s-SWCNTs), with a semiconducting purity exceeding
99.9999%.[111 This is because even trace amounts of metallic
SWCNTs (m-SWCNTs) in the device channel can result in sig-
nificant leakage currents and compromise the logical function-
ality of ICs. Currently, catalyzed growth methods are unable to
synthesize ultrapure s-SWCNTs.['25%] To achieve high-purity s-
SWCNTs, various separation techniques have been developed,
including density gradient ultracentrifugation (DGU),['*7] DNA-
encapsulated separation,!'31°1 gel chromatography,2>-2*l aqueous
two-phase extraction (ATPE)?*2°l and polymer wrapping.!?’-l
Among these methods, the conjugated polymer poly[9-(1-
octylonoyl)-9H-carbazole-2,7-diyl] (PCz)-wrapped approach has
proven effective in separating ultra-purity s-SWCNTs with a pu-
rity greater than 99.9999%.1*1) However, this process requires the
use of toxic and environmentally detrimental organic solvents
such as toluene. Moreover, conjugated polymer molecules exhibit
limited efficacy in recognizing the chiral structure of SWCNTTs,
making it challenging to separate single-chirality s-SWCNTs.[32]
This limitation restricts the application of s-SWCNTs in

© 2025 Wiley-VCH GmbH
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high-performance carbon-based devices. Additionally, residual
conjugated polymer molecules on the separated s-SWCNTs are
difficult to remove due to their strong interaction with SWC-
NTs and high decomposition temperature,[**] which can de-
grade the electrical transport performance of SWCNT film.
In contrast, surfactant-based separation techniques provide su-
perior resolution in chirality, high separation efficiency, and
cost-effectiveness.3**] Notably, gel chromatography has en-
abled milligram-scale separation of multiple single-chirality
SWCNTs.36371 More importantly, residual surfactants around
the separated SWCNTs can be readily removed.[*®! Nevertheless,
there have been no reports to date of achieving ultrapure s-
SWCNTs with a semiconducting purity exceeding 99.9999% us-
ing surfactant-based methods.

The preparation of individualized SWCNT solution is a criti-
cal step in the separation of high-purity s-SWCNTs, directly in-
fluencing the semiconducting purity of the separated materials.
Currently, ultrasonic dispersion is the most prevalent method for
dispersing SWCNTs, where SWCNT bundles are dispersed into
individual SWCNTs or smaller bundles through shear forces gen-
erated by acoustic cavitation.?* To enhance the dispersion effi-
ciency and yield of SWCNTs in aqueous solutions, extended ultra-
sonic treatment is often required. However, prolonged ultrasonic
dispersion can lead to an increase in defects and a reduction in
length, particularly for already dissociated individuals and small
bundles,**1 which may degrade the carrier transport perfor-
mance of SWCNTS in electronic devices.*’] Traditional ultrasonic
dispersion techniques encounter significant challenges in simul-
taneously achieving long lengths with minimal defects and high
dispersibility. Consequently, current surfactant-based separation
methods typically produce s-SWCNTs and single-chirality species
with average lengths shorter than 300 nm.[18:24384647] Such short
lengths pose challenges in directly connecting the source and
drain electrodes of transistor devices. This significantly restricts
the fabrication of high-performance carbon-based devices.

To mitigate prolonged ultrasonic damage to the crystal struc-
ture of SWCNTs, we developed a protocol that integrates re-
peated short-duration 10 min ultrasonic dispersion of 30 W cm ™2
with centrifugal extraction. This method enables the prepara-
tion of long SWCNT dispersions with minimal structural de-
fects. Using this approach, the average length of dispersed SWC-
NTs exceeds 430 nm, with 47% exceeding 400 nm. Compared
to conventional ultrasonic dispersion techniques, this method
significantly reduces structural defects and doubles the aver-
age length of SWCNTs. However, due to the brief ultrasonica-
tion periods, some SWCNTs remain in small bundles, leading
to the co-adsorption of m- and s-SWCNTs within the gel matrix
medium, thereby reducing the purity of the separated s-SWCNTTs.
To achieve ultrahigh-purity s-SWCNTs, multiple iterative sepa-
rations were conducted via gel chromatography. Prior to each
separation, the previously separated s-SWCNTs were redispersed
via low-power density of 6 W cm~2 and short-duration ultrason-
ication of 1 min per 20 mL to disperse residual small bundles.
After five rounds of separation, optical spectroscopy and electri-
cal characterization confirmed that the purity of the separated
s-SWCNTs exceeded 99.9999%, representing the highest semi-
conducting purity achieved by surfactant-based separation meth-
ods to date. Additionally, their lengths remained unchanged com-
pared to the initially dispersed SWCNTs. Long s-SWCNTs with an

Adv. Funct. Mater. 2025, 2507593

2507593 (2 of 13)

www.afm-journal.de

average length of 674 nm were further extracted from the sepa-
rated s-SWCNTTs for the fabrication of SWCNT network thin film
transistors (SWCNT-TFTs). The on-state conductance of the re-
sulting SWCNT-TFTs reached ~149 uS um~!, and the carrier mo-
bility exceeded 89.1 cm?V~'s~!. These values are 3.7 times higher
and 3.6 times higher, respectively, compared to those of devices
derived from short s-SWCNTs prepared using traditional meth-
ods, while remaining a high on/off ratio of 10°. These perfor-
mance metrics also surpass those reported in previous studies on
SWCNT network film transistors.[223848-62] These results demon-
strate that gel chromatography exhibits superior performance in
the preparation of ultra-high purity, long SWCNTs with minimal
structural defects, making it highly suitable for the development
and application of high-performance carbon-based devices.

2. Results and Discussion

2.1. The Influence of the Ultrasonic Dispersion Duration on the
Individual Yield, Defect Density, Length, and Dispersion
Efficiency of SWCNTs

The dispersion of SWCNTs in aqueous solutions is an essen-
tial prerequisite for achieving the separation of high-purity s-
SWCNTs via gel chromatography. While extending ultrasonic dis-
persion time can enhance SWCNT dispersion, it also leads to an
increase in defects and shortening of the SWCNT5. To achieve a
long SWCNT dispersion with minimal defects, we conducted a
systematic investigation into the effects of ultrasonic dispersion
time on the yield, defect density, length, and dispersion quality
of arc-discharge synthesized SWCNTs (AD-SWCNTs). Sodium
cholate (SC) surfactant, known for its strong interaction with
SWCNT, (%3] was employed to enhance the dispersibility of SWC-
NTs. Specifically, 12 mg of AD-SWCNTs were dispersed in 20 mL
aqueous solution of 0.5 wt % SC (99.0%, Sigma-Aldrich) using a
tip ultrasonic homogenizer (Sonifire 450D, Branson) at a power
density of 30 W cm~2. The ultrasonic duration was varied from
5 min to 8 h. Following sonication, the SWCNT suspension was
subjected to ultracentrifugation (SS0A, CS150FNX, Hitachi) at
210000 g for 1 h to remove the undispersed bundles, after which
the upper 80% of the supernatant was collected as the SWCNT
dispersion for further characterization. The inset in Figure 1a il-
lustrates the optical absorption spectra of SWCNT dispersions
obtained at different ultrasonic durations. It is evident that the
optical absorbance of the prepared SWCNT dispersion increases
with prolonged ultrasonic dispersion time, indicating enhanced
dispersion efficiency. To quantify the concentration of SWCNT
dispersion, the optical absorbance at 280 nm was measured and
compared. As depicted in Figure 1a, the increase in optical ab-
sorbance can be categorized into three stages: during the first
stage (5 min to 1 h), absorbance rises rapidly; in the second stage
(1 to 3 h), the increase rate of absorbance slows down; and in the
third stage (after 3 h), the optical absorbance reaches saturation
over dispersion time.

The defects in the SWCNTs in dispersion obtained after
varying ultrasonic duration were characterized by Raman spec-
troscopy at 532 nm excitation. As shown in Figures 1b and S1
(Supporting Information), the normalized Raman spectra at the
G-band indicate that the intensity of the D-band increases with
prolonged ultrasonic time, suggesting that extended ultrasonic
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Figure 1. Influence of ultrasonication duration on the yield, defects, and length of dispersed SWCNTs. a) Variation in optical absorbance at 280 nm (after
a 30 fold dilution) of as-dispersed SWCNT solutions as a function of sonication time. The inset provides the corresponding optical absorption spectra. b)
Raman spectra (measured under 532 nm laser excitation) of sorted s-SWCNTs derived from SWCNT solutions prepared via ultrasonic dispersion for 10
min and 3 h, respectively, normalized with respect to the G-band intensity. The inset provides an enlarged view of the D-band region. c) Variation in the av-
erage length and defect density of SWCNTs, as characterized by the G-to-D intensity ratio from Raman spectroscopy, with respect to ultrasonic dispersion
duration. d) AFM images of s-SWCNT films separated from SWCNT solution after ultrasonic dispersion for 10 min and 3 h, respectively. The scale bars
in AFM are 500 nm. e) The statistical length distribution of the separated s-SWCNTs is presented in Figure D. f) Variation in the proportion of s-SWCNTs
exceeding X nm in length (where X = 400, 600, and 800 nm) separated from the SWCNT solutions following ultrasonic dispersion for varying durations.

treatment introduces more defects into the SWCNTs. To quan-
tify the increased trend of the defect density introduced by ul-
trasonication, the relationship between the G/D ratios of the
Raman spectra and ultrasonic time is depicted in Figure 1lc.
The G/D ratio decreases rapidly from 44 to 31 as the ultrasonic
time increases from 10 min to 1 h. After 1 h of ultrasonica-
tion, the rate of decrease in the G/D ratio slows down over dis-
persion time, and after 4 h of ultrasonication, the G/D ratio of
the dispersed SWCNTs shows only a slight further reduction
with an increase in ultrasonic time. This suggests that the ma-
jority of defects are introduced within the first h of ultrasonic
dispersion.

For SWCNT-based FETS, the transport processes of carriers are
commonly modeled using a percolation approach.[*%] Longer
SWCNTs exhibit a higher probability of bridging the source and
drain electrodes, thereby significantly enhancing carrier trans-
port efficiency and improving device performance. For this,
we systematically investigated the impact of ultrasonic disper-
sion duration on the length reduction of SWCNTs using atomic
force microscopy (AFM). The dispersed SWCNTs were deposited
on SiO,/Si substrates via the small molecule tuning method
previously reported by our research group.”’! As illustrated in
Figures 1d and S2 and S3 (Supporting Information), increasing

Adv. Funct. Mater. 2025, 2507593

2507593 (3 of 13)

ultrasonication duration causes a decrease in the length of SWC-
NTs. Statistical analysis reveals that the average length of SWC-
NTs decreases from 430 nm with ~50% shorter than 400 nm af-
ter 10 min of ultrasonic dispersion to #243 nm with ~90% being
shorter than 400 nm after 3 h (Figure 1c—f). As the ultrasonication
duration further prolonged to 8 h, the average length of SWC-
NTs is reduced to 173 nm (Figure 1c). Notably, the average length
decreases rapidly within the first h of ultrasonic dispersion, with
the shortening rate gradually slowing down thereafter, consistent
with the increase in defects. To further explore the influence of
ultrasonic dispersion on the shortening effect of SWCNTs, we
conducted a statistical analysis of the trend in the proportion of
different SWCNT lengths over dispersion time. As depicted in
Figure 1f, SWCNTs longer than 800 nm shorten more rapidly
and disappear after 3 h of ultrasonic dispersion. SWCNTs longer
than 600 nm vanish after 4 h while those longer than 400 nm
only account for ~2.8%. These findings indicate that longer
SWCNTs are more susceptible to fragmentation under ultrasonic
dispersion.

The effects of ultrasonication on SWCNTs can be catego-
rized into two principal aspects: first, the exfoliation of individ-
ual or small bundles of SWCNTs from larger bundles; and sec-
ond, the fragmentation of these isolated single or small bundle

© 2025 Wiley-VCH GmbH
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Figure 2. Impact of ultrasonic dispersion duration and ultracentrifugation time on the dispersion efficiency of SWCNTs. a) Optical absorption spectra
were obtained from SWCNT solutions that were diluted 30 fold following continuous ultrasonic dispersion for durations of 20 and 30 min, as well as
multiple 10 min cyclic ultrasonic dispersions. b) Stacked column charts of the absorbance at 1015 nm in the S,, region in Figure (a). Green dots signify the
corresponding weighted average lengths, with the calculation methodology detailed in the supporting information (Note S1, Supporting Information).
c) Optical absorption spectra (normalized to the maximum absorbance in the S, region) of s-SWCNTs, separated from SWCNT solutions following
different continuous dispersion durations. d) The trend of relative semiconducting purity, as evaluated by the ®; value, of s-SWCNTs separated from
SWCNT solutions with varying continuous dispersion times, which was calculated based on the optical absorption spectra presented in Figures 2c and
S6 (Supporting Information). For detailed calculation methods, please refer to Note S2 (Supporting Information) in the supplementary information. e)
Optical absorption spectra of the supernatant (diluted 30 times) from SWCNT solutions, which were ultrasonically dispersed for 10 min and subsequently
subjected to varying centrifugation times. f) The optical absorbance at 280 nm in the optical absorption spectra in (e), as well as the relative purity (®;)
of the separated s-SWCNTs as a function of ultracentrifugation time.

SWCNTs into shorter segments due to defects caused by contin-  ultrasonic dispersion with centrifugal extraction. Specifically,
uous intense ultrasonic cavitation. Continuous ultrasonic disper- ~ SWCNTs were subjected to ultrasonic dispersion at a power den-
sion progressively exfoliates and disperses an increasing num-  sity of 30 W cm~2 for 10 min, followed by centrifugation to extract
ber of individual and small bundles of SWCNTs in the solution,  the supernatant of 80%. An equal volume of surfactant aqueous
leading to a rapid increase in their concentration. This increased  solution was added, and the mixture was redispersed for another
concentration consumes more ultrasonic power, thereby grad- 10 min. This process was repeated three times. Figure 2a shows
ually reducing the efficiency of exfoliating individual SWCNTs  the absorption spectra of three SWCNT solutions after three 10
from large bundles. Consequently, the concentration of dispersed ~ min dispersion cycles. For comparison, the absorption spectra of
SWCNTs approaches saturation (Figure 1a). Simultaneously, as  the SWCNT solution obtained by continuous 20 and 30 min ultra-
the concentration of individual and small bundle SWCNTs rises,  sonic dispersion are presented. Compared with the SWCNT dis-
the probability of buckling or stretching-induced breakages due  persion obtained from a continuous 20 min ultrasonic treatment,
to cavitation increases, particularly for longer SWCNTE,[*3#4 re-  the cumulative optical absorbance at 1015 nm of SWCNT solu-
sulting in their fragmentation into shorter segments. Although  tions obtained by two 10 min dispersion cycles is significantly
these processes occur concurrently, from a reaction kinetics  higher, indicating more efficient dispersion of nanotubes. More
standpoint, we can leverage differences in their reaction rates to  importantly, the weighted average length of SWCNTs is %405 nm,
minimize damage and obtain long SWCNTs with few defects by ~ which is #65 nm longer than that of SWCNTs dispersed contin-
reducing ultrasonic dispersion time. uously for 20 min, as shown in Figure 2b (see detailed method-

To minimize the damage to the exfoliated individuals or  ology in Note S1 and Figure S4, Supporting Information). Simi-
small SWCNT bundles during continuous ultrasonic dispersion, larly, the cumulative optical absorbance at 1015 nm of SWCNTs
we developed a protocol that integrates repeated short-duration  solutions obtained by three 10 min dispersion cycles is greater
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than that of the SWCNT solution obtained from a continuous
30 min ultrasonic treatment. Statistical analysis reveals that the
weighted average length of the SWCNTs is ~#394 nm, which is
~82 nm longer than that of nanotubes dispersed continuously
for 30 min. Clearly, prolonged ultrasonic dispersion primarily
shortens SWCNTs through shear-induced damage to individual
and small bundles of nanotubes that have been exfoliated. There-
fore, repeated short-duration ultrasonic dispersion not only en-
hances the dispersion yield of individualized SWCNTs but also
minimizes the damage and potential shortening caused by con-
tinuous ultrasonic treatment.

As previously discussed, the dispersion degree of SWCNTs sig-
nificantly influences the purity of the separated s-SWCNTs. Gel
chromatography separates s-SWCNTs primarily through their se-
lective adsorption within the gel matrix. This process is con-
trolled by the density or coverage of surfactant molecules on
their surfaces.3**] Specifically, the higher the density or cov-
erage of surfactant molecules on SWCNTs, the weaker the in-
teraction between SWCNTs and the gel matrix becomes. M-
SWCNTs, due to their relatively low redox potential, are suscep-
tible to oxidation and carry a positive charge in oxygen-rich aque-
ous solutions.[?2232] This characteristic facilitates stronger ad-
sorption of anionic surfactant molecules onto m-SWCNTs, re-
sulting in a higher density of surfactant molecules surrounding
them.[?2] Consequently, at a given surfactant concentration, m-
SWCNTs exhibit relatively weak adsorption affinity within the
gel medium. In contrast, s-SWCNTs, which have a lower density
of surfactant molecules, demonstrate stronger adsorption affin-
ity within the gel matrix. Therefore, upon loading the dispersed
SWCNT solution into the gel column, s-SWCNTs are adsorbed
onto the gel column while m-SWCNTs pass directly through the
gel column. In this manner, the separation of m-/s-SWCNTs can
be achieved. However, inadequate dispersion would result in the
presence of SWCNT bundles containing both m- and s-SWCNTs
in the SWCNT dispersion. These bundles can be adsorbed onto
the gel medium after loading SWCNT dispersion into a gel col-
umn, thereby reducing the purity of the separated s-SWCNTs. To
evaluate the impact of different dispersion durations on SWCNT
dispersion, we conducted a series of separations using gel chro-
matography. Prior to the separation experiment, the concentra-
tion of SC in SWCNT dispersion was decreased from 0.5 to 0.1 wt
% to improve the affinity between s-SWCNTs and gel media.
Simultaneously, sodium dodecyl sulfate (SDS) with a concen-
tration of 0.6 wt % was introduced to partially replace the SC
adsorbed on the SWCNT, thereby exposing a greater surface
area of the s-SWCNTs.I3! The results of three independent sep-
aration experiments for each dispersion time are presented in
Figures 2c and S5 (Supporting Information). As ultrasonic dis-
persion time increased, the optical absorption peaks associated
with m-SWCNTs gradually diminished, suggesting enhanced pu-
rity of the separated s-SWCNI5. To quantify this effect, the rel-
ative semiconducting purity (®;) of the sorted s-SWCNTs was
calculated from optical absorption spectra (refer to Note S2 and
Figure S6 for detailed methodology, and Supporting Informa-
tion). The results are shown in Figure 2d and Table S1 (Support-
ing Information). The standard deviations of three replicate ex-
periments are presented as error bars. The coefficient of varia-
tion (CV) for each set of replicate experiments was calculated by
dividing the standard deviation by the mean. The results indicate
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that the CV for all replicate experiments is less than 6.1%, which
demonstrates the high reproducibility of the experimental find-
ings. Higher @, values correspond to greater purity.[®®) As disper-
sion time increased from 10 min to 1 h, there was a rapid increase
in purity. After that, the purity increased slowly. After 3 h, fur-
ther increases in dispersion time did not significantly affect the
®; value, indicating minimal changes in purity, consistent with
the observed trends in dispersion yield. Clearly, short ultrasonic
dispersion time was insufficient to fully disperse small-bundle
SWCNTs.

Alternatively, to achieve high-purity s-SWCNTs from 10-min
ultrasonically dispersed SWCNTS, the concentration of small
SWCNT bundles in the dispersion solution can be reduced by
extending ultracentrifugation time. To validate this approach, we
investigated the impact of ultracentrifugation duration on the pu-
rity of separated s-SWCN'I5. As illustrated in Figure 2e,f, increas-
ing the ultracentrifugation time from 15 min to 2 h resulted in
a significant decrease in the absorbance of the pristine SWCNT
solutions, leading to yield loss. S-SWCN'Ts were separated from
the SWCNT solutions subjected to varying ultracentrifugation
durations. The corresponding optical absorption spectra are pre-
sented in Figure S7 (Supporting Information). The relative semi-
conducting purities (®;) were calculated. As shown in Figure 2f,
the relative purity of the sorted s-SWCNTs increased markedly
within the first h of ultracentrifugation. Beyond this point, fur-
ther improvements in purity became marginal, while the concen-
tration of pristine SWCNT solutions continued to decline until it
reached zero. Notably, despite undergoing ultracentrifugation for
two h, the absorption peak of m-SWCNTs remains clearly visible
in the absorption spectrum of the separated s-SWCNT5. At this
point, the recovery rate of dispersed SWCNTS is less than a quar-
ter of that with one-h ultracentrifugation. This suggests that sim-
ply increasing the duration of centrifugation to remove SWCNT
bundles is not an effective method for enhancing the purity of
the separated s-SWCNTs.

To ensure the effective recovery and dispersion of SWCNT5,
repeated ultrasonic dispersion of the recovered supernatant so-
lution is proposed as an alternative method (Figure 3a). Given
that only small bundles of SWCNTs are present in the recov-
ered supernatant, low-power ultrasonic treatment can effectively
disperse these bundles into individual tubes while minimizing
damage to their crystalline structure.[*1*2] Specifically, a low ul-
trasonic power density of 6 W cm~2 and a short dispersion time
(1 min per 20 mL) were employed for redispersion to minimize
damage to the crystalline structure of SWCNTs. Subsequently,
the separation of s-SWCNTs was conducted to evaluate the dis-
persion quality, as illustrated in the blue experimental flow of
Figure 3a. The optical absorption spectra show a significant re-
duction in absorption peaks for m-SWCNTs compared to that of
the s-SWCNTs separated from the initial SWCNT dispersion (the
black experimental flow in Figure 3a), indicating a marked im-
provement in the semiconducting purity of the sorted s-SWCNTs
(Figure 3b,c). Moreover, AFM images (Figure S8, Supporting In-
formation) confirm that the length of SWCNTs has not been com-
promised. Based on these findings, we propose that repeated
short-duration, low-power ultrasonic dispersion combined with
iterative separation by gel chromatography may facilitate the pro-
duction of ultrahigh-purity long s-SWCNT5, as illustrated in the
red experimental flow of Figure 3a.

© 2025 Wiley-VCH GmbH
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Figure 3. Impact of low-power ultrasonic redispersion on the dispersibility of SWCNTs. a) Schematic diagram of strategy for low-power ultrasonic
redispersion and evaluation of dispersion efficiency and semiconducting purity of SWCNTs. b) Optical absorption spectra of the separated s-SWCNTs
obtained from the black and blue experimental flows in (a). The spectra are normalized by the maximum of S,, absorbance. c) The relative purity

(assessed by @; value) of the sorted s-SWCNTs in (b).

2.2. The Separation of Ultrahigh-Purity Long Semiconducting
SWCNTs

To produce ultra-high purity long s-SWCNTs, we have extended
the blue route separation method by an iterative combination
of low-power, short-duration ultrasonic dispersion and gel chro-
matography separation (as depicted in the red experimental flow
in Figure 3a). Figure 4a illustrates the normalized optical absorp-
tion spectra of the separated s-SWCNT solutions (refer to Figure
S9, Supporting Information for additional details). As the num-
ber of separation cycles increased, the valley in the 600-800 nm
region, corresponding to the optical absorption of m-SWCNTs,
deepened, indicating enhanced semiconducting purity. Addition-
ally, the absorption peak in the 800-1200 nm range, associated
with the S,, transition, exhibited a blue shift, suggesting a re-
duction in the average diameter of the s-SWCNTs. Compared
to smaller-diameter s-SWCNTSs, larger-diameter s-SWCN'Ts ex-
hibit a relatively lower redox potential and demonstrate stronger
interactions with anionic surfactants.[??) Consequently, a higher
density of surfactants is adsorbed onto their surfaces, leading to
weaker adsorption affinities with the gel matrix. Insufficient dis-
persion results in the presence of bundles containing both large-
and small-diameter s-SWCNTs, which causes co-adsorption with

Adv. Funct. Mater. 2025, 2507593
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smaller-diameter counterparts in the gel column. Enhanced dis-
persibility reduces the adsorption probability of individual larger-
diameter s-SWCNTs within the gel medium, ultimately resulting
in a decrease in the average diameter of the separated s-SWCNTs.

With the increase in the number of repeated separation cy-
cles, the absorption peak corresponding to m-SWCNTs gradu-
ally diminished, surpassing the detection limit for m-SWCN'Ts
using optical absorption spectroscopy. Raman spectroscopy ex-
hibits superior sensitivity to m-SWCNTs due to resonance excita-
tion effects and was employed to further characterize the purity
of the separated s-SWCNTs after each separation cycle. Figure 4b
presents the Raman spectra of the separated s-SWCNTSs, excited
at wavelengths 532, 633, and 785 nm, normalized relative to the
absorption peak at 280 nm in the optical absorption spectra. The
signal intensity of m-SWCNTs decreases progressively with an in-
crease in the number of separation cycles. Following five rounds
of separation, no traces of m-SWCNTs can be detected, indicat-
ing the attainment of high-purity s-SWCNTs. These results are
consistent with their optical absorption spectra.

Due to the introduction of low-power ultrasonic dispersion
prior to each separation cycle, it was necessary to verify whether
weak ultrasonic dispersion leads to an increase in defects and a
shortening effect on SWCNTs. To this end, Raman spectroscopy

© 2025 Wiley-VCH GmbH
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Figure 4. Spectral characterization of s-SWCNTs obtained through iterative separation. a) Optical absorption spectra of the sorted s-SWCNTs following
each round of iterative separations. The spectra have been normalized to the maximum absorbance in the S,, region and vertically offset for comparative
analysis. b) Raman spectra of the sorted s-SWCNTs after each round of iterative separations, normalized relative to the absorbance at 280 nm from the
corresponding optical absorption spectra shown in Figures 4a and S8 (Supporting Information) and vertically offset for comparative analysis. The
Raman spectra, measured under 532, 633, and 785 nm laser excitation (from left to right), are presented with wavenumber ranges for metallic and

semiconducting signals highlighted in different colors according to the Kataura plot.[6%70]

and AFM were utilized to characterize the defect levels and
length distribution of the separated s-SWCNTs. As illustrated in
Figure 5a, when normalizing the Raman spectra by the G-band,
the relative intensity of the D-band remains constant across
increasing rounds of separations, indicating that the sorted s-
SWCNTs maintain a consistently low defect level. Figure 5b
presents the length distribution of the sorted s-SWCNTs after
multiple rounds of separations (refer to Figure S10, Supporting
Information for more details, and supporting information). The
average lengths are consistently maintained at ~430 nm. How-
ever, there is a slight decrease in the proportion of short SWCNT5,
which should result from losses of irreversible adsorption within
the gel column.>! Notably, even after five rounds of iterative sep-

arations, the proportion of SWCNTs longer than 400 nm exceeds
46.8%, which facilitates the fabrication of high-performance
devices.

Despite the inability to detect m-SWCNT5 via optical absorp-
tion spectra and Raman spectra after five rounds of separa-
tion, the precise purity of the separated s-SWCNTs remains
undetermined. To quantitatively assess the purity of the sepa-
rated s-SWCNTTs following five rounds of separation, back-gated
thin-film transistors (TFTs) with simplified structures were fab-
ricated on a SiO,/Si substrate for measuring device transfer
curves. In these devices, a 100-nm thick SiO, layer served as
the dielectric layer, while heavily doped silicon functioned as
gate electrodes. The schematic diagram of the TFT structure is
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Figure 5. Characterization of defect density and length distribution of s-SWCNTs obtained through iterative separations. a) Raman spectra (measured
under 532 nm laser excitation) of the sorted s-SWCNTs after each round of iterative separations, normalized by the G-band. The inset provides an
enlarged view of the D-band region, with vertical offsets applied for comparative analysis. b) Length distribution of the sorted s-SWCNTs after each
round of iterative separations. The boxes depict the first, second, and third quartiles of the length statistics, while the whiskers indicate the standard
deviation. The dots within the boxes represent the average length. The curves above the boxes are fitted representations of the length distribution.
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Figure 6. Evaluation of the semiconducting purity of the separated s-SWCNTs by electrical transport performances. a) Schematic diagram of the structure
of back-gated TFTs. b) A typical SEM image and c) length distribution of s-SWCNTs were obtained after five rounds of iterative separation and subsequent
length separation, where the scale bar is 800 nm. d) AFM image of the SWCNT network film used for TFT fabrication (the upper panel), where the scale
bar is 500 nm. The lower panel is the height line profile corresponding to the dashed line in the AFM image, illustrating the linear density. ) SEM images
of device arrays (top left), single device (right), and channel area (bottom left). The corresponding scale bars are 200 um, 10 um, and 1 um, respectively.
The channel length is 400 nm and the channel width is 50 um. f) Transfer curves and g) on/off ratio distribution of the fabricated 1817 TFTs (|V4| =
0.1V). h) Typical output curves of the fabricated back-gated TFTs, with V¢ varying from -40 to -20 V in steps of 5 V. i) Number of SWCNTs directly
connecting the source and drain electrodes for the devices with different channel lengths, as obtained by Monte Carlo simulations (refer to Note S3,
Supporting Information). The red line represents a fit based on the simulated data points.

illustrated in Figure 6a (refer to the experimental section for de-  short-channel TFTs featuring a 400 nm channel length and a
tails). Herein, the semiconducting purity of SWCNTs can be eval- 50 um channel width were defined. Additionally, long s-SWCNTs
uated by determining the proportion of m-SWCNTs within the  were extracted using the surfactant micelle-driven method.l”!]
SWCNT films bridging the source and drain electrodes. To fa-  As depicted in Figure 6b,c, the average length of the length-
cilitate more SWCNTTs bridging the source and drain electrodes,  sorted SWCNTs reached ~674 nm, which is ~250 nm longer than
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pre-separation lengths. Notably, 79.8% of the s-SWCNTs were
longer than 400 nm, while ~15.8% surpassed 1 um in length,
with a small fraction reaching lengths approaching 2 ym (Figure
S11, Supporting Information). Prior to TFT construction, a high-
density s-SWCNT film with a linear density of 35 tubes/um
was deposited on a Si/SiO, substrate via the immersion method,
as shown in Figure 6d. To prevent the adverse effects of surfac-
tant residues on the electrical performance of s-SWCNTs, ther-
mal treatment, and rinsing procedures were conducted to re-
move surfactant molecules (for detailed procedures, see the ex-
perimental section).*®) As illustrated in Figure S12 (Supporting
Information), following the application of thermal treatment and
rinsing processes, no significant surfactant residue was detected
on the surface of s-SWCNTs. Figures 6e and S13 (Supporting
Information) present the SEM images of the fabricated TFT ar-
ray and individual TFTs. A total of 1817 devices were fabricated,
with their transfer curves illustrated in Figure 6f. The distribu-
tion of switching performance, based on the on/off ratio, is de-
picted in Figure 6g. All devices exhibit an on/off ratio exceed-
ing 10% in the transfer curves, indicating that no m-SWCNTs
directly bridge the source and drain electrodes. More compre-
hensive statistical analyses regarding device-to-device variations
in the on/off ratio, on-state current, and carrier mobility are
provided in Figure S14 (Supporting Information). It is clearly
demonstrated that these devices possess an average on/off cur-
rent ratio of ~#2.9 x 10%, an average on-state current of roughly
30 pA, and a mean carrier mobility of ~#10 cm?V~1s~!. Typical
output curves in Figure 6h demonstrate a linear relationship be-
tween Iy and Vy, suggesting excellent ohmic contact between
the SWCNT film and metal electrodes. Given the random orien-
tation of SWCNTs within the network film, it is challenging to
ascertain the number of SWCNTs bridging the source and drain
electrodes. To address this, we performed a Monte Carlo simula-
tion based on the percolation model, accounting for the random
orientation and specific length distribution of SWCNTs (see de-
tailed methodology in Note S3, Figures S15 and S16, Support-
ing Information). As shown in Figure 6i, 553 nanotubes are di-
rectly connected to the source and drain electrodes in each device
channel. Among the 1817 devices, ~#1004801 SWCN'Ts were mea-
sured, indicating that the purity of the sorted s-SWCNTs exceeds
99.9999%.

Although ultrahigh-purity s-SWCNTs are obtained through
five rounds of separation, the simplicity and scalability of gel
chromatography render it a promising technique for industrial-
scale separation. As presented in Table S3 (Supporting Infor-
mation), ~96 mg of raw SWCNTs were dispersed in 720 mL
solution. After conducting one separation experiment using a
70 mL gel column, ~280 mL of ultrahigh-purity s-SWCNT so-
lution was obtained, as depicted in Figure S17 (Supporting In-
formation). By analyzing the relationship between the optical
absorption spectrum and concentration,!’? the yield of ultra-
high purity s-SWCNTs was calculated to be ~3.1 mg. This quan-
tity is sufficient to fabricate over 660 pieces of 4-inch wafer
films (see detailed calculation methods in Note S4, Supporting
Information).

However, from a commercial standpoint, as the number of
separation cycles increases, while the purity of the separated
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s-SWCNTs improves, there is a corresponding increase in pro-
cessing time, material consumption, and energy expenditure,
leading to an increase in separation costs. To clarify this, we con-
ducted a detailed calculation of the purity, yield, processing time,
and cost associated with the separation of s-SWCNTs in each cy-
cle. The calculation of separation costs encompasses raw materi-
als, operating materials, electricity, equipment depreciation and
maintenance, labor, and other related expenses (for detailed cal-
culation methods, refer to Tables S4-S6, Note S4, Supporting In-
formation). The results are summarized in Table S7 (Support-
ing Information). As the number of separation cycles increases,
the separation yield of s-SWCNTs decreases and the separation
cost rises. Even so, the separation cost for the ultrahigh purity s-
SWCNTs ultimately obtained is merely US$118 /mg. Due to the
lack of data on the separation costs of other advanced separation
methods such as DGU and polymer wrapping methods,!16:17-27-30]
a comprehensive comparison cannot currently be conducted.
For reference, we compared the separation cost of our method
with the market prices of s-SWCNTs separated by these two
methods.[”>7#1' As shown in Table 1, even with a small experi-
mental separation scale, the separation cost of our method is only
about one-ninth of the price of s-SWCNTs purified by the DGU
method despite both methods relying on surfactant-based sepa-
ration principles. Moreover, the semiconducting purity of the s-
SWCNTs separated by the DGU is #99.9%, which is lower than
that of our product. Compared with the commercially available
s-SWCNTs separated by polymer wrapping method, the separa-
tion cost in our present work is only about half of their market
price.

It is worth emphasizing that metallic SWCN'T5, which could
potentially be utilized for conductive films and were obtained dur-
ing the separation of s-SWCNTSs, were not taken into account in
this study. Furthermore, low-purity s-SWCN'T5s generated as by-
products during the separation process can potentially be reused
to produce ultrahigh-purity s-SWCNTs through repeated separa-
tions (Figure S9, Supporting Information). Consequently, the ac-
tual separation cost of ultrahigh-purity s-SWCNTs can be partially
offset by the economic value of the separated metallic SWCNTs
and low-purity s-SWCNTs. Additionally, within a laboratory set-
ting, gel columns can be scaled up to the liter level,[”] indicating
that the separation yield of ultrahigh-purity s-SWCNTs could in-
crease significantly, thereby leading to a substantial reduction in
separation costs. These comparisons clearly demonstrate the ad-
vantages of our current separation technique for ultrahigh-purity
s-SWCNTs.

Beyond cost considerations, we conducted an analysis of the
environmental impact of our separation technique for producing
ultrapure s-SWCN'T5s using a model that integrates life cycle as-
sessment and techno-economic analysis based on the inventory
data of the separation process of s-SWCNTI5 (see detailed method-
ology in Note S4, Supporting Information).’”7°] The results
demonstrate that producing 1 mg of ultrahigh-purity s-SWCNTs
with our technique generates ~4.27 kg of CO, emissions. There-
fore, the environmental impact of our current technique for ultra-
pure s-SWCNTs is relatively minimal. Consequently, our current
separation technique holds significant potential for industrial
application.

© 2025 Wiley-VCH GmbH
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Table 1. Comparison of s-SWCNTs from different sources.

www.afm-journal.de

s-SWCNTs Price & Cost Method Purity
Commercial product 73] US$1050 /mg DGU >99.9%
Commercial product |1174] US$229 /mg Polymer wrapping >99.9999%
This technique US$118 /mg Gel Chromatography >99.9999%

2.3. High-Performance Top-Gated TFTs Based on the Sorted Long
s-SWCNTs

The separation of ultrahigh-purity long s-SWCNTs with mini-
mal defects is undoubtedly advantageous for the development
of high-performance TFTs. To validate this hypothesis, top-gated
TFTs were constructed with a channel length of 400 nm and a
channel width of 3.5 um, as illustrated in the upper panel of
Figure 7a. SWCNT films with a linear density of 30 tubes/um
were used as channel material. The typical morphology of the s-
SWCNT film is presented in the lower panel of Figure 7a. The
optical image of the devices and the false-colored SEM image
of the channel region are shown in Figure 7b,c, respectively.
Figure 7d,e illustrates the representative output and transfer
curves. For comparative analysis, TFTs were also fabricated using
short s-SWCNTs with an average length of 243 nm. These nan-

otubes underwent continuous dispersion for 3 h prior to separa-
tion. The corresponding output and transfer curves are also pre-
sented in Figure 7d,e. It is evident that the TFTs constructed with
long s-SWCNTs exhibit significantly higher on-state currents.
Their output curves demonstrate superior linearity under source-
drain bias, indicating that the ultrahigh-purity long s-SWCNT
film forms enhanced ohmic contacts with the metal electrodes.
To further quantitatively evaluate the performance of both types
of devices, key characteristics including on-state current, on-state
conductance, carrier mobility, and on/off ratio were extracted (see
detailed methodology in Note S5 and Figure S18, Supporting In-
formation). As shown in Figures 7f and S19 (Supporting Infor-
mation), the on-state current (I,,), maximum transconductance
(g,,), and mobility of the long s-SWCNT TFTs reach 14.9 yA um™!,
11.1 uS pm~, and 89.1 cm?V~1s~!, respectively. These values are
3.7, 3.6, and 3.6 times higher than those of the short s-SWCNT
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Figure 7. Characterization of the electrical transport performance of top-gated TFTs based on separated ultrahigh purity long s-SWCNTs. a) Schematic
diagram (top) illustrating the structure of top-gated TFTs and AFM image (bottom) of the SWCNT network film utilized for TFT fabrication. The scale
bar is 500 nm. b) Optical microscope image of the fabricated top-gated TFTs, with a scale bar of 50 um. c) False-colored SEM image of the channel
area, characterized by a length of 400 nm and a width of 3.5 um. The scale bar is 1 um. d) Representative output curves of the fabricated TFTs based on
long and short s-SWCNT films, where V, varies from —3 to 0 V in increments of 0.5 V. e) Representative transfer curves of the fabricated TFTs based
on long and short s-SWCNT films at [Vy,| = 0.1 V. f) Radar chart comparing six performance metrics (on-state current, transconductance, on/off ratio,
mobility, channel resistance and contact resistance) between long and short s-SWCNT TFTs. g) Comparison of on-state conductance and on/off ratio of
TFTs constructed from ultrahigh-purity long s-SWCNTs relative to previously reported network TFTs. h) Comparison of mobility and on/off ratio of TFTs
constructed from ultrahigh-purity long s-SWCNTs with those of previously reported TFTs.
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devices while maintaining superior switching performance with
an on/off ratio exceeding 10°. These performance metrics, espe-
cially on-state current and mobility, position the TFTs constructed
from ultrahigh purity and long s-SWCNTs among the leading
SWCNT network TFTs reported in previous studies (Figure 7g,h).
To facilitate a direct comparison with previously reported device
performance metrics, the on-state current is herein characterized
by the on-state conductance (G,, ) (Figure 7g), which is defined as
the ratio of the on-state current to the source-drain bias voltage.

The superior electrical transport performance of transistors
fabricated from ultra-purity long s-SWCNT films should be at-
tributed to their long lengths and minimal defect density. These
characteristics result in a significant reduction in channel re-
sistance (R;) and contact resistance (R:) between the SWCNT
film and metal electrodes. To validate this hypothesis, we per-
formed comprehensive analyses of R; and R for the long and
short s-SWCNT devices. The results demonstrate that a long s-
SWCNT TFT exhibits a 78% reduction in R, and a 73% reduc-
tion in R compared to its short s-SWCNT counterpart, as illus-
trated in Figures 7f and S14 (Supporting Information). The de-
crease in R; is primarily due to the sufficient length of the sorted
s-SWCNTs, which effectively bridge the source and drain elec-
trodes, thereby significantly reducing junction resistance for car-
rier transport between nanotubes.l’%7”] Additionally, the lower de-
fect level within the SWCNTs reduces the scattering probability
of carriers, enhancing ballistic transport performance.’®”°] The
reduction in R should be attributed to the decreased proportion
of short s-SWCNTs that are in contact with the electrodes but
do not form effective current pathways.[®?l Consequently, TFTs
based on these ultrahigh-purity, long, and low-defect s-SWCNTs
exhibit markedly improved transport performances. These find-
ings unequivocally highlight the capability of gel chromatogra-
phy in preparing high-quality long s-SWCNT5, thereby providing
a crucial material foundation for advancing carbon-based high-
performance devices.

3. Conclusion

In summary, we have developed a technique to obtain ultrahigh-
purity long s-SWCNTs by sonication control and multiple itera-
tive separations with gel chromatography. The implementation
of multiple low-power short-duration sonication cycles signifi-
cantly reduced defect levels while preserving the proportion of
long SWCNTs without compromising yields. The iterative sep-
aration process enhanced the purity of s-SWCNTs to the extent
that signals of m-SWCNTs were completely eliminated in both
optical absorption and Raman spectra. Electrical performance
measurements combined with Monte Carlo simulations revealed
that the purity of the sorted s-SWCNTs exceeded 99.9999%, mark-
ing the highest reported purity in aqueous systems. TFTs based
on the s-SWCNTs separated by our method exhibit superior elec-
trical properties, including a high on-state conductance of 149
pS um!, excellent mobility of 89.1 cm?V~!s~! while remain-
ing a high on/off ratio of 10°. This work establishes a robust
material foundation for the development of large-scale, high-
performance SWCNT-based devices. Gel chromatography, simi-
lar to other surfactant-based separation techniques such as ATPE
and DGU, relies on the dispersion of SWCNTs in aqueous solu-
tions by surfactants and the selective adsorption of these surfac-
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tants onto the surfaces of m- and s-SWCNT5, resulting in their
separation. Our present findings thus provide a valuable refer-
ence for the separation of ultra-pure, long s-SWCNTs using ATPE
and DGU separation methods.

4. Experimental Section

The Effects of Sonication on the Defects, Length, and Dispersion Degree
of SWCNTs: Arc-discharged (AD) single-wall carbon nanotubes (SWC-
NTs) with diameters ranging from 1.3 to 2.3 nm (Sigma-Aldrich, Lot #
MKBW5848V) were utilized as pristine materials. A quantity of 12 mg of
AD-SWCNTs was dispersed in 20 mL of aqueous solutions containing 0.5
wt.% sodium cholate (SC, 99.0%, Sigma—Aldrich) using a tip ultrasonic
homogenizer (Sonifire 450D, Branson) at a power density of 30 W cm™2
for varying durations (10, 30 min, 1, 2, 3, 4, 6, and 8 h). To prevent ther-
mal damage, the system was maintained in a water bath at 15 °C. Fol-
lowing sonication, the dispersion underwent ultracentrifugation (S50A,
CS150FNX, Hitachi) at 210 000 g for 1 h, after which the upper 80% of
the supernatant was collected for further processing. The ultracentrifuged
samples, corresponding to different sonication durations, were adjusted
to a uniform SWCNT concentration by dilution. Sodium dodecyl sulfate
(SDS, 99.0%, Sigma-Aldrich) and deionized water were added to estab-
lish a mixed surfactant system comprising 0.6 wt.% SDS and 0.1 wt.% SC.
To ensure consistent SWCNT loading, appropriate volumes of the surfac-
tant solution (0.6 wt.% SDS and 0.1 wt.% SC) were added to the soni-
cated SWCNT suspensions, maintaining a constant SWCNT concentra-
tion. Subsequently, 10 mL of the mixed SWCNT solution was loaded onto
a gel column filled with 5 mL of Sephacryl S-200 HR gel beads (GE Health-
care). Unadsorbed SWCNTs were eluted with a cosurfactant solution of
0.6 wt.% SDS + 0.1 wt.% SC, while adsorbed SWCNTs were subsequently
eluted with a 0.5 wt.% SC solution.

The Effects of Ultracentrifugation Durations on the Dispersion Degree of
SWCNTs: 12 mg of AD-SWCNTs was dispersed in 20 mL of aqueous so-
lutions of 0.5 wt.% SC using a tip ultrasonic homogenizer (Sonifire 450D,
Branson) at a power density of 30 W cm~2 for 10 min. Subsequently, the
solution underwent ultracentrifugation at varying time intervals (15, 30,
45 min, 1, 1.5, 2, and 3 h). The upper 80% of the supernatant was col-
lected for the separation of m-/s-SWCNT to evaluate the dispersion degree
of SWCNTs.

The Multiple lterative Separations: ~ The sonication and ultracentrifuga-
tion procedures were conducted as previously described. Specifically, the
sonication duration was set to 10 min, while the ultracentrifugation period
was established at 1 h. Subsequently, 225 mL of a dispersed SWCNT so-
lution (comprising 0.6 wt.% SDS and 0.1 wt.% SC) was introduced into
a pre-equilibrated gel column (70 mL). Unadsorbed SWCNTs were eluted
using a cosurfactant of 0.6 wt.% SDS and 0.1 wt.% SC solution, whereas
adsorbed SWCNTs were subsequently eluted with a 0.5 wt.% SC solution.
The collected adsorbed SWCNT solution underwent ultracentrifugation at
210 000 g for 3 h to precipitate the SWCNTs. Following that, the SWCNT
precipitate was redispersed in an aqueous solution of 0.6 wt.% SDS and
0.1 wt.% SC solution via sonication at a power density of 6 W cm™2 for 1
min per 20 mL. Finally, the re-dispersed SWCNT solution was subjected
to ultracentrifugation at 210 000 g for 20 min to remove impurities. This
iterative separation process was repeated similarly to the initial round.

Characterization of SWCNTs: Optical absorption spectra were
recorded in the wavelength range of 200 to 1400 nm using a UV-vis—NIR
spectrophotometer (UV-3600, Shimadzu). Raman spectra were acquired
with a HORIBA LabRAM HR Evolution system, utilizing an excitation
wavelength of 785 nm, and with a Princeton Instruments SpectraPro
HRS-500 system, employing excitation wavelengths of 532 and 633 nm.
The power of the laser was set to 10 mW. The morphological character-
istics of the deposited SWCNT films were examined using atomic force
microscopy (AFM, MultiMode 8, Bruker), and scanning electron mi-
croscopy (SEM, S-5200, Hitachi). The residual surfactants on the surface
of s-SWCNTs were analyzed using a transmission electron microscope
(TEM, JEM-ARM200F, JEOL).
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The Fabrication and Characterization of SWCNT TFTs: The sorted s-
SWCNTs were deposited on SiO, /Si substrates utilizing the previously re-
ported NaHCO; tuning method.18] Specifically, the cleaned SiO,/Si sub-
strates underwent amination by immersion in a 0.1% PLL aqueous solu-
tion (Sigma—Aldrich) for 15 min. Subsequently, the amine-functionalized
substrates were immersed in the prepared SWCNT solution containing
0.05 M NaHCO; to prepare films. Prior to TFT construction, the surfactant
on the deposited s-SWCNTs was removed via a combination of thermal
treatment and rinsing processes. Specifically, the samples were annealed
under an Ar atmosphere at 300 °C for 30 min, followed by annealing at
500 °C for 45 min. Subsequently, the samples were rinsed with diluted HCI
(volume ratio: HCI/H,O = 1:10) to eliminate residual impurities, and then
further rinsed with deionized water before being dried using Ar gas.38!
For back-gated TFTs, the channel area was defined as 400 nm in length
and 50 um in width via electron beam lithography (EBL, Raith 150, Raith).
Ti/Pd stack films of 0.5/40 nm thickness were deposited via thermal evap-
oration (TE) using equipment from SKY Technology to form the source
and drain electrodes. Heavily doped silicon functioned as gate electrodes.
Reactive ion etching (RIE) (Plasmalab 80 Plus, Oxford Instruments) was
employed to remove SWCNTs outside the active area. For top-gated TFTs,
the fabrication process was similar to that of back-gated TFTs. The chan-
nel area was defined as 400 nm in length and 3.5 pm in width via EBL.
An HfO, film of 10 nm thickness was deposited via atomic layer deposi-
tion (Savannah-100, Cambridge NanoTech). Ti/Pd stack films of 0.5/40 nm
thickness were deposited as the electrodes. Electrical performance mea-
surements of the TFTs were conducted using a semiconductor analyzer
(4200A-SCS, Keithley) within a probe station (Lakeshore TTPX).

Supporting Information

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