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Surfactant Micelle-Driven High-Efficiency and
High-Resolution Length Separation of Carbon Nanotubes

for Electronic Applications

Shuang Ling, Xiaojun Wei,* Xin Luo, Xiao Li, Shilong Li, Feibing Xiong,* Weiya Zhou,

Sishen Xie, and Huaping Liu*

High-efficiency extraction of long single-wall carbon nanotubes (SWCNTs)
with excellent optoelectronic properties from SWCNT solution is critical for
enabling their application in high-performance optoelectronic devices. Here,
a straightforward and high-efficiency method is reported for length separation
of SWCNTs by modulating the concentrations of binary surfactants.

The results demonstrate that long SWCNTs can spontaneously precipitate

for binary-surfactant but not for single-surfactant systems. This effect

is attributed to the formation of compound micelles by binary surfactants that
squeeze the free space of long SWCNTs due to their large excluded volumes.
With this technique, it can readily separate near-pure long (>500 nm

in length, 99% in content) and short (<500 nm in length, 98% in content)
SWCNTs with separation efficiencies of 26% and 64%, respectively, exhibiting
markedly greater length resolution and separation efficiency than those of
previously reported methods. Thin-film transistors fabricated from extracted
semiconducting SWCNTs with lengths >500 nm exhibit significantly improved
electrical properties, including a 10.5-fold on-state current and 14.7-fold
mobility, compared with those with lengths <500 nm. The present length
separation technique is perfectly compatible with various surfactant-based
methods for structure separations of SWCNTs and is significant

for fabrication of high-performance electronic and optoelectronic devices.

1. Introduction

biomedicine.'*l" For example, SWCNTs
with nanoscale diameters are considered
one of the most ideal materials for fab-
ricating high-speed, power-efficient, and
high-performance thin-film transistors
(TFTs) because of their extremely high
carrier mobility, tunable direct bandgaps,
and solution processability.[*7! The perfor-
mance of semiconducting SWCNT-based
TFTs has been proven to exceed that of
silicon-based devices of the same size,®!
which provides a promising path toward
beyond-silicon electronic systems. To
produce semiconducting SWCNTs from
as-grown products that generally contain
semiconducting and metallic SWCNTs,
various liquid separation methods, in-
cluding polymer wrapping,>!°l density
gradient ultracentrifugation (DGU),t112]
gel chromatography/>°1  and aque-
ous two-phase extraction (ATP),[1¢17]
have been developed over the past two
decades. Through continuous develop-
ment and improvement, these methods
have achieved the separation of high-
purity single-chirality SWCNTs,['®24 and
even specific SWCNT enantiomers.[731]

Before structural separation by a liquid method, it is necessary

Due to their excellent electrical, optical, and mechanical prop-
erties, single-wall carbon nanotubes (SWCNTs) have broad ap-
plication prospects in the fields of information, energy, and

to prepare SWCNTs by mono-dispersion in aqueous or organic
solution.l*?] To achieve high-efficiency dispersion, an additional
sonication treatment is widely used because as-grown SWCNTs
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usually exist in the form of bundles due to strong van der Waals
interactions. Unfortunately, the vigorous external force gener-
ated by sonication inevitably introduces defects on the surface
of SWCNT5, degrading their inherent properties.[**] Moreover,
the length of isolated SWCNTs decreases, and the length typically
ranges from hundreds of nanometers to a few micrometers. The
presence of a large number of short nanotubes in SWCNT films
negatively affects the performance of the corresponding elec-
tronic and optoelectronic devices due to the formation of many
tube/tube junctions.l**] Therefore, how to efficiently extract long
SWCNTs with low defects from the monodispersed SWCNT so-
lutions is a key for fabricating high-performance electronic and
optoelectronic devices.

To achieve this goal, several methods, including size ex-
clusion chromatography (SEC),12%3-3% DGU,*04] field-flow
fractionation,[*?! molecular crowding,[**** have been developed
for the length separation of SWCNTs. Although these methods
can achieve length separation of SWCNTSs, their length resolu-
tion capabilities remain insufficient. The long-SWCNT samples
obtained by these methods usually contain many short SWCNTs
(e.g., <500 nm in length), which can be confirmed by the pre-
sented length distribution for separated SWCNTSs. In addition to
the length resolution, the separation efficiency, which can be de-
fined as the ratio of the amount of obtained long (or short) SWC-
N5 to that of the initial SWCNTs before separation, is another
important factor for evaluating the effectiveness of length sepa-
ration. Many groups, including ours, have employed SEC for the
length separation of SWCNTs because SEC is a mature method
that has been widely used for the extraction of various biomedical
molecules. Based on our experience, the separation efficiency of
SEC is generally very limited (typically ~5%), and this efficiency
is difficult to improve because the target SWCNTs must be frac-
tionated into multiple species based on the length-dependent re-
tention time in the stationary phase to obtain a relatively good
fractionation effect.!?] For other methods, the separation efficien-
cies are generally also very limited, so the detailed separation ef-
ficiency has rarely been demonstrated in previous reports. In ad-
dition, the requirement of expensive equipment (such as liquid
chromatography or ultracentrifugation) may limit the practical-
ity of several methods. Despite these challenges, a high-efficiency
and high-resolution method for length separation of SWCNTs is
highly desired to achieve their high-performance optoelectronic
applications.

In this work, we report a straightforward method for the se-
lective extraction of long SWCNTs without equipment require-
ments based on binary-surfactant systems. By modulating the
concentration of binary surfactants (such as sodium dodecyl sul-
fate (SDS) and sodium cholate (SC), which are widely used for
the dispersion and separation of SWCNTS), relatively long SWC-
NTs could spontaneously precipitate. Interestingly, after remov-
ing the relatively short SWCNTs in the supernatant, the precipi-
tated long SWCNTs are dispersible only by handshaking, demon-
strating that the process is reversible. Furthermore, this sponta-
neous precipitation of long SWCNTs does not occur in the single-
surfactant SDS or SC system, and the proportion of precipitated
SWCNTs increases with increasing surfactant and SWCNT con-
centration. These results revealed that the selective precipitation
of long SWCNTs is induced by the surfactant micelles formed by
SDS and SC, which significantly reduced the free space available
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to the long SWCNTs due to their larger excluded volumes than
short SWCNTs. Compared with all the previous methods, the
present method exhibited a much greater length resolution and
separation efficiency and achieved the separation of near-pure
long (=500 nm in length, 99% in content) and short (<500 nm
in length, 98% in content) SWCNTs with separation efficien-
cies of 26% and 64%, respectively. The average length of the ob-
tained long SWCNTs reached ~1 pm, which was significantly
greater than previous results. The electrical measurements fur-
ther demonstrated that the on-state current and mobility of TFTs
fabricated from long semiconducting SWCNTs were 10.5 and
14.7 times greater than those of TFTs fabricated from short semi-
conducting SWCNTs. Our present technique for high-efficiency
and high-resolution length separation lays a foundation for re-
alizing high-performance electronic and optoelectronic applica-
tions of SWCNTs.

2. Results and Discussion

2.1. Selective Precipitation of Long SWCNTs Based on
Binary-Surfactant Systems

In our previous experiments on the structure separation of SWC-
NTs via gel chromatography, we noticed that the separation re-
sults were strongly dependent on the freshness of the SWCNT
dispersion.[*’] If the time interval between dispersion and sep-
aration is too long (such as several days), the adsorbabilities of
SWCNTs on gels become very weak and uncontrollable. This un-
expected phenomenon is especially pronounced for SWCNTs dis-
persed in binary-surfactant systems. Because the gel medium
used is usually fresh, the most likely explanation is the change
in the dispersion state of SWCNT5. In addition, if the surfactant
concentration is too high (e.g., 5%), the dispersibility of SWCNTs
will also deteriorate, resulting in the formation of nanotube bun-
dles and reducing the shelf life of SWCNT dispersions. There-
fore, we propose that the instability of the SWCNT dispersion
may be caused by the surfactants. It is well known that binary
surfactant molecules can easily form compound micelles when
the concentrations exceed their critical micelle concentrations.*¢]
The formed compound micelle with a much larger volume than
a single surfactant molecule may decrease the free volume avail-
able for individual SWCNTs, and thus affect the dispersion state
of SWCNTs. To clarify these doubts, we purposefully investigated
the dispersion state of SWCNTs in binary surfactants, SDS and
SC, which are widely used for the dispersion and separation of
SWCNTs.

First, we prepared an arc-discharge SWCNT dispersion in a
1% SC solution by using traditional ultrasonication and ultra-
centrifugation methods (the details are described in the Exper-
imental Section). After that, another surfactant, SDS, was added
to the prepared SWCNT dispersion to create a binary-surfactant
system in which the concentrations of SDS and SC were 2%
and 0.2%, respectively, as typical conditions. As we predicted,
the dispersion state of the SWCNTSs clearly changed within 48 h.
Figure 1a shows photographs of SWCNT dispersions after stand-
ing for various durations (0—48 h). It is clear that a large number
of flocculent SWCNTs appear after 8 h compared with the pris-
tine homogeneous dispersion and then gradually precipitate to
the bottom of the container. After 20 h of standing, no additional
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Figure 1. a) Photographs of SWCNT dispersions in a binary-surfactant system of 2% SDS + 0.2% SC after standing for various durations (0—48 h). b)
Photographs of SWCNT dispersion (after standing for 48 h) before and after redispersion by handshaking. c,d) Typical AFM images c) and corresponding
length distributions d) for SWCNTs contained in the supernatant and precipitate. €) Raman spectra of SWCNTs contained in the supernatant and
precipitate at an excitation wavelength of 633 nm, in which each spectrum was normalized by the maximum intensity of the G* band. Inset: enlarged

spectra of the D mode region.

flocculent SWCNTs formed, and most of the flocculent SWCNTs
precipitated, indicating an approximately stable state. If we adopt
a low-speed centrifugation treatment, the formation and precipi-
tation of flocculent SWCNTSs can be accelerated (Figure S1, Sup-
porting Information), but these SWCNTs unexpectedly precipi-
tate to the sidewall of the container due to the use of a fixed-angle
rotor in the centrifugation process. In contrast to the well-known
precipitation of SWCNTs induced by methanol or ethanol addi-
tion for divesting dispersant molecules coated onto the nanotube
surfaces,[“’] the present precipitation is spontaneous in a binary-
surfactant environment without any additive. Furthermore, the
precipitated SWCNTs are redispersible upon shaking vessels by
hand, as shown in Figure 1b, demonstrating a reversible pro-
cess that is very important for subsequent purification and ap-
plication. After removing the supernatant by pipette, the precip-
itated SWCNTs were redispersed into a fresh surfactant solu-
tion for subsequent morphological and spectral characterization.
Figure 1c shows typical atomic force microscopy (AFM) images
of the supernatant and precipitate. The data clearly show that the
lengths of the SWCNTTs in the precipitate are much longer than
those in the supernatant. Additional AFM images of the SWCNTs
contained in the supernatant, precipitate, and pristine dispersion
before precipitation are shown in Figure S2 (Supporting Infor-
mation). After systematically determining the length distribution
of these SWCNTS, the average length was estimated to be 195 +
105 nm for the supernatant, 802 + 265 nm for the precipitate,
and 391 + 235 nm for the pristine SWCNTs (Figure 1d; Figure
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S3, Supporting Information). The Raman spectral data further
demonstrated the difference in the intensity ratio of G* to the
defect band (Figure le; Figure S4, Supporting Information), in-
dicating that the defect content of SWCNTs in the precipitates is
lower than that in the supernatant. This result is consistent with
the AFM observation because the defect content of SWCNTS is
directly related to their length.

2.2. Effect of Binary Surfactants on Length-Selective Precipitation
and Mechanism of Compound Micelles

Previous studies have demonstrated that the surfactant concen-
tration strongly affects the structural selectivity of various liquid-
phase separation methods.l?) In the present binary-surfactant
system, the surfactant concentration is further found to affect
the precipitation amount and length of the precipitated SWCNTs.
When the SC concentration in the SDS + SC system was fixed at
0.2%, the precipitation of SWCNTs did not occur atlow SDS con-
centrations (0.2—1.0%) but occurred at high SDS concentrations
(1.5-3.0%), as shown in Figure 2a. To estimate the proportion
of precipitated SWCNTs and evaluate the separation efficiency,
we redispersed the precipitated SWCNTSs into a fresh surfactant
solution after removing the supernatant by pipette. Considering
the optical absorbance at 280 nm of the supernatant and precipi-
tate (AS, and A , as SWCNT concentration) and their volumes

280 2807
(VS and VP), the proportions of the supernatant and precipitate
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Figure 2. a,d) Photographs of SWCNT dispersions after 48 h of standing for binary-surfactant systems of x% SDS + 0.2% SC a) and 2% SDS + x% SC
d). b,e) Proportions of the supernatant and precipitate at different SDS b) and SC e) concentrations. c,f) Length distributions of SWCNTs precipitated
at 1.5% SDS + 0.2% SC and 3.0% SDS + 0.2% SC c), and at 2.0% SDS + 0.2% SC and 2.0% SDS + 2.0% SC d).

to the total SWCNTs at each surfactant concentration were
calculated (< X\fg‘lA\Lon and o )ij;“::f,goxvp) and are shown in
Figure 2b. Compared with 1.5% SDS + 0.2% SC condition, the
proportion of precipitate at 3.0% SDS + 0.2% SC condition signif-
icantly increased from 30.8% to 71.5%, indicating an increase in
the separation efficiency of long SWCNTs. However, this increase
in separation efficiency is mainly contributed by the precipita-
tion of short SWCN'I5, as shown in Figure 2c. Many short SWC-
NTs together with long SWCNTs precipitated, which indicates a
decrease in the length resolution. Similar results were also ob-
served for other controlled experiments, as shown in Figure 2d—f,
in which the SC concentration was gradually increased from
0.2% to 2.0% at a fixed SDS concentration of 2%. Therefore, in
the present binary-surfactant system, the separation efficiency of
long SWCNTs is greater for high surfactant concentrations than
for low surfactant concentrations, while the length resolution is
lower. Furthermore, the present binary-surfactant system is also
suitable for length separation of SWCNTs with different diame-
ters synthesized by different methods (Figure S5, Supporting In-
formation), indicating good universality. For the SWCNT mate-
rials with different diameter distributions, there is no significant
difference in the surfactant concentration required for length
separation. Despite this, we notice that the time required for pre-
cipitation of long SWCNTs is longer for small-diameter SWCNTs
than for large-diameter SWCNTs (Figure S5, Supporting Infor-
mation). This may be caused by their shorter lengths, compared
with the large-diameter SWCNTs. For CoOMoCAT SG65i SWCNTs
with relatively narrow diameter- and chirality- distributions, the
absorption baseline of the precipitate (long SWCNTs) was found
to be much lower than that of the supernatant (short SWCNTs),
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as shown in Figure S6 (Supporting Information). However, such
a significant difference in absorption baseline between the super-
natant and precipitate cannot be observed for arc-discharge SWC-
NTs due to their broad diameter- and chirality- distributions.
Generally, the surfactant coating on the nanotube surfaces
is strongly dependent on the diameter and chirality of SWC-
NTs, which is an important foundation for diameter and chiral-
ity separation.?248] However, no significant difference in optical
absorption spectra was observed between the supernatant and
precipitate at different surfactant concentrations (typical spectra
are shown in Figure S7, Supporting Information), which indi-
cated that there was no diameter- or chirality-selective precipita-
tion of SWCNTs. Therefore, the present length-selective precip-
itation is not attributed to a change in the surfactants coated on
the long-SWCNTs. This effect is possibly attributed to the state
of the free surfactants in solution changing as the standing time
increases, which mainly affects long SWCNTs. To gain insight
into the mechanism of length-selective precipitation, we first per-
formed a controlled experiment by using single-surfactant (SDS
or SC) and binary-surfactant (SDS + SC) systems, in which the
SDS or SC concentration was controlled to be the same between
the two systems. Accordingly, we found that the long SWCNTs
were precipitated only by the binary-surfactant system and not by
the single-surfactant system (Figure 3a). Furthermore, at a spe-
cific concentration ratio between SDS and SC (such as 2:1), we
found that the precipitation of SWCNTs did not occur at low sur-
factant concentrations (0.2% SDS + 0.1% SC and 0.4% SDS +
0.2% SC) but occurred at high surfactant concentrations (1.0%
SDS + 0.5% SC, 2.0% SDS + 1.0% SC, and 4.0% SDS + 2.0%
SC) (Figure 3b,c). In addition, the proportion of precipitate at an
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Figure 3. a) Photographs of SWCNT dispersions after 48 h of standing in a binary-surfactant system of 2% SDS + 0.2% SC (left), a single-surfactant
system of 2% SDS (middle) and 0.2% SC (right). b) Photographs of SWCNT dispersions after 48 h of standing in a binary-surfactant system at different
concentrations, in which the concentration ratio between SDS and SC was fixed at 2:1. ¢) Proportions of the supernatant and precipitate at different
concentrations corresponding to b). d) Schematic diagrams for the proposed long and short SWCNTs dispersed in a single-surfactant system of SC
(left) and a binary-surfactant system of SDS + SC (middle and right), in which “i” and “ii” indicate the early and late states, respectively.

appropriate 2.0% SDS + 1.0% SC condition was also found to
increase with increasing SWCNT concentration (Figure S8, Sup-
porting Information). These results reveal that the binary surfac-
tant is an important factor for the selective precipitation of long
SWCNTs. The spontaneous precipitation in the binary surfactant
system may be influenced by other factors, such as the high con-
centration of SDS affecting the dissolution equilibrium of SC.
Generally, all single-surfactant molecules will be highly and
uniformly dispersed in aqueous solution (unless the surfactant
concentration is too high), and their presence does not obstruct
or squeeze the suspended SWCNT, as shown in Figure 3d. In
contrast, the binary-surfactant molecules, especially SDS and SC
surfactants, have been reported to easily form surfactant micelles
due to strong interactions between the hydrophobic groups of
SDS and SC, as demonstrated in previous theoretical experimen-
tal studies.[?24¢4951 The volume of each surfactant micelle is
generally several times larger than that of a single surfactant. A
larger volume may decrease the free volume available for individ-
ual SWCNT5, especially long SWCNTs. By referring to the model
of molecular crowding reported by Zheng et al.,[**! we propose
thatlong SWCNTs with large excluded volumes are preferentially
squeezed by the formed micelles rather than short SWCNTs and
thus gradually form SWCNT clusters (the flocculent SWCNTs we
observed), resulting in their final precipitation (Figure 3d). Sim-

Small 2024, 2400303

2400303 (5 of 10)

ilar precipitation was also observed in the binary-surfactant sys-
tems of SDS and other cholate derivatives (such as sodium de-
oxycholate and sodium hyodeoxycholate) but not in the binary-
surfactant systems of different cholate derivatives (Figure S9,
Supporting Information). This result further verified our specu-
lation of micelle-induced precipitation and suggested that chain-
like SDS plays an important role in micelle formation. In con-
trast to the molecular crowding method reported previously,*]
an additional crowding agent (polyethylene glycol) and additive
(NaCl) are not needed in the present binary-surfactant system.
This means that the long SWCNTs dispersed only in a binary-
surfactant solution can be perfectly compatible with surfactant-
based methods, including DGU, gel chromatography, and ATP,
for various structure separations of SWCNT5. The present results
are also very helpful for understanding the mechanism of struc-
ture separation of liquid-phase SWCNTs, in which not only the
surfactants coated on nanotube surfaces but also the surfactants
free in solution must be taken into account.

2.3. High-Efficiency and High-Resolution Length Separation

Based on the present binary-surfactant system, we designed
a two-step precipitation process for high-resolution length
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Figure 4. a) Schematic diagram of the two-step length separation process based on different surfactant concentrations. b) Length distributions of short,
medium, and long SWCNTs obtained by the present method. c) Length distribution of long SWCNTs obtained by the traditional SEC method from ref(29],
d) Comparison of the average length of long SWCNTs separated by different methods. e) Photographs of large-scale length-selective precipitation in the
first step (1000 mL, left) and the second step (500 mL, right) corresponding to a).

separation of SWCNTs with narrow length distribution. As
shown in Figure 4a, a relatively high surfactant concentra-
tion (2.0% SDS + 0.2% SC) was employed in the first step
for precipitation of medium and long SWCNTs. After re-
dispersing the precipitated SWCNTs, a relatively low surfac-
tant concentration (1.5% SDS + 0.2% SC) was employed in
the second step for precipitation of long SWCNTs. To fabri-
cate high-performance TFTs, we further prepared semiconduct-
ing SWCNTs with an average diameter of 1.5 nm by using
gel chromatography. The details of the separation will be re-
ported elsewhere. From the optical absorption spectrum of the
obtained semiconducting SWCNTs shown in Figure S10 (Sup-
porting Information), no obvious absorption peaks can be ob-
served for metallic SWCNTS, indicating high semiconducting
purity. Using the purified semiconducting SWCNTs, we per-
formed length separation via two-step precipitation. Figure 4b
shows the length distributions of the obtained short, medium,
and long semiconducting SWCNTs; their average lengths
were estimated to be 179 + 109, 444 + 173, and 1011 +
378 nm, respectively. The typical AFM images are shown
in Figure S11 (Supporting Information). Compared with the
long SWCNTs obtained by single-step precipitation using the
conditions of 1.5% SDS + 0.2% SC and 2.0% SDS + 0.2%
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SC (Figure 2c¢,f), the average length of the long SWCNTs ob-
tained by two-step precipitation significantly increased. This
difference is attributed mainly to the approximately perfect
removal of short SWCNTs, which results in 99% of SWC-
NTs having lengths >500 nm. For comparison, the length dis-
tribution of long SWCNTs obtained by the traditional SEC
method is also shown in Figure 4¢/?! in which only 71%
of SWCNTs are >500 nm in length. As shown in Figure 4d,
the average lengths of SWCNTs separated by different meth-
ods were plotted for comparison.[29:33:35:37:4043.4452-55] The data
clearly show that the average length achieved by the present
method significantly increased and reached a very high level.
Although a higher average length (1.5 um) was reported pre-
viously, this value may be overestimated due to the influences
of nanotube bundles and alignment and thus was not con-
sidered here.®! On the other hand, for the short SWCNTs
obtained by the present method, the percentage of SWCNTs
<500 nm also reached 98%, further demonstrating that our
present method has a clear advantage in length resolution com-
pared with other methods reported previously.[?*3>404] Further-
more, the separation efficiency of the present method (26% for
long SWCNTS) is also much greater than that of the traditional
SEC method (4.5%).1] Because the obtainable average length

© 2024 Wiley-VCH GmbH
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Figure 5. a) Schematic diagram of a back-gate TFT. b) A typical AFM image corresponding to the channel region. c) Typical output characteristic curves
of TFTs fabricated with long semiconducting SWCNTs at different V,, voltages measured under vacuum, in which the curve at Vg of =10 V was magnified
10 times for easy distinction. d) Comparison of the output characteristic curves of TFTs fabricated with long, pristine, and short semiconducting SWCNTs
ata Vs of =50 V. (e-g) Transfer characteristic curves of TFTs fabricated with long ), pristine h), and short g) semiconducting SWCNTs, in which the Vg,
voltage was fixed at —1 V. (h,i) Comparison of R; and 2R. (h), and I ,, and mobility (i) of TFTs fabricated with long, pristine, and short semiconducting

SWCNTs.

and separation efficiency based on length separation are also
strongly dependent on the length distribution of the initially
dispersed SWCNTS, it is possible to achieve the greater aver-
age length and separation efficiency by combining other high-
efficiency and less-damaging dispersion methods for the prepa-
ration of long-SWCNT dispersions.”*8] In addition, unlike tradi-
tional methods with equipment requirements (such as SEC and
DGU), the present method has very high scalability, which en-
ables readily producing large-scale long SWCNTs, as shown in
Figure 4e.
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2.4. Improvement of Electrical Properties of Extracted Long
Semiconducting SWCNTs

To investigate the difference in the electrical properties of sep-
arated long and short, and pristine (without length separation)
semiconducting SWCNTS, we fabricated back-gate TFTs using
these semiconducting SWCNTs, as shown in Figure 5a (the de-
tails on the manufacturing procedures are described in the Ex-
perimental Section). Figure 5b shows a typical AFM image corre-
sponding to the channel region, in which long semiconducting
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SWCNTs were randomly and uniformly deposited on the sub-
strate. By modulating the deposition time of SWCNTs as we de-
scribed previously,® the linear densities of SWCNTs in chan-
nels composed of separated long and short, and pristine semicon-
ducting SWCNTs were controlled to be ~16 tubes um~" (Figure
S12, Supporting Information) for a relatively reliable comparison
of their electrical properties. As shown in Figure 5c and Figure
S13 (Supporting Information), for any kind of semiconducting
SWCNTS, the typical output characteristic curves measured un-
der vacuum show a linear relationship between the source-drain
current (I 4) and voltage (V,4), indicating ohmic contact between
the SWCNTs and metal electrodes. Based on this, we estimated
that the conductance (I,/V,y) of long SWCNTs at a negative
Vg (=50 V) was 9.2 and 2.6 times greater than that of short
and pristine semiconducting SWCNTS, respectively (Figure 5d).
Figure 5e—g shows the transfer characteristic curves of TFTs fab-
ricated with long, pristine, and short semiconducting SWCNTs.
The uniformity of transfer characteristics is slightly worse for
long SWCNTs than for pristine and short SWCNTs. Despite this
effect, the difference in electrical properties is significant. For
comparison, we further extracted the channel resistance (R;),
contact resistance between SWCNTs and two electrodes (2R, ), on-
state current (I ), and mobility from the transfer characteristic
curves by using the Y function method described previously.[6%61]
As a result, the average value of R, of long SWCNTs (55 kQ)
was estimated to decrease by 57.7% and 84.7% compared with
that of pristine (130 kQ) and short (360 k) SWCNTTs, respec-
tively, while the average value of 2R_ (79 kQ) was estimated to
decrease by 57.0% and 91.6% compared with that of pristine
(183 kQ) and short (942 kQ) SWCNTTs, respectively (Figure 5h).
The large difference in resistance is quite reasonable. Compared
with short SWCNTs, the number of tube/tube junctions in the
channel of long SWCNTs with similar linear densities signifi-
cantly decreases, and the probability of SWCNTs directly bridging
the source and drain electrodes increases, which results in im-
provements in the resistance of R; and 2R, respectively. There-
fore, the average value of I, for long SWCNTs (8.3 x 107° A)
was estimated to increase by 2.4 and 10.5 times compared with
that for pristine (3.5 X 107¢ A) and short (7.9 x 107 A) SWCNT5,
respectively. In addition, the average value of mobility for long
SWCNTs (17.6 cm? V! s71) was also estimated to increase by 2.5
and 14.7 times compared with that for pristine (7.1 cm? V-1 s71)
and short (1.2 cm? V7! s7') SWCNTS, respectively (Figure 5i).
It is clear that long SWCNTs exhibit better electrical properties
than pristine and short SWCNTs. These electrical properties are
comparable with previous reports based on other length sepa-
ration methods.!*#35* Furthermore, the electrical properties of
SWCNT TFTs can be further improved by decreasing the chan-
nel length, increasing the linear density, and controlling the nan-
otube alignment.>*l Although these experiments were beyond
the scope of the present study, our results fully demonstrate
the importance of the present technique for high-performance
SWCNT-based devices.

3. Conclusion

In summary, we developed a straightforward, high-efficiency, and
high-resolution method for the length separation of SWCNTs
based on binary-surfactant systems. Our results clearly demon-
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strate that long SWCNTs are selectively precipitated by modulat-
ing the concentration of binary surfactants. Through a system-
atic investigation of the effects of surfactant species and concen-
tration, we revealed that the selective precipitation of long SWC-
NTs is induced by the effects of surfactant micelles, which sig-
nificantly squeeze the free space of long SWCNTs due to the cor-
respondingly larger excluded volumes than those of short SWC-
NTs. With the proposed two-step length separation method, we
achieved the separation of near-pure long (>500 nm in length,
99% in content) and short (<500 nm in length, 98% in content)
SWCNTs with separation efficiencies of 26% and 64%, respec-
tively, indicating the advantages of the present method in terms
of both length resolution and separation efficiency. Compared
with TFTs fabricated from short semiconducting SWCNTs, TFTs
fabricated from long semiconducting SWCNTs with an average
length of ~#1 um demonstrated significantly improved electrical
properties, including a 10.5-fold on-state current and 14.7-fold
mobility. Our present technique offers an effective strategy for
the production of long SWCNTs with excellent properties and the
subsequent fabrication of high-performance electronic and opto-
electronic devices.

4. Experimental Section

Preparation of SWCNT Dispersion: Pristine arc-discharge SWCNTs
(1.2-2.0 nmin diameter, Sigma-Aldrich) were used as the starting material
without additional treatment. A 40 mg of SWCNT powder was dispersed in
40 mL of 1% SC (purity >99.0%, Sigma-Aldrich) aqueous solution by using
a one-second on/off pulsed ultrasonic homogenizer (Sonifier 450D, Bran-
son) at a power density of #30 W cm™2 for 45 min (on-state time) at 15 °C.
After ultrasonication, the solution was ultracentrifuged for 1h in an angle
rotor (S50A, 50 000 rpm, Hitachi Koki) to remove catalytic metal particles,
nanotube bundles, and impurities. The upper 80% of the supernatant was
recovered as the SWCNTs dispersed in the single-surfactant system. Sub-
sequently, the SDS (purity >99.0%, Sigma-Aldrich) surfactant was added
to the SC-dispersed SWCNT solution to create a binary-surfactant system
for length separation. To verify the effectiveness of the present length sep-
aration method, other SWCNT materials with different diameters, includ-
ing plasma (0.9—1.7 nm in diameter, Nanolntegris), HiPco (0.7—1.0 nm in
diameter, Nanolntegris), and CoMoCAT SG65i (0.78 nm in average diam-
eter, Sigma-Aldrich) were also used for the preparation of SWCNT disper-
sions using the same ultrasonication and ultracentrifugation conditions.

Fabrication of Back-Gate TFTs: Length-separated long and short, and
pristine semiconducting SWCNTs were used for the fabrication of back-
gate TFTs using the same procedures described below. First, the SWC-
NTs were uniformly deposited on amine-functionalized SiO, /Si substrates
(300 nm thick for the SiO, layer) by using the NaHCO; control method re-
ported previously.[>®] To remove the surfactants and NaHCO; coating on
the nanotube surfaces, heat treatment was performed at 300 °C for 1h and
then at 500 °C for 1 h under vacuum. Source and drain electrodes (Ti/Pd:
0.5/40 nm) with a length of 10 um and width of 20 um were deposited via
thermal evaporation (TE, SKY Technology) on the SWCNT film by standard
photolithography (MA6, Zeiss). The SWCNTs outside the channel region
were removed by oxygen plasma etching (RIE, Plasmalab 80 plus, Oxford
Instruments).

Optical and Electrical Characterizations: Optical absorption spectra
were measured from 1400 to 200 nm using an ultraviolet-visible near-
infrared spectrophotometer (UV-3600, Shimadzu). Raman spectra were
measured using a high-resolution confocal micro-Raman spectrometer
(HRS-500SS, Princeton Instruments) equipped with a liquid nitrogen-
cooled charge-coupled device detector (PYL-100BRX, Princeton Instru-
ments). Two lasers of 633 and 532 nm were selected to excite the SWCNTs.
The output and transfer characteristic curves of the fabricated TFTs were
measured under vacuum using a Keithley 4200 system.
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