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Sorting out Semiconducting Single-Walled Carbon
Nanotube Arrays by Washing off Metallic Tubes Using

SDS Aqueous Solution

Yue Hu, Yabin Chen, Pan Li, and Jin Zhang*

Single-walled carbon nanotubes (SWNTs) have been
regarded as one of the best candidates for future applica-
tion in next generation integrated circuits due to their unique
structures and superb properties.!1"®! However, SWNTs
produced by almost all of the current available approaches
are always mixtures of metallic (m-) and semiconducting
(s-) SWNTs, normally containing about 1/3 m-SWNTs. This
coexistence of m- and s- SWNTs sample will dramatically
decrease the performance of devices. Meanwhile, parallel
s-SWNTs are necessary to enable high-current and high-
speed nanotube FETs to surpass modern silicon devices.[”]
Thus, high density s-SWNT arrays with well alignment are
highly desirable.

During the past decades, several approaches have been
developed to produce s-SWNTs, such as solution-phase
separation of m-SWNTs and s-SWNTs, selective destruc-
tion of m-SWNTs, and selective growth of s-SWNTs. For the
solution-based separation, density-gradient-inducing cen-
trifugation(® could enable the optimal isolation of a targeted
electronic type or a specific chirality of SWNT. Agarose-gel-
based separation,”! dielectrophoresis,'”] and DNA-SWNT
hybrid'!l all could achieve the enrichment of s-/m- SWNTs.
However, most of these separation methods, which involve
complicated physical and/or chemical processes, inevitably
brought contamination, and also the separated tubes were
very short and in random orientation. In the case of selective
destruction of m-SWNTs, such as nitronium ion attack,!?!
gas-phase plasma etching,’! and water preferential destruc-
tion,[3] by which we could also get s-SWNTs. But they might
'miskill' the small-diameter s-SWNTs and at the same time
m-SWNTs of large diameter couldn't be etched by the
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plasma. As to the selective growth of s-SWNTs approach,
for instance, plasma enhanced growth,““] in situ ultraviolet
irradiation(!®! and methanol-assisted growth,!'! could provide
s-SWNT arrays. But their mechanisms were not clear. There-
fore, how to obtain well aligned s-SWNT arrays with high
density and perfect structures still remains a big challenge.

Surfactant-assisted decontamination is a widely used
method to remove contaminant because of the difference
between interactions of the contaminant and surfactant
and that between contaminant and the surface. Inspired by
this idea, if there is a type of surfactant, which has stronger
interaction with m-SWNTs as compared to the counterpart
s-SWNTs, then the m-SWNTs would be washed off while the
s-SWNTs remain on surface. Thus, how to select appropriate
surfactants or molecules possessed preferentially interac-
tion with m-SWNTs is the key issue. Based on the electron
density difference of m-SWNTs and s-SWNTs, Bao and co-
workers selectively aligned m-SWNTs and s-SWNTs onto
amine-terminated and phenyl-terminated silane treated
surfaces, respectively.l'”l In our recent work, the 'Scotch
Tape' separation method'"! was developed which was
due to phenyl functional groups can selectively adsorb on
m-SWNTs while amine functional groups prefer s-SWNTs.
Along with these work, several efforts also have been carried
out to separate m-SWNTs and s-SWNTs using the selective
adsorption of surfactant. For example, sodium dodecyl sul-
fate (SDS), sodium cholate hydrate, sodium deoxycholate
monohydrate, and sodium dodecylbenzene sulfonate have
been used for s-/m- SWNTs separation.l'”l SDS is most fre-
quently used due to the significant difference of interaction
between SDS and s-/m- SWNTs. It was reported that the
SWNTs could be sorted by both electronic type and diameter
by optimizing SDS assisted elution condition.’] Recently,
large-scale single-chirality separation of SWNTs was
achieved by a single-surfactant multicolumn gel chromatog-
raphy method.?!l However, the direct evidence that the SDS
molecules could selectively adsorb on m-SWNTs has not
been obtained.

In the present study, we reported a simple procedure
to sort out the s-SWNT arrays on ST-cut quartz surface by
washing off m-SWNTs using SDS aqueous solution with
assistance of ultrasonication. We directly observed that SDS
molecules selectively adsorb on m-SWNTs, and following
ultrasonic treatment enabled elution of m-SWNTs and get-
ting well aligned s-SWNT arrays. The well aligned individual

small 2013, 9, No. 8, 1306-1311


http://doi.wiley.com/10.1002/smll.201202940

Sorting Carbon Nanotube Arrays Using SDS

m-SWNTs

5s-SWNTs

(b)

Adsorbing SDS
molecule

0 0.0 0 0

Neg o heg o Ry

small

SDS

Ultrasonication

I

gy 5
A,

Figure 1. Schematic illustration of sorting out s-SWNT arrays on surface by washing off the m-SWNTs using SDS aqueous solution.

SWNT arrays were firstly grown on ST-cut quartz surface
with mixture of m- and s-SWNTs (Figure 1 a). The quartz
substrate was then immerged into the SDS aqueous solu-
tion and the SDS molecules could preferentially adsorb on
m-SWNTs (Figure 1b). Analogous to the process of decon-
tamination, the m-SWNTs covered with SDS molecules
were easier to enter into solutions with assistance of ultra-
sonication while the s-SWNTs still remained on the substrate
(Figure 1c).

Figure 2 shows the typical scanning electron micoroscope
(SEM) image, atomic force microscope (AFM) image, and
Raman spectra of the as-grown SWNT arrays. SEM image

0
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(Figure 2a) indicates that the SWNT arrays are uniform over
larger area. The AFM image (Figure 2b) shows the average
density of SWNTs on quartz surface is about 3-4 tubes per
um and the average diameter of the SWNTs is about 1.1 nm
(Figure 2c). The Raman spectra (Figure 2d) of the SWNT
arrays transferred onto SiO,/Si substrate with 514.5 nm exci-
tation indicates that the tubes are mixture of m-SWNTs and
s-SWNTs according to the Kataura plot.[?2l We have detected
518 RBM signals of as-grown SWNTs and among them 358
were from s-SWNTs (Figure 2d). The percentage of s-SWNTs
is ~69.1% and the ratio of m-SWNTs to s-SWNTs is nearly
1to2.
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Figure 2. (a,b) SEM and AFM images of the as-grown SWNT arrays on quartz surface. (c) Diameter distribution of the as-grown SWNTs. (d) Raman
spectra of the as-grown SWNT arrays transferred onto SiO,/Si substrate with 514.5 nm excitation.
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Figure 3. (a,b) Raman spectra of SWNTs pointed by the black arrow in the corresponding insert SEM image with 514.5 nm excitation. (c,d) AFM
images of the m-SWNT in (a) before (c: 0.9 nm) and after (d: 1.8 nm) adsorbing SDS molecules. (e,f) AFM images of the s-SWNT in (b) before (e:
1.0 nm) and after (f: 0.9 nm) adsorbing SDS molecules. (g) Statistical result of m-SWNT and s-SWNT diameters before and after adsorbing SDS

molecules. The scale bars of AFM images are 150 nm.

These mixtures of m- and s- SWNTs were used as sam-
ples for ‘wash-off’ separation. After ultrasonication in SDS
aqueous solution, some SWNTs disappeared while the
others still remained on the substrate. Based on the phenom-
enon, we speculated that the SDS molecules might selec-
tively adsorb on m-SWNTs and thus the m-SWNTs would
be preferentially washed off. In order to get the direct evi-
dence, the as-grown SWNTs were firstly transferred onto
SiO,/Si substrates by applying the peel-off method®! for
Raman characterization. And then AFM was used to directly
measure the diameters of SWNTs before and after adsorbing
SDS molecules. Figure 3 a and b are typical Raman spectra
with 514.5 nm excitation for the black arrow pointed SWNT
in the corresponding insert SEM images. According to the
Raman shift of RBM, the pointed (by black arrow) tube in
(a) is m-SWNT while (b) is s-SWNT. With the help of the
marks in SEM images (the insets of Figure 3a,b), we could
precise fix the position of the SWNTs and measure their
diameters by AFM. Figure 3c—f are typical AFM images
of m-SWNTs and s-SWNTs diameters before and after
adsorbing SDS molecules. It is found that the diameter
of m-SWNT becomes 0.9 nm larger after adsorbing SDS
molecules while the diameter of s-SWNT is almost
unchanged. After measuring nearly 20 tubes, statistical result
(Figure 3g) indicates that the average diameter variation
of m-SWNTs is about 0.5 nm, while that is just 0.1 nm for
s-SWNTs. Thus, we could come to the conclusion that SDS
molecule would selectively adsorb on m-SWNTSs, and thus
the m-SWNTs can be washed off.

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

There has been quite a bit of research into the mechanism
of the interaction between SDS and SWNTs. It was reported
that the morphology and coverage of SDS coating on SWNTs
was dependent on the SWNTs structures.?*?’] There are
about three morphologies that surfactants self-assemble on
SWNTs. The first one is that the SDS molecules perpendicu-
larly adsorbed on the surface of SWNTs forming a monolayer.
It looks like the SWNT in a cylindrical SDS micelle.l*! The
second type is the SDS molecules would be organized into
half cylinders adsorbed on SWNTs surface.’’] And the last
one is the SDS molecules are random adsorbed on SWNTs.[8]
Furthermore, m-SWNTs are generally thought to be fully
covered by SDS.’l Combining with our experimental results,
we speculate that m-SWNTs are in a cylindrical SDS micelle
while SDS molecules are random adsorbed horizontal on
s-SWNTs. However, the length of SDS molecule is over 2 nm
and if SDS molecules adsorb perpendicularly to the surface
of the m-SWNTs, the m-SWNTs diameter change should be
more than 2 nm. In fact, it is obvious that SDS micelle only
exists in SDS aqueous solution. And before measuring the
diameter, the SWNTs samples adsorbed with SDS molecules
were blown dry by high purity nitrogen. This process might
cause the morphology of SDS changing, from perpendicular
to have an angle with SWNTSs surface. Therefore, the diam-
eter change of m-SWNTs before and after SDS adsorption in
our experiment is about 0.5 nm.

For directly washing off m-SWNTs from horizontally
aligned nanotube arrays on quartz surface, we also meas-
ured the diameters of as-grown SWNTs on quartz substrates
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Figure 4. (a,b) SEM images of SWNTs on quartz surface before and after separation, respectively. (c) Statistical result of disappeared SWNTs
and remained SWNTs diameters before and after adsorbing SDS molecules. (d—i) AFM images of the SWNTs in (a) before (d,f,h) and after (e,g,i)
adsorbing SDS molecules pointed by black (d,e), red (f,g), and blue (h,i) arrows. The scale bars of AFM images are 150 nm.

before (Figure 4 d.fh) and after (Figure 4e,g,i) adsorbing
SDS molecules, respectively. As shown in Figure 4a, the
diameters of SWNTs pointed by black and blue arrows are
both getting 0.8 nm larger after adsorbing SDS molecules,
while the red arrow pointed SWNT diameter is only getting
0.3 nm larger after adsorbing. According to the above results,
we believe the SWNTs pointed by black and blue arrows are
m-SWNTs and which pointed by the red arrow are s-SWNT.
After ultrasonication, the SWNTSs in black and blue rings
disappear while the SWNT in red ring remains on quartz
substrate (Figure 4b). It means that m-SWNTs are washed
off and the s-SWNT remains. After measuring more than 20
tubes, statistical result (Figure 4c) indicates that the SWNTSs
with bigger average diameter changes (about 0.7 nm, consid-
ered as m-SWNTs) are mostly disappeared after separation
while SWNTs with smaller average diameter changes (about
0.3 nm, considered as s-SWNTs) remain on quartz substrate.
Therefore, we could obtain s-SWNT arrays on quartz surface
by this ‘wash-off’ separation method.

Furthermore, we used this method to separate SWNT
arrays with larger area on quartz substrate directly. In order
to achieve better separation performance, different experi-
ment parameters, such as concentration of SDS aqueous
solution, time and power of ultrasonication were consid-
ered and optimized for washing off m-SWNTs. It was found
that long time and high power of ultrasonication using high
concentration of SDS aqueous solution would wash off all
the SWNTs on quartz substrate while nearly no SWNTs
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decreased under short time and low power of ultrasoni-
cation using low concentration of SDS aqueous solution.
After dozens of attempts, we found from SEM images that
about 1/3 SWNTs were washed off when the ultrasonication
power was 40%, the ultrasonication time was about 20 min
and concentration of SDS aqueous solution was about 2%
by mass. This ratio was comparable with the 1/3 m-SWNTs
in as-grown SWNTs obtained from general growth methods.
As shown in Figure 5a,b, it is obvious that about 1/3 SWNTs
were washed off after separation in the same region. Then we
transferred the separated SWNTs on quartz substrates onto
SiO,/Si substrates for Raman characterization. 139 RBM
signals of the SWNTs were detected and among them 126
were s-SWNTs (Figure Sc). So the percentage of s-SWNTs
is ~90.6%. It means that almost all of m-SWNTs signals were
disappeared and over 90% of s-SWNTs in the arrays were
left on substrate.

To further confirm these results, SWNT samples were
also characterized by electrical characteristics. SWNT
arrays treated under the best conditions were transferred
onto SiO,/Si substrates with 300 nm SiO, by applying the
peel-off method to fabricate back gate field effect transis-
tors (FET). Electron beam lithography (EBL) was used to
identify electrode structures and location. The source and
drain electrodes were made by Ti (5 nm)/Pd (45 nm). As
shown in Figure 5d,e, FET devices with a channel length of
2.5 um containing dozens of SWNTs in the channel region
were fabricated. Transfer characteristics of FET devices were
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Figure 5. (a,b) SEM images of SWNT arrays on quartz surface before and after separation. (c) Raman spectra with 514.5 nm excitation of SWNT
arrays transferred onto SiO,/Si substrate after separation. (d,e) SEM images of an FET device fabricated by s-SWNT arrays. (f) Distribution of
s-SWNTs FET devices according to their Ion/luﬂ: ratios. (The inset in (f) is a typical transfer characteristic curve of s-SWNTs device with V,, =100 mV).

measured under a bias voltage V,;, = 100 mV in air at room
temperature. The insert in Figure 5f shows a typical /;.V,
curve of our FET constructed by the s-SWNT arrays. In par-
ticular, the 1,,/1,, ratio of 10 is expected if 90% of tubes are
semiconducting assuming all SWNTSs have similar resistances
in their ON-state. The statistical result of transport behavior

of 40 FET devices shows that nearly 90% devices’ I,,,/1,

ratios were more than 10 (Figure 5f). It means that the per-
centage of s-SWNTs can be higher than 90% to some extent.
Because of the space limitation, here we only present three
typical device transfer curves (Figure Sla) and all device on/
off ratios (Figure S1b).

At last, a mechanism was supposed for the s-/m- SWNTs
separation. We confirmed that SDS micelle formation would
decrease the tube-substrate interaction (Figure S2). The dif-
ferences in the surface electron states of s-/m- SWNTs affect
the interaction between SWNTs and SDS. Thus, the mor-
phology and coverage of SDS coatings on s-/m- SWNTs is
different. SDS coating fully covering the m-SWTNs mini-
mizes their interactions with quartz substrates while the
s-SWNTs interactions with substrates nearly don't decrease.
After ultrasonication with appropriate experiment param-
eters, the m-SWNTs could be easily washed off while the
s-SWNTs still remain on the substrate. In addition, we found
there is no selective separation of s-/m- SWNTs by diameter
in our experiment.

In summary, a facile and effective strategy for sorting out
the s-SWNT arrays on surface by washing off the m-SWNTs
using SDS aqueous solution was developed. We could selec-
tively remove the m-SWNTs from horizontally aligned nano-
tube arrays using SDS aqueous solution. Long and high
quality horizontally aligned SWNT arrays with over 90%
s-SWNTs were obtained by this method. In addition, it should

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

be noted that the method is simple, low cost, and easily scal-
able to a large quantity separation process. It would be con-
venient for future s-SWNTs device applications. By the way,
if there are other surfactants which have stronger interaction
with s-SWNTs, in use of the ‘wash-off” separation method,
m-SWNT arrays also might be obtained.

Experimental Section

The ST-cut quartz (miscut angle <0.5°) obtained from Hefei
Kejing Materials Technology Co., China was used as substrates
to grow SWNT arrays. After cleaning, the quartz substrates were
annealed at 900 °C in air for 8 hours. Then 0.05 mM Fe(OH)/
ethanol solution was patterned onto the quartz surface by
“Needle-Scratching”?) as catalysts. The SWNT growth was
carried out in a home-made chemical vapor deposition (CVD)
system (the diameter of the quartz tube is 1 inch). After heating
the substrate to 830 °C in air, 300 standard cubic centimeters
per minute (sccm) argon and 300 sccm H, were introduced for
10 min to reduce the catalysts. Finally, 10 sccm Ar was bubbled
through ethanol for 20 min to grow the SWNT arrays. The quartz
substrate with as-grown SWNT arrays was directly immerged
into the SDS (99%, Sigma-Aldrich) aqueous solution. After ultra-
conication (Scientz SB-5200DTDN, 300 W, 40 kHz) with certain
minutes, the quartz substrates with SWNTs were rinsed with a
large amount of deionized water for several times to wash off
m-SWNTs and excess SDS molecules. Tapping-mode AFM (Nano-
Scope llla, Veeco Co., USA), Scanning electron microscopy (SEM,
Hitachi S4800, Japan), Raman spectroscopy (Horiba HR800
Raman system) and Keithley 4200-SCS Semiconductor Charac-
terization System were used to characterize the structures and
properties of SWNTs.
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