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Single-walled carbon nanotubes (SWNTs) have been
regarded as one of the best candidates for future applications
in nanoelectronic devices because of their superb electrical
characteristics. However, almost all of the currently available
technologies can only produce a mixture of both metallic (m)
and semiconducting (s) SWNTs. This coexistence in as-grown
samples dramatically decreases the device performance;
therefore, SWNTs should be separated before they are
integrated into devices. During the past decade, two different
approaches have been developed to separate m- and s-
SWNTs. The first approach is selective destruction by, for
example, nitronium ion attack,[1] gas-phase etching reac-
tions,[2] weak oxidative carbon sources,[3] and ultraviolet
irradiation.[4] The second strategy involves solution-based
methods like dielectrophoresis,[5] density-gradient-inducing
centrifugation,[6] selective adsorption of chemicals,[7] and
agarose-gel-based separation.[8] Both techniques can separate
SWNTs effectively, but the former introduces damages to
SWNTs, while the latter can only work for very short SWNTs
and creates difficulties in the alignment of SWNTs.

For the purpose of separation, many efforts have been
made to investigate selective interactions between chemicals
and SWNTs of different conductivities. Electron donor
molecules, such as octadecylamine,[9] have been reported to
selectively adsorb to s-SWNTs, while aromatic polymers, such

as 9,9-dioctylfluorenyl-2,7-diyl,[10] prefer metallic ones. How-
ever, the essential character of these interactions is still
unclear. In the case of amines, some researchers think that the
interaction is due to the lone pair of the nitrogen atom,[11]

while others believe the hydrogen atom is more important.[12]

For aromatic polymers, the role of p–p interactions[13] vs.
dipole–dipole interactions[14] is controversial. Nevertheless,
these adsorption preferences have already been exploited for
SWNT separation.

Considering the problems associated with separation
techniques such as selective destruction and solution-based
methods, our goal was to develop a simple way, which is
analogous to mechanical exfoliation of graphene using scotch
tape[15] to realize SWNT separation. Specifically, we aimed to
create “scotch tapes” terminated with various functional
groups that could be used to selectively remove either s- or m-
SWNTs and to leave their counterparts on the substrate.
Unlike the separation techniques discussed above, this
approach was based on the selective adsorption of chemicals
to SWNTs of different electrical properties, which can be
applied to long SWNTs systems without introducing damage
while the SWNTs formation is perfectly maintained.

In our experiments, soft polydimethylsiloxane (PDMS)
thin films were chosen as the supporting material, while 3-
aminopropyl-triethoxysilane (C9H23NO3Si, APTES, defined
as A-scotch tape) and triethoxyphenylsilane (C12H20O3Si,
PTEOS, defined as P-scotch tape) were used as the bonding
material to introduce amine and phenyl functional groups,
respectively (Figure S1). The Si�O�Si bonds on the PDMS
surface were oxidized to Si�OH groups when treated under
air plasma. The Si�OH groups could be further reacted with
APTES/PTEOS to form strong interactions between the
supporting PDMS layer and the functionalized bonding
layer.[16] SWNT samples with mixtures of m- and s-SWNTs
could be presynthesized on sapphire substrates. As shown in
Figure 1, when the PDMS-based “scotch tapes” were applied
to SWNT samples and then peeled off, the A-scotch tape
selectively removed s-SWNTs, while the P-scotch tape
adhered to metallic ones, leaving their counterparts on the
substrate.

Single-polished (11–20) plane sapphire substrates (miscut
angle < 0.58, surface roughness < 5 �) were purchased from
Hefei Kejing Materials Technology Co., China and were used
for SWNT growth. After an initial cleaning process, substrates
were annealed at 1100 8C for 10 h so that the aligned SWNT
arrays could be grown along the 1�1100

� �
direction. Growth

experiments were performed in a low-pressure chemical
vapor deposition (LPCVD) system with a 66 mm quartz tube
at a temperature of 850 8C and a pressure of 700 torr. A 3 mm
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Fe(OH)3/ethanol solution was used as the catalyst, and was
spin coated onto the substrate surface. The substrate was
heated to the desired temperature in air and was kept in a gas
flow of 2200 sccm of argon and 500 sccm of hydrogen for
catalyst reduction for 5 min, followed by 5 min of 2200 sccm
of argon, 500 sccm of hydrogen, and 50 sccm of ethanol
purged with argon to grow SWNTs at an average density of
10 tubes/mm, or 4 min of 2200 sccm of argon, 500 sccm of
hydrogen and 45 sccm of ethanol purged with argon for an
average density of 2 tubes/mm.

The silicone elastomer base and its curing agent were
purchased from Dow Corning Corporation, USA and they
were mixed in a 10:1 ratio by mass. After stirring for 20 min,
the mixture was kept still for 1 h (no agitation) to remove air
bubbles. Microscope slides were cleaned by sonication in
deionized water/acetone/ethanol/deionized water in turn and
were used as templates to generate flat PDMS surfaces. The
mixture solidified after baking in an oven at 90 8C for 1 h to
give an elastomeric PDMS film. Solidified PDMS films were
peeled off of the glass templates immediately before deco-

ration to avoid surface contamination, and were treated under
air plasma at a power of 90 W and a gas flow of 15 sccm. The
treatment time was set as 5 min, 10 min, or 15 min, depending
on the conditions tested. APTES and PTEOS were dispersed
in ethanol at concentrations of 1 %, 5 %, 10 %, 20%, and 30%
by mass. After plasma treatment, a given PDMS film was
immersed in the appropriate solution for 10 min and then
rinsed with ethanol to remove unreacted triethoxysilane.
After drying in air for about 5 min, the scotch tape was ready
for use.

In the case of m-SWNT separation, A-scotch tape was
used to selectively remove s-SWNTs. For better comparison
of the separation results, only half of each SWNT sample was
treated, as shown in Figure 2 a, creating three different
regions on the sample: as-grown, treated, and boundary.
After peeling off the scotch tape, clear density differences
between as-grown and treated regions were observed in SEM
(Figure 2b). This phenomenon did not occur for bare and
plasma-treated PDMS, or bare, plasma-treated, and APTES-
decorated SiO2/Si substrates. AFM images of as-grown (Fig-
ure 2c) and treated (Figure 2d) regions indicated that the
alignment of the SWNT arrays was maintained. Radial
breathing mode (RBM) signals of SWNTs in Raman spectra
(632.8 nm excitation) were used to characterize the distribu-
tion of m- and s-SWNTs in each region. In the as-grown
regions (Figure 2e), plenty of m- and s-SWNT signals were
collected, while in the treated regions (Figure 2 f), , propor-
tionally more m-SWNT signals were observed, according to
the Kataura plot.[17] These results suggested that the A-scotch
tape can selectively remove s-SWNTs, and leave their
counterparts on the sample substrate.

For the separation of s-SWNTs, P-scotch tape was used to
selectively remove m-SWNTs. As shown in Figure 3a, only
half of each SWNT sample was treated, again to facilitate the

interpretation of the separa-
tion results. After peeling off
the scotch tape, clear density
differences between as-grown
and treated regions were also
observed in SEM (Figure 3b).
In control experiments, nei-
ther bare and plasma-treated
PDMS, nor bare, plasma-
treated, and PTEOS-deco-
rated SiO2/Si substrates could
remove any SWNTs at all.
AFM images from as-grown
(Figure 3c) and treated (Fig-
ure 3d) regions also indicated
perfect maintenance of
SWNT alignment. In the as-
grown regions (Figure 3e),
plenty of m- and s-SWNT
signals were collected, while
in the treated regions (Fig-
ure 3 f), proportionally more
s-SWNT signals were
observed in Raman spectra.
These results showed that P-

Figure 1. Schematic of SWNT separation using P- and A-scotch tapes
to selectively remove m- and s-SWNTs respectively, and leave their
counterparts on the sapphire substrates.

Figure 2. Separation process and corresponding characterization results for the A-scotch tape. a) Schematic
of separation process for A-scotch tape. Only half of each SWNT sample was treated, creating three
different regions on the substrate. b) SEM image of the boundary region after treatment. c,d) AFM images
collected at as-grown (c) and treated (d) regions. e,f) Raman spectra collected at as-grown (e) and treated
(f) regions.
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scotch tapes can selectively remove m-SWNTs and leave their
counterparts on the sample substrate.

To optimize the separation results, a series of experiments
investigating plasma time and bonding material concentration
were run with the goal of changing the effective number of
functional groups associated with the bonding materials.
Seven conditions were chosen with plasma time [min]/
bonding material concentration [%] varied as 0/0 (0), 1/1
(1), 5/10 (2), 10/10 (3), 10/20 (4), 15/20 (5), and 15/30 (6). For
each condition, a number ranging from 0 to 6 is assigned in
Figure 4a–d. After peeling off the scotch tape of the sample
substrate, SWNT densities in as-grown and treated regions
were collected by SEM for each condition. The density
changes were reported in Figure 4a (A-scotch tape) and
Figure 4b (P-scotch tape). It was found that under the 10/20
condition, A-scotch tape could remove most SWNTs, while
the 10/10 condition was most effective for P-scotch tape.
Corresponding m-/s-SWNT distributions were characterized
by Raman spectroscopy and are given in Figure 4c (A-scotch
tape) and Figure 4d (P-scotch tape). Circles represent as-
grown regions while triangles represent treated regions. The
results of both SEM and Raman spectroscopy show that the
best A-scotch tape was fabricated using the 10/20 condition,
while the 10/10 condition was the best one for the P-scotch
tape.

To further confirm this result, SWNT samples treated
under the best conditions were transferred onto SiO2/Si
substrates by applying the peel-off method[18] and were
incorporated into field effect transistors (FET). Electron
beam lithography (EBL) was used to identify electrode
structure and location. Figure 5a gives the optical and SEM
images of the electrode structure. Electrical measurements
were performed with a 100 mV bias voltage and 5 mm channel
width. In cases where multiple tubes existed in one FET
structure, current break was performed to help identify the

SWNT electrical proper-
ties.[19] As shown in Fig-
ure 5b, the SWNT arrays
obtained after treatment by
A-scotch tape consisted of
about 90% m-SWNTs while
in Figure 5c, the SWNT
arrays obtained after treat-
ment by P-scotch tape con-
tained 85% s-SWNTs.

First-principles calcula-
tions were performed to gain
insight into the selectivity of
amine- and phenyl-termi-
nated surfaces, which were
modeled by NH2�(CH2)3�
SiH3 and C6H5�SiH3 mole-
cules, respectively. (8, 8) and
(14, 0) SWNTs were chosen
as representative m- and s-
SWNTs. The calculations
were based on DFT with the
Perdew–Zunger local density
approximation (LDA) as the

exchange-correlation functional.[20] As shown in Figure 6a for
(8, 8) and Figure 6b for (14, 0) SWNTs, the same most-stable
geometry for the NH2�(CH2)3�SiH3 molecule was obtained
when the N atom was in the center of the six-member ring and
its lone pair was perpendicular to the SWNT surface, with
respective binding energies of 203 and 214 meV. However, the

Figure 3. Separation process and corresponding characterization results for P-scotch tape. a) Schematic of
separation process for P-scotch tape. Only half of each SWNT sample was treated, creating three different
regions on the substrate. b) SEM image of boundary region after treatment. c,d) AFM images collected at
as-grown (c) and treated (d) regions. e,f) Raman spectra collected at as-grown (e) and treated (f) regions.

Figure 4. Optimization of separation results for A- and P-scotch tape.
a,b) Density changes after application of each condition for A- (a) and
P- (b) scotch tape. c,d) SWNT percentages characterized by Raman
spectroscopy at as-grown (circles) and treated (triangles) regions for
A- (c) and P- (d) scotch tapes. Seven conditions, with variation of the
plasma time [min]/bonding material concentration [%] given as 0/0
(0), 1/1 (1), 5/10 (2), 10/10 (3), 10/20 (4), 15/20 (5), and 15/30 (6).
For each condition, a number ranging from 0 to 6 is assigned. The
average density of as-grown samples was 10 tubes/mm for the A-
scotch tape and 2 tubes/mm for the P-scotch tape.
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most stable adsorption geometries for the phenylsilane
molecule were a stacked configuration on (8, 8) SWNTs and
a bridge configuration for (14, 0) SWNTs (Figure 6c and
d),[21, 22] with corresponding binding energies of 432 and
416 meV. This calculation indicated that amine-terminated
surfaces have stronger interactions with s-SWNTs, while
phenyl-terminated surfaces prefer metallic ones, which is
qualitatively consistent with our experimental findings. Con-
sidering the one-dimensional character of SWNTs, the

adsorption difference will enhance with SWNT length,
because the average length of the SWNTs was several
hundreds of micrometers. Given that the density change for
P-scotch tape was significantly smaller than that for A-scotch
tape, the phenyl group was probably neither perpendicular
nor parallel to the SWNT side wall, but interacted at an angle
alterable by experimental parameters and thus the dipole–
dipole interactions might be more reasonable.

For any kind of scotch tape discussed above, the strength
of the interaction with SWNTs should be proportional to the
density of the effective bonding material functional groups on
it. As amine functional groups are hydrophilic while phenyl
functional groups are hydrophobic, contact-angle character-
izations were used to explain the scotch tape quality (Fig-
ure S2). In the scotch tape fabrication process, hydrophobic
Si�O�Si moieties on a PDMS surface were transformed into
hydrophilic Si�OH groups under air plasma, so the observed
contact angles first decreased with increased exposure to
plasma. After a treatment of 5 min, further oxidation lead to
an increase of the contact angle, likely due to surface damage.
At a given time of the plasma treatment (such as 10 or 15
min), higher concentrations of APTES solution led to smaller
contact angles, while higher PTEOS concentrations led to

Figure 5. Electrical measurements of separated samples. a) Optical
and SEM images of the electrode structure. b) Electrical measure-
ments of SWNT samples after treatment with A-scotch tapes. c) Elec-
trical measurements of SWNT samples after treatment with P-scotch
tapes. The white bars represent m-SWNTs, while the black bars
represent s-SWNTs. In cases in which multiple tubes existed in one
FET structure, current break was performed to help identify the SWNT
electrical properties.

Figure 6. The lowest-energy configurations of silanes adsorbed on
SWNTs. a) The NH2�(CH2)3�SiH3 molecule near the hollow center of
the (8, 8) SWNT. b) The NH2�(CH2)3�SiH3 molecule near the hollow
center of the (14, 0) SWNT. c) The stacked configuration of the C6H5�
SiH3 molecule on the (8, 8) SWNT. d) The bridge configuration of the
C6H5�SiH3 molecule on the (14, 0) SWNT.
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larger ones. This result indicated higher effective functional
group density on the surface. Moreover, since the interactions
are at their maximium when phenyl functional groups are
parallel rather than perpendicular to the SWNTs, it is
reasonable that the best condition for the P-scotch tape was
10/10, rather than 10/20 as seen for A-scotch tape. However,
the dramatic contact angle increase after 15 min of treatment
with plasma suggested that the PDMS surface was damaged
to the point that the performance was poor even with higher
triethoxysilane concentrations.

In addition to the two parameters discussed above, density
and sidewall conditions of SWNTs should also be taken into
consideration. The fabrication conditions determine the
amount of effective bonding material functional groups on
the scotch tape surface, which then determine the number of
SWNTs that could be removed and thus the separation result.
In general, the higher the SWNT density, the poorer the
separation will be, when keeping all other conditions
unchanged. Moreover, since the separation mechanism is
based on the interaction between amine/phenyl functional
groups and SWNTs, any contamination, such as amorphous
carbon introduced during SWNT synthesis, should weaken
the separation effect. The separation protocol was repeated
several times on one sample with a density of 40 tubes/mm
using the A-scotch tape (Figure S3). In the first round, the
percentage of m-SWNTs increased by 11.7 % (from 43.5 % to
55.2%), while in the second round, it increased by an
additional 5.3% (from 55.2 % to 60.5%). However, the
percentage of m-SWNTs decreased by 9.7% (from 60.5% to
50.8%) in the third round, which might have been due to
contamination introduced in the first and second rounds.
Since amine groups prefer s-SWNTs, residual APTES mol-
ecules left on the sample substrate from previous trials could
protect s-SWNTs and lead to removal of more m-SWNTs.

In conclusion, we developed a simple method to separate
m- from s-SWNTs by using chemically modified PDMS thin
films as “scotch tape”. Unlike with the selective destruction
methods, there was no damage introduced to the SWNTs
during the separation process. Moreover, SWNT alignment
can be perfectly maintained and there is no limitation to
SWNT length, since the technique is not solution based. This
method is also useful for SWNT separation over large areas,
as the PDMS films are simple to synthesize.
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