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S
ingle-wall carbon nanotubes (SWCNTs)
can be either semiconducting or me-
tallic, depending on their chiralities.

This feature enables SWCNTs to have po-
tential use in high-performance nanode-
vices, such as field effect transistors (FETs),
sensors, and ballistically conductive inter-
connects.1,2 Each of these applications,
however, requires a pure and high-quality
SWCNT sample that contains only semicon-
ducting or metallic nanotubes. Recently,
notable progress has been made on the
preparation of SWCNTs with controlled
transport properties. This is basically
achieved in two ways. One is by postsynth-
esis treatment including ultracentrifugation,
electrophoresis, chromatography, selective
solubilization, etc.3�10 The drawback of this
approach is that contaminations and defects
are inevitably introduced during the disper-
sion and separation of the SWCNTs, and the
nanotubes obtained are usually shortened
to a submicrometer length. The other ap-
proach is to obtain semiconducting SWCNTs
(s-SWCNTs) by in situ or postsynthesis selec-
tive etching, which is based on the principle

that metallic SWCNTs (m-SWCNTs) are more
chemically active than s-SWCNTs and would
be preferentially removed under appropriate
conditions. For example, an ethanol/methanol
mixture,11 oxygen gas,12 water vapor,13 and
metal oxide14 have been used as oxidative
etchants to selectively remove m-SWCNTs.
Although these oxidants have proved effec-
tive in etching m-SWCNTs, some disadvan-
tages are also observed. For instance, some
s-SWCNTs are removed at the same time,
and the yield of s-SWCNTs is usually very
limited; more importantly, the remaining
s-SWCNTs usually contain many defects
and have a shortened length, leading to
poor oxidation resistance and low carrier
mobility when serving as the channel ma-
terial of FETs.12 This is because carbon tends
to strongly react with these oxidants at high
temperatures, and it is very difficult to pre-
cisely control the selective removal of
m-SWCNTs without damaging s-SWCNTs. It
is therefore important and desirable to de-
velop a milder selective etching method for
the bulk preparation of s-SWCNTs with good
structural integrity and high concentration.

* Address correspondence to
cliu@imr.ac.cn.

Received for review April 22, 2013
and accepted July 22, 2013.

Published online
10.1021/nn401998r

ABSTRACT We developed a simple and scalable selective synthesis method of high-

quality, highly concentrated semiconducting single-wall carbon nanotubes (s-SWCNTs) by

in situ hydrogen etching. Samples containing∼93% s-SWCNTs were obtained in bulk. These

s-SWCNTs with good structural integrity showed a high oxidation resistance temperature

of ∼800 �C. Thin-film transistors based on the s-SWCNTs demonstrated a high carrier

mobility of 21.1 cm2 V�1 s�1 at an on/off ratio of 1.1 � 104 and a high on/off ratio of

4.0 � 105 with a carrier mobility of 7.0 cm2 V�1 s�1. A biosensor fabricated using the

s-SWCNTs had a very low dopamine detection limit of 10�18 mol/L at room temperature.
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Hydrogen is a commonly used carrier gas for the
synthesis of SWCNTs. It is usually considered to be
unreactive with SWCNTs, although atomic hydrogen
produced in methane or hydrogen plasma has been
reported to be able to etch carbon nanotubes
(CNTs).15�17 When synthesizing SWCNTs by arc dis-
charge using hydrogen as a buffer gas, we found that
the amount of amorphous carbon impurity in the
product was significantly decreased.18,19 This means
that molecular hydrogen can decompose and react
with carbonaceous materials at high temperatures
(e.g., ∼4000 K). In addition, hydrogen was found to
dissociate at very low temperatures in the presence of
Fe nanoparticles,20,21 and as a result, SWCNTs with
diameters smaller than 1.2 nm were preferentially
eliminated. In addition, m-SWCNTs have been shown
to be more reactive than s-SWCNTs with a similar
diameter because of their relatively smaller ionization
potential.22 Therefore, it seems possible to remove
m-SWCNTs by in situ hydrogen etching. Because hy-
drogen is a much milder etchant than previously
reported oxidants, the SWCNTs obtained would pos-
sess better structural integrity and satisfy the demands
of many applications.
In this work, we prepared high-quality s-SWCNTs in a

high concentration by in situ selective removal of
m-SWCNTs by hydrogen etching during a floating
catalyst chemical vapor deposition (FCCVD) process.
As a result, samples containing more than 90%
s-SWCNTs were reproducibly obtained. The s-SWCNTs
exhibit oxidation resistance in air up to 800 �C. Thin-
film transistors (TFTs) using the s-SWCNTs as a channel
material showed a high on/off ratio up to 4.0 � 105

(with a carrier mobility of 7.0 cm2 V�1 s�1) and a high
carrier mobility of 21.1 cm2 V�1 s�1 (with an on/off
ratio of 1.1 � 104). Biosensors fabricated using these
s-SWCNTs demonstrated an ultralow detection limit
(10�18 mol/L in a phosphate-buffered saline (PBS)
solution) for dopamine detection.

RESULTS AND DISCUSSION

SWCNTs were prepared by FCCVD12 using methane
as carbon source, ferrocene as catalyst precursor, sulfur
as growth promoter, and hydrogen as both carrier gas
and etchant. A schematic of the synthesis, collection,
and device fabrication process of s-SWCNTs is shown in
Supporting Information Figure S1. Systematic experi-
ments were performed to optimize the in situ hydro-
gen etching conditions to obtain a high concentration
of s-SWCNTs, and the flux of hydrogen was found to be
a critical parameter. We fixed the following growth
parameters: temperature 1100 �C, CH4 flow 30 sccm,
catalyst precursor sublimation temperature 85 �C, and
the hydrogen flows of 500, 1000, 2000, 3000, and 4000
sccm. The SWCNT samples obtained with these differ-
ent hydrogen fluxes are denoted 1#, 2#, 3#, 4#, and 5#,
respectively. These samples were examined by Raman

spectroscopy with excitation laser wavelengths of 532,
633, and 785 nm. Figure 1a�c shows typical radial
breathing mode (RBM) peaks of the above samples,
where the peaks originating fromm- and s-SWCNTs are
highlighted according to the Kataura plot.23�25When a
relatively low hydrogen flow was used, RBM peaks
from both m- and s-SWCNTs were detected, indicating
that the product is a mixture of m- and s-SWCNTs.
When the hydrogen flow was increased to 2000 sccm,
the m-SWCNT signal becomes undetectable in sample
3# for all three excitation laser wavelengths. A similar
result is obtained from their typical G bands excited
by the 633 nm laser, as shown in Figure 1d. It can be
seen that the G� band of samples 1#, 2#, 4#, and 5#
exhibits the apparent characteristic of asymmetric
Breit�Wigner�Fano (BWF) line shapes,26,27 while that
of sample 3# shows a different line shape. An obvious
peak appearing at about 1570 cm�1 for sample 3# is
identified as the G� band from s-SWCNTs,15 and a
slight upshift of the Gþ mode is also a typical sign of a
s-SWCNT-enriched sample.28 These results indicate
that sample 3# is rich in s-SWCNTs. In addition, sample
3# also has the highest IG/ID value (81.3) among the five
samples (after intensity normalization of the G mode),
suggesting better graphitic layer stacking. When the
hydrogen flowwas further increased to 3000 and 4000
sccm, the RBMpeaks of bothm-SWCNTs and s-SWCNTs
were observed again. Therefore, the optimum hydro-
gen flow is determined to be 2000 sccm for the current
growth temperature and catalyst concentration. A
good reproducibility of the synthesis of enriched
s-SWCNTs was further verified by multiwavelength
laser Raman measurements of multibatch samples
(3#) (see Figure S2).
Figure 2a,b shows representative scanning electron

microscope (SEM) and transmission electron micro-
scope (TEM) images of the prepared s-SWCNTs
(sample 3#). The SEM image shows that the nanotubes
are pure and form a random network. High-resolution
TEM (HRTEM) observations reveal the uniform dia-
meter and very straight carbon layer of the SWCNTs.
It is worth noting that the amount of amorphous
carbon is very small in the as-prepared SWCNT sample.
The diameters of 150 SWCNTs were measured under
TEM, and a histogram of the diameter distribution is
plotted in Figure 2c. The diameters are distributed in
the range of 1.5�2.5 nm and largely centered at
1.7�2.0 nm (∼69%). The sample was purified by air
oxidation at 350 �C and washing in hydrochloric acid
(HCl solution) to remove residual catalyst and amor-
phous carbon prior to thermogravimetric (TG) analysis
in air29 to verify the structural integrity of the SWCNTs.
Figure 2d shows that rapid oxidation does not occur
until a temperature as high as 800 �C, approaching that
for graphitized MWCNTs (∼800 �C) and double-wall
CNTs produced by arc-discharge (802 �C).30,31 To the
best of our knowledge, this is the highest oxidation
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resistance temperature reported for SWCNTs, indicat-
ing the perfect graphitic wall structure of the SWCNTs.
Furthermore, the derivative thermogravimetric anal-
ysis (DTG) curve shows only one sharp peak narrowly
distributed in the range of 620�850 �C, suggesting the
high purity and uniform structure of the s-SWCNTs,
which is consistent with the results from Raman, SEM,
and TEM characterizations.
Optical absorption spectra of these samples were

measured to further confirm the enrichment of
s-SWCNTs and to estimate their content quantitatively.
Typical UV�vis�NIR spectra are shown in Figure 3a.
The spectroscopic characterization was performed
using as-prepared SWCNT thin films collected from
the downstream of the reactor using a mixed cellulose
ester membrane (MCEM) (for details, see Figure S1 and
S1.3). For sample 3#, two broad absorption bands
located at 0.78�1.38 and 0.50�0.78 eV are clearly
observed, which correspond to the first and second
van Hove singularity transition of small s-SWCNT bun-
dles (S11, S22). In contrast, no peak originating from the
first van Hove singularity transition of m-SWCNTs (M11)
in the range of 1.38�2.49 eV can be observed.25 This
result further verifies that the 3# sample is composed
of mostly s-SWCNTs. To estimate the relative weight

ratio of metallic-to-semiconducting nanotubes in the
samples, the background of the spectrawas subtracted
based on the nonlinear model (the detailed calcula-
tions are described in S2),32�34 and the resulting
s-SWCNT contents are marked in Figure 3b. The
weight ratios (r) of metallic tubes (WM) to semicon-
ducting tubes (WS) were estimated from the corre-
sponding absorption peak areas using the formula
r =WM/(WS þWM). The r value for sample 1# is 34.3%,
which means that there is almost no m- and s-SWCNT
selectivity when a small amount of hydrogen is used,
agreeing with the previously reported results.35 The
smallest r value of 0.07 was achieved for sample 3#,
confirming that m-SWCNTs can be effectively re-
moved by introducing an optimum amount of hydro-
gen. The s-SWCNT content of sample 3# is estimated to
be ∼93.0%.
The above results suggest that high-quality, highly

concentrated s-SWCNTs are prepared when an opti-
mum amount of hydrogen is introduced in the FCCVD
production process, which can be attributed to
the selective hydrogen etching of m-SWCNTs. With
the assistance ofmetal nanoparticles, molecular hydro-
gen can be dissociated into active atomic H during
the CVDprocess. Sincem-SWCNTs aremore chemically

Figure 1. Laser Raman spectra of the as-prepared SWCNT samples. Typical RBM peaks of the SWCNTs obtained using
hydrogen flows of 500, 1000, 2000, 3000, and 4000 sccm (denoted 1#�5#) with excitation laser wavelengths of (a) 633 nm, (b)
532 nm, and (c) 785 nm. (d) D band and G band of the SWCNT samples with the excitation laser wavelength of 633 nm.
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reactive than semiconducting ones due to their smaller
ionization potential,22 and smaller SWCNTs are mark-
edly less stable against hydrocarbonization than larger
ones,17 metallic and small diameter SWCNTs could be
preferentially hydrogenated and removed under opti-
mal conditions, which has been confirmed by Raman
results. In our FCCVD growth process, sublimated
catalyst precursor (ferrocene) is carried into the reac-
tion zone by hydrogen and decomposed into iron
nanoparticles. The floating iron catalyst formed in situ

is highly active and may be more favorable for the
dissociation of molecular hydrogen than supported
catalysts. As a result, m-SWCNTs with higher reactivity

and unstable smaller SWCNTs would be preferentially
etched by the atomic H. If we simply assume that the
etching rate is determined by the concentration of
hydrogen radicals, the amount of atomic H produced
using a given temperature and catalyst concentration
is obviously related to the flux of hydrogen. Therefore,
the content of s-SWCNTs first increases and reaches a
maximum value when the hydrogen flow rate is in-
creased to 2000 sccm, but when the hydrogen flow is
further increased, the residence time of hydrogen in
the high-temperature zone is too short to achieve
sufficient dissociation and etching of both m-SWCNTs
and small SWCNTs.36 As a result, an optimumhydrogen

Figure 2. (a) SEM and (b) TEM images of the as-prepared s-SWCNTs. (c) Diameter distribution of the s-SWCNTs. (d) TGA curves
of the s-SWCNTs.

Figure 3. (a) Absorption spectra (0.45�3.0 eV) of samples 1�5#. (b) Contents of s-SWCNTs in these samples estimated from
the corresponding absorption peak areas (more detailed calculations are given in S2).
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flow of 2000 sccm is determined for the selective
synthesis of s-SWCNTs.
To verify the effect of hydrogen on the selective

synthesis of s-SWCNTs, we performed a comparison
experiment using identical parameters except that
hydrogen was replaced with helium, which is chemi-
cally inert and has a similar thermal conductivity
coefficient to that of hydrogen. The synthesis proce-
dure is described in Supporting Information (S1.1). The
SWCNTs synthesized with three typical helium flows of
500, 2000, and 4000 sccm were characterized using
laser Raman spectroscopy, and the results are shown in
Figure S3. RBM peaks originating from both m- and
s-SWCNTs are observed for all three samples. Further-
more, the diameter of the SWCNTs synthesized using
helium as the carrier gas is obviously smaller than
those obtained under a hydrogen flow. Therefore,
hydrogen does function as a mild etchant, and the
s-SWCNTs were obtained by selective hydrogen
etching.
Using the as-prepared s-SWCNT films, we fabricated

bottom-gate TFTs on a heavily boron (B)-doped p-Si
substratewith a 100 nm thick SiO2 layer (Figure S1). The
channel length (Lch) and channel width (Wch) are both
100 μm (for more details see S1.4). Figure 4a shows a
typical SEM image of the SWCNT thin film used. It can
be seen that randomly spread SWCNTs form a network

on the Si substrate. The gate leakage current asso-
ciated with the gate bias is on the order of a picoam-
pere and is, therefore, negligible. Figure 4b,c shows the
transfer and output characteristics of a typical s-SWCNT
TFT. The device showed p-type characteristics with a
high on/off ratio of 9.5 � 104 and an effective device
carrier mobility of 16.6 cm2 V�1 s�1, which was eval-
uated by the standard formula:37

μ ¼ (Lch=Wch)(1=C)(1=VDS)(dID=dVGS)

where C is the gate capacitance. We calculated C using
a parallel plate model (C = ε/τox), where τox and ε are
the thickness and dielectric constant of the gate
insulator. Figure S4 shows the ID�VGS curves of 1#,
2#, 3#, 4#, and 5# SWCNT-based TFTs. It can be seen
that the 3# SWCNT-based TFTs show high on/off ratios
(>103) with VGS ranging from 10 to �10 V with a good
stability. Figure 4d shows the distributions of carrier
mobility and on/off ratio of these five different SWCNT
TFTs (for more details, see S1.4), along with a compar-
ison with some previously reported values. As shown,
with the increase of hydrogen flow rate, the on/off
ratios of the TFTs increase first, and amaximum value is
reached with a hydrogen flux of 2000 sccm. The on/off
ratio turns begins to decrease with the increase of
hydrogen flow. This result is consistent with that
from Raman spectra and absorption spectra. On the

Figure 4. (a) Typical SEM image of the s-SWCNT thin film deposited on a Si substrate. (b) Typical transfer (ID�VGS) char-
acteristic at VDS of�0.5 V. (c) Output (ID�VDS) characteristics of the samedevice at variousVGS values ranging from�10 to 0 V.
(d) Statistics of the carrier mobilities and on/off ratios of the TFTs fabricated using our 1#, 2#, 3#, 4# and 5# samples in
comparison with those reported previously.
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contrary, themobilities of the TFTs decrease at first and
reach a lowpoint when the hydrogen flux is 2000 sccm.
Then the mobility increases slightly with further in-
crease of hydrogen flow. These results testify that
sample 3# has the highest content of s-SWCNTs among
the five samples. The maximum carrier mobility
achieved is 21.1 cm2 V�1 s�1 (with an on/off ratio of
1.1 � 104), and the maximum on/off ratio is 4.0 � 105

(with a carrier mobility of 7.0 cm2 V�1 s�1). Compared
with the performance of some recently reported FET
devices, which were based on SWCNTs,6,9,37�47 our
transistors show a better performance in terms of
higher on/off ratio and larger carrier mobility. This can
be attributed to the high content of s-SWCNTs with
good structural integrity obtained by selective hydro-
gen etching during growth. Sun et al. reported that FETs
based on a Y-junction SWCNT network have a high on/
off ratio.37 The SWCNTs they used were not enriched
with semiconducting nanotubes, and the high on/off
ratio is due to a few interconnectedm-SWCNT channels
as a result of the very thin film used.
CNTs are an ideal candidate for making sensors

because their electronic transport and thermopower
(voltages between junctions caused by an interjunction
temperature difference) are very sensitive to substances

that affect the amount of injected charge.48,49 We
fabricated a biosensor for the detection of dopamine
using the synthesized s-SWCNTs. Dopamine is an im-
portant catecholamine neurotransmitter existing in the
brain and central nervous system of mammals.50 An
abnormal level of dopamine is associated with certain
neurological disorders known as schizophrenia,
Parkinson's disease, and drug addiction.51 Therefore,
the detection and quantification of dopamine plays a
pivotal role in disease diagnosis. Biosensors based on
our s-SWCNTs and normal SWCNTs (n-SWCNTs, with no
transport property selectivity) were fabricated for com-
parison (for details, see Figure S5 and S1.5). The current�
voltage (C�V) characteristics of these sensors were re-
corded in a solution of 6 � 10�3 mol/L PBS (pH = 7.2)
between�1 and 1 V with a scan rate of 10 mV/s and a
sample interval of 1 mV. Figure 5a demonstrates the
typical real time changes in current (ΔI/I0) due to the
adsorption of dopamine molecules. The s-SWCNT-
based device exhibited a very low dopamine detection
limit of 10�18 mol/L, which is several orders of magni-
tude lower than the values previously reported.52�55

As shown in Figure 5b, the s-SWCNT-basedbiosensor
gives a positive shift (∼0.1 mV) in VGS, indicating a typical
p-doped (hole-transporting) behavior of s-SWCNTs.56,57

Figure 5. (a) Typical real time current (ΔI/I0) changes with dopamine concentration in a PBS solution for biosensors based on
s- and n-SWCNTs. (b) Typical IDS�VGS curves of the s-SWCNT and n-SWCNT-based biosensors. (c) IDS�VDS curves for the
s-SWCNT-based biosensor and (d) n-SWCNT-based biosensorwith VGS ranging from�0.1 to 0.5 V using PBS solution as a gate
electrode.
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The drain-to-source current of the s-SWCNT-based bio-
sensor (IDS, Figure 5c) decreasedwith an increaseof gate
VGS, which is characteristic of a liquid ion gate FET,58

suggesting the obvious p-doped feature of s-SWCNTs,
while the IDS of the n-SWCNTs (Figure 5d) showedonly a
slight decrease under the same increasing VGS rate. The
biosensor based on n-SWCNTs has a detection limit 3
orders of magnitude lower than that of the s-SWCNT
counterpart, and its VGS and IDS did not change signifi-
cantly due to the coexistenceofm- and s- SWCNTs. It has
been reported that the response of CNT-based biosen-
sors to dopamine is likely caused by the aromatic
catecholaminemolecules of dopamine inducingp-doping
(or an increase of hole concentration) in SWCNTs since
dopamine can strongly interact with the graphitic layer
of SWCNTs through a strong π�π interaction.59,60

Based on theoretical calculations,56,57 the Fermi level of
s-SWCNTsshifts close to thevalencebanddue to their easy
p-doping feature, which leads to the enrichment of hole
carriers in the nanotubes and an increase of sample
conductance. For m-SWCNTs, a small shift of the Fermi
level does not result in a substantial change in the

density of states at the Fermi level and, thus, in charge
carriers in the nanotubes. Therefore, the biosensor based
on s-SWCNTs is much more sensitive than that based on
n-SWCNTs.

CONCLUSIONS

In summary, high-quality, highly concentrated
s-SWCNTs were prepared in bulk by in situ selective
hydrogen etchingm-SWCNTs in a floating catalyst CVD
growth process. The obtained s-SWCNTs show a very
high oxidation resistance temperature of∼800 �C due
to their good structural integrity. TFT devices based on
the s-SWCNTs demonstrated a high on/off ratio of
4.0 � 105 (with a carrier mobility of 7.0 cm2 V�1 s�1)
and carrier mobility of 21.1 cm2 V�1 s�1 (with an on/off
ratio of 1.1 � 104). A biosensor fabricated using the
s-SWCNTs showed a very lowdopamine detection limit
of 10�18 mol/L in PBS solution at room temperature.
Our work demonstrates a scalable, simple approach to
the selective synthesis of high-quality s-SWCNTs that
can be potentially used in high-performance transis-
tors, sensors, and other electronic devices.

EXPERIMENTAL SECTION
Synthesis of s-SWCNTs. The SWCNTs were synthesized using a

FCCVD method, and the detailed synthesis procedure is de-
scribed in our previous reports.12,29 Briefly, ferrocene and sulfur,
which respectively serve as the catalyst precursor and growth
promoter, were pressed into a tablet and placed at the up-
stream of a quartz tube reactor in a horizontal tubular furnace.
Hydrogen was used as the carrier gas. When the furnace
temperature reached 1100 �C, themixed ferrocene/sulfur tablet
(S = 0.5 wt %) was moved to a position with a temperature
of ∼85 �C, and the sublimated matter was transported into the
reaction zone by hydrogen flow. At the same time, 30 sccm CH4

flow was introduced as a carbon source for SWCNT growth. The
products were collected at the downstream of the quartz tube
reactor. After a growth time of 30 min, the furnace was cooled
naturally to room temperature under the protection of a H2 flow.

We studied the effect of hydrogen flow rate on the structure
and properties of SWCNTs. With CH4 flow of 30 sccm, catalyst
precursor sublimation temperature of 85 �C, and growth tem-
perature of 1100 �C unchanged, we used hydrogen flows of 500,
1000, 2000, 3000, and 4000 sccm (denoted 1#, 2#, 3#, 4#, and 5#,
respectively) for the growth of SWCNTs. In order to further
confirm the hydrogen etching effect, we also performed com-
parative experiments using helium as carrier gas instead of
hydrogen, and the detailed synthesis process is described in the
Supporting Information (S1.1).

Characterization. The morphology, structure, and electrical
transport properties of the as-synthesized SWCNTs were char-
acterized using SEM, TEM, multiwavelength laser Raman spec-
troscopy, absorption spectroscopy, and FETmeasurements. The
detailed sample characterization processes are described in the
Supporting Information (S1.6). The oxidation resistance of the
samplewas evaluatedby thermogravimetric (TG) analysis with a
thermogravimetric analyzer (NETZSCH STA 449C). It is well-
known that Fe catalyst particles can catalyze the oxidation of
SWCNTs in oxidizing environments. To reveal the intrinsic
oxidation resistance of SWCNTs, the as-synthesized SWCNTs
were purified prior to the TG analysis.29 The detailed purification
process is described in the Supporting Information (S1.2).

Biosensors. The as-synthesized s-SWCNTs were directly col-
lected using a rolled aluminum foil at the downstream of the

quartz tube reactor, where they were deposited. After a low-
temperature oxidation, the SWCNT films were transferred to
a polyethylene terephthalate (PET) surface by a stamping
method61 and treated in HCl to remove catalyst particles. The
film was cut into small pieces of 1 cm � 2 cm and then
connected to a chip carrier using small copper wires at two
different points by conductive silver epoxy. More details of the
fabrication process of the s-SWCNT films can be found in
Supporting Information (S1.5). The operating mechanism of
the s-SWCNT sensors presented here is based on changes in their
electrical conductivity due to charge transfer induced by the
adsorption ofmolecules acting as donors or acceptors48,49,60,62,63

on the SWCNT surface. The sensing experiments were performed
using trace amounts of dopamine dissolved in PBS at room
temperature. Sensors based on both s-SWCNTs and n-SWCNTs
were tested for comparison (more details are presented in S3).
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