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ABSTRACT: Semiconducting single-walled carbon nano-
tubes (s-SWCNTs) with a mean diameter of 1.6 nm were
synthesized on a large scale by using oxygen-assisted floating
catalyst chemical vapor deposition. The oxygen introduced
can selectively etch metallic SWCNTSs in situ, while the
sulfur growth promoter functions in promoting the growth
of SWCNT's with a large diameter. The electronic properties
of the SWCNT's were characterized by laser Raman spec-
troscopy, absorption spectroscopy, and field effect transistor
measurements. It was found that the content of s-SWCNTs
in the samples was highly sensitive to the amount of oxygen
introduced. Under optimum synthesis conditions, enriched
s-SWCNTs can be obtained in milligram quantities
per batch.

ingle-walled carbon nanotube (SWCNT)-based high-perfor-

mance electronic devices are one of the most appealing
applications of carbon nanotubes (CNTs)." It is highly important
and challenging to selectively prepare semiconducting SWCNT's (s-
SWCNTs), since SWCNTs synthesized by conventional methods
are usually a mixture of s-SWCNTs and metallic SWCNTs (m-
SWCNTs).> Considerable research effort has been dedicated to
preparing s-SWCNTs by in situ ultraviolet radiation,” tuning of the
carbon source® and growth temperature,® plasma enhancement,’
optimization of the composition and pretreatment of catalysts,” and
postsynthesis treatments.” The drawback of the post-treatment
methods is that contamination and defects are inevitably introduced.
On the other hand, the reported direct synthesis of s-SWCNTs is
usually realized by surface growth, yielding a very limited amount of
sample. In addition, the performance of SWCNT-based field effect
transistors (FETs) depends greatly on the diameter of the
SWCNTs,”*” and an appropriate and narrow diameter distribution
of s-SWCNTs is critical to achieve the desired performance and
uniformity of the devices fabricated. Although the preparation of
specific (n, m) enriched SWCNTs has been reported, the coex-
istence of m-SWCNT's cannot be excluded. And the diameters of
these SWCNT's are usually smaller than 1.0 nm, which is considered
too small for assembling electronic devices.”*’ Here we report a

v ACS Publications ©2011 American chemical Society

selective synthesis of s-SWNTs with a narrow and suitable diameter
distribution in milligram quantities by oxygen-assisted floating
catalyst chemical vapor deposition (FCCVD), where oxygen is
used to selectively etch m-SWCNTs in situ, and the sulfur growth
promoter functions to enhance the growth of SWCNTs and tune
their diameter. Under optimized conditions, samples containing
~90% s-SWCNT's with diameters largely in the range 1.4—1.8 nm
were obtained.

The details of the synthesis procedure are described in
Supporting Information (SI) 1.1. Briefly, ferrocene and sulfur,
which serve as a catalyst precursor and growth promoter,
respectively, were pressed into a tablet and placed upstream of
a quartz tube reactor inserted into a tubular furnace. The
vaporized ferrocene and sulfur were carried into the reaction
zone by mixed H, (carrier gas), CH, (carbon source), and O,
(oxidant) for the growth of the SWCNTs. SWCNT thin films
were collected at downstream of the reactor or from the filter
connected to the tail gas pipe. The as-prepared SWCNT's were
purified by heat treatment in air at 200 °C for 2—5 h and a
following hydrochloric acid immersion (see SI 1.2 for details).
The structure and electronic properties of the purified SWCNT's
were characterized using transmission electron microscopy
(TEM), laser Raman spectroscopy, absorption spectroscopy,
and FET measurements.

Figure 1a and b are representative TEM images of the SWCNT's
prepared by the oxygen-assisted FCCVD. It can be seen that the
SWCNTs are rather straight and there is almost no amorphous
carbon attached to the tube surface. Diameters of ~160 SWCNT's
were measured by TEM, and the resultant histogram of the diameter
distribution is plotted in Figure 1c. The diameters are largely centered
in the range 1.4—1.8 nm. A mean diameter of 1.6 nm was obtained,
much larger than those of HIPCO and CoMoCAT SWCNTs. The
larger diameter of the SWCNT's can be attributed to the addition of
the sulfur growth promoter, which functions by facilitating the
localized nucleation of SWCNTs and yielding CNTs with large
diameters.'” Tt has been reported that the optimum diameter
distribution of s-SWCNTs for fabricating FETs is 1.6—2.0 nm,
because such CNTSs can provide band gaps that lead to high on/oft
ratios and good electrical contacts owing to the low tunneling barriers

Received:  January 27, 2011
Published: March 16, 2011

5232 dx.doi.org/10.1021/ja2008278 | J. Am. Chem. Soc. 2011, 133, 5232-5235



Journal of the American Chemical Society

COMMUNICATION

04
08 10 1.2 14 16 1.8 20 22 24 26 28 30

Diameter (nm)

Figure 1. (a and b) Typical TEM images of the SWCNTs prepared by
the FCCVD, showing their high quality; scale bar: 10 nm. (c) A
histogram showing the diameter distribution of the SWCNTs.
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Figure 2. (a, b, and c) Raman spectra of the 0- (blue), 0.1- (green), 0.2-
(orange), 0.3- (red), and 0.4- (pink) SWCNT samples excited with laser
wavelengths of 633, S14, and 785 nm, respectively. The regions
corresponding to semiconducting transitions are labeled as S;;, and
S33,44 (shaded blue), and the first-order metallic transition is labeled as
M, (shaded pink). The Raman spectra were normalized according to
the G-band intensity.

and Schottky barriers.”*” Therefore, these SWCNTs with a larger
diameter may be more applicable for assembling electronic devices.

Our previous work showed that the existence of a small amount
of oxygen can 1ntroduce structural defects in m-SWCNTs synthe-
sized by FCCVD.* Hydroxyl radicals might be formed preferentially
on the side wall of m-SWCNTs because of their relative smaller
ionization potential.” Therefore, it would be possible to completely
remove m-SWCNTs and produce pure s-SWCNTs on a large scale
by using this oxygen-assisted FCCVD, if suitable in situ oxidation
conditions could be found. Therefore, we studied the effect of the
oxygen flow rate on the structure and properties of SWCNT's. With
a H, flow of 500 sccm, CH, flow of 3 sccm, and growth temperature
of 1100 °C maintained, oxygen flows of 0, 0.1, 0.2, 0.3, and 0.4 sccm
were explored for the growth of SWCNTSs. The SWCNT samples
thus obtained are denoted as 0-SWCNT, 0.1-SWCNT, 0.2-
SWCNT, 0.3-SWCNT, and 0.4-SWCNT hereafter.

These samples were examined by laser Raman spectroscopy with
excitation wavelengths of 633, 514, and 785 nm. Figure 2a—c present
the Raman spectra of the five samples, where the RBM peaks
originating from m- and s-SWCNTs are highlighted according to
the Kataura plot."" In Figure 2a, we can see that the RBM peak
intensities of m- and s-SWCNTs, located at ~110 and 240 cm™ , are
similar for the 0-SWCNT sample. And the highest RBM peak
intensity ratio of s-/m-SWCNTs is achieved for the 0.2-SWCNT
sample, in which the signal of m-SWCNTs becomes almost
undetectable. In Figure 2b, the RBM peaks originating from
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Figure 3. (a) Absorption spectra of the O- (blue), 0.1- (green), 0.2-
(orange), 0.3- (red), and 0.4- (pink) SWCNT samples, and the inset shows
enlarged absorption spectra of the 0- and 0.2-SWCNTs. The labels S;; and
S, (shaded blue) indicate the excitonic optical absorption bands of
s-SWCNTs, and the M, label (shaded pink) corresponds to the first-
order transition of m-SWCNTs. The spectra were offset for clarity, but the
intensity scale is the same for all spectra. (b) Absorption spectra of the 0.1-,
0.2, and 0.3-SWCNT samples with background subtracted.

m-SWCNTs were scarcely observed when an excitation wavelength
of 514 nm was used. According to the Kataura plot, only s-SWCNTs
with diameters of 1.4—1.8 nm can be excited by the 514 nm laser.
Figure 2c shows the Raman spectra of the samples excited by the
785 nm laser. A comparison on the RBM peak intensities of the
samples reveals that the highest s-/m-SWCNT ratio is again achieved
for the 0.2-SWCNT sample. And the G-band of the 0.2-SWCNTs
shows a Lorentzian line shape, which is characteristic of s-SWCNTs
and is quite different from those of other samples. These results
indicate that eﬁectwe enrichment of s-SWCNTs is realized for the 0.2-
SWCNT sample.”” During the oxygen-assisted FCCVD growth of
SWCNTs, the slightly different antioxidation capabilities of m- and
s-SWCNTs allow m-SWCNTs to be preferentially etched and
removed by the in situ oxidation due to their smaller ionization
potential.'> Too active oxidation conditions will lead to simultaneous
loss of s- and m-SWCNTSs and hence decrease the enrichment
efficiency. In this work, an optimum oxygen flow rate of 0.2 sccm
(~0.04% of the total gas flow) is determined for the selective
synthesis of s-SWCNTSs. We note that, although the content of
s-SWCNTs is effectively improved, the m-SWCNT signal was still
detected for the 02-SWCNT sample with an excitation laser
wavelength of 785 nm, as shown in Figure 2c. This is because some
m-SWCNTs with large diameters may remain after the in situ
oxidation process. However, the amount of such m-SWCNTs is very
small, since the Lorentzian line shape indicates that the majority of the
0.2-SWCNT sample is semiconducting.

To further confirm the enrichment of s-SWCNTs in the 0.2-
SWCNT sample, the optical absorption spectra of the five samples
were measured, and the typical UV—vis—NIR spectra obtained are
shown in Figure 3. The spectroscopic characterization was per-
formed using the SWCNT thin films collected from a preset filter
(for details see SI 1.3 and 1.4). As shown in Figure 3a, the peaks
located at 500—900 nm, corresponding to the first van Hove
singularity transition of m-SWCNTs (Mj;)," disappeared for the
0.2-SWCNT sample. This change is more clearly evident in the
inset, where enlarged spectra of 0- and 0.2-SWCNTSs are shown.
This result suggests that the 0.2-SWCNT sample is s-SWCNT
dominant, coinciding well with the Raman characterization. The
broad absorption bands in the spectra originate from the small
SWCNT bundles existing in the SWCNT thin films. To estimate
the relative weight ratio of metallic-to-semiconducting nanotubes in
the SWCNT samples, the background was first subtracted based on
the nonlinear model'* and the resulting spectra are plotted in
Figure 3b. The weight ratios (r) of metallic tubes (Wy;) and
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Figure 4. (a) A representative SEM image of the SWCNT thin film. (b)
Diagram showing the configuration of a TFT (S = source; G = gate; D =
drain). The SWCNT networks were formed on a silicon wafer with a 100-
nm thick SiO, layer thermally grown on the surface, which serves as a gate
dielectric. (c) Typical transport characteristics of the 0- (blue), 0.1- (green),
0.2- (orange), and 0.3- (red) SWCNT-based TFTs: drain current I vs top
gate voltage V,, the bias voltage V4, was maintained at 100 mV. The inset
shows the statistical result of I,,,/I g for the SWCNT-based TFTs.

semiconducting tubes (Ws) were estimated from the corresponding
absorption peak areas using the formula r = Wy,/(Ws + Wyy), and
the detailed calculations are described in SI2. The smallest r value of
0.12 was achieved for the 0.2-SWCNT sample, which is much lower
than that of the 0-SWCNT sample (~0.30), indicating that
m-SWCNTSs have been effectively removed by introducing an
appropriate amount of oxygen. And the content of s-SWCNTs in
the 0.2-SWCNT sample is estimated to be around 90%."

Electrical measurements can provide direct evidence of the
transport properties of SWCNTs.'>'® Thus, thin-film field effect
transistor (TFT) devices based on the SWCNT's were fabricated
(more details are presented in SI 1.5). Figure 4a shows a typical
SEM image of the SWCNT thin film used. It can be seen that an
SWCNT network is formed, and the thickness of the thin film is
about 50 nm. Figure 4b is a diagram showing the structure of an
SWCNT-based TFT. The width of the source and drain electro-
des is 5 um, and the channel between the source and drain is 2
um in width. The gate leakage current associated with the gate
bias is of the order of picoamperes and is therefore negligible.
Four TFTs based on the 0-, 0.1-, 0.2- and 0.3-SWCNT samples
were constructed and measured under identical conditions.
Figure 4c presents the typical transfer characteristics of the
TFTs. For the 0-, 0.1, and 0.3-SWCNT samples, the devices
show on/off ratios of less than 10 due to the coexistence of s- and
m-SWCNTs. However, a much higher on/off ratio of 10* was
achieved for the 0.2-SWCNT sample, indicating a high content
of s-SWCNTs. The inset of Figure 4c shows a statistical plot of
the I, /I g ratios from 50 TFTs based on the 0.2-SWCNT's and
30 TFTs based on the 0-, 0.1-, and 0.3-SWCNTs. It can be seen
that the I,/ of the 0.2-SWCNTs is clearly larger than those of
the other samples. More than 70% of the 0.2-SWCNT-based
TFTs show I,,/I & values larger than 100, and more than 96%
have values greater than 10. These statistics confirm that the
selective synthesis of s-SWCNTs has been realized by the
oxygen-assisted FCCVD.

We also propose a mechanism accounting for the selective
growth of s-SWCNT's by this method as follows: m-SWCNT's are
considered to be more reactive than semiconducting ones due to
their smaller ionization potential.*'* The slightly different antiox-
idation capability between m- and s-SWCNT's makes it possible that
m-SWCNTs be preferentially etched and removed by the in situ
oxidation. And it is critical to find out the appropriate oxidation
conditions that allow removal of m-SWCNTSs while keeping

s-SWCNTs intact. In this study, when a suitable amount of oxygen
was introduced (0.2 scem), samples containing a high percentage of
s-SWCNT's were obtained. It is worth noting that the diameter of
SWCNTs may also influence their antioxidation capability due to
their different curvatures,'” and SWCNTs with larger diameters are
generally more stable. Actually, a few large diameter m-SWCNT's
remaining after the oxidation are detectable by the multiwavelength
laser Raman characterization (Figure 2). Therefore, to further
improve the selective growth efficiency of s-SWCNTs by the
in situ oxidation approach, it is important to have their diameters
well controlled in a narrower range.

In summary, we realized the selective synthesis of large diameter
s-SWCNTs on a large scale using an oxygen-assisted FCCVD. TEM
observations reveal that the diameters of the SWCNTs are largely
located in the range 1.4—1.8 nm, and the relative larger diameter can
be attributed to the tuning effect of a sulfur growth promoter.
Combined laser Raman spectroscopy, absorption spectroscopy, and
TFT characteristic measurements show that an s-SWCNT dominant
sample can be obtained when a suitable amount of oxygen is used,
which functions in preferentially etching m-SWCNTSs during the
synthesis process. These s-SWCNT's with a mean diameter of 1.6 nm
will be promising for electronic device (such as FET) fabrication. The
bulk synthesis allows necessary pretreatment and processing of the
SWCNTs prior to/during the assembly of the devices.
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