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ABSTRACT The coexistence of semiconducting and metallic
single-walled carbon nanotubes (SWNTs) during synthesis is one
of the major bottlenecks that prevent their broad application for the
next-generation nanoelectronics. Herein, we present more under-
standing and demonstration of the growth of highly enriched
semiconducting SWNTs (s-SWNTs) with a narrow diameter distribu-
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selective elimination of metallic SWNTs (m-SWNTs) from the mixed arrays grown on quartz is diameter-dependent. Our method emphasizes controlling the

diameter distribution of SWNTs in a narrow range where m-SWNTs can be effectively and selectively etched during growth. In order to achieve narrow

diameter distribution, uniform and stable Fe—W nanoclusters were used as the catalyst precursors. About 90% of as-prepared SWNTs fall into the diameter

range 2.0—3.2 nm. Electrical measurement results on individual SWNTs confirm that the selectivity of s-SWNTs is ~95%. The present study provides an

effective strategy for increasing the purity of s-SWNTs via controlling the diameter distribution of SWNTs and adjusting the etchant concentration.

Furthermore, by carefully comparing the chirality distributions of Fe—W-catalyzed and Fe-catalyzed SWNTs under different water vapor concentrations,

the relationship between the diameter-dependent and electronic-type-dependent etching mechanisms was investigated.
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arbon nanotubes (CNTs), especia-
Clly single-walled carbon nanotubes
(SWNTs), are promising candidates

for the development of electronic devices
beyond silicon because of the unique struc-
ture and outstanding properties.' > SWNTs
can be either semiconducting or metallic,
denoted as s- and m-SWNTs, respectively.
Particularly, s-SWNTs can be used as the
channels in field-effect transistors (FETs).
However, a major bottleneck for the broad
application of SWNTs is the coexistence of
s- and m-SWNTs in as-synthesized samples,
the latter of which can cause low on/off ratios
in FETs. Therefore, obtaining pure s-SWNTs is
a significant challenge for the research field.
Over the past decade, great progress has
been made trying to solve this problem.
Many research groups developed various
separation methods to obtain either pure
s-SWNTs or pure m-SWNTs.'>"*~"8 How-
ever, these approaches often result in
short tube length, high defect density, or
contaminations of SWNTSs, which may affect
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the performance of nanotube-based de-
vices. As an alternative, the chemical vapor
deposition (CVD) method has been proven
to be a reliable and effective way to directly
synthesize s-SWNTs with high quality on
target substrates. Previously, both theoreti-
cal and experimental studies showed that
m-SWNTs are more reactive than s-SWNTs
due to the lower ionization energy.'® '
Accordingly, different strategies have been
developed to selectively eliminate m-SWNTs
from the as-prepared nanotubes with mixed
electronic structures made by the CVD meth-
od, including using etchants such as metha-
nol,?? oxygen,”® water,>*?*> and hydrogen,®®
applying isopropyl alcohol as the —OH-
containing carbon feedstock,?” introducing
UV light during growth,?® or choosing oxi-
dative catalyst supports.”® However, some
recent studies reported that the etching
of SWNTs is not only electronic-type-
dependent but also diameter-dependent. 3"
Particularly, our group discovered that there
is a very narrow “optimal range” of SWNT
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diameter under certain etching conditions where most
m-SWNTs are eliminated while s-SWNTs survive, and
for SWNTs with diameters out of the “optimal range”,
no obvious selectivity is observed.*> These facts indi-
cate that the electronic-type-dependent and dia-
meter-dependent etching mechanisms may entangle
together during growth, which makes the selective
synthesis of s-SWNTs more complex since both mec-
hanisms should be taken into consideration.

In this study, an effective approach was developed
to successfully synthesize highly selective s-SWNTs
with a narrow diameter distribution. It has been sug-
gested that there is a positive correlation between
the diameters of SWNTs and the size of the catalyst
particles.>*~3% Therefore, a possible way for controlling
the diameter of SWNTs is to select a catalyst that can be
uniformly dispersed on the substrate surface. In our
typical CVD growth method, iron is used as the catalyst
because of its high nucleation activity. However, Fe
nanoparticles have a relatively low melting point
among metals and could be in the liquid state with
considerable mobility under high temperature during
CVD growth (900 °C),*” which results in a broad dis-
tribution of the catalyst particle size according to the
Ostwald ripening mechanism.®® Recently, it was re-
ported that tungsten-containing nanoclusters are not
only uniform in size but also stable during CVD synthe-
sis due to the high-temperature stability of W.3° Thus, in
the present work, an Fe—W nanocluster was chosen as
the catalyst precursor to obtain diameter-controlled
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SWNTs on the quartz substrate. It is discovered that
by applying water vapor as the etchant to the growth
environment, the selectivity of s-SWNTs reaches
up to ~95% on quartz based on results from electrical
measurement and in situ optical spectroscopy on
individual nanotubes.*® By comparing the selectivity
of Fe—W-catalyzed and Fe-catalyzed SWNTs grown
under different etching conditions, the relationship
between the electronic-type-dependent and diameter-
dependent etching mechanisms was revealed.

RESULTS AND DISCUSSION

In order to obtain information on the size distribu-
tion of the catalyst particles, the molecular nano-
clusters Naq¢K;2[Hs6PsWagFe250245] - 90H,0 (denoted
as Fe—W clusters) were synthesized and dispersed on
a SiO,/Si substrate (see Methods section for details).
The clusters were annealed in the air and then reduced
in hydrogen. For comparison, an FeClz solution was
also prepared and treated under the same condition to
form Fe nanoparticles. A typical CVD growth procedure
of 15 min was performed using both catalyst pre-
cursors. Afterward, areas between nanotubes were
imaged by atomic force microscopy (AFM). The reason
for treating the nanoparticles under the same CVD
growth conditions is to confirm whether the Fe—W
nanoparticles have a more uniform size distribu-
tion during and after the high-temperature process
(including both the catalyst reduction and growth
steps). Figure 1 shows the AFM images and size

Average Size=1.80 nm
Standard Deviation=0.52
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Size (nm)

Figure 1. AFMimages for Fe—W (a) and Fe (c) nanoparticles on the SiO,/Si substrate. Size distributions for Fe—W (b) and Fe (d)
nanoparticles after CVD growth for 15 min at 900 °C. Over 100 particles were measured for each sample.
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Figure 2. (a) SEM image of Fe—W-catalyzed SWNTs synthesized on a quartz substrate with a water vapor concentration of
522 ppm. (b) Raman spectra of Fe—W-catalyzed SWNTs showing RBM peaks, D bands, and G bands under an excitation laser of
633 nm. (c, d) Diameter distributions of Fe—W-catalyzed SWNTs (c) and Fe-catalyzed SWNTs (d) measured by AFM.

distributions of the Fe—W (a, b) and Fe (c, d) nanopar-
ticles, respectively. Clearly, Fe—W nanoparticles are
more uniformly distributed on the substrate surface.
It should be noted that in Figure 1 the Fe—W catalyst
nanoparticles are sparse on the substrate compared
with Fe nanoparticles. To clarify the effect of the
catalyst precursor concentration on the particle size
distribution, we performed another group of experi-
ments, where the FeCl; solution was diluted to 1/10 of
the original concentration and then spin-coated onto
the substrate. As shown in Figure S1, both the average
size and standard deviation of as-prepared Fe nano-
particles slightly decreased compared with those from
the undiluted solution. However, these values are still
larger than those of Fe—W nanoparticles, and some
aggregations can be observed. This fact indicates
that even though the concentration is playing a role,
the intrinsic property of the catalyst nanoparticles
is a crucial factor determining their size distribution.
Because of its size uniformity and high-temperature
stability, the Fe—W nanocluster is considered to be
a better catalyst precursor to obtain SWNTs with a
narrow diameter distribution.

Figure 2a shows the scanning electron microscopy
(SEM) image of the horizontally aligned SWNTSs synthe-
sized on a 36° Y-cut quartz substrate using Fe—W
nanoparticles. The SEM images at a higher magnifica-
tion of both Fe—W-catalyzed and Fe-catalyzed SWNTs
are shown in Figure S2. Interestingly, it is found that
Fe—W catalysts tend to nucleate shorter SWNTs with
lower density. The observation could be understood
by considering the relatively slower SWNT nucleation
speed on the Fe—W catalyst than on the Fe catalyst
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due to the decrease of the active Fe component.
Both Fe—W-catalyzed and Fe-catalyzed SWNTs show
some hook-shaped structures (the latter is clear only
when zoomed in), which are found to be a common
phenomenon for SWNTs nucleated by spin-coated
catalysts.*' For Raman characterization and device
fabrication, the as-prepared SWNTs were transferred
from quartz to a SiO,/Si substrate by using the pre-
viously reported polymer-assisted method.?* The low
D/G ratios under the excitation laser of 633 nm for
Raman spectroscopy confirm the existence of SWNTs
(Figure 2b). Note that not all nanotubes show radial
breathing mode (RBM) peaks. According to the Kataura
plot, under 633 nm laser excitation the expected
Raman shift frequency (w) ranges from 120 to
170 cm ™" for s-SWNTs and from 180 to 230 cm ™" for
m-SWNTs. On the basis of the experimental relation-
ship w = 248/d (d is the diameter in nm), s-SWNTs
and m-SWNTs that can be detected are estimated to be
within the diameter ranges 1.5—2.1 and 1.1-1.4 nm.
The result indicates that the diameters of some nano-
tubes are out of the ranges mentioned above, leading
to fewer RBM peaks in Figure 2b. As determined by
AFM, the Fe—W-catalyzed SWNTs show a narrower
diameter distribution (Figure 2c) compared to Fe-
catalyzed SWNTs (Figure 2d). The AFM images for
Fe—W-catalyzed SWNTs and Fe-catalyzed SWNTs are
shown in Figure S3. The average diameter of as-
prepared SWNTs is larger than the previously reported
average diameter of tubes grown on quartz, which is nor-
mally 1.2—1.6 nm, and the observation can be attributed
to two possible reasons: on one hand, the present Fe—W
catalyst favors the nucleation of SWNTs with larger
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Figure 3. (a) Schematicillustration of an individual tube FET device. (b) SEM image of an individual tube device with a channel
length of 2 um. (c) Transfer characteristics of a semiconducting SWNT (black line) and a metallic SWNT (red line). (d—f)
Histograms of the on/off ratio of each individual tube device based on Fe—W-catalyzed SWNTs synthesized without water
vapor (d), with a water vapor concentration of 1036 ppm during growth (e), and with a water vapor concentration of 594 ppm

after growth (f).

diameter, and on the other hand, smaller diameter
SWNTs are generally more reactive because of the
strain and thus are more easily eliminated from the
mixed array.

Electrical measurements of FETs based on individual
SWNTs were performed to evaluate the selectivity of
as-synthesized SWNTs. In a typical process, the fabrica-
tion of FETs was conducted on SiO,/Si substrates with
280 nm SiO, dielectrics. The channel length was 2 um
(see Method section for details). Highly doped Si was
used as the back gate, and the source—drain voltage
was 10 mV. Figure 3a and b show the schematic illustra-
tion and SEM image of a representative device. The
electron transfer characteristics of an m-SWNT (red line)
and an s-SWNT (black line) are provided in Figure 3c.
The statistics of on/off ratios of Fe—W-catalyzed
SWNTSs synthesized without water vapor are shown in
Figure 3d. Out of the 30 devices, 10 transistors were
found to have on/off ratios lower than 10, which
indicates the metallic properties of the corresponding
SWNTs. Considering the fact that m-SWNTs should
account for 1/3 of all the tubes if the nanotubes with
each chirality have equal opportunities to grow during
CVD synthesis, using only Fe—W catalysts does not
obviously result in selective enrichment of s-SWNTs.
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When an appropriate amount of water vapor
was introduced into the CVD system during synthesis,
a significant increase in the selectivity was observed.
Figure 3e shows the statistics of the on/off ratios of
devices based on SWNTs synthesized under the same
growth condition as in Figure 3d except the addition of
water vapor with a concentration of 1036 ppm during
synthesis. The statistics of the on-state current of each
device are shown in Figure S4 to demonstrate that
the devices are of good performance. Two SWNTs with
an on/off ratio lower than 10 were identified out of
39 randomly selected nanotubes. On the basis of this
result, the ratio of s-SWNTs is roughly estimated to
be ~95%. To have a more complete understanding,
different etching conditions were tested on the Fe—
W-catalyzed SWNTs, and it was found that high selec-
tivity can be reproducibly obtained either by in situ or
postsynthesis water vapor treatment. For instance, it is
shown in Figure 3f that the ratio of s-SWNTs is ~90%
for Fe—W-catalyzed SWNTs treated with water vapor
(concentration = 594 ppm) for 20 min after CVD
growth. It was also noticed that an excessive amount
of etchant will cause a decrease in the selectivity. As
shown in Figure S5, when the water vapor concentra-
tion during CVD growth was increased to 2629 ppm,
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Figure 4. (a) SEM image of a multiple-tube device with a channel length of 2 um. (b) Transfer characteristics of a
representative multiple-tube device. (c, d) Histograms of the on/off ratio of each multiple-tube device based on Fe—
W-catalyzed (c) and Fe-catalyzed (d) SWNTs under optimized water vapor concentration during growth.

the ratio of s-SWNTs dropped to ~70%. This is con-
sistent with the result in our previous publication.?
A possible explanation for such an observation is that
both m- and s-SWNTs can be oxidized under high
water vapor concentrations, and consequently, the
etching is no longer selective toward the electronic
structures of SWNTSs.

The other important factor identified in achieving
high selectivity growth of s-SWNTs is the narrow
diameter distribution. To demonstrate the diameter-
dependent effect, Fe—W-catalyzed SWNTs were com-
pared to Fe-catalyzed SWNTSs using the electrical mea-
surement of an FET device containing 2—12 nanotubes
(see Figure 4a). Figure 4b shows the electron transfer
characteristics of a representative device based on
Fe—W-catalyzed SWNTs, and the on/off ratio is
~80 000. For Fe—W-catalyzed SWNTSs synthesized with
water vapor concentration of 1036 ppm, ~68% devices
showed an on/off ratio larger than 10 (Figures 4c, S6a).
In contrast, for Fe-catalyzed SWNTs with water vapor
etching, only four devices out of 22 (~18%) were
identified to have an on/off ratio above 10, indicating
that the diameter-controlled SWNTs have better sel-
ectivity under the optimized growth conditions (see
Figure 4d and Figure S6b).

The newly developed polarization-based optical
spectroscopy combined with a supercontinuum laser
light source was also used to further demonstrate
the diameter and chirality distributions of individual
Fe—W-catalyzed SWNTs.*® This method has been pro-
ven to offer fast and accurate characterization of the
chirality of SWNTs. Figure S7 shows the optical spectra
of a (21,11) SWNT (a, semiconducting) and a (25,13)
SWNT (b, metallic). The optical spectroscopy further
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confirms that all the as-prepared nanotubes are singe-
walled because multiwalled carbon nanotubes (MWNTSs)
often show coupled spectral features, i.e., more reso-
nant peaks and higher optical signal, which were not
detected in our samples. For each sample, the (n,m)
values of over 50 SWNTs were determined by optical
spectroscopy, and the diameters were calculated ac-
cordingly. Figure 5a shows the diameter and chirality
distributions of Fe—W-catalyzed SWNTs synthesized
with a water vapor concentration of 522 ppm. The
detailed statistics of the (n,m) values are shown in
Table S1 in the Supporting Information. The ratio of
as-prepared SWNTs that fall into the diameter range
from 2.0 to 3.2 nm is ~90%. It should be noted that the
calculated average diameter is larger than that mea-
sured by AFM, and that could be understood by con-
sidering that the interaction between SWNTs and the
substrate/AFM tip might cause the deformation of
the tubes, which is consistent with our earlier study.??
More Fe—W-catalyzed SWNTs under different etching
conditions were characterized, and it was identified
that with a water vapor concentration between 522 and
1036 ppm s-SWNTs account for 81—85% of all the
measured tubes. These ratios are lower than the value
of 95% determined by the electrical measurement on
individual SWNTs (water vapor concentration = 1036
ppm). The difference can be explained as follows: the
“semimetallic” SWNTs (n — m = 3i, and i is an integer)
having small band gaps may show an on/off ratio larger
than 10.*? In fact, according to Table S1, only one tube
out of 52 has the armchair structure (n = m), and the
semiconducting and semimetallic SWNTs account for
~98% of all the tubes. For comparison, the chiralities of
Fe-catalyzed SWNTs with water vapor etching during
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Figure 5. (a) Diameter and chirality distributions of the Fe—W-catalyzed SWNTs under a water vapor concentra-
tion of 522 ppm. (b) Diameter and chirality distributions of the Fe-catalyzed SWNTs under a water vapor concentra-
tion of 496 ppm. (c) Schematic illustration of the diameter-dependent and electronic-type-dependent etching

mechanisms.

growth (496 ppm) were also mapped out. A much
broader diameter distribution was observed, as shown
in Figure 5b (this figure was modified from our pre-
vious publications).3>*° The diameter range for the best
selectivity is found to be approximately from 1.2 to
2.2 nm, where ~80% tubes are categorized to be
s-SWNTs based on the (n,m) values. However, the
growth and etching conditions do not demonstrate a
selective effect for SWNTSs out of this range, resulting in
the low overall s-SWNT percentage. Interestingly, it was
also noticed that the “best selective ranges” of the
diameters for the Fe—W-catalyzed and Fe-catalyzed
SWNTs mentioned above are different under the water
vapor etching conditions around 500 ppm. This fact
implies that the catalysts could have more functions,
such as predetermining the structures of nucleated
nanotubes or affecting the etching reaction, than just
controlling the diameter of SWNTs. Details on the roles
of catalysts are worth further study and have already
been under way in our group.

To better elucidate the correlation between the
diameter-dependent and electronic-type-dependent
etching mechanisms, the chirality and diameter dis-
tributions of Fe-catalyzed SWNTs synthesized under
different growth conditions were also carefully inves-
tigated. Figure S8 shows the diameter and chirality
distributions of SWNTs synthesized without water
vapor (a) and with a considerable amount of water
vapor (2541 ppm) (b) (Figure S8a was modified from
our previous publication).3? It is shown in Figure S8a

LI ET AL.

that Fe-catalyzed SWNTs synthesized without water
vapor do not have any overall selectivity, which is
similar to the electrical measurement result on the
corresponding Fe—W-catalyzed SWNTs. Nevertheless,
it was found that as-prepared SWNTs with a diameter
smaller than 1.4 nm are all semiconducting. A possible
reason for such a fact is that the carbon feedstock,
ethanol, contains the —OH group and can act as a weak
etchant. It was reported that small-diameter SWNTs are
more reactive than large-diameter counterparts be-
cause of the higher curvature.3%**#* Therefore, small-
diameter m-SWNTs were the first to be removed under
this growth condition. When the water vapor concen-
tration was increased to 2541 ppm, SWNTs with a
diameter smaller than 2.8 nm show no selectivity.
However, all m-SWNTs with a diameter larger than
2.8 nm disappear, and the only two SWNTs detected
are semiconducting. The difficulty in finding more
s-SWNTs is due to the fact that for the diameter range
larger than ~3.0 nm m-SWNTs seem to have a higher
chance of being nucleated, as clearly shown in
Figures 5a,b and S8a, and this observation also implies
that if the diameter of most SWNTs could be tuned to
larger than 3.0 nm, high selectivity for m-SWNTs could
be achieved. This set of data indicates that the diameter
range within which selectivity was observed tends to
upshift as the water vapor concentration increases.
Figure S9 summarizes the selective etching window
for Fe-catalyzed SWNTs under different water vapor
concentrations, in agreement with this conclusion.
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Thus, the relationship between the diameter-
dependent and electronic-type-dependent etching me-
chanisms can be summarized as follows: (i) For SWNTs
with a predefined diameter, there is a “selective etching
window” of the water vapor concentration under which
high selectivity can be achieved. The water vapor con-
centrations below the range are not strong enough to
totally eliminate the m-SWNTs (underetching), and the
ones above this range might oxidize SWNTs with both
electronic structures, which makes the etching reaction
no longer selective (overetching). (i) The “selective
etching window” is diameter-dependent due to the
difference in strains. In the meantime, it should also be
pointed out that the proposed rules do not necessarily
apply to carbon nanotubes with a high defect density,
such as MWNTs, where the etching reaction might be
mainly defect-dependent. The schematic illustration for
the as-stated mechanisms is summarized in Figure 5c. As
a result, for SWNTs with a broad diameter distribution,
selective etching was observed only within a narrow
diameter range under a certain growth condition. By
controlling the diameter using the Fe—W catalysts, an
effective etching concentration window can be identi-
fied to obtain a high selectivity of s-SWNTs.

METHODS

Preparation of Nanocluster Catalyst Precusors. The Fe—W nano-
clusters were synthesized according to previous literature.*>¢
A 15 mg amount of polystyrene-b-poly(2-vinylpyridine) was
dispersed in 15 mL of toluene to form micelles, and ~1 mg of
nanoclusters was subsequently added. The suspension was
vigorously stirred for 7 days and spin-coated onto the substrate
for CNT growth. For the control group, ~1 mg of FeCl; was used
with other conditions being the same.

Growth of Horizontally Aligned SWNTs on the Quartz Substrate. The
quartz substrates with catalyst precursors were annealed in the
airat 775 °Cin a 1 in. Linderberg furnace for 30 min to remove
polymers before cooling to room temperature. Then the fur-
nace was heated to 775 °C, and the catalyst precursors were
reduced under a H, flow at 367 sccm for 15 min. For a typical
CVD growth process, a H;, flow at 279 sccm, an Ar flow at
70 sccm through an ethanol bubbler, and another Ar flow at
varied rates (0, 30, 65, and 231 sccm) through a water bubbler
were introduced to the system. The bubblers were kept in a
mixture of ice and water to maintain a constant temperature
around 0 °C. The growth lasted for 15 min at 900 °C. The system
was cooled to room temperature with the protection of H,.

Characterization. A scanning electron microscope (FEI XL30
S-FEG, operated at 1.5 kV), an atomic force microscope (Digital
Instruments Multiple Mode SPM Nanoscope llla, operated at
tapping-mode), and a micro-Raman spectroscope (Horiba Jobin
Yvon LabRam ARAMIS) were used for the characterization of
SWNTs synthesized. The wavelength of the excitation laser for
Raman spectroscopy was 633 nm. The optical imaging and
spectroscopy for the chirality distribution of SWNTs followed
the previously stated approach.*®

Fabrication and Measurement of Back-Gate Field-Effect Transistors.
The SWNTs on quartz were transferred from quartz to a SiO,/Si
substrate with a 280 nm oxide layer by using the previously
reported polymer-assisted method.?? Electrodes were pat-
terned by e-beam lithography with a channel length of 2 um.
Ti (1.2 nm)/Pd (20 nm)/Au (40 nm) were deposited by e-beam
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CONCLUSION

In conclusion, horizontally aligned s-SWNTs with a
high selectivity were successfully obtained on a Y-cut
quartz substrate by the strategy of combining diameter
control and electronic-type-selective etching. Statistics
on electrical measurement of individual SWNTs show
that the selectivity can reach up to ~95%. The compar-
ison between the performances of FETs based on Fe—W-
catalyzed and Fe-catalyzed SWNTs verified that the
diameter control is a critical factor in obtaining highly
selective s-SWNTSs. The newly developed optical imaging
technique further confirms that the as-prepared SWNTs
are of high selectivity and uniform diameter when Fe—W
catalysts are used. In addition, the relationship between
the diameter-dependent and electronic-type-dependent
etching mechanisms was proposed by systematically
exploring the diameter and chirality distributions of
Fe—W-catalyzed and Fe-catalyzed SWNTs under different
etching conditions. Although detailed mechanisms on
the etching reaction might vary due to different catalysts,
substrates, and carbon feedstocks, we believe that this
method could potentially become a general approach to
obtain s-SWNTs with high purity.

evaporation. Another lithography step was taken to remove
SWNTs outside the channel by oxygen plasma. The electrical
measurement was performed by a Keithley 4200-SCS semicon-
ductor characterization system. The gate voltage was 10 mV.
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under different water vapor concentrations, chiralities of Fe—
W-catalyzed SWNTSs synthesized with a water vapor concentra-
tion of 522 ppm. This material is available free of charge via the
Internet at http://pubs.acs.org.
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