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he outstanding potential of using

carbon nanotubes for beyond-silicon

nanoelectronics stems from the fact
that they offer a combination of small size,
high mobility, ballistic transport, and small
intrinsic capacitance.”® However, one of
the major challenges remaining to be solved
is how to make the nanotube electronics
practical and scalable. To address this issue,
the guided chemical vapor deposition
(CVD) growth of horizontally aligned sin-
gle-walled carbon nanotubes on certain
crystalline substrates like quartz and sap-
phire developed by many groups including
our own'®""2 is proven to be a great plat-
form for wafer-scale integration of aligned
nanotubes into circuits and functional elec-
tronic systems.>'*'* Owing to significant
effort devoted to the synthesis of single-
walled carbon nanotubes, high density and
good alignment have been achieved in
previous studies,’ "7 which provide great
advantage on the device performance of
nanotube electronics. However, the coexis-
tence of metallic and semiconducting nano-
tubes still remains a major problem that
hampers further development of nanoelec-
tronics based on carbon nanotubes. To
solve this problem, selective elimination
using electrical breakdown is widely used
for device study.'® However, this technique
hurts the conductivity of nanotubes and is
hardly scalable to systems containing millions
or billions of transistors. Meanwhile, methods
of separating metallic nanotubes from semi-
conducting ones have been studied by using
various approaches.'®~2? However, chemical
separation treatment induces defects in nano-
tubes and leads to contamination, which de-
grades the performance of nanotubes in terms
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The development of guided chemical vapor deposition (CVD) growth of single-walled carbon nanotubes

provides a great platform for wafer-scale integration of aligned nanotubes into circuits and functional

electronic systems. However, the coexistence of metallic and semiconducting nanotubes is still a major

obstadle for the development of carbon-nanotube-based nanoelectronics. To address this problem, we

have developed a method to obtain predominantly semiconducting nanotubes from direct CVD growth.

By using isopropyl alcohol (IPA) as the carbon feedstock, a semiconducting nanotube purity of above

90% is achieved, which is unambiguously confirmed by both electrical and micro-Raman measure-

ments. Mass spectrometric study was performed to elucidate the underlying chemical mechanism.

Furthermore, high performance thin-film transistors with an on/off ratio above 10* and mobility up to

116 an’/(V- s) have been achieved using the IPA-synthesized nanotube networks grown on silicon

substrate. The method reported in this contribution is easy to operate and the results are highly

reproducible. Therefore, such semiconducting predominated single-walled carbon nanotubes could

serve as an important building block for future practical and scalable carbon nanotube electronics.

KEYWORDS: carbon nanotube - semiconducting - controlled synthesis -

transistor - quartz - silicon substrate

of mobility. Therefore, it is very desirable to
achieve controlled growth of semiconducting
nanotubes through CVD directly.

Previously, semiconducting enriched nano-
tubes have been synthesized using techni-
ques such as gas phase® and supported
catalyst CVD.**?® However, those nanotubes
typically come as bundles and consequently
cannot be easily used for nanoelectronic
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Figure 1. Wafer-scale carbon nanotube synthesis using IPA and electrical characteristics of the back-gated nanotube devices;
(a) photograph of a four-inch wafer with aligned nanotubes grown; (b) SEM image of aligned nanotubes grown from IPA
carbon feedstock; (c) schematic and an SEM image of a back-gated IPA-synthesized nanotube transistor; (d) Isp—Vgs curves of
back-gate devices with IPA- and ethanol-synthesized nanotubes; (e) on/off ratio distribution for devices with IPA- and
ethanol-synthesized carbon nanotubes; (f) transfer and (g) output characteristics of a representative back-gated transistor

with IPA-grown carbon nanotubes.

devices and circuits, which would prefer highly aligned
nanotubes distributed over insulating substrates. For this
goal, several groups have reported the synthesis of
predominantly semiconducting nanotubes on flat sub-
strates, including approaches using ethanol/methanol
mixture carbon feedstocks,”” UV irradiation during
CVD,*® and plasma-enhanced CVD.**~3" Nevertheless,
some of those techniques require complicated processes
and the introduction of UV light or plasma may decrease
nanotube density. Moreover, the underlying mechanism
for the selective growth of semiconducting single-walled
carbon nanotubes is not well understood and some
research groups have devoted efforts in this matter of
hot debate. 33 Therefore, more research is needed to
develop a simple and reliable approach for the selective
synthesis of semiconducting nanotubes and to advance
scientific understanding of the mechanism behind such
an approach. Here, we report a facile, robust, and highly
effective approach with the use of isopropyl alcohol (IPA)
to synthesize predominantly semiconducting nanotubes
from CVD directly. Using IPA as the feedstock, arrays of
aligned semiconducting carbon nanotubes have been
grown on quartz substrates up to four-inch wafers. The
percentage of semiconducting nanotubes is confirmed
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to be 97.6% for our best sample and about 90% using
both individual nanotube electrical measurements and
micro-Raman spectroscopy. Furthermore, mass spectro-
metry was used to elucidate the underlying mechanism,
which suggests that the presence of the right amount of
water species from IPA decomposition played a key role
for the selective growth of semiconducting single-walled
nanotubes. It should be noted that we also performed
nanotube synthesis on silicon substrates using our IPA-
based CVD process. As an example of application, we
have fabricated thin-film transistors (TFTs) from the as-
grown IPA-synthesized nanotube networks on silicon
substrate and an on/off ratio over 10* and mobility up
to 116 cm?/(V-s) has been achieved, which represents
one of the best reported performances for TFTs up to
date. The method reported here is facile and robust, and
the results are highly reproducible. It could serve as a
useful platform for practical and scalable carbon nano-
tube electronics.

RESULTS AND DISCUSSION

Figure 1 illustrates our aligned semiconducting car-
bon nanotube synthesis platform and the correspond-
ing electrical performance of the as-grown nanotubes.
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Aligned carbon nanotubes have been successfully
synthesized on both small substrates and four-inch
quartz wafers with IPA as the carbon feedstock, as
shown in Figure 1a,b. A representative scanning elec-
tron microscopy (SEM) image of the nanotubes synthe-
sized from IPA is shown in Figure 1b with an average
density of 4 tubes/um, and AFM characterization sug-
gests a diameter distribution of 1.38 £ 0.23 nm (Figure
S1 in the Supporting Information). After growth, the
nanotubes were transferred from quartz growth sub-
strates to Si/SiO, substrates with 500 nm SiO, using the
method reported in our previous publication,’ fol-
lowed by the deposition of 0.5 nm Ti/50 nm Pd
source/drain metal contacts. Then, the nanotubes out-
side the transistor channel were etched away using
lithography followed by oxygen plasma. The schematic
and an SEM image of a representative device consist-
ing of horizontally aligned arrays of IPA-synthesized
carbon nanotubes are shown in Figure 1c. As a com-
parison, we have also synthesized and studied aligned
nanotubes using ethanol as the feedstock, which
possess a similar nanotube density to IPA-synthesized
samples (Figure S1 in the Supporting Information).
Figure 1d compares the electrical characteristics of
aligned nanotube transistors with IPA- (red trace) and
ethanol-synthesized (blue trace) carbon nanotubes.
Both devices have channel widths of 50 um and contain
approximately 200 nanotubes in the channel. The on/off
ratio for the transistor using IPA-synthesized nanotubes
is 42 as compared to 2.1 for the transistor using ethanol-
synthesized nanotubes. If we follow the method used in
a previous publication?” and assume that the metallic
nanotubes are equally conductive as the semiconduct-
ing ones in their on-state, the percentage of semicon-
ducting nanotubes of the IPA-synthesized nanotube
sample in Figure 1d is estimated to be 97.6%. As a
comparison, the ethanol-synthesized nanotube sample
in Figure 1d contains only roughly 52.4% of semicon-
ducting nanotubes, which is not far away from 67%
semiconducting ratio as predicted by theory and vali-
dated by experiments.® A number of such transistors
using both IPA- and ethanol-synthesized nanotubes
were measured and the on/off ratio distributions were
plotted in Figure 1e. | It is obvious that the average on/
off ratio of the devices using IPA-synthesized nanotubes
is much higher than that using ethanol-synthesized
nanotubes. The medium on/off ratios are 20 and 3.5
for IPA- and ethanol-synthesized nanotubes, respec-
tively. On the basis of the analysis presented above,
one can estimate the percentage of semiconducting
nanotubes to be 95% for IPA-synthesized nanotubes
and 714% for ethanol-synthesized nanotubes. The
transfer characteristics and output characteristics for
representative transistors using IPA-synthesized nano-
tubes are shown in Figure 1 panels f and g, respectively.
Both exhibit p-type behavior and linear /—V curves,
indicating ohmic contacts have been achieved.
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To be more rigorous, the percentage of semicon-
ducting nanotubes is further evaluated by individual
nanotube device measurements as illustrated in Figure 2.
For IPA-synthesized nanotubes, we patterned narrow
channel devices by using a stepper with a 0.5 um
resolution. A typical SEM image of the individual
nanotube transistor is shown in Figure 2a, where the
channel is defined by projection photolithography and
oxygen plasma etching. A large number of such tran-
sistors were fabricated and 38 devices with one in-
dividual nanotube were selected, and their transfer
characteristics were measured as shown in Figure 2b.
For the measurements, the gate voltage (V) was swept
from —20to 20 V with a constant drain bias (Vp) of 0.2 V.
From the results, we found that the percentage of
devices with on/off ratios above 10 is ~90%, which is
much higher than the theoretical 67% semiconducting
nanotubes ratio.>® The typical transfer characteristics
of metallic single nanotube transistor and semicon-
ducting single nanotube transistor are shown in
Figure 2c,d, respectively. The statistics of on/off ratios
and on current of individual nanotube transistors are
shown in Figure 2ef, respectively. Furthermore, the
decent on-current of such individual nanotube tran-
sistors confirms the preservation of good electrical
quality in the IPA-synthesized nanotubes.

Resonant Raman spectroscopy was further used to
characterize the nanotubes from different carbon feed-
stocks. Radial breathing modes (RBMs) were used to
distinguish the semiconducting nanotubes from me-
tallic nanotubes. A number of RBM spectra were
acquired in both IPA and ethanol-synthesized nano-
tube samples by applying lasers with wavelengths
(energy) of 533 nm (2.33 eV), 632 nm (1.98 eV), and
785 nm (1.58 eV). Figure 3 panels a and b show the
Raman spectra recorded with 533 nm excitation line for
IPA- (Figure 3a) and ethanol-synthesized nanotubes
(Figure 3b), respectively. Raman peaks from quartz
substrate are labeled with and asterisk (x). The figures
show that all RBM frequencies distribute from 140 to
180 cm™', which belong to the semiconducting
nanotubes.” This is as expected because the nano-
tubes that are in resonance with 533 nm laser excita-
tion should be semiconducting according to the
diameter distributions of as-grown nanotubes (Figure
S1 in the Supporting Information). In Figure 3c,d, the
RBM spectra scanned using a 632 nm laser reveal that
all RBMs for IPA-synthesized nanotubes lie in the
semiconducting region (Figure 3c), while RBMs for
both semiconducting and metallic nanotubes were
clearly observed in the ethanol-synthesized nanotubes
(Figure 3d), which is consistent with our electrical
measurements on both aligned nanotube arrays and
individual nanotube devices. As for the 785 nm laser,
no obvious RBMs were observed in both samples (data
not shown), probably due to the low power of the
785 nm laser we have. With the information above, we
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Figure 2. (a) SEMimage of a representative individual nanotube device with a 4 um channel length; (b) transfer characteristics
of 38 individual nanotube transistors, with red traces representing the metallic nanotubes and blue traces representing the
semiconducting ones. The percentage of devices with on/off ratio higher than 10 is around 90%. The nanotubes were grown
from IPA CVD; (c) transfer characteristics of a metallic single nanotube transistor; (d) transfer characteristics of a
semiconducting single nanotube transistor; (e) statistics of on/off ratio for individual nanotube devices; (f) statistics of on

current for individual nanotube devices.

further conclude that nanotubes produced from IPA as
carbon feedstock are predominantly semiconducting
ones as compared to ethanol. To examine the quality of
the as-grown nanotubes, the Raman D-band to G-band
ratio at multiple locations for both samples were mea-
sured (Figure S4 in Supporting Information). The results
reveal that the D/G ratios of nanotubes from IPA and
ethanol are similar, ~0.04 on average, indicating overall
very high quality of nanotubes synthesized using both
carbon feedstocks. We note that only nanotubes in
resonance with the laser energy would give Raman
signal. While Raman can be a very useful tool to char-
acterize nanotubes, Raman spectra alone does not pro-
vide definitive conclusion about what kind of nanotubes
are present or not present. We have therefore carried out
extensive electrical measurements on individual nano-
tube transistors, as discussed in Figure 2.

All the results above unambiguously confirm that pre-
dominantly semiconducting nanotubes were produced

CHE ET AL.

by using IPA as the carbon feedstock. While this finding
is immensely useful for device applications using carbon
nanotubes, it is necessary to further understand the
chemical mechanism behind such selective growth beha-
vior. We have performed a mass spectrometric®® study to
compare the CVD processes for both IPA and ethanol, and
the results are shown in Figure 4. We note that mass
spectrometry is a very useful tool to decipher the secret of
nanotube CVD, as has been reported by Harutyunyan's
group and some other groups.3*~*? In this experiment,
mass spectrometry was performed with the Omnistar
from Pfeiffer (model GSD301). In the measurement setup,
the detector was connected to the exhaust port of a one
inch tube CVD system. Using this setup, the species at the
CVD exhaust port for both ethanol and IPA was quantita-
tively measured. Figure 4a presents the intensity versus
mass-to-charge ratio during synthesis. To get accurate
results during synthesis, both hydrogen and argon were
first flowed for 5 min to purge the system of residual air.
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Figure 3. Micro-Raman characterization: (a) RBMs of IPA-synthesized nanotubes and (b) RBMs of ethanol-synthesized
nanotubes using a 533 nm laser; (c) RBMs of IPA-synthesized nanotubes and (d) RBMs of ethanol-synthesized nanotubes

using a 632 nm laser.
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Figure 4. Mass spectra taken at the exhaust of the CVD
system for ethanol (red trace) and IPA (blue trace).

After that, the temperature was increased to 900 °C with
continued flow of hydrogen, and standard CVD was
carried out at 900 °C by flowing argon through an ethanol
or IPA bubbler. A set of mass spectra, taken with a peak at
M/Z = 20 for Ar*" (in Figure 4), was used to normalize
all the curves. We took several mass spectra during the
15-min growth period (blue trace for IPA and red trace for
ethanol), and the data were consistent throughout the
entire synthesis period. Here, the flow rates for both
synthesis processes were 300 sccm of hydrogen and 160
sccm of argon, the same as the growth procedure men-
tioned previously.

On the basis of the mass spectrometric results,
several main species and their relative intensity are
presented in Table 1. The main hydrocarbon species
detected are CH;™, CH,4, and C,H,, while other species

CHE ET AL.

TABLE 1. Normalized Value of Relative Intensity of
Possible Species from Mass Spectrometry of Synthesis
Condition

miz possible species IPA ethanol
15 st 225 6.87
16 H, 27 8.15
18 H,0 0.58 15
26 GH,* 0.049 032
28 GH, 0.75 47
29 GHs ™ 0.152 1

like C;H,™ and C;Hs™ have trivial signals. By calculating
the ratios between the main hydrocarbon species and
water for IPA CVD, we obtained ratios of 3.9,4.7,and 1.3
for CH;™, CH,, and C,H,, respectively. Similarly, for
ethanol CVD, we obtained ratios of 4.6, 5.4, and 3.1
for CH; ", CH,, and C,H,, respectively. Interestingly, we
noted that the hydrocarbon to water ratios are con-
sistently lower in IPA CVD than that in ethanol CVD,
indicating a relatively high concentration of the water
in IPA CVD process. Particularly, we note that the ratios
of C;H,4 to H,0 are significantly different in two sys-
tems, that is, 1.3 for IPA CVD versus 3.1 for ethanol CVD.
As water concentration has a profound effect on the
selective growth of SWCNTs with a given property,*
we believe this is the main difference between the two
systems. Our results suggest that one can selectively
grow predominantly semiconducting nanotubes when
having the right amount of water vapor present in the
CVD environment, and IPA CVD happens to provide
that environment. This is consistent with a recent study
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Figure 5. TFTs using networks of IPA-synthesized nanotubes: (a) SEM image of a nanotube network; (b) SEM image of a back-
gated TFT; (c) transfer and (d) output characteristics of the device in panel b.

where a suitable amount of water was directly intro-
duced into CVD process for the selective growth of
semiconducting single-walled carbon nanotubes** In
contrast, ethanol CVD produces relatively lower water
concentration than IPA CVD, and the preferential growth
of semiconducting nanotubes was not observed.

The mechanism of our observed preferential growth
of semiconducting nanotubes may involve multiple
factors, such as suppression of metallic nanotube
growth and/or selective etching of metallic nanotubes
in the IPA CVD environment after their growth. To
further investigate this point, we performed control
experiments by loading samples predeposited with
separated high purity semiconducting nanotubes
(IsoNanolntegris, 99% purity) and metallic nanotubes
(IsoNanolntegris, 98% purity) into the same IPA CVD
system. The use of such separated nanotubes clearly
distinguishes different behavior of semiconducting
nanotubes with that of metallic ones in the IPA CVD
environment. Another reason of choosing these nano-
tubes is that they have a very low content of metal
residual, which excludes the regrowth of nanotubes
from metal catalysts.'” The separated nanotubes used
in this experiment were extensively washed to remove
surfactants before loading into the CVD furnace. After
the samples went through the standard IPA CVD
process, no noticeable change in their density and
length was observed for both semiconducting and
metallic nanotubes based on the comparison of the
AFM images (Figure S6 in the Supporting Information).
This indicates that the IPA CVD does not provide selective
etching of either metallic or semiconducting nanotubes.
Our results suggest that the selective growth of semi-
conducting nanotubes using IPA carbon feedstock
mostly likely occurs through suppression of the growth
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of metallic nanotubes at the very beginning of nuclea-
tion. This can be understood as short caps of metallic and
semiconducting nanotubes right after nucleation may
have very different chemical reactivity.”®*** We note that
our post-treatment experiments using separated nano-
tubes cannot completely imitate the CVD process of
aligned nanotube growth. As in the CVD process, the
presence of metal catalysts may have influence on the
growth of SWCNTSs with a given property.>® Nevertheless,
our results show that the presence of the right amount of
water in the IPA CVD environment leads to the prefer-
ential growth of semiconducting SWCNTs, which is con-
sistent with some of the previous work regarding the
effect of water species on SWCNT growth,”** albeit with
much difference in experimental details. For instance,
while ethanol alone does not lead to the preferential
growth of semiconducting SWCNTs, previously Ding
et al¥’ have reported the use of mixed ethanol and
methanol for preferential growth, probably because
decomposition of methanol leads to more water species
and OH radicals during the CVD process than ethanol
alone.

The synthesis of predominantly semiconducting
nanotubes using IPA may find many applications. As
an example, below we report the use of IPA nanotube
networks grown directly on silicon substrates for TFTs,
which have great potential for display electronics, and
flexible and transparent electronics.®4>~>° While the
transistors utilizing an aligned array of semiconducting
nanotubes reported here exhibit on/off ratios in the
range of 10 to 100, much higher on/off ratios are
required for various applications and can be achieved
by producing random networks of IPA-synthesized
carbon nanotubes. By using such percolative carbon
nanotube networks, the probability of having a metallic
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nanotube conduction path between source and drain
can be significantly minimized and thus high on/off
ratios can be achieved as reported in our previous work
using separated nanotubes.**~>° The fabrication of the
IPA-synthesized nanotube TFTs begins with the eva-
poration of 1 A iron catalyst film over Si/SiO, substrates.
The similar IPA CVD process was used to grow nanotube
networks on Si/SiO, substrates. Source and drain elec-
trodes (Ti/Pd) were then patterned, and back-gated
transistors were fabricated after etching away the un-
wanted nanotubes outside the active channel region.
The SEM images of the as-grown carbon nanotube thin
film on a Si/SiO, substrate is shown in Figure 5a, and a
representative nanotube TFT with a channel width of
20 um and a channel length of 50 um is presented in
Figure 5b. As shown in the image, the nanotubes form a
random network, which help to eliminate the metallic
nanotube conduction path. The electrical characteristics
of this device are plotted in Figure 5c,d. Figure 5c
illustrates the transfer characteristics (Ip—V) at various
drain biases in both linear and logarithm scale and
Figure 5d presents the output characteristics (lpb—Vp)
at various Vg biases. The on/off ratio of this transistor is

METHODS

Nanotube Synthesis. Quartz substrates were first annealed at
900 °C for 1 h in air to improve the alignment for nanotubes. To
avoid wafer breakage, an extremely slow ramping rate (<1 °C/min)
was used and constant gas flow rates were used during both the
ramping up and growth steps as reported in our previous
publication.” After loading the quartz or silicon substrates with
deposited Fe catalyst film into growth furnace, 3600 standard cubic
centimeter (sccm) of hydrogen (H,) was used during the ramping
up step. For nanotube growth, 1800 sccm of Ar flowing through an
IPA bubbler (kept at 0 °C) and 3600 sccm of H, were used, and the
growth was conducted at 900 °C . To achieve a uniform tempera-
ture throughout the entire wafer, a 9-foot-long growth furnace
with a three-zone temperature controller was used for this synth-
esis. For the growth of nanotubes on small substrates, a one inch
quartz tube furnace was used with gas flow rates of 300 sccm of H,
and 160 sccm of Ar during the growth process, where Ar passed
through a bubbler containing IPA or ethanol and was kept at 0 °C.
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