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ABSTRACT: For the application of single-walled carbon (2)

nanotubes (SWNTs) in nanoelectronic devices, techniques to
obtain horizontally aligned semiconducting SWNTs (s-
SWNTs) with higher densities are still in their infancy. We
reported herein a rational approach for the preferential growth
of densely packed and well-aligned s-SWNTSs arrays using
oxygen-deficient TiO, nanoparticles as catalysts. Using this
approach, a suitable concentration of oxygen vacancies in TiO,
nanoparticles could form by optimizing the flow rate of
hydrogen and carbon sources during the process of SWNT
growth, and then horizontally aligned SWNTs with the density
of ~10 tubes/um and the s-SWNT percentage above 95%
were successfully obtained on ST-cut quartz substrates.

Q@0 OTi @C @ O vacancy

Formation Energy: s-SWNT—catalyst <m-SWNT—catalyst
(under a certain concentration of oxygen vacancies)

Theoretical calculations indicated that TiO, nanoparticles with a certain concentration of oxygen vacancies have a lower
formation energy between s-SWNT than metallic SWNT (m-SWNT), thus realizing the preferential growth of s-SWNT arrays.
Furthermore, this method can also be extended to other semiconductor oxide nanoparticles (i.e., ZnO, ZrO, and Cr,0,) for the
selective growth of s-SWNTSs, showing clear potential to the future applications in nanoelectronics.
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lose packed horizontally aligned single-walled carbon

nanotube (SWNT) arrays with semiconducting proper-
ties are highly desirable for the fabrication of future electronic
devices, especially for SWNTs-based integrated circuits
(ICs).'™ In 2013, the researchers of IBM stated that, in
order to realize SWNTs based ICs applications, the close-
packed SWNT arrays should have >99.9999% s-SWNT purity
with the density higher than 125 tubes/um.* There are two
kinds of approaches to solve these problems. One is the post-
treatment method, in which nanotubes are first separated in
solution and then assembled into aligned arrays.>® These
processes always introduce defects and contamination to the
SWNTs which dramatically degrade the performance of
devices. By contrast, direct growth approach by chemical
vapor deposition (CVD) is a more promising strategy that
provides high-quality SWNT arrays.”® However, achieving a
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high purity of s-SWNT arrays with the required density by the
direct growth method is still in its infancy.

During the past few decades, significant advances in the
growth of horizontally aligned SWNTs have been witnessed.”'
The density of SWNT arrays has reached 10—50 tubes/um by
using single grow’ch,11 multiple-cycle growth,12 multiple loading
catalyst,"”” and periodic growth.'"* However, all of these
methods can only produce mixtures of m-SWNTs and s-
SWNTs, which largely decrease the performance of devices. To
solve this problem, introducing water, " oxygen,16 UV—light,17’18
ceria supports,'® or using ethanol/methanol® or isopropyl
alcohol” as carbon sources during the CVD process to create a
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Figure 1. (a) Schematic illustration of selective growth of s-SWNTs by oxygen-deficient TiO, nanoparticles; (b—c) SEM images of the SWNT arrays
using TiO, nanoparticles as catalysts under the growth condition of 200 sccm hydrogen and 200 sccm argon (through an ethanol bubbler); (d)
typical AFM image of the as-grown SWNT arrays; (e) the corresponding diameter distribution of the SWNTs.

suitable oxidative environment for etching m-SWNTs were
reported. Accordingly, SWNT arrays with 90—97% s-SWNT
purity were obtained. However, these etching strategies severely
limit the density of attained s-SWNT arrays; typical results are
often below S tubes/um. Therefore, a direct selective growth of
s-SWNT arrays with higher density remains a big challenge.
Besides the above growth process, the catalyst is another
extremelg important factor affecting SWNTSs nucleation and
grow‘ch.2 Many metals and their alloys, such as Co,*! FeCu,*
and WCo,?* have been verified to favor the growth of random
semiconducting SWNTs. However, metal catalyst particles are
usually in a liquid or partial liquid state with fluctuating sizes
and structures, which make it difficult to obtain SWNT arrays
with a predefined and precisely controlled structure. Mean-
while, the residual metallic catalysts severely limit the
applications of SWNTs in many fields. Recently, many
nonmetallic nanoparticles have been investigated as the
catalysts for SWNT growth.>**° TiO,, a well-known nanoma-
terial, shows excellent catalytic performance in many fields.”” >’
According to the Ellingham diagram for oxides, TiO, is
extremely stable and not expected to be reduced in SWNT
growth conditions.>® Nevertheless, due to the nanometer size
effect, some oxygen vacancies formed in TiO,, and their
concentrations can be modulated by the sintering atmos-
phere.*"** That is, if TiO, nanoparticles are used as catalysts
for the growth of SWNT, the SWNT/TiO, interface can be
altered by varying the synthesis conditions, which leaves plenty
of space for the structure-controlled growth of SWNT arrays
since we know the interfacial interaction between nanotube and
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catalyst is vital to the structures and properties of SWNTs. In
addition, TiO, nanoparticles have much higher melting point
compared with traditional metal catalysts. Therefore, they are
generally assumed remaining in a solid state during the CVD
process which is favorable for the structure control of
SWNTSs.>**® Besides, solid TiO, nanoparticles reduce the
active catalysts aggregation and obviously increase the efficiency
of catalysts,** more likely to realize the dense SWNT arrays.
Meanwhile, the problem of residual metallic catalysts was
resolved for the further application of SWNTs. These indicate
that TiO, nanoparticles might be effective catalysts for the
controlled growth of SWNT arrays.

Here, through the CVD process, we intend to utilize the
oxygen vacancies in TiO, nanoparticles to affect the interaction
between the nanoparticles and their grown SWNTs for
inhibiting the formation of m-SWNTs. Thus, a feasible
approach to realize the selective growth of horizontally aligned
dense s-SWNTs using TiO, nanoparticles as catalysts was
developed. Figure la schematically illustrated the procedure of
the approach. First, the precursors of TiO, nanoparticles were
dispersed onto ST-cut quartz substrates and then underwent
thermal treatment to form catalytic TiO, nanoparticles (the
details described in Methods). Figure Sla showed the typical
atomic force microscope (AFM) image of the catalyst TiO,
nanoparticle line (widths S—10 pm) after annealing. The size
distribution of most TiO, particles was within 0.8—1.9 nm with
an average diameter of 1.46 nm (Figure S1b). X-ray
photoelectron spectroscopy (XPS) was applied to investigate
the states of catalyst nanoparticles. In the Ti 2p;,, region, only
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Figure 2. (a—b) Radial breathing mode (RBM) peaks of the Raman spectra for the as-grown SWNT samples transferred onto the SiO,/Si substrates
with 514 and 633 nm excitation. Peaks within the full line rectangles marked with S corresponded to the semiconducting SWNTs. The full line
rectangles marked with M denoted the frequency range where RBM peaks of metallic SWNTs were expected; (c—d) SEM images of FET devices
fabricated on the as-grown SWNT arrays transferred onto SiO,/Si substrate; (e) a typical transfer characteristic curve of s-SWNTs device with Vy, =

100 mV; (f) the statistical result of I, /I g ratios for each device.

binding energy 458.5 eV (Ti*") corresponding to TiO, was
detected””?' (Figure S2a, 2b). To avoid possible metal
contamination in the CVD system, a new quartz tube and
plastic tweezers were specially used for every growth process.
The growth experiments were performed in a 1 in. tube furnace
at 830 °C by introducing a flow of 200 standard cubic
centimeters per minute (sccm) hydrogen and 200 sccm argon
(through an ethanol bubbler). After 30 min of growth, the
sample was cooled to room temperature and inspected with
XPS. There were no metallic titanium peaks or titanium carbide
peaks observed in the Ti 2p regions (Figure S2b). However, in
the Ti 2p;/, region, two peaks associated with two phases of
titanium dioxide appeared (Figure S2d), one phase with the
Ti*" 2p,,, peak at 458.5 eV and the other with the Ti** 2p;,
peak at 457.2 eV. The lower binding energy signal is attributed
to an oxygen-deficient phase of titanium dioxide, while the
higher binding energy signal is attributed to stoichiometric
TiO,. Thus, the introduction of hydrogen and carbon source at
elevated temperature did not reduce the TiO, to metal Ti but
instead pulls off some oxygen atoms to yield oxygen vacancies.
The oxygen-deficient TiO, nanoparticles were found the
successful growth of the uniform, dense, and perfectly aligned
SWNT arrays with larger areas from scanning electron
microscope (SEM) observations (Figure 1b,c). Higher
magnification SEM image (Figure 1c) and AFM image (Figure
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1d) showed the average density of the arrays around 10
SWNTSs per micron, local density over 15 SWNTSs per micron.
Figure le was the corresponding diameter analysis of the
SWNTSs which revealed a narrow distribution of 1.2 + 0.3 nm.
The mean diameter of grown SWNTSs was smaller than the
average size of oxygen-deficient TiO, nanoparticles, which was
in accordance with relationships between the metallic nano-
particles and their grown SWNTs.>

To further confirm that TiO, nanoparticles are responsible
for the nanotube growth under the CVD conditions, we
performed certain control experiments. In the first typical
control experiment, two clean SiO,/Si wafers with a layer of
300 nm SiO, were used as the substrates. TiO, catalysts were
dispersed onto one substrate by the spin-coating method (2000
r/s, 1 min) without any patterning step. No catalysts were put
on the surface of the other substrate. These two substrates
underwent the same growth conditions (the details of CVD
process described in Methods). From SEM observations
(Figure S3a,b), dense SWNT networks were obtained on the
substrate loaded with TiO, catalysts (Figure S3a), while no
SWNT was founded on the other substrate without any catalyst
(Figure S3b). The general CVD growth was conducted under
atmospheric pressure in 1 in. quartz tube which was heated by a
tube furnace (TF 55035C-1 Lindberg/Blue M). We performed
another control experiment in a different CVD system. The
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Figure 3. SEM images (a—d) and RBM peaks (e) of the SWNT arrays using TiO, nanoparticles as catalysts under the H/C ratios were 5:2, 2:1, 3:2,
and 1:2, the Raman spectra with 514 excitation; (f) the statistics of density and s-SWNT percent in the as-grown SWNT arrays under different H/C

ratios.

oven used was OTF-1200X tube furnace (Hefei Kejing
Materials Technology Co.) with 2 in. quartz tube. The
preparations of ST-cut quartz substrates and TiO, catalysts
were the same in the general CVD growth. After the CVD
process (the details described in Methods), close-packed
SWNT arrays were obtained as shown in Figure S3c. These
control experiments directly excluded the possibility that metal
contaminant induced by the patterning method or by thermal
evaporation of metal containing compounds were responsible
for the nanotube growth. Combining with the results of other
experiments mentioned above, such as the AFM image of the
TiO, catalysts formed on the catalyst line (most TiO, particle
size within 0.8—1.9 nm which suitable for the growth of
SWNTs) and XPS spectra of TiO, catalysts before and after
SWNTs growth (no metallic titanium peaks or other metal
contaminant peaks observed), we can ensure that the growth of
nanotubes is from TiO, nanoparticles.

Multiple excitation lasers (wavelengths of 514, 633, and 785
nm) combined with electrical measurements were used to
characterize electronic properties of the as-grown SWNT
arrays. Figure 2a and b were typical radial breathing mode
(RBM) peaks of the Raman spectra for the SWNT samples
with 514 and 633 nm excitation. It was quickly apparent that s-
SWNT peaks were the overwhelming majority, with m-SWNT's
peaks barely present. Raman measurements of multibatch
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samples demonstrated an amazing result that the percentage of
s-SWNTs in the arrays was up to 97% by counting the numbers
of RBMs based on multiwavelength laser (Figure S4). In
addition, the barely noticeable D bands at high-frequency
region reflect the aligned SWNTs arrays have high qualities
(Figure SS). To further verify the high percentage of s-SWNT's
in these samples, we carried out the electrical measurements in
the field effect transistors (FET) forms by transferring SWNT
arrays onto SiO,/Si substrates. The fabrication and test
processes of the FET devices were described in detail in
Methods. Figure 2¢ and d were the low and high magnification
SEM images of a representative FET structure with a channel
length of 1.5 pm and width of 30 ym containing dozens of
SWNTs. The I3,—V, curve was shown in Figure 2e with an on/
off current ratio of ~117, which revealed typical semi-
conducting behavior of the channel materials. 35 similar FET
devices were fabricated, and the corresponding on/off ratio
distribution was plotted in Figure 2f. The median value of the
on/off ratio is 22, with the minimum value as 5.2 and maximum
value as 1210. Assuming all carbon nanotubes have similar on-
state resistivity, the percentage of semiconducting nanotubes
can be estimated to be above 95% according the median on/off
ratio of 22" The results of electrical measurements were
consistent with the results obtained by Raman measurements.
The analysis presented above clearly indicated we successfully
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Figure 4. (a) Relationship between H/C ratio and peak areas Ti**/Ti*" by XPS; (b) the structure models of (8,0), (9,0), and (10,0) SWNTs on the
TiO, catalyst model with four oxygen vacancies; (c) the theoretically calculated formation energies between SWNTs and the TiO, surface with
different concentrations of oxygen vacancies; (d) a statistical analysis about the ratio of semiconducting SWNTs in the SWNT arrays using a series of

oxide nanoparticles as catalysts under different H/C ratios.

achieved semiconducting enriched and densely packed SWNT
arrays using the oxygen-deficient TiO, nanoparticles as
catalysts.

Verifying our hypothesis that oxygen vacancies in TiO,
nanoparticles played a key role for the formation of close
packed s-SWNT arrays is vital. According to the reported
litera'cures,31’32’36 the concentration of oxygen vacancies in TiO,
nanoparticles has a significant impact on their surface
properties and the formation energy with adsorbate. In
addition, as mentioned above, the concentration can be
modulated by the sintering atmosphere. So we varied the
flow rate of hydrogen and argon (through an ethanol bubbler)
which was defined as H/C ratio here, to obtain different
concentration of oxygen vacancies samples at the same growth
temperature and total flow. The ratio of peak areas in XPS
spectrum corresponding to Ti*" 2ps,, and Ti*" 2ps), directly
reflected the amount of oxygen vacancies in TiO, nano-
particles.>* Figure 4a was the relationship diagram of the H/C
ratio and peak areas Ti3*/Ti*. With the increasing of the H/C
ratio from 1/2 to 5/2, the ratio of peak areas increased from
091% to 5.48%, suggesting more oxygen vacancies were
produced. Figure 3a—d were the typical SEM images of the as-
grown SWNT arrays under diverse H/C ratios. The average
density declined obviously, from 10 tubes/um dropping to S
tubes/um, or even lower when the H/C ratio deviated from the
previous value 1:1 (Figure 3f). Additionally, a significant
amount of metallic peaks were founded in Figure 3e when
varying the H/C ratio. The percentages of s-SWNTs in these
samples examined by multiwavelength laser Raman decreased
significantly compared to the H/C ratio 1:1; typical results
were less than 90% (Figure 3f). Combining with the above
experimental results, we suppose that the optimized H/C ratio
during the CVD growth results in a suitable concentration of
oxygen vacancies in TiO, nanoparticles. Under such condition,
the formation energy between s-SWNT and catalyst is lower
than that of metallic SWNT (m-SWNT), which is in favor of
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the formation of s-SWNTSs. Meanwhile, the suitable concen-
tration of oxygen vacancies in TiO, nanoparticles is more
conducive to maintain the activity of the catalysts during the
growth of SWNTs, which accordingly realizes the dense s-
SWNT arrays.

To better understand the importance of oxygen vacancy in
nanosized TiO, at the molecular level for the selective growth
of s-SWNT, we calculated the formation energy between
SWNTs and the TiO, catalyst by using density functional
theory (DFT) and plane wave basis.>”*® In the calculation,
(8,0), (9,0), and (10,0) SWNTs, among them the (9,0) tube is
conducting, were selected. The TiO, catalyst was modeled by a
(6 x 3) supercell (17.754 A X 19.491 A) of the (110) surface.
Two layers of TiO, slab model were used in the calculation.
The supercell dimension perpendicular to the TiO, surface was
30 A in order to avoid the interactions between neighboring
images. SWNTs were put on the same locations of the TiO,
catalyst surface, and the oxygen atoms of the surface were
removed to form oxygen vacancies (see the schematic diagram
in Figure S6). Figure 4b depicted the models of (8,0), (9,0),
and (10,0) SWNTs on the TiO, catalyst with four oxygen
vacancies.

The calculated formation energies were presented in Table
S1 and shown in Figure 4c. For the s-SWNTs in the case of no
oxygen vacancy, the formation energy of metallic (9,0) SWNT
with TiO, catalyst was 14.744 eV, which was smaller than the
those of other two s-SWNTSs’, 15.791 and 17.702 eV for (8,0)
and (10,0) SWNTs, respectively. This clearly indicates the
preference of growing metallic (9,0) SWNT. When there were
two oxygen vacancies, the formation energies decreased, but the
tendency of growing more metallic ones remained. While, when
there were four oxygen vacancies on the TiO, catalyst surface,
the formation energy of the s-SWNTs (8,0) and (10, 0), 9.406
and 12435 eV, respectively, were smaller than that of the
metallic SWNT (9,0), 12.716 eV. This means in favor of
growing semiconducting SWNTs which is different from the
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situation of without or with less oxygen vacancy. In the other
words, the oxygen vacancy in the TiO, catalyst must affect the
preferential growth of s-SWNT greatly.

However, due to the complicated interplay of many factors in
SWNT growth, the theoretical calculation model might be
oversimplified in relative to real condition of SWNT growth, in
which the shape of the catalyst particle might be not flat and
there might be other forms of carbon elements appeared near
the interface of the SWNT —catalyst particle. Meanwhile, we do
see some agreement between the theoretical calculations and
the experimental results—the formation energy between s-
SWNT and the TiO, catalyst becomes smaller than that
between m-SWNT and the catalyst (or s-SWNT becomes more
stable than m-SWNT) under a certain concentration of oxygen
vacancy (Figure 4c).

To rule out the possibility that the oxygen in ethanol may
play an important role for the selective growth of semi-
conducting SWNTs, CH, was used as the carbon feeding gas.
Through varying the flow rate of hydrogen and methane during
the CVD process, close-packed aligned SWNT's were obtained
as shown in Figure S7a. The percentage of s-SWNTs in the
arrays was above 93% according to the statistics by multi-
wavelength laser (Figure S7b). These results demonstrated the
selectivity indeed originated from oxygen-deficient TiO,
nanoparticles used. Understanding the role of oxygen vacancy
in the preferential growth process of dense s-SWNT may
provide insights into the interactions between nanoparticles
and SWNTs at elevated temperatures. Furthermore, this
method can also be extended to other series of semiconductor
oxide nanoparticles (ie, ZnO, ZrO,, and Cr,O;) for the
growth of dense s-SWNT arrays just optimizes the H/C ratio.
The percentage of s-SWNTs varied with the H/C ratio as
shown in Figure 4d. Representative SEM images of s-SWNT
arrays from different oxide nanoparticles were observed in
Figure S8.

In summary, we develop a feasible and effective method to
realize selective growth of semiconducting and close-packed
SWNT arrays using oxygen-deficient TiO, nanoparticles as
catalysts. Average density of ~10 tubes/um, horizontally
aligned semiconducting SWNTs on quartz wafers were
successfully obtained. Both of Raman spectra and electrical
measurement results indicated that above 95% of the SWNTSs
in the arrays were semiconducting tubes. Detailed experimental
and theoretical studies reveal that oxygen vacancies in TiO,
nanoparticles played a key role for the selective growth of
semiconducting SWNTs. A suitable concentration of oxygen
vacancies in TiO, nanoparticles can form by optimizing the
flow rate of hydrogen and carbon source during the process of
SWNT growth. Under such conditions, TiO, nanoparticles
have smaller formation energy between s-SWNT than metallic
SWNT (m-SWNT), which is in favor of growing s-SWNT.
Additionally, this strategy can be applied to other semi-
conductor oxide nanoparticles (i.e,, ZnO, ZrO,, and Cr,0;) for
the selective growth of dense s-SWNT arrays. These results
offer more choices for the structure-control growth of SWNTs
which are beneficial to both fundamental research and future
applications in nanoelectronics.
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