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Growth of Semiconducting Single-Walled Carbon
Nanotubes Array by Precisely Inhibiting Metallic Tubes

Using ZrO, Nanoparticles

Dewu Lin, Yue Yu, Lanying Li, Mingzhi Zou, and Jin Zhang

Synthesis of high-quality single-walled carbon nanotubes arrays with pure
semiconducting type is crucial for the fabrication of integrated circuits in
nanoscale. However, the naturally grown carbon nanotubes usually have
diverse structures and properties. Here the bicomponent catalyst using Au
and ZrO, is designed and prepared. The Au nanoparticle serves as the cata-
lysts for carbon feedstock cracking and facilitating the nucleation of carbon
nanotubes, whereas the close-connected ZrO, forms a localized etching zone
around Au by releasing lattice oxygen and to inhibit the nucleation of metallic
carbon nanotubes precisely. The obtained single-walled carbon nanotubes
array show a high semiconducting content of >96%, on the basis of good
performance of field-effect transistor devices. And such building of local-

ized etching zone is compatible with other catalyst systems as a universal
and efficient method for the scalable production of semiconducting carbon

~-
”

s-SWCNTs have been obtained, draw-
backs of structural damage and contami-
nation are inevitable, let alone the high
cost of complex processes and the envi-
ronmentally unfriendly sacrifice of nano-
tubes.”! The other way is direct growth in
chemical vapor deposition (CVD) system,
where the catalysts, gas flow, tempera-
ture, and substrate are essential factors
for the structural control of SWCNTs.
According to the principle that metallic
SWCNTs (m-SWCNTs) are more chemi-
cally active than s-SWCNT5,[% it has been
popular to implement the strategy of in
situ etching in the type-selective growth of
s-SWCNTs, and various etching methods

nanotubes.

The development of nanoelectronic devices based on single-
walled carbon nanotubes (SWCNTs) requires the uniform
structure of SWCNTs to show outstanding performance and
reproducibility.! Even though the synthesis of single-chirality
carbon nanotubes has made substantial progress? it is still
a long-standing goal to obtain mass-produced SWCNTs with
pure chirality. Therefore, the scalable synthesis of electrical
type-selected semiconducting SWCNTs (s-SWCNTs) is crucial
and practical, and as for modern microprocessor and other
electronic devices, s-SWCNTs have already shown the advan-
tages over traditional silicon semiconductors.Bl Currently,
there are two main approaches to achieve the enrichment of
s-SWCNTs. The first one is postsynthesis sorting by chemical
and physical treatments.l Although the high-purity (>99.99%)
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have been developed, like light irradia-

tion,” -H,® .OH,” .CH; radicals,'

and H,0,1% etc. Despite the respectable

effort made with above methods, intro-
ducing etchant in the gas phase of CVD system will make it
extremely difficult to achieve precise etching." Because of the
heterogeneous distribution of etchant in gas phase, the grown
s-SWCNTs could be etched due to the adsorption of too much
etchant, meanwhile, the nucleation of m-SWCNTs may escape
from being inhibited. Therefore, it is more desirable to directly
grow s-SWCNTs with purposeful structural control and scalable
production by an advanced method.!"

As for the catalytic growth of each carbon nanotubes, the
nucleation of cap structure and addition of carbon atoms during
growth both occurs at the surface of catalyst particles, so design
of catalysts would be an efficient strategy to enable the structural
control of SWCNTs.3 Thus, confining the etching reaction to
the site of nanotubes nucleation by the design of catalysts would
make the inhibition of metallic tubes precise and harmless.

Metal oxide nanoparticles, which are able to store and release
oxygen, are usually used as the exhaust gas purification three-
way catalyst."™ Especially for zirconia, titania,®l and ceria,["”
etc., such metal oxide nanoparticles are thermal stable at high
temperature, and will release the stored lattice oxygen during
the SWCNTs growth environment. When active catalysts of
growing SWCNTs are combined with such metal oxide nano-
particles, the nucleation of SWCNTs could be surely selected by
the surrounding lattice oxygen.

Here in this study, we report the design of bicomponent
Au@ZrO, catalysts, which could achieve the direct growth of
high-quality s-SWCNT arrays. Au particles with low melting
point migrate easily at high temperature, whereas the ZrO,

© 2021 Wiley-VCH GmbH
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Figure 1. Direct growth of s-SWCNTs from Au particles supported on ZrO,. a) Schematic showing the growth of s-SWCNTs from Au@ZrO, assisted
by the localized etching zone. b) AFM image of the deposited Au@ZrO, catalysts. c) Typical SEM image of the as-obtained SWCNT horizontal array.

particles possess much higher melting point and would con-
tribute to the anchoring of catalysts, and the tight binding
between Au and ZrO, would be formed subsequently. Then,
in the nanotubes growth environment, the releasing of lat-
tice oxygen from ZrO, helps build a confined etching atmos-
phere to inhibit the nucleation of m-SWCNTs at the initial
state. Figure 1a schematically illustrates the developed result of
carbon nanotubes grown from Au@ZrO, catalysts when com-
pared to individual Au catalysts. Details of the synthesis process
are described in the Supporting Information. In brief, single
side polished ST-cut quartz was used as the substrate to grow
SWCNT arrays, and carbon nanotubes grown from Au par-
ticles were natural with 1/3 metallic ones, while the combina-
tion of ZrO, with Au promoted the building of localized etching
zone next to the catalyst particles by releasing oxygen during
growth, so that the m-SWCNT arrays could be etched initially.
Figure 1b shows the atomic force microscopy (AFM) image of

the Au@ZrO, catalysts. The nanoparticles were well-dispersed
and uniformly distributed on the quartz substrate. Sizes of
150 nanoparticles were measured using AFM, and the corre-
sponding distribution is shown in Figure S1 (Supporting Infor-
mation). Apparently, more than 90% Au@ZrO, catalysts were
2-7 nm in diameter, with an average diameter of 4.6 nm. Due
to the combination with ZrO, nanoparticles as supporters, such
size of Au@ZrO, catalyst is relatively larger than those reported
metal catalysts of growing s-SWCNTs. The dispersion of cata-
lysts are critical for the growth of SWCNT arrays, scanning elec-
tron microscope (SEM) image (Figure 1c) shows that a majority
of carbon nanotubes with length longer than 30 um are aligned
horizontally, while few short SWCNTs (<10 um) grew randomly.

Raman spectrometry is an effective method for the electrical
type analysis of SWCNTs. To further confirm the selectivity of
s-SWCNTs in our samples, two excitation lasers (wavelength of
532 and 633 nm) were used. Figure 2a,b,d,e shows the typical
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Figure 2. Electrical types of SWCNT arrays characterized by the multiwavelength Raman spectroscopy. a—c) RBM peaks of Raman spectra and corre-
sponding statistical result of SWCNT arrays based on Au catalysts; d—f) RBM peaks of Raman spectra and corresponding statistical result of SWCNT

arrays based on Au@ZrO, catalysts.
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radical breathing mode (RBM) peaks of Raman spectra, where
the m- and s-SWCNTs were identified according to the Kataura
plot.® Althought dispersive Au nanoparticles could be obtained
on quartz substrate with an average diameter of 3.4 nm, and
enable the growth of SWCNTs array (Figure S2, Supporting
Information), it is apparent that abundant m- and s-SWCNTs
were both observed in the SWCNT arrays grown from Au cata-
lysts (Figure 2a,b). While the m-SWCNTs were barely detected
in the samples grown from Au@ZrO, catalysts (Figure 2d,e).
The resultant content of s-SWCNTs is shown in Figure 2cf,
SWCNTs grown from Au possessed 75% semiconducting ones
with 532 nm excitation laser and 55% with 633 nm excitation
laser. As for the Au@ZrO, catalysts, there were >96% semi-
conducting ones with 532 nm excitation laser and >95% with
633 nm excitation laser. The respective numbers are recorded
in Table S1 (Supporting Information), specifically, 92 of 137
(=67%) SWCNTs grown from Au catalysts were identified as
semiconducting, but 104 of 108 (>96%) were s-SWCNTs when
Au@ZrO, catalysts were used. In addition, the G bands in
Raman spectra of SWCNTs grown from Au@ZrO, catalysts
(Figure S3, Supporting Information) show the obvious Lorenz
shape,™ which indicates the characteristic of s-SWCNTs, and
the negligible D bands show the high quality of as-obtained
SWCNT arrays as well.

In a common SWCNTs synthesis process, the metal cata-
lyst precursors are usually calcined in air, and followed by the
reduction procedure in hydrogen before the carbon feed stocks
are introduced. As for Au@ZrO, catalysts, the selectivity of

www.small-journal.com

s-SWCNTs was attributed to the localized etching zone around
the carbon nanotube nucleation sites. Thus, the prolongation of
catalysts prereduction duration in hydrogen would decrease the
content of released lattice oxygen and reduce the selectivity of
s-SWCNTs. To investigate the role of the lattice oxygen, a typical
control experiment was performed. As shown in Figure S4 (Sup-
porting Information), when the reduction time was extended
from 2 to 15 min, content of s-SWCNTs significantly decreased
from 96% to 74%, and further decreased to 71% after 30 min
reduction. X-ray photoelectron spectroscopy was used to char-
acterize the valance state of zirconia. The Zr 3d electron region
(Figure S5, Supporting Information) of the Au@ZrO, catalysts
reduced in hydrogen for only 2 min shows two peaks at 182.4
and 184.8 eV, corresponding to 3ds;, and 3ds;, of Zr, and no
apparent reduced state of zirconia was detected. After 30 min
hydrogen reduction, another set of peaks (180.3 and 183.1 eV)
appeared, which are attributed to the oxygen-deficient phase of
zirconia, but metallic Zr (178.9 eV) was still absent. Therefore,
above results indicate that reduction for long duration would
cause the losing of lattice oxygen in ZrO,, thereby reducing the
selectivity of s-SWCNTs.

The selective synthesis of s-SWCNTs arrays was achieved by
introducing ZrO, nanoparticles as the supporters of Au cata-
lysts, further investigation of the catalyst structure would help
to understand the way it worked. Thus, detailed transmission
electron microscopy (TEM) characterization was performed.
Figure 3a,c clearly shows that the small dark gray nanoparticles
would always attach to the larger light gray ones. Typical atomic
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Figure 3. Characterization of Au@ZrO, catalysts. a) High-resolution TEM image of an individual SWCNT grown from the Au@ZrO, catalyst. b) Zoom-
in TEM images, corresponding FFT of the nanoparticles and atomic structure models in a) (green dotted box) and c) (red dotted box). c) High-reso-
lution TEM image of Au catalyst supported on ZrO,. d) ADF-STEM image and e,f) EDS mapping images of Au@ZrO, catalysts.
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structures of the catalysts are shown in Figure 3b. According to
the calculated fast Fourier transform (FFT) diffractogram, the
atomic structures of light gray particles and dark gray particles
are consistent with fcc ZrO, (11 0) and fec Au (1 1 0), respec-
tively. Figure 3d presents the annular dark field scanning trans-
mission electron microscopy (ADF-STEM) image of Au@ZrO,
catalysts on SiN, grid, together with the energy-dispersive X-ray
spectroscopy (EDS) mapping in Figure 3e,f, the structure mor-
phology of zirconia loaded with Au nanoparticles was clearly
revealed. EDS mapping confirmed that the white contrast par-
ticles in the ADF-STEM image (corresponding to the dark gray
parts in high resolution TEM images) are Au, while the parti-
cles in darker contrast are ZrO,. Linear mapping characteriza-
tion (Figure S6, Supporting Information) also proves that such
catalysts are composed of zirconia and gold particles.

After the nanotubes growth process, SWCNTs grown from
the ZrO, supported Au nanoparticles were clearly observed
(Figure 3a; and Figure S7, Supporting Information). Both
ZrO, and Au nanoparticles could enable the catalytic growth of
SWCNTs in appropriate condition, while Au undoubtedly pos-
sessed higher reactivity in our system.?! The identification of
catalyst structure after SWCNTs growth indicated that ZrO,
nanoparticles were not the direct nucleation sites of SWCNTs
but were indispensable for the selectively synthesis of s-SWCNT
arrays. In addition, the interfacial misfit dislocation, generally
formed when different nanoparticles crystallize and grow simul-
taneously, was observed between Au and ZrO, nanoparticles
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(Figure S8, Supporting Information).?!! That dislocation indi-
cates the close connection between Au and ZrO, nanoparticles,
which would enhance the selective growth of SWCNTs by fast
transfer of released oxygen from ZrO, to Au. And other carbon
nanotubes were then prevented from being damaged.

Electrical measurement of field-effect transistors (FET) fabri-
cated by SWCNTs can provide the direct evidence about the selec-
tivity of s-SWCNT arrays (for more preparation details, see the
Supporting Information). Figure 4a shows the optical and SEM
images of fabricated FET device with a channel length of 6 um
and width of 45 pm, and there were dozens of SWCNTs serving
as the channel material in each transistor. Typical transfer char-
acteristic (Ig—Vy) in Figure 4b shows the I,,/I 4 ratio higher
than 10%, indicating a high purity of s-SWCNTs. And more
transfer characteristics were shown in Figure S9 (Supporting
Information). All 73 FET devices based on SWCNT arrays grown
from Au@ZrO, catalysts (Au@ZrO,-FETs) had been measured,
the corresponding I,/ I ratios were plotted in Figure 4c. Appar-
ently, more than 90% of devices had the I,/ g ratios larger than
10, indicating the high enrichment of s-SWCNTs.[2l However, as
for the SWCNT arrays grown from Au catalyst, their FET devices
(Au-FETS) showed the I/l ratios less than 4, suggesting the
mixing of s- and m-SWCNTs in the samples. Furthermore, on
the basis of the I/l ratios of Au-FETs and the content of
s-SWCNTs (Figure 2c) grown from Au catalysts, the mean con-
ductance ratio of m-SWCNTS to s-SWCNTSs in our obtained sam-
ples was calculated to be 1.6 (for more details, see the description
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Figure 4. Electrical characterization of s-SWCNTs FETs. a) Optical (upper) and SEM (lower) images of the typical SWCNTs FET device, W, =45 um,
L, = 6 um. b) Typical transfer characteristic of the SWCNT FET device. c) The statistical result of I,,/l.s ratios based on each FET devices. d) Cor-

responding statistical result of the semiconducting SWCNTs’ purity.
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of Figure S10, Supporting Information).?l According to this
result, the content of s-SWCNTs in each Au@ZrO,-FET were
calculated and plotted in Figure 4d, nearly all the FETS possess
more than 90% semiconducting tubes, the average content of
s-SWCNTs was 975%, which was consistent with the result of
Raman characterization (Figure 2f).

Due to the formation of localized etching zone with ZrO,, it
is promising for other catalyst particles, such as transition metal
particles, to grow s-SWCNTs directly when loaded on ZrO,.
Therefore, Cu@ZrO, and Fe@ZrO, catalysts were prepared by
the same method, and applied for the synthesis of s-SWCNIs.
Figure Slla,d shows (Supporting Information) the typical
SEM images of SWCNT arrays grown from Cu@ZrO, and
Fe@ZrO, catalysts, respectively. Obviously, the introduction
of ZrO, supporters would not affect the alignment of SWCNT
arrays. Subsequent Raman spectroscopy analysis showed that
there were >88% (91 of 103) s-SWCNTs in the sample grown
from Cu@ZrO,, and >88% (89 of 101) s-SWCNTs for Fe@ZrO,
catalysts. Considering that the synthesis parameters have not
been optimized, the higher selectivity of s-SWCNTs could be
expected soon.

To summarize, bicomponent Au@ZrO, catalysts were
designed for the selective growth of s-SWCN'5s. Oxygen storing-
releasing ability of zirconia was utilized to build the localized
etching zone next to the catalytic Au particles, so that the nuclea-
tion of m-SWCNTs was inhibited initially. Benefit from the pre-
cise location of etching zone, the etching damage to nanotubes
could be avoided as well. It was noted that high-quality SWCNT
arrays with >96% semiconducting content were obtained. And
such building of localized etching zone is compatible with other
catalyst systems as a universal and efficient method for the scal-
able production of semiconducting carbon nanotubes.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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