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ontrol and modulation of the com-

position, morphology, doping states,

and crystal structures of one-dimen-
sional (1-D) nanostructures during the syn-
thetic process have attracted great interest
in recent years' ~’ because they are impor-
tant for exploring the applications of 1-D
nanostructures in various fields, such as
electronics, optoelectronics, solar cells, che-
mical/biosensors, and displays. Recently,
helical inorganic nanostructures have re-
ceived great attention due to their unique
structures that could be interesting for both
fundamental research and nanodevice
applications.>~'° Helical structures, includ-
ing nanorings, nanosprings, and nanospir-
als, have been observed for a number of
inorganic materials including carbon
nanotubes, ZnO, Sn0O,, AIN, SiC, ZnS,
Ag,V404:,> 2 etc. All of the reported helical
nanostructures are composed of smooth
nanowires/nanotubes, and kinked nanos-
pirals have not yet reported. Very recently,
Lieber's group reported the synthesis of
single-crystalline kinked semiconductor nano-
wires via a nanocluster-catalyzed vapor—
liquid—solid method.'* The method is ef-
fective for controlling the shapes of the
nanostructures. However, it is relatively
complicated for large-scale applications,
and thus, developing facile and efficient
methods to get kinked helical nanostruc-
tures is needed.

In this paper, using a tube-in-tube laser
ablation chemical vapor deposition (CVD)
method with gold nanoparticles as the cat-
alysts, we report the synthesis of self-
assembled kinked In,Os nanospirals and
multikinked nanowires. The shapes of the
as-obtained nanostructures were controlled
by the vapor concentrations within the sys-
tem. Single kinked In,O3 nanostructure-
based field-effect transistors were fabricated,
and mobilities higher than 200 cm?/(V-s)
were obtained, revealing good opportunity
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ABSTRACT Helical inorganic nanostructures have received great attention due to their unique

structures that could be interesting for both fundamental research and nanodevice applications.

Using a tube-in-tube laser ablation chemical vapor deposition (CVD) method with gold nanoparticles

as the catalysts, we reported the synthesis of self-assembled kinked In,0; nanospirals and

multikinked nanowires. As-synthesized nanostructures showed ultrafast photoinduced reversible

wettability switching behavior from hydrophobic (132.7°) to superhydrophilic (0°) within 14 min.

Single kinked In,0; nanostructure-based field-effect transistors were fabricated, and mobilities

higher than 200 cm”/(V-s) were obtained, revealing good opportunity in fabricating high-

performance electronic and optoelectronic devices.
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in fabricating high performance electronic
and optoelectronic devices.

RESULTS AND DISCUSSION

The In,03 nanospirals were synthesized
via a tube-in-tube laser ablation chemical
vapor deposition (CVD) method with gold
nanoparticles as the catalysts (Scheme 1).
For the synthesis of kinked In,05 nanospir-
als, a small quartz tube with one end closed
was used (Scheme 1a), while a small quartz
tube with open ends was used for the
synthesis of multikinked In,O3 nanowires
(Scheme 1b). The composition and struc-
ture were checked using X-ray diffraction,
and the result indicates the formation of
pure In,O3 product (Supporting Informa-
tion, Figure S1). After synthesis, spiral-like
nanostructures were found deposited on
the whole substrate on a large-scale in the
case of using a system containing a small
tube with one closed end (Supporting In-
formation, Figure S2). The detailed structure
of the product was checked using scanning
electron microscopy (SEM), and the results
are depicted in Figure 1. Interesting spiral-
like structures were found deposited on the
silicon substrate with a relatively high yield
(Supporting Information, Figure S3). Figure
1b—f shows the SEM images of several
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Scheme 1. Schematic illustrations of the tube-in-tube systems designed for the synthesis of (a) kinked In,03 nanospirals and

(b) multikinked In,03 nanowires.
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Figure 1. As-grown In,03 nanospirals made by kinked nanowires using the laser ablation CVD process with one end of the

tube closed.

nanospirals. The self-coiling of many arm segments
resulted in the final kinked nanospirals, which are quite
different from all of the previously reported smooth
nanospirals. Both the lengths and diameters of the
arm segments increased from the core part to the edge
part of the nanospirals, also indicated in Figure 1h,
which represents as another distinct characteristic
compared with previous smooth nanospirals having
uniform diameters. Both right-handed (Figure 1b-e)
and left-handed (Figure 1f) nanospirals were observed
in the products. In some cases, several kinked nano-
spirals tend to connect with each other, as shown in
Figure 1g.

The structure of the nanospirals was characterized
by transmission electron microscopy (TEM). The sam-
ple was prepared by ultrasonicating the sample in
solution and then deposited on a TEM grid. Figure 1i
depicts a TEM image of a single kink. Two arms of the
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kink have different diameters, in good agreement with
the SEM results. Lattice-resolved TEM images from the
marked regions in panel i of Figure 1 are demonstrated
in Figure 1j k, respectively. Twin defects are clearly seen
in the kink part as revealed in Figure 1j. Similar
phenomena were frequently observed for modulated
nanowires, which may also be applicable here to
explain the formation of kink nanostructures.' ¢ As
for each arm of the kink, the TEM image shown in
Figure 1k confirms its single-crystalline nature. The
clearly resolved lattice fringes along/parallel to the
growth direction are both 0.506 nm, corresponding
to the (020) planes of cubic In,O3 phase. A selected
area electron diffraction (SAED) pattern along the [001]
zone axis taken from the same part is shown in
Figure 1l. Along with the TEM image in Figure 1k, it
confirms the single-crystalline nature of the arms with
the preferred growth directions along the (100) planes.
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The composition of the nanospirals was checked
using energy-dispersive X-ray spectroscopy (EDS) at-
tached to the TEM. Figure 2 is a typical EDS spectrum
taken from a single nanospiral. Only peaks from In and
O are observed, indicating the formation of pure In,05
phase. In the spectrum, the peaks from Cu come from
the copper grid for TEM analysis. The above results
confirm the formation of pure In,03 product, though
the target we used was InAs. During the reaction, InAs
was ablated and transported by the carrier gases,
which was oxidized by the residual in the reaction
system to form into In,O5 via the reaction

4InAs + 30, — 2In,03 + 4As

In

Cu

Intensity (a.u.)

Cu

0 2 4 6 8 10
Energy (keV)

Figure 2. EDS spectrum of the as-synthesized nanospiral,
showing the formation of pure In,0s.

The Gibbs free energy calculated for the reaction is
—1188.6 kJ/mol. The large negative Gibbs free energy
indicates that InAs tends to be oxidized into In,O3 once
trace of oxygen remains in the system at high
temperature.

In our experiments, we also observed that, when a
small tube with open ends was used instead of a small
tube with one closed end, multikinked In,O3 nanowires
were produced instead of kinked nanospirals. Figure 3
shows the corresponding results of the produced
multikinked nanowires. Panels a—d of Figure 3 are
the SEM images of several as-synthesized multikinked
nanowires, which are found to be composed of many
arm segments (Supporting Information, Figure S4).
Contrary to the kinked nanospirals with arm segments
with varied diameters and lengths, the arm segments
of multikinked In,05 nanowires are quite uniform (with
a diameter of ~20 nm) for each kinked nanowire,
which can be easily seen from high-magnification
SEM images in Figure 3e/f. Figure 3g is a HRTEM image
of the junction part between two arm segments. The
marked lattice fringes are calculated to be about 0.25
and 0.18 nm, respectively. The values correspond to
the (010) and (100) planes of the cubic In,O3 phase,
indicating that the neighboring two segments of the
multikinked In,03 nanowires grow along the (100) and
(110) planes, respectively, as marked in Figure 3g. On
the image, no clear twin defect was observed, also
contrary to the kinked In,O3 nanospirals.

Compared to the experimental setup for the synthe-
sis of kinked In,03 nanospirals and multikinked In,03
nanowires, the only difference is the usage of a small

60 nm

Figure 3. Multikinked In,O3 nanowires from the laser ablation CVD process containing a small tube with open ends.
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quartz tube with either one closed end or open ends,
which resulted in a great difference in vapor concen-
trations. The vapor concentrations and oxygen partial
pressure are known as one of the most important
factors that influence the structure and morphology
of the synthesized nanostructures, according to pre-
vious reports.'®'” Comparative experiments were car-
ried out in a one-tube laser ablation CVD process to
elucidate the effect of vapor concentration on nano-
structure growth. While In,O3 nanowires were grown
under such conditions, the synthesized In,O3 nano-
wires are normal straight nanowires without any
kinking (Supporting Information, Figure S5). Kinked

In

\ /"\ /’\\/ \//

//\/\//\,ﬁ\l
of \u Na/

/\./ \
'/\//\/r\} )

dL

AW S NN
\/\/\/\
Y d \,

+

Scheme 2. Schematic illustration of the structure model of
an In,0s lattice projected along the [001] orientation, dis-
playing +(100) polar surfaces.
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nanostructures, nanospirals, and multikinked nano-
wires can only be obtained under high vapor concen-
tration in the tube-in-tube CVD process.

As for the growth of inorganic nanospirals, the polar
surfaces existing within the material lattice have been
widely used to explain their growth mechanism. For
example, Wang et al. synthesized rutile-structured
SnO, nanospirals, and the +(011) polar surfaces were
thought to be the main formation mechanism.’ Re-
cently, a fancy work was done by Wu et al., where they
observed the first CrSi, hexagonal nanowebs.'® The
surface charges and the minimization of electrostatic
energy were the dominant growth mechanism. From
the structure analysis shown in Figures 2, all segments
of our In,05 nanospirals have the growth direction
along the (100) planes. The side surfaces are (010) and
(100) planes. Shown in Scheme 2 is a structure model of
an In,03 lattice projected along the [001] orientation.
From the image, we can see that, when grown along
the (100) planes, the £(100) surfaces are In** and 0%~
terminated polar surfaces. Thus, a similar polar surface
induced growth mechanism was proposed for the
formation of kinked In,03 nanospirals. As for the multi-
kinked In,0O3 nanowires, the growth directions were
found to switch between (100) and (110), as indicated
in Figure 3g. The switch in growth direction from [110]
to [100], which is 45°, for example, results in the multi-
kinked structure. The growth of multikinked nanowires
in Figure 3 may not be simply explained from the polar
surface view. As indicated above, the £(100) surfaces
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Figure 4. Photoinduced reversible wettability of multikinked In,05; nanowires. (a) Before and (b) after UV illumination. (c)
Gradually decreasing water contact angles under UV illumination. (d) Reversible wettability conversions via UV illumination

and dark storage.
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are In*" and O terminated polar surfaces when
grown along the (100) planes, while the side surfaces
are nonpolar surfaces that grew along the (110) planes.
In this case, the variation of vapor transport rate and
the partial pressure of the reaction species should be
also considered to explain the possible growth me-
chanism. As indicated by Wu et al., in the vapor phase
synthesis, the surface reconstruction may lead to
charged surfaces.'® The exact mechanism remains as
open questions and more experimental and theoreti-
cal work are still underway in our group.

We now examine the interesting properties of the as-
synthesized nanomaterials on the substrate surface. The
wetting behavior of solid surfaces is ubiquitous and has
attracted great interests in recent years when combined
with the fast expanding nanotechnology.'®~%* Wettabil-
ity in terms of contact angle (CA), one of the most
important properties of a solid surface, is thought to be
governed by two factors: the chemical composition and
the roughness of the surface. The surface wettability of
the as-synthesized multikinked In,O3 nanowires was
studied by measuring the contact angle, and the results
are shown in Figure 4. A water droplet shape on the
nanowire films is depicted in Figure 4a, revealing the CA
of 132.7°. The CA is much larger than In,0O5 films with
smooth surfaces, where the CA is around 20°** and is
comparable with the CA of high density In,O5; nanowire
arrays (155°).%> More than 10 samples were checked, and
they all give similar CA values in the range of 130—134°.
According to previous reports, the surface roughness of
nanostructures contained enough room to hold air in the
troughs between nanowires.?? Similar mechanism was
also applied to the multikinked In,03 nanowires here.

When the films are exposed to UV light with a
wavelength of 254 nm, the CA gradually decreased
with the increase of exposing time, as indicated in
Figure 4c. After being exposed for 14 min, the CA was
observed to be around 0° (Figure 4b), showing the
photoinduced conversion of the surface wettability
from hydrophobic (132.7°) to superhydrophilic (0°). It
is known that, when nanowire films are exposed to UV
light, electron—hole pairs will be generated on the
surface of the multikinked In,O3; nanowires. Some of
the holes then oxidize lattice oxygen to dissociative
oxygen, resulting in the formation of oxygen vacancies
on the nanowires' surface. Compared with oxygen
molecules in air, water molecules are more favored
by the defective sites because of the strong adsorption
between oxygen vacancy and hydroxyl, which leads to
a hydrophilic In,05 nanowire film.'*~2" The transition
rate measured here is ~30 times faster than the
previously reported behavior of aligned In,O3 nano-
wire arrays, where it took 6 h for the sample to change
from 155 to 20°.% Compared to the aligned In,0;
nanowire arrays with diameters of ~100 nm, our multi-
kinked nanowires have much smaller diameters (~20 nm),
which means larger surface area. Furthermore, our
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nanowires here have good single crystallinity and
low defect density. Once exposed to UV irradiation,
more electron—hole pairs are generated, resulting in
much more oxygen vacancies on the surface. Thus,
much faster conversion of surface wettability was
obtained. Similar results were also reported for ZnO
nanostructures, TiO,, and so on.%®

After UV exposure, the exposed multikinked 1n,03
nanowires were stored in the dark for several days and
it was found that the wettability returns to hydropho-
bic again and the cycles can be repeated, as revealed in
Figure 4d. The phenomena can be explained by the
replacement of adsorbed hydroxyls by oxygen in air
since oxygen adsorption is thermodynamically more
stable.’ 2" It makes the surfaces of the In,O5 nano-
wires return to the initial state and the wettability of the
films reconverts to hydrophobicity.

As an important wide band gap transparent semi-
conductor, In,05 has great applications in electronic
and optoelectronic devices, such as transparent electro-
nics, solar cells, light-emitting diodes, and gas sensors,
etc”’73° Here, we fabricated single nanostructure-
based FETs directly on the grown Si/SiO, substrate to
investigate the electric transport properties of our
kinked In,03 nanostructures. Briefly, the silicon sub-
strate with grown In,03 nanostructures was cleaned
with ethanol several times and dried for use. Photo-
lithography was then performed with a designed mask,
followed by Ti/Au deposition to pattern the source and
drain electrodes on both ends of the nanowires. The
thickness of Tiis 5 nm and that of Au is 95 nm.

The inset of Figure 5a is a schematic illustration of a
typical device, and a SEM image of the single nanowire
device was shown in the inset of Figure 5b. Figure 5a is
the drain current (Ips) versus source-drain voltage (Vps)
curves of a typical device. Linear current versus voltage
is obtained, indicating very good Ohmic contacts. From
the curves, it can be seen that the conductance in-
creases gradually with increased gate voltage ranging
from —40 to 40 V, indicating typical n-type semicon-
ducting behaviors. The Ips—Vg curve was also mea-
sured for the same device, and the result is shown in
Figure 5b, which also implies that kinked In,O3 nanos-
tructures are n-type semiconductors. The transconduc-
tance values, g, derived from the equation g,, =
dl/dVg, can be calculated from the linear region of Vg
shown in Figure 5b. The transconductance g, is calcu-
lated to be 5.1 nA/V. The electron mobility was calcu-
lated from the equation g, =M(C/L2)VDS, where u is the
mobility, L is the nanowire channel length, and C is the
capacitance of the back gate and can be estimated
from C~ 2mee L/In(2h/r), where h is the thickness of the
silicon dioxide layer, ¢ is the dielectric constant of silicon
dioxide. On the basis of the above equations, the
mobility was calculated to be around 243 cm?/(V-s).

Single nanowire FETs were also fabricated by using
the synthesized kinked In,Oz nanospirals, and the
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Figure 5. Current—voltage data recorded from a FET built on a single kinked In,03 nanowire. (a) Ips—Vps curves measured at
different gate voltages with a step of 5 V. (b) Ips—V transfer curves. Inset in panel b is a SEM image of the fabricated device.
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Figure 6. Current—voltage data recorded from a FET built on a single kinked In,05 nanospiral. (a) Ips—Vps curves measured at
different gat voltages with a step of 5 V. The arrow indicates the variation of gate voltages from —40 to 40 V. (b) Ips— Vg
transfer curves. Inset in panel b is a SEM image of the fabricated device.

corresponding electronic transport data are shown in
Figure 6. A SEM image of the device is depicted in the
inset of Figure 6b, where the device channel is around
1.5 um and the diameter of the nanowire is around 50
nm. Figure 6a is the drain current (Ips) versus source-
drain voltage (Vps) curves of a typical device. Linear
current versus voltage is also obtained as shown in the
image, indicating very good Ohmic contacts. From the
curves, we can see that kinked In,O3 nanospirals are
typical n-type semiconductors. The device mobility was
calculated according to g, = /L(C/Lz)VDS and is around
207 cm?/(V-s). This value is comparable to conventional
In,05 nanowire FETSs, indicating its potential application

EXPERIMENTAL SECTION

In a typical process, a thin layer of gold nanoparticles with
diameters of 20 + 2.0 nm (Ted Pella) were coated on the
substrate as the catalysts for nanostructure growth. The silicon
substrate was loaded into the downstream part of a small quartz
tube, which was put into a 2.5 in. quartz tube of a furnace. An
InAs (Alfa Aesar, 99.999%) target was then placed at the upper
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in fabricating high-performance electronic and optoe-
lectronic devices.

In summary, we succeeded in synthesizing kinked
In,O3 nanospirals and multikinked nanowires via a tube-
in-tube laser ablation CVD method. The as-synthesized
multikinked nanowires show hydrophobic wettability
with a CA of 132.7° and ultrafast photoinduced rever-
sible switching behavior. Single nanostructure-based
FETs were fabricated, and the results indicate that they
are good candidates for fabricating high-performance
electronic and optoelectronic devices. Fundamentally,
such method can be expanded to synthesize other
inorganic nanostructures with interesting shapes.

entrance part of the small quartz tube. The system was first
pumped to a base pressure below 1 mTorr to eliminate oxygen
in the reaction system, and then pure Ar (99.999%) was flown
through the system at a rate of 100 sccm. A pulsed Nd:YAG laser
with repetition rate of 10 Hz and a pulse power of 1.0 W was
used. During the laser ablation process, the chamber was
maintained at 750 °C under atmospheric pressure, and the

VOL.5 = NO.3 = 2155-2161 = 2011 /ASJ\M%N\@

www.acsnano.org

2160



reaction time was 1 h. After synthesis, a layer of white product
was found deposited on the substrate.

The structure and composition of the products were char-
acterized using X-ray diffraction (RINT 2200). Scanning electron
microscopy (SEM) was performed on a Hitachi field-emission
SEM (S-4800). The microstructures of the synthesized products
were checked using a transmission electron microscope (JEOL
2100). The surface wettability was investigated by measuring
the water contact angle by an SL200B contact angle system
(Solon Technology Science Co., Ltd.) at ambient pressure and
room temperature.
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