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ABSTRACT: Single-crystalline nanostructures of tin(IV) %
oxide (TO) are grown with the aid of size-controllable gold
nanoisland (GNI) catalysts supported on a Si substrate by
using the pulsed laser deposition (PLD) method. The use of
gold nanocatalysts with average size between 15 and 50 nm
enables the deposition driven by the vapor—liquid—solid
growth mechanism to occur at a relatively low temperature
(500—700 °C). By controlling the gas atmosphere (O, or Ar)
and the GNI support (oxidized or H-terminated Si), we are
able to produce a variety of TO nanostructures, including one-
dimensional nanowires, nanobelts, and nanobricks, as well as
cuboid nanoparticles by the PLD method. Scanning electron microscopy and helium ion microscopy show faceted morphology
of these nanostructures and reveal the underlying vapor—liquid—solid and vapor—solid growth mechanisms dominant for
nanowires and nanobelts and for nanobricks and nanoparticles, respectively. The nanowires exhibit a square cross section (with
side length varying from 70 to 90 nm at the base to 10—50 nm near the tip), while the nanobelts have a rectangular cross section
(with a width-to-thickness ratio of 2—9) with a remarkably small thickness (5—30 nm). These unique micrometer-long TO
nanostructures have not only the largest surface-to-volume ratio but also low-index surfaces, which can be modified with different
deposition parameters. X-ray diffraction study further shows the expected tetragonal crystalline phase of these TO nanostructures
but each with its own preferred growth orientation(s): (101) for the nanoparticles and nanobricks, (200) for the nanowires, and
(200) and (101) for nanobelts. For nanowires and nanobelts, transmission electron microscopy confirms the single-crystalline
nature of these one-dimensional nanostructures, with their different growth orientations that lead to the preferred growth
directions as collaborated by the corresponding X-ray diffraction data. These results demonstrate the versatility of the catalyst-
assisted PLD method in fabricating novel one-dimensional TO nanostructures, with good control on not only their shapes and
cross-sectional dimensions and their aerial densities but also their growth orientations and side surface planes. The catalyst-
assisted PLD method can easily accommodate doping and other fabrication steps to incorporate desirable semiconducting, gas-
sensing, optoelectronic, and magnetic properties in these one-dimensional TO nanostructures for emerging applications.
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1. INTRODUCTION
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One-dimensional (1D) nanostructures have received consid-
erable attention due to their unique properties originating from
their nanoscale dimensions, large length-to-width aspect ratio,
highly crystalline faceted structures with low index surfaces, and
high surface-to-volume ratios. In addition to the interesting
mechanical and chemical properties arising from these
nanostructures and their surfaces, novel electrical and optical
properties can also be observed due to their single-crystalline
structure with sizes comparable to the characteristic optical and
electrical length scales, i.e., the wavelength of visible light and
Debye length, respectively. Synthesis of 1D semiconducting
oxides, both pristine and doped forms, is of special interest
because of their rich potential applications resulting from their
semiconducting,1 gas—sensing,2 optoelectronic,3 magnetic,“’5
and optical properties.”” A variety of fabrication techniques
have been employed to synthesize 1D nanostructures, and they
include thermal evaporation® or laser-assisted ablation,’
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template-based methods,'®™"> and solution-phase syntheses.'?
In the thermal evaporation and laser ablation methods,®’ a
precursor material is evaporated either thermally'* or by using a
laser beam™®'® in a tube furnace, and the precursor vapor is then
thermalized and transported downstream by a carrier gas to
undergo further reactions or deposition onto a substrate at an
appropriate temperature. These methods have been widely
used, often with the addition of an appropriate catalyst, for
synthesizing a variety of 1D nanostructures, including Si and
Ge,® a wide range of III-V and II-VI semiconductors such as
GaAs and CdS,'® and semiconducting oxides.'* Among the
wide bandgap semiconducting oxides, tin(IV) oxide (TO) is
particularly interesting because of its high sensitivity toward
adsorbed gases,'”'® high chemical and thermal stability,
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mechanical durability,'” optoelectronic properties,® and its
special magnetic properties upon appropriate doping.4‘S
Different 1D TO nanostructures, including nanowires and
nanobelts, have been produced b;r a number of methods,
including thermal evaporation of Sn*® and SnO powders,® laser
ablation of Sn® and SnO, targets,'> and plasma-enhanced
cvD! sol—gel method,* solution-phase synthesis,23 and
spray pyrolysis method.”* However, the control on the
nucleation sites, size distribution, and crystalline growth
orientation of the 1D nanostructures remains difficult to
achieve in the synthesis of these nanostructures. Property
modification of 1D nanostructures of TO or other oxides
through appropriate doping is also another factor, which is
crucial for obtaining the required functionalities of oxide
materials, and has not been extensively addressed in the
literature.

Unlike the thermal evaporation and the aforementioned
chemical deposition methods, pulsed laser deposition (PLD)
involves direct laser ablation of the target material into the gas
phase, which is then exposed to the substrate held at a specified
temperature. This leads to the deposition of material through a
growth mechanism far from thermal equilibrium. Because of
the high deposition rate as a result of the energetic plasma and
the high ablation rate of the target materials, especially suitable
for those with a high melting point, the PLD method has been
extensively used for depositing thin-film oxide materials.*>*® In
particular, high quality epitaxial growth on a substrate with a
good lattice match to the oxide material of interest can be
achieved by using the PLD method in high vacuum.*”*®
Furthermore, because laser ablation maintains the stoichiom-
etry of the target material, PLD is also especially suitable for
obtaining doped materials using predoped targets, ”>**® which
is particularly important for modifying the properties of oxide
materials. In comparison to the laser-assisted catalytic growth of
Si and III-V semiconductors,”'® and other laser-ablation
studies performed in tube furnace (with limited vacuum no
better than 107> mbar),"* PLD is a high-vacuum deposition
technique that allows a considerably better control on the
composition of the process gas, which, as discussed below, plays
an important role in the deposition. Furthermore, the control
of the substrate-to-target distance in the PLD technique can be
used to expose the substrate to the nonthermalized region of
the plasma, resulting in improved diffusion of the deposited
atoms,” while deposition with multiple targets without
exposure to air facilitates homo- and heteroepitaxial growth
of nanostructures. These additional controls in the PLD
method could lead to the growth of 1D nanostructures with
new structural properties and desirable composition, morphol-
ogy, and growth orientation. To date, these fundamental
advantages of the PLD technique have been largely overlooked
in the synthesis of 1D nanostructures. Tien et al.** have
reported PLD synthesis of TO films with small columnar grains
that leads to formation of nanorods, without any regular cross-
sectional morphology, densely packed into a film. However, no
discrete TO nanobelts or nanowires synthesized by PLD have
hitherto been reported.

Like the study by Tien et al,** we verify that the PLD
technique can be used to produce nanostructured TO films
with columnar granular morphology on Si substrates. However,
by first depositing Au as a catalytic seed layer on the substrate,
we succeed in obtaining 1D TO nanostructures by using the
PLD method. In order to activate the Au catalyst (mp 1064
°C*®) and initiate a vapor—liquid—solid (VLS) growth,
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deposition temperature above 1000 °C is usually required.®
Such a high deposition temperature, which has been tradition-
ally used in the aforementioned thermal evaporation and laser-
ablation methods, is difficult to achieve in PLD systems. We
demonstrate that activation of the catalyst can occur at a lower
temperature for nanosized Au islands, ie., hemispherical
nanoparticles, allowing the VLS growth to proceed at a
considerably lower temperature. This catalyst-assisted PLD
technique opens up a general approach to fabricating 1D
nanostructures of oxides, with all the aforementioned
advantages of the PLD technique not found in the other
methods. Moreover, by modifying the deposition conditions
(including the process gas and its pressure, substrate temper-
ature, substrate-to-target separation, and laser fluence and
repetition rate) to favor nanocrystalline growth over thin-film
deposition, it is possible to produce a variety of nanostructures,
including nanowires, nanobelts, nanoparticles, and nanobricks.
The nanometer size of the catalysts is also found to be naturally
effective in reducing the cross-sectional dimension of these 1D
TO nanostructures well below 50 X 90 nm? making them the
smallest (and hence with the largest surface area-to-volume
ratio) ever reported. These results pave the way to extending
the application of catalyst-assisted PLD to controlling the
growth orientation epitaxially on appropriate substrates and to
doping of semiconducting oxides.

2. EXPERIMENTAL DETAILS

The NanoPLD system (PVD Products) used for the present
work has a base pressure of 8 X 107 Torr and has been
described in detail elsewhere.** A KrF excimer laser (248 nm
wavelength) operated with a laser fluence of 100—600 m]J/pulse
at a repetition rate of 1—10 Hz is used to ablate a tin(IV) oxide
target, which is prepared by cold-pressing SnO, powders
(Aldrich, 99.90% purity) with a pressure of 20 MPa followed by
sintering at 900 °C for 24 h. Si(100) chigs chemically oxidized
by using a RCA cleaning method (0x-Si)** or H-terminated by
HF etching after cleaning (H-Si) have been used as substrates
for deposition, with the substrate temperature varied from
room temperature to 900 °C by radiative heating with infrared
heat lamps. To produce the catalytic seed layer, we first deposit
a thin layer of gold (5—1S nm thick) on the substrate by
magnetron sputtering, and gold nanoislands (GNIs) with an
average size of 10—50 nm and a Gaussian size distribution are
formed by postannealing in O, for ox-Si substrates or in Ar for
H-Si substrates, at 400—700 °C, depending on the required
average size, for 1 h. To differentiate the importance of the
substrate interface in the preparation of the GNIs and their
effects on the subsequent PLD growth of TO nanostructures,
we designate them as GNI/ox-Si and GNI/H-Si templates. The
details of obtaining different average sizes of the GNIs (from 10
to 50 nm) have been discussed by Sohn et al.*®

Using the GNI catalysts so prepared, TO nanostructures are
deposited on the Si substrate, kept at 50 mm from the target,
where the substrate is in close proximity of the visible plasma
range. Deposition is performed by operating the laser at a
fluence of 350 mJ/pulse with a repetition rate of 5 Hz for a
period of either 60 or 90 min, while the substrate temperature
is maintained at 500, 600, or 700 °C in a 400 mTorr
atmosphere of Ar or O, (upon evacuating the chamber to the
base pressure). The surface morphologies of the as-deposited
samples are examined by using a Zeiss ORION Plus helium ion
microscope (HIM) and a LEO FESEM 1530 scanning electron
microscope (SEM), and their crystal structures are determined
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by glancing-incidence X-ray diffraction (GIXRD) at an
incidence angle of 0.3° in a PANalytical MRD X’pert Pro
diffractometer with a Cu Ka source. Crystalline structures of
individual nanostructures are studied by using a JEOL 2010F
transmission electron microscope (TEM) operated at 200 kV.

3. RESULTS AND DISCUSSION

Figure la shows the HIM images of a typical TO film PLD-
grown at 500 °C for 60 min in 400 mTorr of Ar on a H-Si

Figure 1. HIM images of typical TO films deposited on (a) a H-Si
substrate in 400 mTorr of Ar and (b) an ox-Si substrate in 400 mTorr
of O,, all at 500 °C with corresponding cross-sectional HIM images
shown as top insets, and SEM images of gold nanoislands (GNIs) on
(c) a H-Si substrate (GNI/H-Si) and (d) an ox-Si substrate (GNI/ox-
Si), and of the TO nanostructures grown on (e) a GNI/H-Si and (f) a
GNI/ox-Si templates in 400 mTorr of O,, with the corresponding
cross-sectional HIM images shown as top insets, and on (g) a GNI/H-
Si and (h) a GNI/ox-Si templates in 400 mTorr of Ar, all at 700 °C
with the corresponding SEM images collected at 70° tilt shown as top
insets. Lower insets schematically show the GNI/H-Si and GNI/ox-Si
templates and the PLD-grown TO nanostructures on the H-Si and ox-
Si substrates with GNIs. Except for top insets of (e) and (f), the scales
for all images (including the insets) are the same as (b).

substrate without GNIs. A closely packed granular morphology
with a grain size of 50—70 nm is observed, while the faceted
nanostructures become evident with HIM imaging. Moreover,
the corresponding cross-sectional HIM image (Figure 1a, inset)

shows the columnar structure of the grains with faceted
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irregular shapes that extend over the thickness of the film.
Similar morphology with a notably larger grain size (50—100
nm) is also found for the film grown in 400 mTorr of O, on an
ox-Si substrate without GNIs (Figure 1b and inset).
Furthermore, the granular film morphology for deposition on
an ox-Si substrate in 400 mTorr of Ar (not shown) is similar to
that obtained on H-Si in Ar atmosphere (Figure 1a). These
results illustrate that the process gas has a greater effect on the
growth rate of TO grains than the surface chemistry of the Si
substrate, resulting in a slower growth rate in Ar gas for both H-
Si and ox-Si substrates than that in O,.

Figures 1c and 1d show the SEM images of typical GNI
templates supported on a H-Si and an ox-Si substrates,
respectively, which are used to guide the growth evolution
and to control the morphology of the TO nanostructures
during the PLD growth. Evidently, GNI/H-Si appears to
exhibit a broader Au nanoisland size distribution than GNI/ox-
Si. The formation of Au silicide is expected to proceed more
readily on a H-Si than an ox-Si substrate,*® which causes the
GNIs to adhere more strongly to and therefore less likely to be
lifted off H-Si than ox-Si substrate. In order to investigate the
effects of different processing gases, we deposit TO
nanostructures on the two supported GNI templates in 400
mTorr of O, and of Ar. In particular, faceted nanostructures
containing “nanobricks” with distorted tetragonal shapes and
“nanogravels” with more tile-like shape are observed for the
highly crystalline TO films PLD-grown in O, on both GNI/H-
Si (Figure le) and GNI/ox-Si templates (Figure 1f). The
observed nanobricks (approximately 100 X 100 X 500 nm® in
size) and nanogravels (200 X 200 nm? in area) are found to be
considerably larger than the granular structures in the TO films
PLD-grown on the substrates without GNIs (Figure lab),
suggesting that the GNIs function as an effective catalyst. In a
separate slice-and-view study conducted with a focused ion
beam SEM, we observe that the large faceted nanostructures
mainly grow on top of the GNIs, which remain in contact with
the substrate (Supporting Information, Figure S1), in good
agreement with the cross-sectional HIM images of these
samples (top insets of Figure lef). Although the growth begins
with nucleation on the GNI sites, further evolution toward the
faceted nanostructures appears to follow a vapor—solid growth
mechanism, leading to almost total covering of the GNIs by the
TO nanostructures on top. As reported for vapor—solid growth
mechanism in earlier studies,'* the presence of a catalyst can
change the surface energies of crystalline planes of the
nanostructures. This is in good accord with the present
observation that the supported GNI templates act as a catalyst
and promote the growth of single-crystalline, faceted TO
nanobricks and nanogravels in the PLD process.

On the other hand, the nanostructured TO films PLD-grown
in Ar on the GNI/H-Si (Figure lg) and GNI/ox-Si templates
(Figure 1h) are found to be notably different from each other
and from those PLD-grown in O, (Figure lef). In particular,
faceted cuboid nanostructures terminated with square pyramids
are preferentially grown on the GNI sites and not on the bare
areas of the H—Si substrate, leading to the formation of discrete
nanoparticles instead of a continuous film (Figure 1g). Growth
of these individual cuboid nanoparticles therefore suggests that
GNIs act as nucleation sites, similar to the case of nanobricks.
The growth continues with the preferential absorption of vapor
from the ablated target in GNIs (VLS growth mechanism) and/
or their preferential adsorption on TO surfaces (VS growth
mechanism), while no TO growth occurs on the bare H-Si
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areas. With the exception of those nanoparticles that grow into
one another, the discrete nanoparticles appear to be quite
uniform in size (with ~200 nm edge length). Remarkably, the
film PLD-grown on GNI/ox-Si in Ar (Figure 1h) exhibits
prominent nanospike structures with the GNIs on top. The
nanospikes are found to be randomly oriented and have
multiple facets along their 200—500 nm length. The presence
of GNIs on top of the nanospikes (Figure 1h, top inset) is
indicative of a predominantly VLS growth mechanism,
commonly found for 1D nanostructure growth in greviously
reported laser-assisted catalytic growth processes.”'® Further-
more, a limited number of faceted cuboid nanostructures
similar to those obtained on GNI/H-Si in Ar (Figure lg) are
also observed, along with smaller grains among the nanospikes
and cuboid nanoparticles. The coexistence of the vapor—solid
growth mode operative for these latter nanostructures with the
VLS growth mechanism found for the nanospikes highlights the
complexity of the growth process for nanostructures obtained
in Ar atmosphere.

Figures 2a and 2b show the SEM images of 1D TO
nanostructures PLD-grown on a GNI/ox-Si template, with an
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Figure 2. SEM images of (a) nanowires and (b) nanobelts, PLD-
grown on an GNI/ox-Si template in 400 mTorr of Ar for 90 min at
600 and 500 °C, respectively, collected by using the in-lens secondary
electron detector (SED) and by using the backscattered electron
detector (BSD) with a higher elemental contrast at a higher
magnification for (c) nanowires with a 70° tilt and (d) nanobelts.
HIM images collected at a higher magnification for (e) nanowires and
(f) nanobelts.

- 20 nm

average GNI size of 50 nm, in 400 mTorr of Ar for 90 min at
lower substrate temperatures of 600 and 500 °C, respectively.
Unlike the case of nanoparticles (Figure 1g) and nanobricks
(Figure lef) but similar to that found for the nanospikes
(Figure 1h) grown at 700 °C, the GNIs are found to detach
from the substrate, and they stay on top of the growing
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nanostructures, as illustrated in the SEM backscattered electron
images at a higher magnification (Figure 2c,d), clearly revealing
the VLS growth mechanism for these nanostructures. The
nanowires PLD-grown in Ar at 600 °C have a nearly square-
shaped cross section (Figure 2e), the size of which reduces
from 70 to 90 nm side length at the base to 15—50 nm side
length at the tip along their typical 1—5 ym length (Figure 2c).
There is no evidence of Au consumption due to incorporation
into the TO nanostructure in the energy-dispersive X-ray
mapping studies performed with TEM measurement (results
not shown). The observed tapering of the nanowires can
therefore be attributed to the following two effects. First, the
observed shape evolution of the dome-shaped Au nanoislands
to more spherical nanodroplets with increasing deposition time
could be attributed to the superficial heating effect of plasma.
This shape evolution reduces the active contact area for the
VLS growth, which in turn causes reduction in the nanowire
cross section. This results in the observed smaller nanowire
cross section at the tip than the diameter of the Au
nanodroplet. Second, the larger cross section found at the
base of nanowires in comparison to the size of the GNI at the
tip could be due to vapor—solid growth occurring concurrently,
as observed in the formation of nanobricks and nanoparticles.
In particular, as the nanowires grow longer, more vapor-to-solid
deposition occurs around the side surfaces of the nanowires,
causing tapering from the base area, with a longer exposure, to
the tip area, with a shorter exposure. On the other hand, the
nanobelts PLD-grown in Ar at S00 °C, shown in the HIM
image (Figure 2f), have a distinctly rectangular cross section,
with a typical thickness of 5—30 nm and width of 30—70 nm,
giving an aspect ratio of 2—9. Unlike the 1-5 pm long
nanowires, these nanobelts appear to grow to tens of
micrometers in length in 90 min. Because of the faster growth
rate of nanobelts, the cross sections of the nanobelts exhibit
only a minor reduction along the length, which is most notable
within 1 gm from the tip and could be attributed to the
termination and cooling stage of the PLD process.

The presence of an oxide layer on the Si substrate prevents
strong binding of GNIs to the Si substrate and is therefore
crucial for the detachment of GNIs from the substrate and
initiation of the VLS growth. Without such an oxide layer,
deposition of Au has been found to produce an interfacial gold
silicide layer on a (pristine) Si substrate.>® Moreover,
deposition in O, leads to the coverage of GNIs by a TO
layer, while deposition in Ar gives rise to formation of 1D
nanospikes, nanowires, and nanobelts predominantly through
the VLS mechanism. The lack of oxygen and the plausible high
solubility of oxygen-deficient TO clusters from the plasma in
gold can account for the effect of the Ar atmosphere on the
VLS growth of 1D TO nanostructures. Since the nanobelts and
nanowires both have a general four-sided cross section (i.e.,
rectangular and square, respectively) and grow symmetrically
perpendicular to this cross section, the deposition temperature
(500 °C for nanobelts, 600 °C for nanowires) is therefore the
key parameter that controls the growth rate leading to the
observed differences in their shapes and lengths. It has been
proposed that the growth rate in the VLS mechanism is
governed by the pseudobinary phase diagram of TO and the Au
catalyst, in which the temperature directly affects the eutectic
phase transition of the supersaturated liquid leading to
precipitation and growth of the nanostructure in the VLS
growth mechanism.'® The lower growth temperature also
appears to affect the growth rates along different planes, the
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difference of which creates the rectangular cross-sectional shape
for the nanobelts (This effect will be discussed in more detail in
the TEM section.)

In addition to the effect of the deposition temperature, we
also investigate the effects of the size of GNI catalysts on the
PLD growth of these nanostructures. The average size of the
GNIs formed on a Si substrate can be easily controlled by
adjusting the thickness of the deposited Au film and the
postannealing temperature, as described in detail by Sohn et
al.*® Figures 3a and 3b show the HIM images of two GNI/ox-Si

Figure 3. HIM images of the gold nanoislands (GNIs) prepared on
ox-Si substrates with average diameters of (a) S0 nm and (b) 10 nm,
and Gaussian size distributions (insets), and the HIM images of the
nanobelts (c) and (d) PLD-grown in 400 mTorr of Ar at S00 °C for
90 min on the GNI/ox-Si templates shown in (a) and (b),
respectively. All the images share the same scale bar shown in (b).

templates with near-Gaussian GNI size distributions and
average GNI sizes of 50 and 10 nm, respectively, and the
corresponding TO nanostructures PLD-grown in 400 mTorr of
Ar for 90 min at 500 °C on these GNI templates. In spite of the
smaller dimensions of these nanostructures obtained on the 10
nm GNI template (Figure 3d) compared to those grown on the
50 nm GNI template (Figure 3c), high-resolution HIM reveals
their distinct nanobelt morphology, with the characteristic
rectangular cross sections. These nanobelts have a generally
smaller cross section but still exhibit a width-to-thickness ratio
similar to the nanobelts PLD-grown using the 50 nm GNI
template. The nanobelts deposited on the 10 nm GNIs (Figure
3d) are found to be shorter (1—2 ym in length) than those on
the SO nm GNIs (10—30 ym in length), which leads to their
more vertical orientations with respect to the substrate. The 10
nm GNI template (Figure 3b) also has a higher GNI aerial
density than the S0 nm GNI template (Figure 3a), which leads
to a correspondingly higher density of and therefore smaller
spacings among the nanobelts. The increase in the aerial
density with the correspondingly smaller size of the GNIs
reduces the overall amount of the TO vapor absorbed by each
GNI, which consequently leads to a shorter nanobelt length.
The present result therefore shows that the size and
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distribution of the GNI catalysts can be used to effectively
control the cross-sectional dimension (while only the growth
temperature governs the width-to-thickness ratio), longitudinal
growth rate, and the aerial density of the deposited 1D TO
nanostructures prepared using this catalyst-assisted PLD
method. This type of control is possible because of the VLS
growth mechanism occurring at the catalyst location that is
responsible for the growth of these 1D nanostructures.

Figure 4 shows the corresponding GIXRD patterns of the
aforementioned TO nanostructured films with predominant
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Figure 4. Glancing-incidence XRD patterns of different TO
nanostructures obtained at an incidence angle of 0.3°. The PDF2
reference patterns of the tetragonal phase of SnO, powder (#00-041-
1445) and fcc phase of Au (#00-004-0784) are shown as bottom and
top bar graphs, respectively.

nanobricks and nanogravels (Figure 1f), nanoparticles (Figure
1g), nanowires (Figure 2a), and nanobelts (Figure 2b).
Evidently, in addition to the observed crystalline peaks of the
fcc phase of Au (PDF2 #00-004-0784), a single tetragonal
phase of SnO, (PDF2 #00-041-1445) is observed for all the
nanostructures. These results show that the different growth
conditions, particularly deposition in an Ar atmosphere, have
not affected the crystalline structure of these nanostructures,
which verifies that the stoichiometry of the SnO, target is
preserved in the PLD growth of all the deposited TO
nanostructures. In spite of the nanometer size of these
nanostructures, the observed peak widths are within the
instrumental resolution, indicative of the high level of
crystallinity with minimal strains in these nanostructures. Of
particular interest are the remarkably different relative peak
intensities, most notably for the prominent diffraction peaks,
found for the different TO nanostructures shown in Figure 4.
With respect to the reference pattern for SnO, powder (PDF2
#00-041-1445), the differences in the relative intensities for
different PLD-grown nanostructures show that they all have a
preferred growth orientation: (101) for nanoparticles and
nanobricks, (200) for nanowires, and (200) and (101) for
nanobelts (Figure 4). We summarize the intensities of the
(101) and (200) peaks relative to the (110) peak (the most
intense peak in the reference pattern) for different nanostruc-
tures in Table 1. Evidently, the intensity ratios for (101) to
(200) for the nanoparticles (7.9) and nanobricks (5.0) and for
the nanowires (2.3) and nanobelts (2.2) are respectively larger
and smaller than that of the reference (3.6). Moreover,
nanobelts show a high intensity ratio (0.98) for the (101) peak
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Table 1. Comparison of the Intensities of Different Peaks
Relative to (110) for the GIXRD Patterns of Different
Predominant TO Nanostructures to Those of the Reference
Pattern for SnO, Powder (PDF2 #00-041-1445)

peak intensity relative to (110)

SnO, nanostructures (101) (200)¢
ref pattern PDF2 #00-041-1445 0.75 021
nanoparticles 1.43 0.18
nanobricks 1.31 0.26
nanowires 0.65 0.28
nanobelts 0.98 0.44

“Intensity of the SnO, (200) peak at 38.1° is calculated by removing
the contribution of the nearby Au (111) peak, estimated by using the
observed Au (220) peak intensity appropriately scaled with the
corresponding intensity ratio (0.52) obtained from the Au reference
pattern, PDF2 #00-004-0784.

relative to (110) peak, while the nanowires exhibit a smaller
ratio (0.65) than that of the reference (0.75). These results
suggest that the differences in the morphology of the
nanostructures obtained by modifying the deposition parame-
ters are caused by changes in the crystalline growth orientations
of these nanostructures.

Typical low-resolution TEM images, along with their
selected area electron diffraction (SAED) patterns, obtained
for the TO nanowires and nanobelts are shown in Figure 5. For
a straight section of the nanowire without any sign of
mechanical bend or twist (Figure Sa), the corresponding
SAED pattern reveals a growth direction perpendicular to the

(200) plane, i.e., along the length of the nanowire in the [100]
direction. The crystalline orientations in this nanowire inferred
from the SAED pattern are also shown schematically using a
ball-and-stick model of the SnO, unit cell in Figure Sa.
Moreover, it is revealed that the nanowire has the (010) planes
[equivalent to the (100) plane due to symmetry of the
tetragonal structure] as its side surfaces perpendicular to the
zone axis and the (001) planes as the other side surfaces parallel
to the zone axis. The measured lattice spacings (a, b = 4.74 A
and ¢ = 3.19 A) and the observed diffraction pattern are in
excellent agreement with the tetragonal crystal structure of
SnO,. The high-resolution TEM image taken at the edge of the
nanowire (Figure Sa, right) confirms the observed growth
orientation of [100] (marked by a long arrow in Figure Sa)
with the measured lattice spacing of 4.74 A. Other high-
resolution images taken across the nanowires (not shown)
show no discernible lattice defects with essentially identical
lattice constants. Furthermore, high-resolution TEM images
collected over a large scan area (not shown) do not show any
fault line in the crystal structure of the nanowire.

Figures Sb and Sc show the TEM images obtained for two
nanobelts, which are selected to illustrate the different possible
growth orientations within a single PLD-grown nanobelt
sample. The observed differences in contrast for different
sections of the nanobelts (Figure Sb,c) are the result of
mechanical twists and bends along the length (10—30 ym) of
the nanobelts (Figure 2b). The corresponding SAED patterns
reveal different growth orientations along their length in the
[010] (Figure Sb) and [101] directions (Figure Sc) in these

Figure 5. Low-resolution TEM images (left) with their corresponding SAED patterns (center) and high-resolution TEM images (right) with
spacings corresponding to different crystalline planes for (a) nanowire and (b, c) nanobelts with different growth orientations. The ball-and-stick
models of the SnO, unit cell show the crystalline orientations of the nanostructures, and the extracted crystal directions are indexed in the SAED

patterns, with the growth directions marked by long arrows.
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nanobelts. The SAED patterns further show that the nanobelts
have (101) planes as their narrow side surfaces parallel to the
zone axes (Figure Sb,c), while they show different planes
perpendicular to the [10—1] (Figure Sb) and [010] (Figure Sc)
zone axes on their wide side surfaces. The plane perpendicular
to the [010] axis is the (010) or equivalently (100) plane, while
the closest plane perpendicular to the [10—1] axis is the (201)
plane with a 87.3° angle. The corresponding high-resolution
TEM images show the single-crystalline nature of the nanobelt
structure, and the measured lattice spacings of 2.38 and 2.64 A
correspond to the [010] (Figure Sb, right) and [101] directions
(Figure Sc, right), respectively, which confirm the growth
directions identified in their respective SAED patterns.

The different growth orientations found in these nanobelts
leading to growth in the (101), (100), and (201) planes are in
good agreement with our XRD results (Figure 4), which
indicate a preferred growth orientation in comparison to the
reference polycrystalline SnO, pattern for both the (200) and
(101) planes. The observed preferred growth of the nanowires
for the (200) peak in the GIXRD results (Figure 4) can also be
explained by the observed side planes of (100) and (001),
where the former will produce the observed high intensity of
the (200) peak. The presence of different growth planes for
nanowires and nanobelts can also account for the observed
differences in the cross-sectional morphologies, where different
growth rates are expected for different planes. The formation of
the (001) side planes, which possess the highest surface energy
among the low-index planes of TO,” for nanowires suggests
that the higher deposition temperature of 600 °C, in
comparison to 500 °C for nanobelts, provides sufficient energy
for the growth of this plane. The higher growth rates expected
for the high-energy surfaces can therefore explain the observed
square cross-section of the nanowires, in contrast to the
rectangular cross-section of the nanobelts, where the other side
plane has a lower growth rate than the (101) side plane. These
results indicate that the catalyst-assisted PLD method provides
adequate energy for growth in different low-index directions
and that the deposition parameters, particularly the growth
temperature, can be used to control these orientations leading
to different morphologies.

4. CONCLUSIONS

The present study demonstrates that a variety of single-
crystalline nanostructures of TO can be synthesized by
modifying the deposition parameters using a catalyst-assisted
PLD technique, paving the way for further growth studies of
these intricate oxide nanostructures by this method. Deposition
parameters, including the substrate temperature and the
composition of the process gas (O, or Ar), and the type of
support for the GNI template (ox-Si or H-Si) are all found to
have strong effects on the morphology of the resulting
nanostructures. At 700 °C, faceted nanobricks are obtained
on a GNI/ox-Si template in O,, while faceted nanoparticles are
grown on a GNI/H-Si template in Ar, mainly through a
catalytic vapor—solid growth mechanism. On the other hand,
nanospikes are obtained on a GNI/ox-Si template in Ar at 700
°C, through a catalytic vapor—liquid—solid mechanism.
Furthermore, reducing the deposition temperature leads to
the growth of micrometer-long nanowires at 600 °C and
nanobelts at 500 °C, all with remarkably small cross-sectional
dimensions. We demonstrate for the first time that by creating a
supported GNI template, it is possible to promote VLS growth
(in preferred orientations) at a relatively low temperature by
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using PLD and to produce a variety of 1D TO nanostructures.
Furthermore, not only the length of the nanobelts and
nanowires can be controlled by the deposition time, their
width and density on the surface can also be modified by
varying the size and density of the GNIs on the substrate. In
addition, X-ray diffraction data confirms the presence of the
tetragonal SnO, crystalline phase and a preferred growth
orientation of (200) for nanowires, (200) and (101) for
nanobelts, and (101) for nanobricks and nanoparticles. TEM
results further show the single-crystalline structures of the
nanobelt and nanowire and reveal the different growth
orientations of these 1D nanostructures in excellent accord
with our XRD data. The present work therefore demonstrates
the potential of the catalyst-assisted PLD technique as a general
approach to the synthesis of single-crystalline 1D nanostruc-
tures of other oxide materials, with controllable morphologies
and dimensions, at a relatively low temperature. With their high
surface area and in a selected number of low-index surface
planes, these 1D TO nanostructures offer a unique opportunity
to exploit the selectivity and reactivity of their surface chemistry
in a variety of applications, including chemical sensing.
Moreover, this method can easily accommodate the introduc-
tion of dopants for developing new or optimizing existing
properties of these TO nanostructures for opto/electronics
applications.
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