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ne dimensional (1-D) nanomateri-

als, such as nanowires, nanorods,

and nanotubes, are regarded as
promising building blocks for future nano-
scale devices and sensors. Driven by this,
1-D nanomaterials have been the focus of
intensive research in recent years.' 8 In par-
ticular, the hierarchical assembly of nano-
scale building blocks with a tunable dimen-
sion and structure complexity is an essential
step toward the realization of multifunc-
tionality of nanomaterials when a large sur-
face area is desired. Recently, there have
been a number of reports on branched
nanowires or complex 1-D nanowire arrays
using a vapor transport and condensation
method.’~ '3 The synthesis strategies can be
classified into two categories. The first one
is a high-temperature thermal evaporation
of precursor powders accompanied by a
low-temperature condensation. Demon-
strated materials include ZnsP,,° PbS,™
Zn0,""2 and In,05;—Zn0." In this one-step
growth, 3-D hierarchical nanostructures
form via a self-assembly (e.g., self-catalytic
secondary growth, screw dislocation driven
growth). This method generally suffers from
poor control and reproducibility because it
is known that the morphology of the result-
ing nanomateirals in a vapor-transport-
deposition process depends greatly on the
vapor partial pressure, which can be hardly
independently manipulated. The other hier-
archization strategy consists of multiple
vapor—liquid—solid (VLS) growths by re-
seeding the nanowire surface with catalyst
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ABSTRACT Hierarchical nanostructures with Sn0, backbones and Zn0 branches are successfully prepared in a

large scale by combining the vapor transport and deposition process (for Sn0, nanowires) and a hydrothermal

growth (for Zn0). The Zn0 nanorods grow epitaxially on the Sn0, nanowire side faces mainly with a four-fold

symmetry. The number density and morphology of the secondary Zn0 can be tailored by changing the precursor

concentration, reaction time, and by adding surfactants. Photoluminescence (PL) properties are studied as a

function of temperature and pumping power. Such hybrid Sn0,—Zn0 nanostructures show an enhanced near-

band gap emission compared with the primary Sn0, nanowires. Under the optical excitation, a UV random lasing

is observed which originates from the hierarchically assembled Zn0 branches. These three-dimensional

nanostructures may have application potentials as chemical sensors, battery electrodes, and optoelectronic

devices.
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(usually gold) nanoparticles. For examples,
Dick et al. synthesized tree-like GaP nano-
structures by metal—organic chemical va-
por deposition (MOCVD)."*'> Similarly,
Wang and co-workers grew branched as
well as hyperbranched Si nanowires.'® Zai
et al. fabricated rocketlike tetrapodal CdS
nanorods and ZnS/SiO, core—shell struc-
tures by a seed-epitaxial route.'”'® However,
these methods require critical conditions:
either high temperatures or special tech-
nique for catalyst attachment. Compared
to the above methods, the solution-phase
route is regarded as a less-costly and high-
throughput way to the fabricate nanoma-
terials with the advantages of being envi-
ronmentally friendly, low temperature, and
simple. A variety of semiconductor compos-
ite nanomaterials with homo- or heteroge-
neous hierarchical structures have been
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nm and length of several tens of micrometers, with a
relative smooth surface.

After applying the solution growth of ZnO nano-
rods, the initially smooth SnO, nanowires branch out,
forming a hierarchical structure resembling the leaves
of a pine tree. A typical image of such structure is shown
in Figure 2a. The nanorod branches stand perpendicu-
lar to the side surfaces of the SnO, nanowires as mul-

: tiple rows in a parallel manner. In general, the SnO,

Figure 1. (a) SEM image of SnO, nanowires. (b) Typtical TEM image of nanowire backbones can be as long as tens of microme-
a single SnO, nanowire. Inset is a HRTEM image of the wire showingits  ters, whereas the length of the secondary ZnO nano-
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single-crystalline characteristics.
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successfully prepared using this route in the past few
years, such as CdTe," Zn0O,%*?' Fe,05/Sn0,,* and ZnO/
Ti0,.3

Among the oxide semiconductors, ZnO and SnO,
are well-known wide direct band gap (E; = 3.37
and 3.6 eV at 300 K, respectively) semiconductors
and possess wide application potentials in
photovoltaics,?** photocatalysis,?® gas sensing,
and nanoscale laser source.? It has been demon-
strated that, by combining ZnO and SnO,, the het-
erojunction nanostructures, such core—shell tetra-
pods and wire-dots, can greatly enhance their
application performance.3°~3* While the solution
growth method allows a high degree of control, the
resulting nanorods are usually short (~1 wm for >5
h). A vapor-phase growth has the advantage of a
much faster growth rate, and the nanowires can be
as long as 20 wm in a typical 1 h run. In this study, we
combine these two growth processes to fabricate hi-
erarchical SnO,—Zn0O nanostructures. First, a vapor-
phase VLS route is employed to synthesize ultralong
SnO, nanowires. Subsequently, ZnO nanorods are as-
sembled epitaxially on the SnO, nanowires by a hy-
drothermal process. The main advantages of this
method for obtaining complex ZnO nanostructures
are the low growth temperature, so as to avoid ther-
mally induced defects, and an absence of catalytic
impurities, which is desirable when a high electric
transport property is needed for sensor applications.
The number density of the branches is easily
changed by varying the precursor concentration.
The strong near-band PL emission and a random las-
ing action support the excellent overall optical qual-
ity. Our demonstration of rational fabrication of hier-
archical nanostructures may provide the possibility
for designing more complex 3-D nanostructures with
an ultrahigh surface area and subsequently exploit-
ing their unique physical properties.

27,28

RESULTS AND DISCUSSION

Zn0 Nanorod Arrays on Sn0, Nanowire Backbones. Figure 1
shows the SEM and TEM images of the primary SnO,
nanowires. The nanowires have a diameter of 50—100
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rods grown on the SnO, backbone ranges from 100 to
200 nm and the diameter of about 30 nm. While the
majority of the hybrid nanostructures have four-fold
symmetry branches, a few six-fold symmetry nano-
wires were also observed.

The structure was further examined using transmis-
sion electron microscopy (TEM). The TEM image in Fig-
ure 2b shows a portion of the Sn0,/Zn0O hierarchical
nanostructure. The ZnO nanorods are not of uniform di-
ameter, which is characteristic of solution-grown ZnO
nanorods. It is noted that some branches were broken
off from the trunk by sonication during the TEM sample
preparation process. Figure 2¢,d presents the energy-
dispersive X-ray spectroscopy (EDS) spectra taken from
the backbone and one branch in Figure 2b, respectively.
Clearly, all of the secondary nanorods are pure ZnO,
and the major core is SnOy; the C and Cu element sig-
nals are attributed to the TEM grid used to support the
nanowire.

Now we come closer to the interface between the
Sn0O, backbone and ZnO branch. Figure 3a displays
the interface region of one branch, from which the HR-
TEM image was recorded (white frame area in Figure
3a). Both the branch and the backbone are single-
crystalline with clear lattice fringes. The lattice spac-
ings of 0.269 nm for the branch nanorods and 0.48 nm
for the backbone nanowires correspond, respectively,
to the (0002) plane of the wurtzite ZnO and the (100)
plane of rutile SO, (more details can be found in Sup-
porting Information, Figure S1). Supporting Information
is given by selective area electron diffraction pattern
of the branch (Figure 3c) and two-dimensional fast Fou-
rier transforms (FFT) of the lattice image of the back-
bone (Figure 3d). ZnO nanorods grew perpendicular to
the longitudinal axis of the SnO, nanowire with an
interfacial orientation relationship of (0002)ZnO||
(—101)Sn0.. It is well-known that lattice mismatch
plays an important role in the expitaxial growth of het-
erogeneous structures either in vapor-phase deposi-
tion® or solution-phase epitaxial growth.'* A high de-
gree of lattice mismatch prevents the nucleation and
growth of an overlayer on a substrate because of the
high structural strain. In our case, the main interface re-
lation for hierarchical nanostructures is (0002)ZnO||
(—101)Sn0; (as revealed by HRTEM and SAED). The
structure model for atomic arrangement
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