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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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Figure 1. (a) SEM image of SnO, nanowires. (b) Typtical TEM im
a single SnO; nanowire. Inset is a HRTEM image of the wire showing its
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,2** 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.

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

AN 17 . N
A@i\%ﬂ\&) VOL.3 = NO. 10 = CHENG ET AL.

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,
nanowire backbones can be as long as tens of microme-
ters, whereas the length of the secondary ZnO nano-
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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Figure 2. Hierarchical SnO,/Zn0O nanostructures with ZnO nanorod branches on SnO, nanowire backbones. (a) SEM image.
(b) Typical TEM image. (c,d) Energy-dispersive spectrum (EDS) recorded from the SnO, trunk and one ZnO nanorod branch
in Figure 2b, respectively. Note that the oxygen peak is not present, which is artificial.

(see Supporting Information, Figure S2) shows lattice and grow on the four {101} planes of SnO, nanowire
mismatches of 1.9 and 5.6% along the b direction and  backbones. This contributes to the formation of four-
a direction of SnO,, respectively. Therefore, the ZnO fold symmetry branches.

nanocrystals, which tend to elongate along the [0002]
direction during the solution growth, prefer to nucleate

Zn0 [2110] Sn0, [010]

Figure 3. Structural characterization of the heterointerface. (a)
TEM image taken near the junction. (b) HR lattice image of the
junction. (c) Electron diffraction pattern taken from the ZnO
nanorod branches. (d) Fast Fourier transformation pattern of
the HRTEM of the SnO, backbone in (b). The electron beam di-
rections (right-bottom in c and d) are calculated based on in-
dexed planes.

Www.acsnano.org

X-ray diffraction (XRD) analysis was performed to
investigate the crystal phase of SnO, nanowires
and Sn0O,/Zn0O hierarchical structures in Figure 2.
Figure 4 illustrates the XRD patterns of both the
primary SnO, nanowires (curve 1) and the hy-
brids (curve 2) for comparison. Clearly, the crys-
tal phase of SnO, used as the backbone is rutile
phase (space group: P42/mnm, a = 0.4739 nm, ¢
= 0.3186 nm). As for the SnO,/Zn0O hybrids, all of
the diffraction peaks can be indexed as a mix-
ture of hexagonal wurtzite ZnO (space group:
P63/mc, a = 0.3249 nm, ¢ = 0.5206 nm) and the
tetragonal rutile SnO,, which is consistent to the
JCPDS file Nos. 079-2205 and 071-0652, respec-
tively. No remarkable shift in diffraction peak was
detected. This indicates that no obvious inter-
face reaction of ZnO + Sn0O, — Zn,Sn0, has
occurred.

Nano-ZnO is known to exhibit a large variety
of morphologies and interesting size and
morphology-dependent physical properties.32°
Therefore, a growth control of the nanostructure
has always been a critical issue. In our experi-
ment, the morphology of the secondary ZnO
nanostructures is tailored by changing the liquid
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Figure 4. XRD patterns of the primary SnO, nanowires (curve
a) and Sn0,/Zn0 hybrids with ZnO nanorods grown on SnO,
nanowires (curve b); 4 indicates the rutile phase of SnO,,
and A indicates the wurtzite phase of ZnO.

precursor concentrations or adding additives dur-
ing the hydrothermal process. Figure 5a—d shows
the representative SEM images of hierarchical SnO,/
ZnO nanostructures by increasing the concentration
of Zn(NOs), salts and hexmethylenetetramine (HMT),
while keeping their ratio of 1:1 unchanged. Obvi-
ously, both the density and diameter of the second-
ary ZnO nanorods increase directly monotonously
with the concentration of salts. For example, the di-
ameter of the nanorods varied in the range of
30—200 nm and the length of 200—1000 nm by in-
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Figure 6. Growth process of the Sn0,/ZnO hierarchical
nanostructures. Top row: schematics. Bottom row: corre-
sponding SEM images of the product. (a) Before the growth.
The SnO, nanowire surfaces are coated with ZnO seed nano-
particles. Subsequent solution epitaxial growth of ZnO
nanorods on the four side faces of SnO, nanowires. (b) With
a low Zn(NOs), precursor concentration, the branches are in-
dividual ZnO nanorod arrays, whereas (c) with a high precur-
sor concentration, the nanorods tend to merge.

creasing the zinc nitrate salt concentration from
0.01 to 0.1 M.

Figure 6 shows schematically the two-step
growth process employed in our experiment to-
gether with SEM images of the structures obtained
under the respective growth condition. First, the
pristine SnO, nanowires were attached by dip coat-

X10000 gm WD 6.4mm

WD 6.5mm

100KV X10,000 Tam

Figure 5. Growth manipulation of the Sn0,/ZnO hierarchical nanostructures by using different concentrations of Zn(NOs),

salts for 8 h: (a) 0.01 M, (b) 0.025 M, (c) 0.05 M, (d) 0.1 M.

@NA!NK) VOL.3 = NO. 10 = CHENG ET AL.

www.acsnano.org



ing with a layer of ZnO seed nano-
particles as specific nucleate sites.
Such a layer of ZnO nanoparticles of
a diameter of ~5 nm on the surface
of SnO, nanowires can be seen from
the SEM image (Figure 6a). It is noted
that the seed layer is mandatory be-
cause no secondary growth was ob-
served when this step was omitted I pm
(see Supporting Information, Figure
S3). In the early stage, ZnO nanorods
nucleate and crystallize along their
[0001] direction on the ZnO seed sites. With time in-
creases, the initial nanorods absorb Zn?* and OH~
from the solution and crystallize following the well-
documented chemical reactions in the presence of
zinc salts and HMT?®

_

A
(CH,)6N, + 6H,0 — 6HCHO + 4NH, )

NH; + H,0 == NH, "+ OH~ 2)
20H™ + Zn*" — Zn(OH), — ZnO,, + H,0  (3)

A series of time-dependent experiments were con-
ducted for a clear illustration of the growth process
(see Supporting Information, Figure S4). After a short
growth of 0.5 h, ZnO crystals sprouting from the
seeds are evident. Extending the reaction to 6 h re-
sulted in four rows of ZnO nanorods with a length of
~200 nm (Figure 6b). Under the condition of a
higher zinc salt concentration, the lateral growth of
ZnO nanorods competes, which reduces the anisotro-
py of the resulting structure. This is consistent with
the pioneering work by Vayssieres.®> Subsequently,
the nanorods grow thicker and tend to merge via a
gap-filling growth,*® as shown in Figure 6c¢.

In0 Nanosheets on Sn0, Nanowire Backbone. Further modi-
fication of the branch structures was made by adding
trisodium citrate as the surfactant into the hydrother-
mal solution. The results of the products are shown in
Figure 7. Instead of 1-D structure under the surfactant-
free condition, layers of ZnO nanoflakes on the SnO,
nanowires were obtained. Electron microscopy exami-
nation (Figure 7a—c) reveals that the ZnO nanoflakes
are <5 nm in thickness and overall size of ~200 nm.
They are also of wurtzite phase, as shown by XRD re-
sult (Supporting Information, Figure S5). It is reasonable
to expect that the wide planes of the sheets are (0001)
planes.

ZnO crystal is a polar crystal consisting of many posi-
tive polar planes (rich in Zn?*) and negative polar
planes (rich in 0?7).” In general, in the absence of struc-
ture modifiers under hydrothermal condition, the
(0001) polar plane is energetically unfavorable and has
a faster growth rate than other planes. Therefore, ZnO

www.acsnano.org
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Figure 7. SnO,/ZnO0 hierarchical structures with ZnO nanoflakes grown on SnO, nanowires by
adding trisodium citrate. (a) Low- and (b) high-magnification SEM images. (c) TEM image.

tends to grow into rodlike crystals in an aqueous sys-
tem. However, when certain structure modifying agent
is added, such as trisodium citrate in this case, the cit-
rate molecule may be adsorbed preferentially on the
energetically unfavorable (0001) polar suface.® The ab-
sorbed molecules will reduce the surface energy of the
(0001) plane and thus retard the growth along the
[0001] orientation. As a result, hexagonal-shaped ZnO
nanoflakes with (0001) flat planes were formed.
Photoluminescence Properties. The optical characteris-
tics of the SnO, nanowires and Sn0O,/Zn0 hierarchical
structures were investigated by photoluminescence
(PL) spectroscopy at various temperatures between 10
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Figure 8. Photoluminescence (PL) spectra of the primary
SnO, nanowires (curve 1) and SnO,/Zn0 hybrids with ZnO
nanorod branches (curve 2) recorded at (a) room tempera-
ture and (b) 10 K.
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K and room temperature. As shown in Figure 8a, the
room-temperature PL spectrum of the primary SnO,
nanowires (curve 1) consists of a broad emission band
centered at ~2.12 eV, which is ascribed to deep level
defects, and a weak UV emission at 3.263 eV. As for the
Sn0,/Zn0 hierarchical structures, the PL spectrum is
dramatically different compared with the primary SnO,
nanowires. The intensity of defect-related emission
from SnO, is remarkably suppressed after attaching
with the ZnO nanorods. In addition, a dominating near-
band-edge (NBE) emission at 3.248 eV from ZnO was
observed.

To further confirm the origin of the PL peaks, low-
temperature measurement was conducted. The 10 K PL
spectra of both primary SnO, nanowires and the hybrids
are shown in Figure 8b. For the pure SnO, nanowire
samples, four peaks at 3.359, 3.306, 3.233 eV, and the
broad emission at 2.54 eV can be clearly seen in curve 1.
The 3.359 and 3.306 eV peaks are assigned to the band to
acceptor (BA) and donor to acceptor (DA) emission, re-
spectively, which are consistent with previous reports for
bulk tin oxide*® and tin oxide nanowires.”’ As the 3.233 eV
peak differs from the DA emission by 73 meV, the former
is believed to be a LA-phonon replica of DA’ The broad
emission at 2.54 eV is due to deep lying defects. On this
basis, we can conclude that the room-temperature weak
UV emission peak at 3.263 eV from the

1 SnO,/ZnO(nanorods)
10K /_JL
{ N
g 30K
£
& 50K
§ 100 K
g
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2.0 2.5 3.0 35
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Figure 9. Temperature-dependent PL spectra of the SnO,/
ZnO hybrid nanostructures.

It is interesting to notice that the PL peaks of the SnO,
backbone are missing for the hybrid nanostructures. We
propose two reasons for this: first, the secondary-grown
ZnO nanorods compensated the defects on the surface of
the SnO; nanowires (e.g., oxygen vacancies), so that the
surface state related emissions at ~2 eV were decreased.
Second, as the UV light penetration depth in ZnO was less
than 100 nm,*® which is smaller than the length of ZnO
nanorods assembled on the SnO, nanowire surface, the
majority of the UV laser power would be absorbed by the
ZnO nanorod branches (note the band gap of ZnO).

primary SnO, nanowires (curve 1 in Fig-
ure 8a) originates from the suppression
of several NBE bands such as BA and DA
peaks (see curve 1 in Figure 8b); it is
shifted due to the band gap narrowing
with increasing temperature. While for
the SnO,/Zn0 hierarchical structures
(curve 2 in Figure 8b), the dominant peak
at 3.358 eV is attributed to the neutral
donor-bound excitons in the ZnO nano-
rods,*' the peaks at lower energy are as-
signed to donor—acceptor pair :
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green emission peak due to oxygen defi- (©)
ciency was also observed.
Temperature-dependent PL spec-
tra of the SnO,/Zn0O hierarchical
structures were also measured in the
range of 10—300 K. As shown in Fig-
ure 9, the PL peaks at 3.357 eV, attrib-
uted to donor-bound excitons of
ZnO, dominate the spectra at low
temperature. By increasing the tem-
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perature, the bound excitons disasso-
ciate into free excitons and the corre-
sponding peak red shifts as a function
of increasing temperature. Such
property is well-established in ZnO
published in both films and
nanostructures.
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Figure 10. Random lasing action of the Sn0,/Zn0O hierarchical nanostruc-
tures. (a) Room-temperature PL spectra at different excitation powers. (b)
Plot of integrated intensity versus input power intensity, showing the on-
set of nonlinearity at a threshold of ~0.18 MW/cm?. (c) Emission spectra of
the sample with different excitation area. (d) Spectra radiated from 45
and 60° from the sample surface.
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Therefore, the intensity of NBE of the SnO, backbone,
which is already weak (see curve 1 in Figure 8a), was sig-
nificantly suppressed.

Random Lasing Emission. It is expected that such 3-D hi-
erarchical assembly should enhance the random lasing
action of ZnO nanostructures, compared to those unidi-
rectional ordered arrays.2>** Figure 10a,b shows the emis-
sion spectra and light—light curve, respectively, of the
Sn0,/Zn0 hybrid nanowires. It is observed that, when ex-
citation power exceeds a threshold of ~0.18 MW/cm?,
sharp peaks in a line width as narrow as 0.4 nm emerged
from the single, broad spontaneous emission spectrum.
The intensities of the sharp peaks are significantly higher
than the background noise level, whereas their positions
are found to be independent with the pumping intensity.
As the pump power increased, multiple laser modes
with strong coherent feedback at wavelengths between
380 and 390 nm were detected. Figure 10c shows the
variation of emission spectra with excitation area for con-
stant pump intensity of 0.27 MW/cm?, It is observed that,
when the excitation area is less than critical area (~0.3 X
1073 cm?), no more sharp lasing peak can be observed.
Furthermore, emission spectra measured at different ob-
servation angles are plotted in Figure 10d. It is noted that
different emission spectra can be observed in different di-
rections. These properties of emission spectra are qualita-

EXPERIMENTAL SECTION

Synthesis of Sn0, Nanowires. SnO, nanowires were synthesized
on silicon substrates by a vapor transport and deposition process.
An equal amount of SnO, powder (Sigma Aldrich, 99.9%) and
graphite powder (Sigma Aldrich, 99%) was grounded and trans-
ferred to an alumina boat. The Au sputter-coated Si substrates and
the alumina boat were placed in a small quartz tube (diameter 15
mm, length 300 mm). The substrates were typically placed 1—4 cm
away from the center of the boat. This quartz tube was then placed
inside a furnace quartz tube, with the center of the alumina boat
positioned at the center of the furnace and the substrates placed
downstream of an argon flow. The temperature of the furnace was
ramped to 1050 °C at a rate of 50 °C /min and kept at that temper-
ature for 1 h under a constant flow of argon (50 sccm) and pres-
sure (15 mbar). After the furnace cooled to room temperature, the
substrate surface turned to white or a light gray color, indicating
the deposition of materials.

$n0,/Zn0 Hierarchical Structure Fabrication. SnO,/Zn0O hierarchical
structures were prepared by a hydrothermal process. First, the
SnO, nanowires were coated with ZnO nanoparticles as seeds by
a dip-coating technique.*’ Subsequently, the SnO, nanowire-
covered substrates were immersed into a 35 mL aqueous solution
of equimolar zinc nitrate (Zn(NOs), - 6H,0) and hexamethylene-
tetramine (CsH12N,). The hydrothermal process was conducted at
95 °C for 8 h. After reactions, the substrates were removed from the
solution, rinsed with deionized water, and dried with Ar blow.

Characterizations. The morphology and the crystalline structure
of the as-fabricated SnO,/Zn0O heterostructures were character-
ized with a JEOL JSM-6700F field emission scanning electron mi-
croscope (FESEM) and a JEM 2010F high-resolution transmis-
sion electron microscope (HR-TEM). X-ray powder diffraction
(XRD) patterns were recorded on a Bruker D8 Advance diffracto-
meter using Cu Ka radiation. The PL measurement was per-
formed from 10 K to room temperature using the 325 nm line
of a continuous-wave He—Cd laser as the excitation source. Las-
ing emission of the samples was investigated under an optical
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tively consistent with the random lasing behavior with a
coherent feedback.*46

CONCLUSIONS

We have reported a series of ZnO nanostructures hi-
erarchically assembled on SnO, nanowire backbones
through a low-temperature heteroepitaxy growth in an
aqueous solution. The number density and morphol-
ogy of secondary ZnO nanostructure can be tuned by
adjusting the baking condition, such as the salt concen-
tration, reaction time, and additives. Interestingly, the
as-synthesized SnO,/Zn0 hybrid nanostructures exhibit
unique luminescence properties in contrast to the pri-
mary SnO, nanowires: the defect emission from SnO, at
~580 nm is significantly suppressed, whereas a strong
UV emission coming from ZnO is observed. Moreover,
this type of 3-D structure emits lasing peaks that are
stronger than those from the pristine nanowires. Such
lasing emission is identified as multimode random las-
ing, which is correlated with the hierarchical assembly
and spatial 3-D arrangement of the ZnO nanorods. We
claim that the present two-step approach for epitaxial
growth of hierarchical nanostructures can be extended
to designing other complex systems (using nanowires
or tubes as a template), which might be useful for appli-
cations in laser, gas sensors, and solar energy conver-
sion devices.

excitation by a 355 nm frequency-tripled (Nd:YAG yttrium alumi-
num garnet) pulse laser with 120 ps pulse width and 10 Hz rep-
etition rate. The optical pumping was achieved by using a cylin-
drical lens to focus a pump stripe of 2 mm in length and 40 pm in
width onto the sample.
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