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Introduction

Quasi-one-dimensional (Q-1D) nanostructures (nanowires,
nanorods, nanotubes, and nanobelts) have attracted a great
deal of attention owing to their interesting geometries,
unique properties, and novel potential applications in nano-
scale devices.[1] A wide range of materials, including group
IV,[2] III–V,[3] and II–VI semiconductors,[4] metals,[5] oxides,[6]

and carbides,[7] have been prepared in the form of Q-1D
nanostructures by a variety of methods. Once various 1D
nanostructures have been synthesized, the next important
step is to assemble them into electronic and photonic nano-
devices,[8] which is a crucial step towards the realization of
functional nanoscale systems.[9] Many novel structures, such

as MgO fishbones,[10] novel SiOx nanostructures,
[11] ZnO

nanonails[4c] and junction arrays,[12] and SnO nanoribbon net-
works,[13] have been synthesized. Hierarchical nanostructures
in which the primary stems (or trunks) and branches consist
of the same or different materials are an alternative for as-
sembling 1D nanoscale building blocks into functional elec-
tronic devices. Hierarchical structures of various 1D nano-
scale semiconductors, such as ZnO,[14a] In2O3,

[14b] Si–SiO2,
[15]

Pb–Se,[16] and ZnS[17] have been reported previously. In fact,
these interesting nanostructures could be applied in field
emission, photovoltaics, and supercapacitors. While much re-
search has been devoted to the synthesis of hierarchical
nanostructures, it still remains a great challenge to find a
general synthetic scheme for formation of hierarchical nano-
structures with well-controlled shape, size, and composition
at different levels.
Here we present a multistep thermal vapor deposition

route for the controlled growth of hierarchical nanohomo-
and nanoheterojunctions, in which numerous aligned SnO2
(or ZnO) nanowires or nanobelts have been grown on the
surface of single-crystal SnO2 nanobelt substrates. This
method utilizes the catalyst-free vapor–solid (VS) growth
mechanism for nanowires and nanobelts. Sequential growth
of levels of nanowire and/or nanobelt “branches” by the VS
process makes the complexity of such structures theoretical-
ly limitless, since each level (or generation) of branches can
have different length, size, and chemical composition. This
combination of technologies represents a significant step in
the pursuit of functional nanoscale devices and nanomateri-
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als, as the multistep procedure allows a level of control and
flexibility not previously seen.[18] Hierarchical nanostructures
of this type have multiple outlets and are ideal objects for
the fabrication of nanoscale functional devices.[6a]

Results and Discussion

The substrate nanobelts and the second and third genera-
tions were synthesized in a horizontal high-temperature fur-
nace, shown schematically in Figure 1a. A temperature gra-
dient was thus established from the center to the end of the
quartz tube, as shown in Figure 1b.

The morphology of the products was examined by scan-
ning electron microscopy (SEM). Figure 2a shows an SEM
image of SnO2 nanobelt substrates. The source heating tem-
perature was increased to 1000 8C and the duration was ex-
tended to 4.5 h to increase the size of the nanobelt sub-
strates, which is easy to control on the order of micrometers
in width. The representative morphologies of the secondary
SnO2 nanostructures grown on SnO2 primary nanobelts are
revealed by field-emission (FE) SEM (see Figures 3 and 6
below).
The X-ray diffraction (XRD) pattern (Figure 2b) revealed

the overall crystal structure and phase purity of the two as-
synthesized products: bare nanobelt substrates (A), and
nanobelts grown with nanowires (B). All the diffraction
peaks for the two products match very well with those of
tetragonal rutile SnO2 (a=4.738, c=3.187 N) obtained from

the JCPDS 41-1445 card, that is, the nanostructures consist
predominantly of pure SnO2.
For the hierarchical products synthesized in a substrate

temperature zone of 830–850 8C for 1 h, the low-magnifica-
tion SEM image in Figure 3a shows that well-aligned SnO2
nanowire arrays with high density grew on the whole surface
(top, bottom, and sides) of the primary nanobelt substrates,
which still retain their beltlike morphology after secondary
growth of nanowires. The magnified SEM image in Fig-
ure 3b reveals that the secondarily grown nanowires have
lengths ranging from 10 to 20 mm and diameters of about
50 nm. The SnO2 nanowires grown on the top and bottom
(width dimension, indicated as “W” in the inset) surfaces of
the nanobelts are well aligned in one direction on the sub-
strates, whereas the nanowires on the side surface (thickness
dimension, indicated as “T” in the inset) of the nanobelt
grow predominantly in two directions on the substrate sur-
face, which are found on almost all of the belts observed.
The diameter of the secondary SnO2 nanowires remains
almost constant, except for the contact points with the nano-
belt substrates, which are a bit thicker. The absence of cata-
lyst tips at the end of the nanowires indicates a VS growth
mechanism. Structural analysis of the branched nanostruc-

Figure 1. a) Schematic diagram of the horizontal furnace. b) Temperature
distribution curve of the furnace.

Figure 2. a) Typical SEM image of the as-grown SnO2 nanobelts (to be
used as the trunk or stem to grow secondary branches). b) XRD patterns
recorded from the as-synthesized products: bare nanobelt substrate (A)
and nanobelts grown with nanowires (B).
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tures was performed by transmission electron microscopy
(TEM). The low-magnification TEM image of an isolated
branched SnO2 nanostructure in Figure 3c reveals nanowires
grown on the stem, in agreement with the results from SEM
observations. The second-level nanowires could be broken
off the stem by ultrasonic treatment during TEM sample
preparation. Lattice-resolved HRTEM images were not ob-
tained due to the slightly greater thickness of the selected
regions. Interestingly, SAED patterns obtained from the dif-
ferent parts (marked by circles) of the branched nanostruc-
ture (backbone, junction, and branches) reveal similar recip-
rocal lattice peaks that suggest that the branched nanostruc-
ture is crystalline throughout the entire structure, as shown
in Figure 3d. This can be indexed to be [1̄13] zone axis of
the rutile-structured SnO2 crystal. These results demonstrate
that SnO2 branches are epitaxial, and thus we expect these
novel structures could yield interesting functional nanodevi-
ces.[19] The growth direction was obtained from analysis of
the diffraction pattern by using the concept of the reciprocal
lattice.
From the diffraction patterns, the lattice planes of (03̄1),

(301), and (1̄1̄0), corresponding to stem and branches (Fig-
ure 3c), were obtained. The corresponding normal direc-
tions are [h1k1l1]= [03̄2.2]� [03̄2], [h2k2l2]= [302.2]� [302],
and [h3k3l3]= [1̄1̄0], that is, the growth directions of the stem
(#1) and the branches (#2 and #3) are [03̄2], [302], and
[1̄1̄0], respectively. The stem-branching angles determined
from the reciprocal lattice are 76.68 (branch #2) and 548
(branch #3). However, more detailed TEM characterization
is necessary to elucidate the exact mechanism of branched
nanostructure growth and the relationship between the ori-
entation of the branches and the axis of the stem.

Elemental composition and purity of the product were
studied by XPS analysis. The survey spectrum of the product
(Figure 4a) indicates high purity of SnO2, since only Sn- and
O-related core levels are detectable, apart from a weak C 1s
peak at about 285 eV. The presence of carbon is mainly due
to exposure of the sample to air. High-resolution spectra of
Sn 3d5/2 and O 1s are shown in Figure 4b and c, respectively.
The Sn 3d5/2 peak, which shows a very symmetric line shape,
is fitted by a single component with a binding energy of
486.6 eV and full width at half-maximum (FWHM) of
1.23 eV (similar to that of ca. 1.30 eV for pure SnO2).

[20] In
addition, no peak corresponding to Sn2+ was detected, since
its binding energy is typically downshifted from the Sn4+

peak by 0.7 eV.[20b] Thus, the deconvolution procedure con-
firmed the existence of only SnO2. By contrast, the asym-
metric O 1s peak is deconvoluted into three components, la-
beled as 1, 2, and 3, which are attributed as follows: O1 at
530.5 eV, Sn oxidation; O2 at 531.7 eV, C=O/C�OH; O3 at
533.0 eV, �COOH.[20c,21] The O2 and O3 peaks are mainly
due to oxygenated carbon species on the SnO2 surface when
the sample was exposed to the atmosphere. We obtained a
relative atomic concentration ratio O1:Sn of 1.93 for hier-
archical nanostructures from the experimental XPS peak
areas and their relative sensitivity factors, which indicates
that the product is nothing but SnO2.
Figure 5 shows a room-temperature photoluminescence

(PL) spectrum of the SnO2 hierarchical nanostructures. Two
strong emission bands are centered at 432 and 539 nm. Since
the energy gap of bulk SnO2 is 3.62 eV (ca. 340 nm),

[22] the
two observed luminescence bands cannot be assigned to
direct recombination of a conduction electron in the Sn 4d
band with a hole in the O 2p valence band. Earlier reports
indicated that 1D SnO2 nanostructures exhibited broad lu-
minescence bands between 400 and 600 nm.[23] We attribute
the broad yellow band (540 nm) to oxygen vacancies, which
are mainly located on the surface of the nanostructures and
can form a series of metastable energy levels within the
band gap of SnO2 by trapping electrons from the valence
band to make a contribution to the luminescence.[24] The
origin of the blue-violet band (432 nm) probably is related
to structural defects induced during growth.[17,25]

Reducing the growth duration from 1 h to 30 min leads to
a decrease in the length of the secondarily grown nanowires,
obtained in the same temperature zone (830–850 8C), to 3–
6 mm, while the cross-array structures are maintained, as
shown in Figure 6a. Furthermore, using a short growth dura-
tion (10 min) reveals that such an orientational relationship
has already been established even in the initial growth stage
(Figure 6b). The secondarily grown nanowires can be
changed to nanobelts if the secondary growth temperature
is increased. For example, with secondary growth parame-
ters of 930 8C for 1 h rather than 830–850 8C for 1 h, arrays
of nanobelts, rather than nanowires, with widths ranging
from 100 to 300 nm grow on the substrate surface (Fig-
ure 6c). After a growth time of 3 h at 930 8C (Figure 6d),
very long (up to hundreds of micrometers) nanobelts had
grown on the whole surface of the primary nanobelt sub-

Figure 3. Typical SEM images of the as-synthesized product obtained at a
substrate temperature of 830–850 8C after 1 h of growth. a) Low- and
b) high-magnification images of SnO2 hierarchical nanostructures. The
inset shows a structural illustration of a nanobelt substrate in which the
width and thickness dimensions of the nanobelt substrate are indicated
by “W” and “T”, respectively. c) Typical TEM image of the SnO2 hier-
archical nanostructure. d) The corresponding SAED pattern.
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strate (indicated by arrows in
Figure 6d) with high density.
The second level of SnO2
nanobelts cross together, and
the uniformity of the arrays is
lost due to the greater flexibili-
ty of the longer nanobelts. The
SEM results reveal no nano-
particles on any tips of the sec-
ondarily grown SnO2 nano-
structures. Because the only
source material used in our
synthesis was tin powder, it is
likely that growth of secondary
SnO2 nanostructures is gov-
erned by the vapor–solid (VS)
mechanism;[6a] that is, Sn
vapor, evaporated from the
starting material, oxidized, and
deposited on the nanobelt sub-
strate, acted as nucleation sites
for the growth of SnO2 nano-
structures. It is generally be-
lieved that the growth temper-
ature and gas-phase supersatu-
ration determine the growth
rate of surface planes and the
final morphology of the crys-
tals. The theoretical and most
stable crystal habit of SnO2 is
tetragonal elongated along the
c axis. Accordingly, SnO2 nano-
structures have optimized and
secondary optimized growth
directions. At higher tempera-
tures and higher gas source
concentrations, the single crys-
tal grew along the two opti-
mized directions simultaneous-

ly. Moreover, the growth along the optimized direction was
faster than along the secondary optimized direction. Thus,
SnO2 nanobelts were formed. At lower temperatures and
lower gas source concentrations, the single crystal grew
along one of the two optimized directions to form SnO2
nanowires. In this case, once the initial nucleation starts, the
crystal grows in an epitaxial manner, which results in prefer-
ential orientation of SnO2 lattice planes and finally forma-
tion of SnO2 nanostructures.
Finally, we attempted to grow a third level of nanostruc-

tures, resembling sub-branches (marked by arrows in
Figure 7). Again, the VS process works well for the growth
of third-level of SnO2 branches from the second-level
branches. After three-step growth, branched nanowire/nano-
belts resembling treelike nanostructures are formed. As can
be seen in Figure 7, the third level contains far fewer nano-
wires, and this makes it difficult to carry out fourth-level
growth. Possible reasons could include an effect of the size

Figure 4. XPS spectra of SnO2 hierarchical nanostructures. a) Survey spectrum. b) Sn 3d5/2 spectrum. c) C 1s
spectrum. The adventitious C peak at about 285 eV was used to correct the binding-energy positions of the
peaks. A Shirley background correction was applied to each spectrum before curve fitting. The peak sum of
the fitted curves is represented by open circles.

Figure 5. Room-temperature PL spectrum of SnO2 hierarchical nano-
structures.
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of the second-level substrate, a shadow effect, and so on. Al-
though precise control over the position of the third genera-
tion on the second generation cannot be achieved, the densi-
ty and morphology of the sub-branches could be controlled
by varying the experimental parameters. Further work is un-
derway.
The next step will be to incorporate different materials

into the hierarchical nanostructures, by varying the composi-
tion of each level and within individual nanowires or nano-
belts. Such hierarchical heterostructures will allow different
device functionalities to be incorporated.[18] To illustrate this
potential, we have grown ZnO nanoscale branches on SnO2
nanobelt substrates (Figure 8), which will be described in
detail elsewhere. These heteroarchitectures exhibit hierarch-
ical structure, and the morphology can be modulated by
changing the experimental parameters as well.

Conclusion

In conclusion, we have reported the growth of well-aligned
arrays of SnO2 nanowires or nanobelts on micrometer-wide
single-crystal SnO2 primary nanobelt substrates by a multi-
step VS procedure. Our results offer a new route for the
synthesis of nanobelt-based hierarchical nanostructures with
attractive photoelectronic properties. The morphology and
size of each level of branches could be controlled, and this
provides great flexibility in the architectures. The ability to
control the chemical composition makes it possible to grow
hierarchical heterostructures. This unique class of nanobelt-
based hierarchical nanostructures holds great potential for
assembling electronics and photonics in three dimensions.

Experimental Section

Growth of the hierarchical SnO2 nanostructures was performed in two
steps. First, SnO2 nanobelts were grown to serve as substrates (stems or
trunks) on which nanowire or nanobelt branches were grown in the
second step. Synthesis of the SnO2 nanobelt substrates and epitaxial
growth of nanowire and nanobelt branches were both performed in a
quartz tube (inner diameter ca. 30 mm, length ca. 1200 mm) inserted into
a horizontal high-temperature furnace. The process for the synthesis of
single-crystal SnO2 nanobelt substrates has been described in detail in
our previous work.[26,19] In the present work, the heating temperature was
increased to 1000 8C and the duration was extended to 4.5 h to increase
nanobelt size to obtain micrometer-wide nanobelt substrates. The as-syn-
thesized nanobelts had lengths of hundreds of micrometers, widths of
hundreds of nanometers to micrometers, and thickness of 100–800 nm.
For second-step growth, Sn powder (2 g, 200 mesh, purity >99%) loaded
in an alumina boat was placed in the central region of the quartz tube, as
shown in Figure 1a. The tube was fed with argon at a flow rate of
100 sccm (standard cubic centimeters per minute). The temperature at
the central region of the furnace was increased to 1000 8C at a rate of

Figure 6. SEM images of SnO2 hierarchical nanostructures synthesized
with diverse experimental parameters. a) Nanowires grown on nanobelts
for 30 min. b) Overall view of nanowires/nanorods grown on nanobelts
for 10 min, and enlarged view of nanorods grown normal to the top sur-
face of a nanobelt substrate (inset). c) Nanobelt arrays grown on the sur-
face of the primary nanobelt substrate at 930 8C for 1 h. d) Overview of
nanobelts grown on a substrate at 930 8C for 3 h; the arrows indicate the
nanobelt stems.

Figure 7. SEM image of an isolated three-level branched structure, with
the third generation marked by arrows.

Figure 8. SEM images at two different magnifications of hierarchical het-
erostructures of ZnO nanowires grown on an SnO2 nanobelt substrate.
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15 8Cmin�1, and then maintained at this temperature for 10 min to 3 h. A
temperature gradient was thus established from the center to the end of
the quartz tube, as shown in Figure 1b. The SnO2 nanobelt substrates
were placed at different temperature zones ranging from 930 to 800 8C
along the downstream of the gas flow. The morphology and structure of
the synthesized hierarchical nanostructures were characterized by field-
emission scanning electron microscopy (FESEM, JEOL JSM 6700F) and
transmission electron microscopy (TEM, Hitachi 800 operated at
200 kV). The photoluminescence (PL) spectrum was measured at room
temperature with an Edinburgh luminescence spectrometer (FLS 920)
using a xenon lamp (900) with a wavelength of 325 nm as excitation
source. Ex situ X-ray photoelectron spectroscopic (XPS) analysis was car-
ried out in a VG ESCALAB 220iXL, using a monochromated AlKa

source (1486.6 eV) at a base pressure of <10�10 Torr. High-resolution
spectra were obtained at a perpendicular take-off angle with a pass
energy of 20 eV and 0.05 eV steps. The instrument resolution was about
0.26 eV. All the binding energies were calibrated by the C 1s line of ad-
ventitious hydrocarbon at 284.8 eV.[20,27]

After Shirley background removal, the component peaks were separated
by using the XPS Peak Fitting Program version 4.1.[21,28]
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