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ABSTRACT Large-scale ZnO nanobelts in aligned fashion have been prepared via
a simply conducted low temperature evaporation route using the oxidization of metal-
lic zinc plates at 450±10 ◦C under ambient pressure. The produced nanobelt array has
been structurally characterized by powder X-ray diffraction (XRD), scanning electron
microscopy, and transmission electron microscopy (TEM). The microscope images
show that the nanobelts are about 120-micron long, ranging on average from 80 to
160 micron, with about 30 nm in thickness. In addition to XRD, high-resolution TEM
images and electron-diffraction patterns show that the nanobelts are single crystalline
with wurtzite structure and mostly grow along the [0001] direction. The photolumi-
nescence spectra of the single nanobelts show that the nanobelts have a dominant
near-band-edge emission at about 388 nm with a very weak defect emission band
centered at about 514 nm.
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1 Introduction

The study of one-dimensional
(1D) nanoscale structures has advanced
rapidly over the last decade as a var-
iety of interesting properties and pos-
sible applications result from the geo-
metric configurations and dimensional
confinements [1–9]. Examples of these
properties are those of electrical, opti-
cal, magnetic, and chemical ones, tuned
by the chemical compositions, radial
scales and the aspect ratios. Possible ap-
plications include light-emitting diodes,
diode lasers, and other electro-optical
devices [1–14]. Extensive investigation
has been done on the fabrication and
the properties of 1D nanocrystallites, es-
pecially hollow nanotubes [9, 15] and
solid nanorods and nanowires [2–8, 11–
14]. Recently, 1D nanobelts [1, 16, 17],
different from the tubes, rods, and wires,
have been successfully fabricated
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through the techniques of different ther-
mal evaporations [16] and wet solu-
tion [17]. Generally, the belt-like semi-
conductors with a well-defined cross
section and perfect crystallinity have
proven to be an ideal system for the
understanding of dimensional confine-
ment and the applications of techno-
logically related nanoscale devices.

Semiconductor ZnO with a wide
band gap of 3.37 eV and a large ex-
citon binding energy of 60 meV has
been widely used in the areas of light-
emitting diodes, optical modulator wave-
guides, high-efficiency solar cells, and
gas sensors [10, 16, 18, 19]. Based on
the substantial technological and some
potential applications, much effort has
been invested in developing fabrication
techniques for the growth of ZnO from
single crystal to films, along with con-
trolling the geometric configurations,
shapes, complex architecture, and fash-

ioning of ZnO nanocrystallites [18–23].
The well-aligned ZnO nanowires were
fabricated with both wet solutions [18]
and vapor transport methods on various
substrates, such as an Au-coated sap-
phire substrate at 880 ◦C [10], a nickel
monoxide catalyzed alumina substrate
through a simple metal-vapor deposi-
tion method at 450 ◦C [20], and a silicon
wafer at 400–500 ◦C through a metal-
catalyst-free growth model from an
organometallic precursor [21, 22]. To
date, many belt-like nanocrystallites
have been fabricated since the report of
semiconducting transition-metal oxides
prepared through the thermal evapora-
tion route, while aligned nanobelt arrays
were less reported. In this paper, we
report that large-scale aligned semicon-
ductor ZnO nanobelts can be fabricated
at a relevant low growth temperature
(450 ± 10 ◦C) through an easily con-
ducted evaporation route from metal-
lic zinc plates. The photoluminescence
(PL) property of single ZnO nanobelts
was also investigated.

2 Experimental

In typical experiments,
three pieces of zinc plate (20 mm ×
10 mm×0.5 mm) were set into an alu-
mina boat. Then the alumina boat was
semi-covered with an alumina plate
(12 mm×10 mm×1 mm) with the two
ends of the boat open. After that, the
boat was transferred into a quartz tube
(800 mm× 35-mm diameter) and sub-
jected to flowing Ar (100–200 sccm) for
10 min. For the oxidization of zinc, there
was a hole of about 1-mm diameter left
at the inlet of the quartz tube for the
leakage of humid air (less than 1% pro-
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portion with more than 30% relative
humidity) at 30◦. The tube was heated
from room temperature to 450±10 ◦C
in 40 min and maintained for 3–5 h with
constant Ar flowing. The furnace was
then allowed to cool to room tempera-
ture naturally, and a white product was
observed in the boat.

The ZnO nanobelt array has been
structurally characterized using SEM
[FE-SEM (field emission scanning elec-
tron microscopy), JEOL JSM-7500B at
10 kV or ESEM (environmental scan-
ning electron microscopy), FEI XL30 at
10 to 20 kV], TEM (transmission elec-
tron microscopy) and high-resolution
(HR) TEM (JEOL 2010 at 200 kV),
EDS (energy-dispersive X-ray spec-
troscopy, Oxford INCA300), and XRD
(X-ray diffraction, Philips X’pert). The
room-temperature PL spectra of the
single nanobelts were measured on
a LABRAM-HR spectroscope, excited

FIGURE 1 a Typical survey SEM image of the ZnO sample fabricated on the un-reacted metallic zinc; b the corresponding EDS of the samples; c high-
magnification SEM image showing that the aligned nanobelts grew in an array fashion; d XRD pattern of the nanobelt array with a preferential orientation of
[0001] (top) and the standard ZnO XRD pattern (JCPDS card no. 89-0511, bottom)

with a He–Cd laser source of 325-nm
line.

3 Results and discussion

A typical survey SEM image
of ZnO sample growth in the alumina
boat demonstrates a fashioning of a na-
nobelt array, shown in Fig. 1a. EDS an-
alysis of the samples indicated that the
belts consist of oxygen and zinc, with
a relatively large percentage of zinc at-
tached to the un-reacted zinc in the boat
(Fig. 1b). A high-resolution side-view
SEM image of the belt array is shown in
Fig. 1c, where the size of an individual
belt is observed to be at least 80 micron
in length and 100 nm in width. Most
of the belts have an aligned direction
with uniform size, and some of them
have several bends along the growth
direction. XRD recorded on the belt ar-
ray can be readily indexed according

to the wurtzite ZnO crystal structure
(Fig. 1d). The relative intensity of the
(0002) plane is more intense when com-
pared to the corresponding reflex in the
standard ZnO XRD pattern, which indi-
cates that the ZnO nanobelt array may
have a preferential orientation along
the [0001] direction. XRD also shows
the existence of metallic zinc, resulting
from the un-oxidized raw material.

A further structure study of the as-
prepared nanobelts is demonstrated in
Fig. 2. TEM images confirm that the
samples have a belt-like morphology
with about 100 nm in width from a ran-
domly selected region. From the bends
of the belts, we can easily find that the
thickness of the belts is close to 30 nm
(Fig. 2a). A typical selected-area ED
pattern (inset in Fig. 2b) taken from an
individual thin nanobelt indicates that
the belt grows along the [0001] direc-
tion, which is in agreement with the
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FIGURE 2 a TEM image of the ZnO nanobelts with about 30 nm in thickness from the bends; b a typ-
ical belt grown along the [0001] direction with corresponding ED pattern (projected along the [2110]
axis) and HRTEM image; c and d the nanobelt grown along the direction perpendicular to the (0112)
plane

XRD results shown in Fig. 1d. Figure 2b
gives a HRTEM image of the individ-
ual belt, which presents a wurtzite ZnO
(0002) lattice fringe of ∼ 2.6 Å. The
result is similar to the value reported
by Wang and others [16, 18–24]. Some
interesting cases of other growth direc-
tions different from the [0001] axis can
also be found for the belts. Figure 2c
and d show that a nanobelt grows along
the direction perpendicular to the (0112)
crystalline plane, since the measured
angle of 42◦ between the growth di-
rection and the [0001] axis is close to
the calculated angle of 42.75◦ between
the two planes of (0001) and (0112) in
wurtzite ZnO.

The growth of the nanobelts results
from an evaporation of metallic zinc
with an oxidation and deposition on an
early-formed solid ZnO layer (Fig. 3).
This solid ZnO layer formed at such an
early temperature-elevating stage serves

as the substrate for the growth of the
nanobelts. It is noted that the growth
of the belts may not be deduced from
the known vapor–liquid–solid (VLS)
growth model for the formation of a 1D
structure [7, 25–27]. Although the as-
set reaction temperature of 450±10 ◦C
is favorable for the oxidation of the

FIGURE 3 A layer of ZnO
can be formed on the surface
of zinc plate when the reaction
occurred in 5 min

source zinc to form solid ZnO phase
(see image in Fig. 3), and the tempera-
ture above the melting point of zinc
(419.6 ◦C) may provide the other two
phases (liquid zinc droplets and zinc va-
por) for the growth of ZnO nanobelts in
the regime of the VLS model, we did not
observe any zinc droplets on the tips of
the belts (see Fig. 2). The experimental
observation along with the above char-
acterization suggests that the nanobelts
are mainly fabricated using a simple
evaporation model. It is also noted that
the trace of leaked humid air is favor-
able for the formation of the nanocrys-
tals at such a relative low temperature,
which is mainly due to the mass trans-
fer of water [1]. When leaked dry air
was used for comparison, we did not
obtain well-aligned nanobelts. Mean-
while, the intrinsic anisotropic wurtzite
structure of ZnO is also favorable for the
1D growth [3, 4, 10, 16, 18–24]. Some
produced bent nanobelts may result
from the switching of the growth direc-
tion in the process, reported for that of
SiC [28].

The room-temperature PL of an in-
dividual nanobelt is demonstrated in
Fig. 4. The intense peak at 387.5 nm
(3.20 eV) is due to the near-band-edge
emission of the wide-band-gap ZnO.
A very low intense broad visible green
emission centered at about 514 nm can
be detected, which is often connected
with the structure defects, ionized va-
cancies, or impurities [21–23, 29–31].
According to Vanheusden et al.’s
work [32], the green emission at 510 nm
(2.43 eV) was due to the recombina-
tion of the photogenerated hole with
the singly ionized oxygen vacancy. Re-
cently, Fu and co-workers’ calculation
also suggested that the green emission at
520 nm (2.38 eV) in ZnO was attributed
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FIGURE 4 The room-temperature
PL spectrum of an individual ZnO
nanobelt

to the antisite oxygen [33]. To know
more about PL of the single nanobelts;
at least dozens of single nanobelts have
been investigated at room temperature.

FIGURE 5 The PL spectra of an-
other two typical single ZnO nano-
belts

FIGURE 6 a Nanorod array on the
alumina cover plate can be produced
in the process; b the corresponding
XRD pattern suggests wurtzite ZnO
with a [0001] preferential growth (∗:
Al2O3)

It is found that the intense band-edge
emission of these single belts is gen-
erally observed in the range of 384 to
391 nm. The PL spectra from another

two typical single nanobelts are shown
in Fig. 5. In addition to the intense band-
edge emission (at 388.3 and 391 nm)
and the weak green emission at 514 nm,
a low shoulder emission centered at
about 421 nm (2.94 eV) is observed.
This violet emission can be attributed
to the defect of the interstitial zinc Zni
(2.90 eV) in ZnO based on a defect-
level calculation [33]. The large inten-
sity ratio between the near-band-edge
emission and the defect luminescence
implied that the as-prepared nanobelts
have good crystallinity.

Aligned nanorods (Fig. 6a), differ-
ent from the belt structure, are also ob-
tained by growing on the alumina cover
plate in the same process. XRD patterns
(Fig. 6b) suggest that the rod array is ori-
ented in the [0001] direction, similar to
the grown aligned nanobelts. The phe-
nomenon of different growth morpholo-
gies related to growth sites has been
observed previously, which is mainly
due to the various mass transfers in the
process.

4 Conclusion

In summary, we have demon-
strated a simple evaporation route for
the growth of an aligned wurtzite ZnO
nanobelt array using the oxidization
of metallic zinc at a relatively low
temperature (450 ± 10 ◦C) under am-
bient pressure. Structural characteriza-
tion with XRD, SEM, and TEM re-
veals that the as-prepared nanobelt array
mostly grew along the [0001]-axis di-
rection with a single-crystal nature. The
PL spectra of the individual nanobelts
demonstrate that the belts have an inten-
sive and sharp band-edge emission and
a very weak and broad green-emission
band centered at about 514 nm. In the
same process, well-aligned nanorods
deposited on the alumina cover plate
were also fabricated. The growth of
the 1D ZnO nanostructures can be ex-
plained by a simple evaporation model
and the intrinsic anisotropic property
of wurtzite ZnO. It is believed that the
simple and easily conducted fabrication
route at low temperature and ambient
pressure provides a short cut for the
wide applications of 1D nanostructures
in technology.
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