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Abstract

The morphology, structure and photoluminescence properties of ZnO nanostructures synthesized from different zinc precursors by a
vapor transport process were investigated. The zinc precursors involved pure zinc powder, zinc powder mixed with graphite and zinc
powder mixed with carbon nanotubes. The products were characterized by XRD, FESEM, TEM, Raman and PL techniques. The results
indicated that the zinc precursors have a strong effect on the morphology and structural properties of the ZnO nanostructures. For the
pure zinc, zinc mixed with graphite and zinc mixed with carbon nanotube, uniform tetrapod-, chrysanthemum- and needle-like
morphologies are obtained, respectively. Photoluminescence measurements show that all the products have a strong near-band-edge UV
emission accompanied by weak visible emissions. The relatively stronger green-light emission from the tetrapods implies that more
defects exist in the tetrapods. A peak at 445nm is found in the spectrum of the tetrapod-like nanostructures, which may be caused by
oxygen-depletion interface traps. Furthermore, products synthesized at 600 °C demonstrate better photoluminescence properties than

those synthesized at 450 °C.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, nanosize semiconductors have attracted
much attention, due to their special electrical and optical
characteristics in fabricating nanoscaled electronic and
optoelectronic devices. Among them, one-dimensional
(1D) nanostructures such as nanotubes [1], nanowires [2],
nanorods [3], nanobelts [4], nanocables [5], and nano-
ribbons [6] have stimulated considerable interest for
scientific research due to their importance in fundamental
physics studies and their potential applications in nano-
electronics, nanomechanics, and flat panel displays.

Zinc oxide (ZnO) is of much interest because of its
attractive optical properties based on its wide band gap of
3.37¢V and exciton binding energy of 60 meV, which is
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larger than the thermal energy at room temperature. In this
regard, ZnO is regarded as a promising photonic material
for UV/blue devices, such as short-wavelength light-
emitting diodes and laser diodes. A particularly striking
recent observation is that of lasing action in micron-sized
rods [2,7]. ZnO has been prepared by a number of methods
such as the reaction of zinc salt with base [8—11], chemical
bath deposition [12-14], thermal decomposition [15],
hydrothermal synthesis [16], sol-gel methods [17-19],
template methods including the use of alumina membranes
[20], and vapor phase transport [2].

In this work, we fabricated ZnO nanostructures by a
vapor transport process from pure zinc powder, zinc
powder mixed with graphite and zinc powder mixed with
carbon nanotube (CNT), respectively, in order to investi-
gate the change in the shape, structure and optical
properties of the obtained structures by varying the Zn
precursors.
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2. Experiments

ZnO nanostructures were synthesized in a horizontal
tube furnace by a vapor-deposition method. Zinc sources
were chosen as pure zinc powder, zinc powder mixed with
graphite (1:1) and zinc powder mixed with CNT (1:1),
respectively. The evaporation process was carried out in
quartz tubes, which were located in the horizontal tube
furnace. Three clean quartz tubes loaded with the above-
mentioned three Zn sources, respectively, were simulta-
neously inserted in a furnace at room temperature. Pure O,
(5N) was used to purge the air-tight tubes. The furnace was
heated slowly to 450 °C and maintained for 2 h. After the
system had been naturally cooled to room temperature,
gray—white products were obtained. Another experiment
was also done at similar conditions except at a temperature
of 600 °C. The materials were collected and characterized
using field-emission scanning electron microscopy
(FESEM; S-4200), X-ray diffraction (XRD) and transmis-
sion electron microscopy (TEM). Raman spectra were
measured with a JY HR800 microlaser Raman spectro-
meter with a backscattering optical configuration. An
argon ion laser at 488 nm was used as the excitation source.
PL measurements were carried out with a micro-PL system
at temperatures from 80 to 857 K. A He—Cd laser at 325 nm
was used for PL excitation.

3. Results and discussion

The morphologies of the products were observed by
FE-SEM and TEM. The typical images synthesized at
450 °C are shown in Fig. 1. It can be observed that when
pure Zn powder source is used (Fig. la), tetrapod-like
structures with a large yield were obtained. Fig. 1b shows a
TEM image of a typical single tetrapod. Unlike previously
reported tetrapod structures [21], our obtained tetrapods
were not uniform. In some areas of the sample, tricorn-
cone structures are obtained. The tricon-cone structures are
believed to come from tetrapods, as shown in Fig. la.
When the metallic Zn and graphite (1:1) are used as
starting materials (Fig. 1c,d), the ZnO nanocrystals have
chrysanthemum-like morphologies, and the diameters
range from 3 to 8 um. It is interesting that a chrysanthe-
mum-like ZnO nanostructure (Fig. 1d) is composed of a
large quantity of small ZnO nanorods radial from a same
center. When the metallic Zn and CNT (1:1) are used as
starting materials (Fig. le, f), needle-like ZnO nanocrystals
are obtained. The diameters of the needles are in the range
of 10-50 nm and the length range from 1 to 3 um. Also, the
morphologies of the products synthesized at 600 °C were
observed by FE-SEM and TEM. The typical images were
almost the same as the images at 450 °C, respectively,
except that they were larger.

The starting reagents have much influence on the
morphologies of ZnO nanocrystals. ZnO nanocrystals of
three different morphologies were obtained with similar
experimental processes. ZnO tetrapod-like structures can
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Fig. 1. (a) Low magnification of FESEM image of ZnO tetrapod-like
structures, (b) TEM image of a typical single tetrapod, (c) low-
magnification FESEM image of ZnO chrysanthemum-like morphologies,
(d) higher magnification of FESEM image of a single chrysanthemum-like
structure, (¢) and (f) needle-like structures from Zn powder and CNT.

be obtained using pure Zn powder as the starting material.
Growth of large tetrapod crystals was demonstrated
previously [21,22]. Observation of ZnO tetrapod nanorods
is similar to the result reported by Dai et al. [23]. There was
no report of a tricorn-cone structure growing from
tetrapod ZnO. In our work no catalyst was used, and the
obtained results in air were similar to the result reported by
Dai et al. [23]. Therefore, it is likely that the growth
mechanism is vapor—solid.

When Zn and graphite were used as the starting
materials, chrysanthemum-like ZnO nanocrystals were
produced. Needle-like ZnO nanocrystals were obtained
when CNT was used instead of graphite. In the two cases,
we think that the graphite and CNT do not act as reactants
to form ZnO nanostructures, but as templates guiding the
growth of chrysanthemum-like and needle-like ZnO
nanostructures, respectively. It is suggested that the choice
of appropriate starting materials is very important for the
synthesis of nanomaterials with novel morphologies.
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Fig. 2 shows the Raman spectra of ZnO nanocrystals
grown under 450 °C. As shown in Fig. 2, the three spectra
have similar shapes. The peak at 437cm ™' corresponds to
E, mode of ZnO crystal, and the peak at 330cm™" should
be assigned to the second order Raman spectrum arising
from zone-boundary phonons 3E,y—E-;, while the peak at
561cm™" is a contribution of the E; (LO) mode of ZnO
associated with oxygen deficiency [24]. Such a strong
intensity of the E; mode indicates that the ZnO nanocrys-
tals grown at 450 °C are severely oxygen deficient.

The Raman spectra of ZnO nanocrystals grown at
600 °C are shown in Fig. 3. Compared with the Raman
spectra grown at 450 °C, three Raman spectra are stronger
and there is a sharper E; mode and much lower E; (LO)
mode. In addition, A;t and E;t modes could be observed
in the spectra. The stronger E, mode and much lower E,
(LO) mode indicate that a lower oxygen vacancy is present
in the samples. The samples grown at higher temperature
exhibit very low oxygen vacancy. Furthermore, tetrapod-
like ZnO exhibits better Raman signal than chrysanthe-
mum-like and needle-like ZnO, which possibly results from
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Fig. 2. Raman spectra of the ZnO nanostructures grown at 450 °C using
an excitation wavelength at 488 nm.
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Fig. 3. Raman spectra of the ZnO nanostructures grown at 600 °C using
an excitation wavelength at 488 nm.
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Fig. 4. PL spectra of the ZnO nanostructures grown at 450 °C measured
at room temperature.

better crystal quality and less impurities due to the use of
pure metallic Zn starting reagents.

The PL spectra of ZnO nanocrystals with tetrapod-,
chrysanthemum- and needle-like morphologies were mea-
sured at room temperature. Fig. 4 shows the PL spectra
from the samples synthesized at 450 °C. All spectra have a
strong UV emission at 390 nm and a relatively weak visible
emission at 530nm. The UV band emission of ZnO has
been well demonstrated to be related to the exciton
emission [25]. Although the mechanism of green emission
in ZnO crystal has not been identified clearly, models
related to various defects, which can provide the recombi-
nation centers within the band gap, have been suggested. A
singly ionized oxygen vacancy has been reported to be
responsible for the green emission in ZnO, and this
emission results from the recombination of a photogener-
ated hole with the singly ionized charge state of this
defect [26].

Fig. 4a—c shows that the green emission of chrysanthe-
mum-like ZnO nanocrystals is stronger than the other
samples. It is well known that surface states may
significantly influence the PL process in nanomaterials
and the progressive increase of the green light emission
intensity relative to the UV emission is observed as the wire
diameter decreases, which suggests that there is a large
fraction of oxygen vacancies in the nanorods. Except for
two-band fluorescence mentioned above, a new blue band
at 445nm was recorded in the tetrapod-like ZnO nano-
crystals (in Fig. 4c). This peak was also found in ZnO
nanorod arrays [27]. Jin et al. [28] considered it might be
due to the existence of oxygen-depleted interface traps in
ZnO,. In contrast to the UV spectra, visible fluorescence
spectra of ZnO were sensitive to the preparation processes,
from which some new defects were created. When the
graphite and CNT were used as starting reagents, graphite
and CNT can produce C, so the new defects were probably
caused by the combination of C and O. Further investiga-
tion of the PL properties of nanostructured ZnO is still
needed.
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Fig. 5. PL spectra of the ZnO nanostructures grown at 600 °C measured
at room temperature.

The PL spectra of ZnO nanostructure samples synthe-
sized at 600 °C are shown in Fig. 5. In comparison with the
PL spectra synthesized at 450 °C, the PL spectra show
much weaker visible emission and sharper UV peak, which
shows much better optical properties. The PL results are
consistent with the Raman results.

4. Conclusions

Different morphologies of ZnO nanostructures such as
uniform tetrapod-, chrysanthemum- and needle-like
morphologies are obtained from pure zinc powder, zinc
powder mixed with graphite and zinc powder mixed with
CNT, respectively. FESEM and TEM results show the
starting reagents have much influence on the morphologies
of ZnO nanocrystals. Raman data show that all the
products synthesized at 450 °C exhibit a strong intensity
of the E; mode due to severe oxygen deficiency in the ZnO
nanocrystals. For products synthesized at 600 °C, the
oxygen deficiency was much reduced, which is confirmed
by the PL results. PL results also indicate that the starting
reagents and the temperature have much influence on the
optical properties of ZnO nanocrystals.
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