ELSEVIER

Available online at www.sciencedirect.com
ScienceDirect

Ceramics International 33 (2007) 1119-1123

CERAMICS

INTERNATIONAL

www.elsevier.com/locate/ceramint

The O,-dependent growth of ZnO nanowires and their
photoluminescence properties

Hongzhi Fu, Huanyong Li, Wangqi Jie *, Chi Zhang

School of Materials Science and Engineering, Northwestern Polytechnical University, Xi’an 710072, PR China

Received 8 August 2005; received in revised form 27 October 2005; accepted 17 March 2006
Available online 27 September 2006

Abstract

ZnO nanowires were massively synthesized on a Ni(NOj),-coated silicon substrate under oxygen-containing argon atmosphere by a simple
chemical vapor deposition method. The average diameter of the ZnO nanowires was about 50 nm and the average length was about 20 wm. The
morphologies of the ZnO nanowires strongly depended on oxygen content in the growth atmosphere. At low oxygen concentration (about 5—
10 ppm), ZnO nanocones and nanoneedles were obtained, while at high oxygen concentration (about ~250 ppm), ZnO nanoparticles deposited on
the substrate. The room temperature photoluminescence (PL) spectrum of the ZnO nanowires revealed that a strong UV band at 384 nm dominated
the whole spectrum. These results indicate that the ZnO nanowires grown under oxygen-containing atmosphere possess better crystalline quality
and UV luminescence properties than those grown in reducing hydrogen atmosphere. Based on the analysis of oxygen effect on the ZnO
nanostructures, a vapor-liquid—solid mechanism assisted by the redox growth mode was proposed to understand the growth of the ZnO nanowires.

© 2006 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

One-dimensional nanomaterials have stimulated great
interest due to their importance in basic scientific research
and potential applications. ZnO has a wide band gap of 3.37 eV
and an excitation binding energy of about 60 meV, which
makes it an ideal material for blue/ultraviolet (UV) photo-
electronic devices [1]. Various vapor-phase methods, such as
chemical vapor deposition (CVD) [2-8], metal organic
chemical vapor deposition (MOCVD) [9-11], carbothermal
reaction [12—14] and molecular beam epitaxy (MBE) [15] etc.
were used to synthesize one-dimensional ZnO nanostructures,
and various mechanisms such as vapor-liquid—solid (VLS)
mechanism, vapor—solid (VS) mechanism and redox growth
mechanism were proposed to understand their growth. The
VLS mechanism is widely studied due to its effective control
over the growth of nanowires. As a promising catalyst for the
VLS process, metal oxides such as CuO, NiO, FeO have been
used for the preparation of the nanowires [16—18]. Kim et al.
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[19] successfully synthesized ZnO nanowires with the
assistance of nickel oxide in H, gas. However, the ZnO
nanowires prepared in reducing hydrogen gas were reported to
exhibit poor UV Iluminescence properties because of the
increasing oxygen vacancies in the surface layers of the ZnO
nanowires. To improve the UV luminescence properties, a
method without any reducing gas will be expected to result in
ZnO nanowires with high crystalline quality.

In this paper, we report the synthesis of the ZnO nanowires
on Ni(NOj),-coated Si substrate under oxygen-containing
argon atmosphere. The weak oxygen effect and the growth
mechanism of the ZnO nanowires are investigated in detail, and
their photoluminescence properties are discussed.

2. Experimental

ZnO nanowires were fabricated on Ni(NOs),-coated Si
substrate under O,-containing argon atmosphere in a self-
designed horizontal CVD system. The Ni(NOj),-coated Si
substrate was prepared according to the following procedure: a
scratched Si wafer was put in an ultrasonic bath of acetone and
de-ionized water for 20 min to remove the impurities and native
oxides on its surface. A 1.5 mol/L nickel nitrate water solution
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was prepared and dropped onto the Si wafer (80 mm x 6 mm in
size). After being dried in the oven for 24 h, the Ni(NOj3),-
coated Si substrate was placed at the center of a quartz tube, and
a quartz boat filled with zinc powder (99.9%) was fixed near the
gas input of the quartz tube. Then, the whole quartz tube was
inserted into the horizontal tube furnace. O,/Ar mixed gas
(about 20 ppm O,) was introduced into the reaction system at
the flow rate of 100 standard cubic centimeters per minute
(sccm). We controlled the additional oxygen amount by
adjusting its relative flow rate to Ar gas (Purity >6N).
Subsequently, the ZnO nanowires were grown at 550 °C for
60 min. After the furnace was cooled to room temperature, light
gray products were obtained on the substrate. In addition,
atmospheres with other oxygen concentrations of 5, 10 and
250 ppm were used for the growth of ZnO nanostructures to
investigate the effect of additional O, on the growth of the ZnO
nanowires.

The as-prepared ZnO nanowires were characterized and
analyzed by using scanning electron microscopy (SEM, Hitachi
S-570), field emission scanning electron microscopy (FE-SEM,
Jsm-6460), X-ray diffraction (XRD, Panalytiecal X’pert PRO),
transmission electron microscopy (TEM, Hitachi H-800) and
selective area electronic diffraction (SAED). The room
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Fig. 1. XRD patterns of the as-grown ZnO nanostructures synthesized in the
atmosphere with various oxygen contents. (a) ZnO nanowires grown in about
20 ppm O,; (b) ZnO nanocones grown in about 5 ppm O,; (c) ZnO nanoneedles
grown in about 10 ppm O,; (d) ZnO nanoparticles grown in about 250 ppm O,.

Fig.2. SEM (FE-SEM) images of the ZnO nanowires synthesized under about 20 ppm-O,-containing Ar atmosphere. (a) A typical morphology of the ZnO nanowires
grown for 1 h; (b) the magnified image of a single ZnO nanowire with catalyst particle on its tip, the inset: the selected area electron diffraction pattern of the nanowire;

(c) the FE-SEM image of the ZnO sample grown for 20 min.
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temperature photoluminescence (PL) spectrum was measured
on a Hitachi F-4500 spectrophotometer with a Xe lamp as the
excitation source (the excitation wavelength: 325 nm).

3. Results and discussion

The XRD pattern of the ZnO nanowires synthesized in the
atmosphere with the oxygen content of 20 ppm is shown in
Fig. 1(a), which can be indexed to a hexagonal structure of
ZnO. Two peaks at 20 =43.4° and 46.7° were related to the
catalyst alloy of NiZn presenting in the grown products.
Fig. 1(b—d) corresponds to the XRD patterns of the ZnO
nanostructures grown at other oxygen contents of 5, 10 and
250 ppm, which will be discussed in the following text.

Fig. 2(a) depicts a typical SEM image of the ZnO nanowires.
The ZnO nanowires had the average diameter of 50 nm and the
average length of 20 wm. The magnified image of a single ZnO
nanowire is shown in Fig. 2(b), the solidified catalyst droplet
was observed clearly at tip of the ZnO nanowire, which implies
that the VLS mechanism governs the growth of the ZnO
nanowires [20]. The SAED pattern shown in the inset indicates
that the ZnO nanowire is the single crystal in nature.

To investigate the formation process of the ZnO nanowires,
another ZnO sample grown for shorter time (20 min) was
prepared in the 20 ppm-O,-containing atmosphere. The sample

exhibits a morphology corresponding to the initial growth stage
of the ZnO nanowires, as is shown in Fig. 2(c). The as-grown
nanostructures, like bowlings, decreased gradually in the slopes
along the growth direction. Their top and bottom widths were
around 100 and 200 nm, respectively, and the lengths were
more than 1 wm. Some catalyst particles could be found on the
tops of the bowling-like ZnO nanostructures. These observa-
tions suggest that the ZnO nanowires may be large in diameters
at the beginning of the growth process, but as the process
continues, the diameters decrease slowly, and the whole
structures have a tendency toward wires with constant
diameters.

Fig. 3 shows the morphologies of the ZnO nanostructures
synthesized at other oxygen contents of 5, 10 and 250 ppm.
When the oxygen content was about 5 ppm, cone-like ZnO
nanostructures shown in Fig. 3(a) were formed, being about
800 nm in bottom widths and 2 wm in lengths. The typical
image of the ZnO nanocones is shown in the inset of Fig. 3(a).
At the oxygen content of 10 ppm, thinner and longer ZnO
nanoneedles with the lengths of 3—4 wm were obtained, as
shown in Fig. 3(b). That no catalyst particles existed at tips of
the ZnO cones and needles can be attributed to the fact that the
catalyst droplets had slipped down from the tip due to the sharp
slopes during the growth process. Above results imply that the
additional O, strongly influences the morphologies of the ZnO

Fig. 3. SEM images of the ZnO nanostructures synthesized in the O,/Ar atmosphere with other oxygen contents. (a) ZnO nanocones grown in about 5 ppm O,. The
inset shows the typical image of the ZnO nanocones. (b) ZnO nanoneedles grown in about 10 ppm O,; (¢) ZnO nanoparticles grown in about 250 ppm O,.
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Fig. 4. The schematic diagram of the presented growth mechanism of the ZnO nanowires.

nanostructures: the ZnO nanostructure synthesized at the high
oxygen content has lower slope than that synthesized at the low
oxygen content. When the oxygen content was 250 ppm, a mass
of ZnO nanoparticles were deposited on the Si substrate
resulting from the quick oxidization of zinc vapor, as is shown
in Fig. 3(c). The XRD measurements (Fig. 1(b—d)) indicate that
the ZnO nanostructures, including nanocones, nanoneedles and
nanoparticles, possess the hexagonal wurtzite structure.

According to the preliminary analysis of the ZnO nanowires
formation and the weak oxygen influence on the morphologies
of the ZnO nanostructures, a possible growth mechanism of the
ZnO nanowires is proposed below. The growth process of the
ZnO nanowires is schematically presented in Fig. 4.

Firstly, Ni(NOj), starts to decompose into NiO and NO, via
reaction (1) at 260 °C.

Ni(NO;3)2(s) — NiO(s) + NO»(g) (D

At the growth temperature, the NiO nanoclusters are
uniformly produced on the Si substrate by calcination and
serve as nucleation sites of the ZnO nanowires (Fig. 4I). Zinc
vapor, generated constantly from the zinc powder source, is
absorbed onto the NiO particles, and a miscible Zn—O-Ni alloy
droplet is formed on the surfaces. Then, zinc reacts with NiO to
produce ZnO and Ni inside the droplet via reaction (2) which is
thermodynamically feasible because of its low free energy of
—99.53 kJ mol " at 550 °C.

NiO(1) + Zn(1) — ZnO(1) + Ni(1) )

The produced ZnO accumulates near the droplet/substrate
interface by diffusion. When supersaturation occurs, nano-scale
ZnO is precipitated at the interface to form a ZnO nanostruc-
ture. As the reaction proceeds, the catalyst droplet reduces due
to the consumption of the NiO particle, which results in the
rapid decrease of the ZnO nanostructure in diameter [5]. After
grown for some time, the coneplatform-shaped ZnO nanos-
tructure with the droplet on the top is formed due to the redox
effect, as shown in Fig. 4IL. In this process, ZnO is produced
through reaction (2) inside the droplet, so the oxygen compo-
nent originates mainly from NiO instead of O, with high
bonding energy (5.16 eV) in the atmosphere.

But when the growth proceeds to certain extent, resulting
from the further reduction of the NiO particle, NiO
concentration in the alloy droplet probably starts to decrease
while zinc concentration increases. When zinc becomes surplus

in the droplet, the unreacted zinc will accumulate at the droplet/
ZnO-coneplatform interface to be supersaturated and react with
O, in the atmosphere to form ZnO by the VLS mechanism
(reaction (3)).

Zn(1) + 0.50,(g) — ZnO(s) 3)

Thus, the ZnO nanostructure are grown according to both the
redox mechanism and the VLS mechanism, and the NiO particle
and O, act as the oxygen source together. In fact, the ZnO
produced by the VLS process does not consume the NiO particle,
which means that the catalyst droplet should be constant in size
by continuously absorbing zinc vapor, and the nanostructure with
constant diameters should be obtained. Considering this fact, the
formed ZnO coneplatform decreases slowly in diameter and
tends to exhibit lower slope than before. With the growth process,
the interaction between the redox mechanism and the VLS
mechanism results in the formation of the bowling-like ZnO
nanostructure (Fig. 4II), which is confirmed by Fig. 2(c).

When reaction (2) is finished, the pure Zn-Ni liquid alloy
remains at the tip of the ZnO structure. The process is
dominated subsequently by the VLS mechanism with O, as the
unique oxygen source. Finally, ZnO nanowires with constant
diameters are achieved. During the whole process, especially at
the late stage, it is easily found that the presence of O, in the
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Fig. 5. PL spectra of the ZnO nanowires synthesized in about 20 ppm-O,-
containing Ar atmosphere and H, atmosphere [19], respectively.
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atmosphere plays the key role on the formation of the ZnO
nanowires.

The room temperature PL spectrum of the ZnO nanowires is
shown in Fig. 5. Compared with those grown in H, atmosphere,
the ZnO nanowires synthesized in 20 ppm O, exhibited an
excellent UV emission corresponding to the band-edge
emission of ZnO [17]. No green emission peak is observed,
which indicates that less oxygen vacancies exist in the surface
layer of the ZnO nanowires [21]. Moreover, it has been reported
that the improvement of crystal quality (structure defects such
as oxygen vacancies, etc.) can cause high UV emission [22,23].
Therefore, in our experiment, the strong UV emission and
dramatically-weakened green emission imply that the ZnO
nanowires are of the high crystalline quality.

4. Conclusions

We have successfully synthesized ZnO nanowires on
Ni(NOj),-coated Si substrate under 20 ppm-O,-containing
argon atmosphere by a simple CVD method. The crystal quality
and UV luminescence properties of the as-grown ZnO
nanowires were noticeably improved when compared with
those synthesized in reducing hydrogen gas. The low O,
content in the atmosphere plays a crucial role in the formation
of the ZnO nanowires with constant diameters. A redox-
assisted VLS mechanism is proposed to understand the growth
of the ZnO nanowires.
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