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Abstract: The zinc oxide whiskers were synthesized by the equilibrium gas expanding method at the temperature of 700 °C with 
metallic zinc as the main raw material without any catalysts. The effects of the growth time on microstructure and photoluminescence 
properties were investigated. The results show that the as-grown samples are composed of uniform tetrapod-like ZnO whiskers. The 
length and diameter of the arms of the tetrapod-like ZnO whiskers increase obviously with the increase of the growth time. The 
strong single ultraviolet (UV) emission centering 385−391 nm without any accompanying deep-level emission is observed in the 
room temperature photoluminescence (PL) spectra of the whiskers. The intensity of UV emission increases markedly with the 
increase of growth time. 
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1 Introduction 
 

Zinc oxide (ZnO), an exceptionally important 
semiconductor with wide gap energy (3.37 eV), large 
exciton banding energy (60 meV) at room temperature, 
high mechanical and thermal stabilities, exhibits 
excellent properties in piezoelectricity [1] and optics [2]. 
ZnO nanostructure has aroused much interest due to its 
promising applications in laser diodes and light emitting 
diodes [3], sensors [4] and microwave absorbing 
materials [5]. Recently, various ZnO low-dimensional 
nanostructure, such as nanorods, nanotubes, 
nanotetrapods and nanoscale whiskers [6−9] have been 
fabricated by different approaches, including vapor phase 
transportation [10], metal organic vapor phase epitaxy 
[11], electrochemical deposition [12] and template-based 
growth [13]. In these reports the main investigation 
concentrated on the ultraviolet (UV) emission, 
yellow-green emission and violet emission from ZnO 
nanostructure. 

Among these fabrication methods, the equilibrium 
gas expanding method has several advantages, such as 
low cost, simple equipment and processes suitable for 

scale-up production [14]. Although the electronic and 
optical properties of the various ZnO nanostructures have 
been widely studied [15−16], the successful development 
of advanced optoelectronic devices likely requires a 
better understanding of the photoluminescence 
mechanism on ZnO nanostructure. In this work, zinc 
oxide whiskers were synthesized by the equilibrium gas 
expanding method using metallic zinc as the main raw 
material in a separator. The microstructure and 
photoluminescence property of the as-grown whiskers 
were investigated and the relationship between them was 
also discussed. 
 
2 Experimental 
 

The tetrapod-like zinc oxide whiskers were 
prepared using the metallic zinc pellets or pieces 
(chemical-grade purity) as the main raw material by the 
simple oxidization approach without any catalysts, 
additives, carrier gas or any protective gas at high 
temperature. A boat-like stainless steel container 
carrying pellets or pieces of metallic zinc was placed in a 
muffled furnace pre-heated to 700 °C and maintained at 
this temperature for 8, 12, 16 and 20 min, respectively. 
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The inner surface of the furnace was made from SiC. The 
gate of the furnace was closed without special sealing 
during the whisker growth process. When the stainless 
steel boat was dragged out, a white fluffy product was 
obtained. 

The structure of as-grown samples was investigated 
by X-ray diffraction (XRD, Rigaku Dymax) with a Cu 
target and a monochronmator at 50 kV and 300 mA. 
Scanning electron microscope (SEM, Camscan-4) with a 
working voltage of 20 kV was used to characterize the 
surface morphology of the samples. The optical 
properties of the zinc oxide whiskers were characterized 
by photoluminescence with an Ar ion laser as a light 
source using an excitation wavelength of 325 nm. All 
spectra were measured at room temperature. 
 
3 Results and discussion 
 
3.1 Structure of ZnO whiskers 

The X-ray diffraction patterns of the samples 
fabricated at 700 °C for different growth time are shown 
in Fig. 1. It can be seen that as-grown samples show 
typical wurtzite structure of ZnO and there is no obvious 
difference among all samples. The peaks at 2θ=31.88°, 
34.41°, 36.26°, 47.52°, 56.60°, 62.81°, 66.50°, 68.03° 
and 69.10° are corresponding to the (100), (002), (101), 
(102), (110), (103), (200), (112) and (201) plane of ZnO, 

respectively. From the XRD pattern, the lattice constants 
of the ZnO whiskers were calculated as a=3.25 Å and 
c=5.21 Å, which agrees well with the reported values 
(a=3.249 82 Å and c=5.206 61 Å) in JCPDS card 
No.36−1451. And no characteristic peaks from other 
impurities, such as Zn, were detected. The high intensity 
and narrow width of ZnO diffraction peaks indicate that 
the as-grown ZnO whiskers have been highly 
crystallized. 

The surface morphologies of the samples grown at 
700 °C for the growth time of 8, 12, 16 and 20 min are 
shown in Fig. 2, respectively. It can be seen that all the  
 

 
Fig. 1 XRD patterns of tetrapod-like ZnO whiskers obtained at 
700 °C with different growth time 

 

 
Fig. 2 SEM images of tetrapod-like ZnO whiskers grown at 700 °C with different growth time: (a) 8 min; (b) 12 min; (c) 16 min; (d) 
20 min 
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samples consist of large quantity of tetrapod-like ZnO 
whiskers. No spherical or other morphologies are 
observed. Each tetrapod-like whisker is self-assembled 
with four regular and uniform pillar-like ZnO arms. The 
length of arm whose diameter gradually tapers down 
from 0.5 to 0.4 µm is in the range of 20−45 µm and each 
arm shows a tip in the end. The length and diameter of 
the arms of ZnO whiskers increase obviously with the 
increase of growth time. Arms have smooth surface and 
no evident dislocations or stacking faults. 

Exact growth mechanism of tetrapod-like ZnO 
whiskers is debatable up to now. However, the most 
widely accepted theory is the Vapor–solid (VS) 
mechanisms, which was proposed to explain growth of 
1D micro- and nanostructures without any catalyst 
[17−18]. It was believed that tetrapod-like ZnO whiskers 
could also be explained by the VS mechanism. It was 
reported that the low oxidation rates of Zn vapor on the 
surface of Zn particles were necessary for preparing ZnO 
with 1D nanostructure [16]. According to the principle of 
gas expanding, the oxygen concentration at 700 °C is 
much lower than that at room temperature in a fixed 
volume furnace, which is the necessary condition for the 
generation of tetrapod-like ZnO whiskers. According to 
VS mechanisms the growth process of tetrapod-like ZnO 
whiskers can be divided into two stages: the formation of 
nucleation and the growth of succeeding arms. In the 
first stage, the supersaturation zinc vapor was 
mass-generated from the Zn particles at 700 °C. The 
gaseous Zn atoms reacted with O atoms to form ZnO 
nuclei and then formed heterostructure with octahedron 
zinc on the surface of Zn particles. Simultaneously, the 
internal stresses were generated in ZnO nuclei due to the 
deficiency of oxygen as the reaction proceeded [19]. In 
the second stage, these ZnO nuclei were expelled out of 
the grain boundary when they became unable to resist the 
internal stress. The emerged octahedral crystals began to 
develop their arms on their alternative faces to form large 
and uniform tetrapod-like crystals in the vapor of zinc 
and oxygen. The results were similar to the growth mode 
of CdTe tetrapod whiskers [20]. Otherwise, with the 
increase of the growth time of ZnO whiskers in the range 
of 8−20 min, on one hand, the collision probability of Zn 
atoms and oxygen atoms raised greatly, which provided 
more reaction chance for each other to form longer and 
thicker arms; on the other hand, due to the deficiency of 
oxygen and the low oxidation rate of Zn vapor, which 
provided enough time for atoms to move on surface to 
look for appropriate sites. Both processes result in the 
increased crystallinity of tetrapod-like ZnO whiskers 
with the increase of the growth time of ZnO whiskers in 
the range of 8−20 min. This means that the tetrapod-like 
ZnO whiskers obtained at 700 °C with the growth time 
of 20 min has the best microstructure. 

3.2 Photoluminescence characteristics of whiskers 
Figure 3 shows the room temperature PL spectra of 

the tetrapod-like ZnO whiskers grown at 700 °C with the 
growth time of 8, 12, 16 and 20 min, respectively. It can 
be seen that all samples show a strong single UV 
emission centering about 385−391 nm without any 
accompanying deep-level emission. The intensity of UV 
emission increases markedly with the increase of growth 
time up to 20 min. 
 

 
Fig. 3 Room temperature PL spectra of tetrapod-like ZnO 
whiskers grown at 700 °C with different growth time 
 

Figure 4 shows the measured FWHM of the UV 
emission peak from the PL spectra varying with growth 
time. It is found that the FWHM of the sample obtained 
with the growth time of 20 min is the narrowest. The 
FWHM is 90 meV (or 10 nm), which is narrower than 
that (120 meV) of the ZnO nanotubes obtained by vapor 
phase growth reported by XING et al [21]. It is suggested 
that both the intensity and FWHM of the UV PL spectra 
of tetrapod-like ZnO whiskers depend strongly on the 
microcrystalline structure. In other words, good 
photoluminescence property of ZnO largely depends on 
 

 
Fig. 4 FWHM of UV emission of room temperature PL spectra 
of tetrapod-like ZnO whiskers grown at 700 °C with different 
growth time 
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its structure and the above results show that the 
tetrapod-like ZnO whiskers have very high crystallinity. 
Relatively large length and thick diameter arms are also 
in favor of UV PL. 

As for the origin of the UV emission of PL spectra, 
the commonly cited opinion [22−23] is that the UV 
emission should correspond to the near band edge 
exciton emission of the wide band gap of ZnO. It can 
also be explained by the recombination of free excitons 
through an exciton-exciton collision process. The sharp 
and strong single UV emission in the room temperature 
PL spectra was attributed to the high purity and 
crystallinity of as-grown tetrapod-like ZnO whiskers. 
This crystalline is produced by the change of the 
diameter of tetrapod-like arms which are produced due to 
the low oxidation rates. 

It is very interesting that there is no deep level 
emission in the room temperature PL spectra of as-grown 
sample. It was reported that the deep level emission of 
the ZnO is relative to the intrinsic defect centers [24−27]. 
According to our previous studies, the deep level 
emission of ZnO is mainly relative to the electronics 
transition from the bottom of conduction band to the 
antisite OZn levels [24]. In our experiments, no deep level 
emission peaks were detected, which implies that the 
concentration of the antisite OZn defects is very low 
(even may be negligible) in the tetrapod-like ZnO 
whiskers. Because the experiment proceeded under the 
conditions of the supersaturation zinc vapors and a lower 
oxygen concentration at 700 °C, the continuous supply 
of O atoms is insufficient to form ZnO with Zn ions and 
there may be residual Zn ions, which may result in 
plentiful interstitial zinc (Zni) and oxygen vacancy VO 

defects in the tetrapod-like ZnO whiskers. It is well 
known that more Zni and more VO all depress the 
concentration of the antisite defect OZn in the 
tetrapod-like ZnO whiskers. As a result, the strong single 
UV emission without deep level emission is observed 
from as-grown samples. Therefore, it can be deduced 
that the optical properties of ZnO are mainly governed 
by crystal quality and intrinsic defects. By our 
knowledge, this single UV emission (without any other 
emission) from tetrapod-like ZnO whiskers had never 
been reported. For the non-single UV emission (with 
green emission), different explanations were proposed in 
recent years. ZHAO et al [25] found that the increased 
surface area of multipod ZnO whiskers and a great 
fraction of oxygen vacancies defects in the nucleus of 
multipod ZnO were responsible for the strong green 
emission with 516 nm wavelength. LIN et al [26] 
deduced from their experimental result of green emission 
with 521 nm, that the oxygen antisite OZn defects could 
also induce green emission from ZnO. DAI et al [17] 
thought that the green emission originates from the 

radioactive recombination of a photo-generated hole with 
an electron occupying the oxygen vacancy. 
Experimentally, the optical properties without green 
emission in the present tetrapod-like ZnO whiskers are 
similar to those reported in Ref. [26]. 
 
4 Conclusions 
 

1) All samples comprise the uniform tetrapod-like 
ZnO whiskers. The length and diameter of the arms of 
ZnO whiskers increase obviously with the increase of the 
growth time of ZnO whiskers. 

2) As-grown samples show the strong single UV 
emission centering 385−391 nm without any 
accompanying deep-level emission. With the increase of 
growth time up to 20 min, the intensity of UV emission 
increases markedly. Excellent photoluminescence 
property of the tetrapod-like ZnO whiskers was observed 
in the sample which grew at 700 °C for 20 min. 

3) The strong single UV emission without deep 
level emission is attributed to the high purity and perfect 
crystallinity and the lower concentration of antisite OZn 
defects of as-grown tetrapod-like ZnO whiskers. 
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摘  要：以金属锌为原料不添加任何催化剂，在 700 °C 时通过平衡气量控制法合成四针状氧化锌晶须。研究了成

长时间对样品微结构和发光性能的影响。结果表明，制备的样品是由四针状氧化锌组成的；四针状氧化锌针的长

度和直径随成长时间的延长而增加；在样品的室温发光谱中，在 385~391 nm 处出现强的紫外光发射，但没有任

何深水平发射，且紫外发射的强度随样品成长时间的延长而增强。 
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