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The epitaxial growth of ZnO nanowires over ZnO thin film deposited on silicon substrates was carried out using a modified ther-
mal evaporation method. The precursor, which consisted of 10–30 wt.% zinc nitrate loaded over activated carbon, was prepared
specifically for this study. The loading amount of zinc nitrate was varied to control the length and diameter of the ZnO nanowires.
X-ray diffraction patterns confirmed that the ZnO nanowires grown on the silicon substrates were composed of typical single-crys-
talline ZnO. The single-crystal ZnO nanowires synthesized in this study were also studied by photoluminescence spectroscopy, and
emitted intense blue UV light at around 380 nm.
� 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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It is known that zinc oxide is a useful semiconductor
material due to its wide band gap (3.37 eV) and high
excitation binding energy (60 meV) at room tempera-
ture. Zinc oxide has been studied for use in optoelec-
tronics, electronics, catalysts and photochemistry in
order to make use of its semiconducting characteristics
[1–3]. Aligned ZnO nanowires have the potential to be
good field electron emitters, because they have high as-
pect ratios, negative electron affinity and high chemical
stability [4,5]. ZnO nanowires with good light-emitting
properties were synthesized in this study for use in opto-
electronic devices. The syntheses of the ZnO thin films
and ZnO nanowires were carried out on silicon sub-
strates. To promote the growth of ZnO nanowires with
the appropriate properties for optoelectronic devices, it
is generally known that a catalytic layer must first be
formed on the substrates. This can be done by using
metallic catalysts such as Ni and Au. Then, the single-
crystalline ZnO nanowires are grown over the catalytic
layer. If catalysts are used to synthesize nanowires, how-
ever, they should be removed during the fabrication of
the devices. In this study, the thermal evaporation meth-
od was used to deposit a ZnO thin film acting as a seed

layer for the growth of single-crystalline ZnO nanowires.
The necessity of removing the catalysts was precluded
by the use of this method, in which no catalysts are
required in the fabrication process.

Metal organic chemical vapor deposition (MOC-
VD), molecular beam epitaxy (MBE) and pulse laser
deposition (PLD) require complex and expensive vac-
uum systems when they are used for the epitaxial
growth of ZnO nanowires. On the other hand, the ther-
mal evaporation method does not require the use of a
sophisticated vacuum system, and hence has the advan-
tage of low cost and simple operation. In the conven-
tional thermal evaporation technique, it is difficult to
control the growth direction, thickness and length of
the nanowires. Therefore, in this study, a modified ther-
mal evaporation method was developed to synthesize
the desired ZnO nanowires with uniform direction
and size. It is known that ZnO nanowires can be epi-
taxially grown on ZnO thin films. Therefore, ZnO thin
films were first deposited as a buffer layer on a silicon
substrate using a continuous-flow microreactor system.
The use of a continuous-flow microreactor allows for
the deposition of a thin film on the substrate at low
temperature. ZnO nanowires were then epitaxially
grown over the buffer layer without using any metallic
catalysts [6]. X-ray diffraction (XRD) and scanning
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electron microscopy (SEM) were used to analyze the
crystallites and the size of the ZnO nanowires, respec-
tively. Photoluminescence (PL) spectroscopy was also
used to investigate the optoelectronic properties of the
synthesized ZnO nanowires.

ZnO thin films were uniformly deposited on silicon
substrates using a continuous-flow microreactor system
[7–9]. In the continuous-flow microreactor used in our
experiments, the reactant streams A and B were initially
pumped into a small tube and allowed to mix in the
T-mixer. Stream A consisted of 0.005 M aqueous zinc
acetate dehydrate (Zn(CH3COO)2 � 2H2O) and 0.25 M
aqueous ammonium acetate (CH3COONH3). Stream B
consisted of a 0.005 M aqueous solution of sodium
hydroxide. The period of time during which the reac-
tants passed through the tube and the reaction tempera-
ture were 0.21 min and 90 �C, respectively. The
deposited ZnO thin film was annealed at 300 �C in an
air furnace. The prepared ZnO thin film deposited on
the silicon substrate was used as a buffer layer for the
epitaxial growth of ZnO nanowires.

ZnO nanowires were epitaxially grown over the
substrates using a thermal evaporation method. The
thermal evaporation was carried out in a 50 cm long
quartz reactor with a 1 in. diameter. It was placed hor-
izontally in an electric furnace. The precursors for the
growth of the ZnO nanowires were prepared by an
impregnation method. That is, 10–30 wt.% zinc nitrate
was loaded over activated carbon, which has a large
surface area. The prepared precursors were placed in
an alumina boat. The alumina boat containing the
precursors and the prepared substrate were placed in
the center of the reactor. Nitrogen gas containing 0.2%
O2 was then fed into the reactor at a flow rate of
184 ml min�1. The temperature was increased from
room temperature to 800 �C at a rate of 38.1 �C min�1.
The reactor was maintained at 800 �C for 2 h.

The phase and crystalline orientation of the ZnO
nanowires were determined by XRD (Rigaku D/
MAX-2500). The surface morphology of the obtained
ZnO nanowires was characterized by SEM (Hitachi S-
4100). The optoelectronic properties of the synthesized
ZnO nanowires were also investigated by measuring
their PL spectrum.

The SEM images of the ZnO thin films synthesized by
the continuous-flow microreactor method are presented
in Figure 1. It was confirmed that the ZnO thin film
was uniformly deposited on the silicon substrate, as
shown in Figure 1a. The deposited film consisted of
6–10 nm sized particles. No agglomeration of the ZnO
particles was observed in the SEM images. Figure 1b
presents a cross-sectional image of the ZnO thin film.
It has a uniform film thickness of around 60 nm. XRD
analysis was performed to investigate the crystalline
structures of the as-grown ZnO structures on the silicon
substrate. Figure 2 shows the XRD patterns of the ZnO
thin film deposited on the substrate. All of the diffraction
peaks in Figure 2 match the hexagonal ZnO structure.
The (002) peak (at 34.3�) is overwhelming. ZnO nano-
wires are generally grown on the substrate with a non-
uniform orientation. However, it is known that ZnO
nanowires can be epitaxially grown on ZnO thin films
[10]. The prepared ZnO thin film deposited on the silicon

substrate was used as a buffer layer for the epitaxial
growth of the ZnO nanowires.

In the thermal evaporation method, the epitaxial
growth of ZnO nanowires over the substrate is carried
out by the evaporation of metallic zinc powder at high
temperatures [11,12]. However, in this study, the growth
of the ZnO nanowires was performed with the new pre-
cursor prepared by the impregnation method. Approxi-
mately 10–30 wt.% of zinc nitrate was loaded over the
activated carbon. Figure 3 shows the SEM images of
the ZnO nanowires synthesized by the thermal evapora-
tion method for three different loading amounts of zinc
nitrate. It was confirmed that all of the ZnO nanowires

Figure 1. SEM images of ZnO thin film.
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Figure 2. XRD patterns of ZnO thin film.
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