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Abstract
ZnO thin film with strong orientation (0 0 2) and smooth surface morphology was electrosynthesized on ITO-coated glass
substrate at room temperature under pulsed voltage. Photoluminescence (PL) shows two obvious peaks: violet band and strong
green band. The former is due to the free-excitonic transition and the latter is believed to arise from the single ionized oxygen
vacancy (VO+). Raman scattering reveals that the 580 cm 1 mode and the shoulder peak mode at 550 cm 1 originate from the Nrelated local vibration mode (LVM) and E1 (LO) mode, respectively.
# 2005 Elsevier B.V. All rights reserved.
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1. Introduction
Zinc oxide (ZnO) films, which possess many
interesting properties such as piezoelectric effect,
conductive effects, acoustic characteristics, direct
band gap (3.3 eV), and absence of toxicity, have
recently attracted much attention, because of their
potential applications in optoelectronic devices such
as solar cells and displays [1–4]. Different methods
* Corresponding author. Tel.: +852 21942824;
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E-mail address: meiyongfeng@nju.org.cn (Y.F. Mei).

have been employed to prepare ZnO films including
chemical vapor deposition (CVD), thermal oxidation,
radio frequency magnetron sputtering, pulsed laser
deposition, electron beam evaporation, spray pyrolysis, and electrodeposition [5–11]. Among them,
electrodeposition from aqueous solutions is a simple,
environmentally friendly, and low-cost technique, by
which uniform films with controlled stoichiometry can
be produced [12].
This paper reports the preparation and characterization of ZnO thin films with strong orientation
(0 0 2) on ITO-coated glass substrate by an electrosynthesized method at room temperature under pulsed
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voltage. Photoluminescence (PL) shows a salient
violet band as well as a strong green band. The former
is due to the free-excitonic transition and the latter
appears to arise from the single ionized oxygen
vacancy (VO+) that disappears after annealing. The
Raman peaks near 580 cm 1 has two different origins.

2. Experiments
ZnO thin films were electrosynthesized at room
temperature (20 8C) on ITO-coated glass substrates in
an aqueous solution containing 0.1 M zinc nitrate with
a pH of about 5.0. Rectangular voltage pulses (pulsing
period of 20 ms and pulsing width on time of 1 ms)
were used in our experiment. The amplitude of the
pulsed voltage was 1 V. During the electrodeposition
process, a two-electrode arrangement was used in
which the ITO-coated glass served as the anode and
zinc sheet (99.99%) the cathode. Nitrate ions were
used as the oxygen precursor. X-ray diffraction (XRD)
analysis was performed with a Siemens D500
diffractometer using the Cu Ka line at 1.5406 Å.
PL measurements were taken using a He–Cd laser
light (325 nm) at room temperature and detected by a
photon counting system with a photomultiplier.

3. Results and discussions
Fig. 1a shows the X-ray diffraction patterns of the
ZnO films deposited at room temperature (20 8C) for
about 180 min under pulsed voltage of 1 V. The
deposition rate at 1 V is about 300 nm/h. The XRD
spectra acquired from the as-deposited film reveals a
preferential (0 0 2) orientation, i.e. c-axis orientation,
along which the density of surface energy per plane is
minimal. The other two weak peaks at (1 0 0) and
(1 0 1) can be seen only after annealing at 400 8C for
30 min. The (0 0 2) peak intensity, that is, the
preferential orientation is found to increase with
higher annealing temperature. Fig. 1b shows the
surface morphology of the as-deposited ZnO film on
ITO-coated glass substrate by the scanning electron
microscopy (SEM, JEOL JSM-6300) measurement.
The surface of ZnO film synthesized at room
temperature is much smoother than that at high
temperature (such as 60 8C), which generally presents

the forms of coarse crystals, such as thorny shape,
fibrous sheet, and nodular appearance [11,12]. So, our
method can supply a way to fabricate ZnO film with
good quality.
Generally, ZnO can emit three luminescence bands
in the ultraviolet (UV), green, and yellow regions [8].
In Fig. 2, the effects of thermal annealing on the PL
properties of ZnO films are shown. The UVemission is
due to the direct recombination of photogenerated
charge carriers (exciton emission) [13]. As the
annealing temperature increases, the intensity of the
UV emission (377 nm) goes up as shown in
Fig. 2(left). Furthermore, a red-shift behavior from
377 to 394 nm with increasing the annealing
temperature manifests. Similar result have been
reported for ZnO films deposited onto InP substrate
[14]. Tang et al. reported that UV PL was related to the
microstructure of small ZnO crystalline [13]. Our
XRD pattern shows the degradation of the crystal
structure in the ZnO film after annealing; thereby
suggesting that it may be the cause of the changes in
the intensity and peak position of the UV band
(377 nm). However, it has recently been reported that
the intensity of the UV emission peak exhibits no clear
dependence on the crystal quality, and so the detailed
explanation needs additional PL investigation at low
temperature [15].
In addition to the UV band (377–395 nm), there are
several visible emission bands (430, 530, 570, and
666 nm) originating from our ZnO films. Some
researchers have reported that the visible emission
of the ZnO film is related to different intrinsic defects
such as oxygen vacancies, zinc vacancies, zinc
interstitials, oxygen interstitials, and antisite defect
[8,16–18]. However, due to the complexity of the
microscopic details, the exact origin of the visible
emission in ZnO is not yet well understood [8]. Strong
green emission (570 nm) was observed from our asdeposited ZnO film and it has been reported by
Vanheusden et al. to come from oxygen vacancies
[VO+] [16]. Wu et al. reported that the strong green
emission in oxygen-deficient ZnO films was severely
influenced by the oxygen pressure and growth
temperature [8]. Usually, a high temperature such as
65 8C is adopted in the electrodeposition of ZnO film,
but in our experiments, room temperature was used to
mitigate oxidation during growth. The disappearance
of the strong green emission (570 nm) after annealing
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Fig. 1. (a) X-ray diffraction patterns of ZnO films prepared at room temperature and post-annealed at 300, 400, and 500 8C in air for 30 min. (b)
The surface morphology of our ZnO thin film on ITO-coated glass substrate measured by SEM.

at 300 8C for 30 min in air is due to diffusion of
oxygen and so the peak can be attributed to the [VO+]
center.
With increasing annealing temperature or time,
three visible emission bands at 432, 530, and 666 nm
emerge and become more intense. Strong violet
emission has recently been reported in oxygen-rich

ZnO films on silicon substrate at 6 K [17]. Using
cathodeluminescence, Wu et al. found that a violet
peak was induced by the zinc vacancy [VZn ] center in
stoichiometric ZnO films [8]. Hence, the violet
emission band at 432 nm can be assigned to the
[VZn ] center, because the peak intensity increases
with increasing annealing temperature in air ambient
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Fig. 2. Room-temperature PL spectra acquired from as-deposited
and annealed ZnO films at different temperatures in air.

in which enough oxygen is supplied. There appears to
be another mechanism for the weak green emission
(530 nm) and the red emission (666 nm). In Shim’s
works, the diffusion of P atoms into the ZnO film is
suggested to substitute P atoms for O atoms and
generate interstitial oxygen [Oi ] centers that induce
the emission at 640 nm [14]. This red band has also been
observed in oxygen-rich ZnO films prepared by spray
pyrolysis or pulsed laser deposition [8,18]. After
annealing at 400 8C, another weak green band emerges
in the oxygen-rich ZnO film, and it can be ascribed to
the [Oi ] center. With increasing annealing temperature
in air for our samples, the weak green emission
(530 nm) and the red emission (666 nm) can be
observed simultaneously. Therefore, we can deduce
that the appearance and enhancement of these two
bands arise from the increase of the interstitial oxygen
[Oi ] center, and it agrees with the annealing effects on
PL of ZnO films prepared by different methods [8,14].
Wurtzite ZnO belongs to the C6v symmetry group,
in which there exist Raman-active phonon modes E2
(low), E2 (high), A1 (TO), A1 (LO), E1 (TO), and E1
(LO), and the B1 modes are silent. Two obvious peaks
(435 and 580 cm 1) are observed in our ZnO films
(Fig. 3). The former peak, whose intensity goes up
with increasing annealing temperature, is the high
frequency E2 of ZnO that has been previously
identified [19]. On the other hand, the latter peak is
quite controversial [20–22]. As we know, the four

Fig. 3. Room-temperature Raman spectra obtained from as-deposited and post-annealed ZnO films at 300, 400, and 500 8C in air for
30 min.

possible mechanisms for the observed Raman
scattering peaks near 580 cm 1 involve the surface
phonon mode, A1 (LO) mode, E1 (LO), and nitrogenrelated local vibrational modes (LVMs) [20,21,23,24].
The surface phonon mode may disappear after
annealing, while the intensity of the peak at
580 cm 1 increases with increasing annealing temperature in our ZnO samples [23]. Therefore, this mode
can be excluded. As for the A1 (LO) mode, it is not
allowed in the backscattering configuration with
crossed polarization adopted in our experiments
[21,25]. The former two mechanisms should not be
the cause of the Raman scattering peaks near 580 cm 1.
Further investigation of Raman scattering near
580 cm 1 in the ZnO film annealed in air at 300 8C
reveals that there is a shoulder peak (550 cm 1) near the
main peak (580 cm 1). A marked decrease in the
intensity at 550 cm 1 relative to that at 580 cm 1 is
observed with increasing annealing temperature, and
the intensity of the 580 cm 1 mode increases. With
regard to the decrease of the E1 (LO) intensity reported
by Exarhos and Sharma, two possible explanations have
been suggested: thermal-induced crystallite reorientation and resonance enhancement of selective phonon
modes due to lattice impurities [20]. No crystallite
reorientation can be observed in our ZnO films by XRD.
Another distinct feature of the E1 (LO) mode is that its
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intensity decreases during annealing, and it is consistent
with that of the 550 cm 1 mode. It can thus be due to the
E1 (LO) mode. On the contrary, the intensity of
580 cm 1 mode increases during annealing. In Kaschner’s work, it was found out that the intensity of Nrelated LVM increases with higher nitrogen concentration, and it agrees with the annealing behavior in air
(N2) of our samples [21]. A theoretical calculation
based on a modified valence-force model shows the
value of 272 and 580 cm 1 for LVMs of nitrogen on a
substitutional oxygen site in the ZnO lattice [26].
Hence, the mechanism responsible for the 580 cm 1
mode should be due to the N-related LVM. It is believed
that the 580 cm 1 mode and the shoulder peak mode
(550 cm 1) originate from the N-related LVM and E1
(LO) mode, respectively, and it is helpful to distinguish
the modes near the 580 cm 1 peak.

4. Conclusions
In conclusion, ZnO thin films with strong orientation (0 0 2) and smooth surface morphology were
electrosynthesized on ITO-coated glass substrate at
room temperature using pulsed voltage. PL shows an
obvious violet band and strong green band. The former
is due to the free-excitonic transition, and the latter is
believed to stem from the single ionized oxygen
vacancy (VO+). Raman scattering reveals that the
580 cm 1 peak and the shoulder peak (550 cm 1)
originate from N-related LVMs and E1 (LO) mode,
respectively.
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