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ZnO thin films were grown on the 150 nm-thick RuO2-coated SiO2/Si substrates by electrochemical depo-
sition in zinc nitrate aqueous solution with various electrolyte concentrations and deposition currents.
Crystal orientation and surface structure of the electrodeposited ZnO thin films were characterized
by X-ray diffraction (XRD) and scanning electron microscopy, respectively. The XRD results show the
as-electrodeposited ZnO thin films on the RuO2/SiO2/Si substrates have mixed crystallographic ori-
entations. The higher electrolyte concentration results in the ZnO thin films with a higher degree of
eramics
hin films
rystal structure
icrostructure

c-axis orientation. Moreover, the use of an ultra-thin 5 nm-thick ZnO buffer layer on the RuO2/SiO2/Si
substrate markedly improves the degree of preferential c-axis orientation of the electrodeposited ZnO
crystalline. The subsequent annealing in vacuum at a low temperature of 300 ◦C reduces the possible
hydrate species in the electrodeposited films. The electrodeposited ZnO thin films on the 5 nm-thick ZnO
buffered RuO2/SiO2/Si substrates grown in 0.02 M electrolyte at −1.5 mA with a subsequent annealing
in vacuum at 300 ◦C had the best structural and optical properties. The UV to visible emission intensity

7.62
ratio of the film can reach

. Introduction

ZnO is a wide band gap semiconductor with a high exciton
inding energy (60 meV) at room temperature. It is one of the
echnologically important oxide materials because of its versa-
ile physical properties [1–4]. ZnO in thin film or nanostructured

orphology is highly demanded for technological applications,
specially for the use in various electronic and optoelectronic
evices [5,6]. Many growth techniques have been adopted to
repare ZnO thin films and nanostructures, such as aqueous solu-
ion deposition [7,8], sol–gel process [9], molecular beam epitaxy
10], metal–organic vapor-phase epitaxy [6], and sputtering [2,4].
mong all methods, electrodeposition in aqueous solutions is a low
ost method for preparation of large area thin films, in terms of
ts low-temperature process and arbitrary substrate shapes. It is

ell suited for mass production of semiconductor thin films. How-
ver, substrates for growing ZnO thin films or nanostructures by

lectrodeposition are most limited to metal substrates. Copper,
latinum, gold, and zinc foil substrates have been demonstrated
o be good substrate materials for electrodeposition of ZnO with
arious morphologies [11–15]. Most oxide materials are known to
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have a high electric resistance and are not suitable for the electrode
materials to grow ZnO thin films or nanostructures by electrode-
position. The Sn-doped In2O3 thin film coated glass substrate is the
commonly used working electrode for preparing electrodeposited
ZnO thin films or nanostructures [16].

Among various oxide materials, RuO2 is a good electrical con-
tact material and it has a low electric resistivity of ∼35 �� cm [17].
It processes a good thermal stability and has been used as diffu-
sion barrier for growing various oxide materials [18–20]. Recently,
the transparent RuO2 contacts on ZnO thin films are fabricated for
ZnO-based optoelectronic devices through sputtering and anneal-
ing processes [21]. However, the related studies on the use of such
transparent conductive oxide for electrodepositing of ZnO are lack-
ing. In this study, sputtering deposited conductive RuO2 was used
as working electrode to electrodeposited ZnO thin films. The cor-
relation between the electrodeposition condition and structural
properties of the ZnO thin films grown on RuO2 is investigated.
The effects of an ultra-thin ZnO buffer and a subsequent annealing
procedure on the structure and optical properties of the electrode-
posited ZnO thin films are discussed in this work.
2. Experimental

ZnO thin films were grown by cathodic electrochemical deposition from aque-
ous solutions containing Zn(NO3)2 at concentrations ranging from 0.004 M to 0.02 M.
The bath temperature is maintained at 90 ◦C during the electrodeposition of ZnO. A
standard three-electrode compartment cell was used in this experiment. A platinum

dx.doi.org/10.1016/j.jallcom.2010.12.059
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http://www.elsevier.com/locate/jallcom
mailto:yuanvictory@gmail.com
mailto:deanvera@yahoo.com.tw
dx.doi.org/10.1016/j.jallcom.2010.12.059


3560 Y.-C. Liang et al. / Journal of Alloys and Compounds 509 (2011) 3559–3565

Fig. 1. XRD patterns of the electrodeposited ZnO thin films grown at various zinc
nitrate concentrations and deposition currents on the RuO /SiO /Si substrates. The
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Fig. 2. XRD patterns of the electrodeposited ZnO thin films grown at various zinc
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ymbol (t) represents the films are annealed in vacuum at 300 ◦C: (a) 0.004 M and
b) 0.02 M electrolytes.

heet (99.99%) and a 150 nm-thick RuO2-coated/SiO2/Si substrate (or 5 nm-thick
nO buffered RuO2 (150 nm)/SiO2/Si) were used as the anode and cathode, respec-
ively. A Ag/AgCl electrode in a saturated KCl solution was used as a reference
lectrode. The area of the substrate in the electrolyte for the electrodeposition
s fixed at 1 cm2. The deposition was performed at various deposition currents

rom −0.5 mA to −1.5 mA with respect to the reference electrode. Some of the as-
lectrodeposited ZnO thin films are subsequently annealed at 300 ◦C in vacuum for
0 min to evaluate the annealing effects on structure and optical properties of the
lms. The conductive 150 nm-thick RuO2 thin films and ultra-thin ZnO buffer lay-
rs (5 nm thick) were prepared by radio-frequency magnetron sputtering. During

able 1
RD peak intensity ratio I(0 0 2)/[I(1 0 0) + I(0 0 2) + I(1 0 1) + I(1 0 2)] of the ZnO thin films. The bac
ymbol (t) represents the films are annealed in vacuum at 300 ◦C.

Current
(mA)

Conditions

0.004 M/RuO2 0.004 M/RuO2(

−0.5 0.46 0.55
−1.0 0.59 0.60
−1.5 0.42 0.45

Current
(mA)

Conditions

0.004 M/buffer 0.004 M/buffer(

−0.5 0.92 0.86
−1.0 0.92 0.93
−1.5 0.89 0.93
nitrate concentrations on the RuO2/SiO2/Si substrates with a 5 nm-thick ultra-thin
ZnO buffer. The symbol (t) represents the films are annealed in vacuum at 300 ◦C:
(a) 0.004 M and (b) 0.02 M electrolytes.

depositions for the RuO2 and ZnO buffer layers, the substrate temperatures were
maintained at 450 ◦C and 250 ◦C, respectively. The pressure of working gas during
deposition of RuO2 thin films was fixed at 15 mTorr with an Ar/O2 ratio of 8:2 and
that for the ultra-thin ZnO layer is 15 mTorr with an Ar/O2 ratio of 1:1.

The crystal structure of the electrodeposited ZnO thin films was characterized
by X-ray diffraction (XRD). The surface morphology of the electrodeposited ZnO thin

films was investigated by a scanning electron microscope (SEM). X-ray photoelec-
tron spectroscope (XPS) measurements were performed to evaluate the energy state
of the elements. The room temperature dependent photoluminescence (PL) spectra
are obtained using the 325 nm line of a He–Cd laser.

kground intensity was deducted before the calculation of peak intensity ratio. The

t) 0.02 M/RuO2 0.02 M/RuO2(t)

0.70 0.63
0.77 0.81
0.87 0.88

t) 0.02 M/buffer 0.02 M/buffer(t)

0.96 0.97
0.99 0.98
0.99 0.99
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ig. 3. SEM images of the annealed electrodeposited ZnO thin films grown at variou
.004 M at −0.5 mA, (b) 0.004 M at −1.0 mA, (c) 0.004 M at −1.5 mA, (d) 0.02 M at −

. Results and discussion

Fig. 1 shows the XRD patterns for the electrodeposited ZnO thin
lms on the RuO2/SiO2/Si substrates. The ZnO thin films grown

n the zinc nitrate solution with concentrations of 0.004 M and
.02 M show a mixed crystallographic feature. The Bragg reflec-
ions of ZnO (1 0 0), (0 0 2), (1 0 1), and (1 0 2) are observed in the
RD patterns according to the examination from hexagonal ZnO

CPDS 36-1451. There are no clear Bragg’s reflections from Zn or
inc hydroxide-related phases in the XRD patterns. The higher
ath temperature is reported to further decreases the free energy
f the reaction Zn(OH)2 → ZnO + H2O (−3.6 kJ/mol at 40 ◦C and
6.4 kJ/mol at 100 ◦C) [8]. The high bath temperature of 90 ◦C
erein might help to decrease the degree of the possible formation
f zinc hydroxide-related crystallites in the electrodeposited ZnO

hin films. The peak intensity ratios of (0 0 2) Bragg’s reflection to
ll crystallographic planes i.e., I(0 0 2)/[I(1 0 0) + I(0 0 2) + I(1 0 1) + I(1 0 2)]
n the polycrystalline ZnO thin films are calculated and listed in
able 1. Background intensity of the Bragg reflections was deducted
efore the calculation of intensity ratio of Bragg’s peaks. From
nitrate concentrations and deposition currents on the RuO2/SiO2/Si substrates. (a)
, (e) 0.02 M at −1.0 mA, and (f) 0.02 M at −1.5 mA.

Table 1, the peak intensity ratios are 0.42–0.59 for the ZnO films
grown in 0.004 M electrolyte and those for the films grown in
0.02 M electrolyte are 0.7–0.87. The Bragg reflections of ZnO (0 0 2)
are dominant among the crystallographic planes in the electrode-
posited ZnO thin films herein. Moreover, the deposition current did
not cause marked change in preferentially crystallographic orienta-
tion. The (0 0 2)-oriented electrodeposited ZnO thin films have been
prepared at the bath temperature of 70 ◦C [22]. From the chemi-
cal reaction process, the reduction of NO3

− results in the increase
of OH− ionic concentration in the aqueous solution. Accordingly,
OH− and Zn2+ will form Zn(OH)2 on the cathode electrode. The
Zn(OH)2 will then be decomposed and form ZnO on the substrate.
The amount of Zn ions in the electrolyte during deposition will be
influenced by the electrolyte concentration. The lower concentra-
tion in the electrolyte leads to a lower deposition rate as dominated

by the reaction Zn2+ + 2OH− → Zn(OH)2. Hence, a relatively high
concentration of zinc nitrate significantly enhanced the amount of
(0 0 2)-oriented grain in the electrodeposited polycrystalline ZnO
thin films. The subsequent annealing in vacuum increased the
intensity of Bragg’s reflections of the ZnO thin films, indicating
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ig. 4. SEM images of the annealed electrodeposited ZnO thin films grown at vari
uO2/SiO2/Si substrates. (a) 0.004 M at −0.5 mA, (b) 0.004 M at −1.0 mA, (c) 0.004 M

n increase in crystalline quality of the films. Furthermore, the
eak intensity ratio of (0 0 2) Bragg’s reflection to all crystallo-
raphic planes in the electrodeposited ZnO thin films is nearly the
ame after annealing process as exhibited in Table 1. This might
e due to the annealing temperature is not high enough to cause
he post growth of the ZnO grains to change the crystallographic
exture properties. In contrast, the electrodeposited ZnO thin films
rown on the 5 nm-thick ZnO buffered RuO2/SiO2/Si substrates
how a highly (0 0 2)-textured structure (Fig. 2). The ultra-thin ZnO
uffer layer effectively reduces the crystallographic randomness
f the electrodeposited ZnO thin films on the RuO2/SiO2/Si sub-
trates. The peak intensity ratios for the ZnO thin films grown in
.004 M electrolyte are 0.89–0.92; there are quite a few portion of
1 0 1)-oriented grains in the ZnO thin films. Moreover, those for the

lms grown in 0.02 M electrolyte are 0.96–0.99. Nearly preferred
-axis orientation was observed in the ZnO crystalline films. The
se of ultra-thin ZnO buffer layer on the RuO2/SiO2/Si substrates
ffectively enhanced the growth characterization of the electrode-
osited ZnO thin films along the c-axis direction. The subsequent
nc nitrate concentrations and deposition currents on the 5 nm-thick ZnO buffered
.5 mA, (d) 0.02 M at −0.5 mA, (e) 0.02 M at −1.0 mA, and (f) 0.02 M at −1.5 mA.

annealing improved the intensity of the Bragg reflections of the ZnO
thin films with less change in crystallographic texture properties.

The surface morphology of the electrodeposited ZnO thin films
is not changed after the thermal annealing at 300 ◦C in vacuum.
The SEM images of the post-annealed ZnO thin films are shown
herein for a discussion. Fig. 3(a)–(c) displays the surface evolution
of the electrodeposited ZnO thin films grown in the 0.004 M elec-
trolyte under various deposition currents. The tiny grains packed
closely for the ZnO thin films at −0.5 mA and −1.0 mA; the sur-
face of the films is dense. Only few coarser ZnO grains are formed
and distributed separately on the film surface. In contrast, coarse
ZnO grains were formed for the film grown at −1.5 mA. The size
of ZnO grains in the films increased with the deposition current.
Fig. 3(d)–(f) shows the surface evolution of the ZnO thin films grown

in the 0.02 M electrolyte under various deposition currents. The
surface morphologies of the ZnO thin films are different from those
grown in a relatively dilute electrolyte concentration. Under low
deposition current of −0.5 mA, the surface morphology of the ZnO
thin film has grains with two different morphologies. The surface
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Table 2
Zn/O atomic ratio of the electrodeposited ZnO thin films derived from the narrow scans of XPS spectra. The symbol (t) represents the films are annealed in vacuum at 300 ◦C.

Zn/O/atomic ratio Conditions

0.004 M/RuO2 0.004 M/RuO2(t) 0.02 M/RuO2 0.02 M/RuO2(t)
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currents. The samples show a large and broad visible light lumines-
cence centered at ∼550–570 nm. This visible emission peak might
be resulted from the defects of the films such as OH groups [29]
or the oxygen vacancies [30]. The XPS results exhibit that the elec-
−0.5 mA (Zn/O) 0.89 0.90
−1.0 mA (Zn/O) 0.93 0.93
−1.5 mA (Zn/O) 0.96 0.94

f the ZnO thin film is composed of whisker-like tiny grains and the
od-like grains. These whisker-like ZnO grains might be the nuclei
or the further growth of rod-like ZnO grains. Further increasing the
eposition current to −1.0 mA, the ZnO thin film was covered with
od-like ZnO grains which size is larger than that of the film grown
t −0.5 mA. However, these rod-like ZnO grains are not packed
ensely. The surface morphology of the ZnO thin film grown at
1.5 mA shows a dense and a uniform distribution of rod-like ZnO
rains. The observation is consistent with the previous report that
n increase in deposition current density causes the ZnO pillars to
oalesce to form a dense nanopillar film [16]. Fig. 4 shows the SEM
urface morphology of the ZnO thin films grown on the ultra-thin
nO buffered RuO2/SiO2/Si substrates. Comparatively, the ZnO thin
lms grown on the ultra-thin ZnO buffered RuO2/SiO2/Si substrates
how a dense and homogeneous surface morphology with respect
o those on the RuO2/SiO2/Si substrates. The surface of the ZnO
hin films grown on the ultra-thin ZnO buffered RuO2/SiO2/Si sub-
trates is smoother than that grown on the RuO2/SiO2/Si substrate
t a given electrodeposition condition. Liu et al. reported that the
overage density and morphology of the electrodeposited ZnO thin
lms are related to the lattice structure and defects on the substrate
urface, which are key factors for subsequent thin film nucleation
nd growth during electrodeposition [23]. The thin native ZnO layer
n the Zn metal substrate was reported to enhance nucleation and
llow more highly aligned, dense ZnO structures to be grown [14].
he ultra-thin ZnO buffer layer on the RuO2/SiO2/Si improves the
omogeneous nucleation of the electrodeposited ZnO thin films
nd further increases the flatness of the electrodeposited ZnO film
urface.

XPS was used to determine the composition of the ZnO thin films
nd the effects of annealing on chemical state of the constituent
lements. The calculated atomic concentrations of Zn and O are
isted in Table 2. The samples for the XPS measurements herein

ere pre-sputtered with Ar+ ions for duration of 1 min. The atomic
atio of Zn/O increases slightly with the deposition current density
nd the concentration of electrolyte. The atomic ratios of Zn/O for
he electrodeposited ZnO thin films herein are below 1.0, reveal-
ng the compositions of the ZnO thin films are non-stoichiometric

ith a zinc deficiency. The buffering of an ultra-thin ZnO on the
uO2/SiO2/Si substrate did not cause a change of composition of
he electrodeposited ZnO thin films. Fig. 5(a)–(c) shows the chem-
cal bonding states of the Zn element in the electrodeposited ZnO
hin films. All the samples have a symmetric Zn2p3/2 XPS spec-
rum, revealing no excess Zn in the films [24]. Fig. 5(d)–(f) shows
he ZnO thin films have a clear asymmetric curve of O1s spectrum.
he lower binding energy component is attributed to oxygen in the
xide crystal [25] and the higher binding energy component repre-
ents oxygen ions in oxygen-deficient regions within the matrix of
nO and/or the presence of hydrated oxide species corresponding
o OH [26,27]. The ZnO thin film grown in the 0.004 M electrolyte
t −0.5 mA has a largest area ratio (53.7%) of the higher binding
nergy component to the lower binding energy component. That

rea ratio for the ZnO thin film decreased with the concentration of
inc nitrate electrolyte (from 53.7% to 34.4% as the concentration
f electrolyte was increased from 0.004 M to 0.02 M), revealing the
rystalline quality of the ZnO thin film grown at a low current den-
ity was improved by increasing the concentration of electrolyte.
0.94 0.95
0.95 0.94
0.98 0.98

The electrodeposited ZnO thin film that was further annealed in
vacuum clearly shows a decrease in the area ratio of the higher
binding component to the lower one. This can be attributed to the
reduction of possible defects such as the hydrate species in the
electrodeposited film [28].

The PL measurements are used to investigate the buffering
and annealing effects on the optical properties of the electrode-
posited ZnO thin films. The electrodeposited ZnO thin films grown
in 0.02 M electrolyte are investigated herein because they are
more stoichiometric in composition and highly c-axis oriented with
respect to those of the films electrodeposited in 0.004 M electrolyte.
Fig. 6(a)–(c) shows the PL spectra of the as-electrodeposited ZnO
thin films on the RuO2/SiO2/Si substrates with various deposition
Fig. 5. XPS spectra of the Zn2p3/2 ((a)–(c)) and O1s ((d)–(f)) for the electrodeposited
ZnO thin films. (a) and (d): 0.004 M at −0.5 mA. (b) and (e): 0.02 M at −0.5 mA. (c)
and (f): 0.02 M at −0.5 mA with a thermal annealing in vacuum at 300 ◦C.
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films without a ZnO buffer layer is also markedly decreased with a
thermal annealing in vacuum. Fig. 6(g)–(i) shows the PL spectra of
the electrodeposited ZnO thin films annealed in vacuum at 300 ◦C
without ZnO buffering. The values of UV to visible ratio for ZnO
thin films annealed in vacuum at 300 ◦C are 3.34, 3.88, and 4.21 for
ig. 6. PL spectra of the electrodeposited ZnO thin films grown in 0.02 M electroly
f the ultra-thin ZnO buffer on the PL spectra of the electrodeposited ZnO thin film
acuum on the PL spectra of the electrodeposited ZnO thin films on the RuO2/SiO2

eposition currents on the 5 nm-thick ZnO buffered RuO2/SiO2/Si substrates with a

rodeposited ZnO thin films might have the oxygen vacancies and
ydrated oxide species in the films even though the film is annealed

n vacuum. The PL peak corresponding to UV emission of the ZnO
hin films was observed to increase with increasing the deposition
urrent. This can be attributed to the increase of deposition cur-
ent results in the enhancement of ZnO c-axis texture as exhibited
n the XRD patterns. A clear PL peak of UV emission was posited
o the high quality of the (0 0 2)-textured nanostructured ZnO film
31,32]. A clear UV emission of PL spectra was observed for the
lectrodeposited ZnO thin films on the 5 nm-thick ZnO buffered
uO2/SiO2/Si substrates (Fig. 6(d)–(f)). The UV to visible ratio of
he PL spectra herein was defined as the ratio of the maximum
ntensities of the UV and visible peaks and was used to compare
he crystal quality of the ZnO thin films. The UV to visible ratio of
ll samples is shown in Fig. 7. The values of UV to visible ratio for
he as-electrodeposited ZnO thin films without an ultra-thin ZnO
uffer are below 1.0. Comparatively, the ratio was largely increased
o 2.16–3.9 when an ultra-thin ZnO buffer was used. The ultra-thin
nO buffer layer enhances not only the (0 0 2)-preferred orientation
ut also the surface flatness of the electrodeposited ZnO thin films.
he use of ultra-thin ZnO buffer for the growth of electrodeposited
nO thin films on the RuO2/SiO2/Si substrates helps to reduce pos-
ible defects which might be easily generated when the rod-like
nO thin films were formed without a ZnO buffer layer on the

uO2/SiO2/Si substrates. The optical properties of the ZnO thin films
ave been investigated with different degrees of crystal quality
33]. The enhancement of UV emission of ZnO thin films with a thin
omointerlayer has been demonstrated in sputtering deposited
nO thin films on SrTiO3 substrates and pulsed laser deposited
arious deposition currents. (a) −0.5 mA, (b) −1.0 mA, and (c) −1.5 mA. The effects
hout a thermal annealing are shown in (d)–(f). The effects of thermal annealing in
strates are shown in (g)–(i). The PL spectra of the ZnO thin films grown at various
al annealing in vacuum are shown in (j)–(l).

ZnO thin films on sapphire substrates [2,34]. Moreover, the relative
peak intensity of visible emission of the electrodeposited ZnO thin
Fig. 7. UV-to-visible emission intensity ratio of the electrodeposited ZnO thin films.
The data were derived from the PL spectra of Fig. 6.
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he films grown at −0.5 mA, −1.0 mA, and −1.5 mA, respectively.
he increased UV to visible ratio of the annealed electrodeposited
nO thin films might be associated with the elimination of most
ossible hydroxyl groups in the electrodeposited films [35]. This
an be confirmed with the XPS results that the area of the defect-
elated component in O1s spectrum was reduced after annealing.
he improvement of UV emission of the ZnO thin films by annealing
as also reported in literatures [36]. However, some defects were

till present after annealing incurring a visible emission. Fig. 6(j)–(l)
hows the PL spectra of the electrodeposited ZnO on the ultra-
hin ZnO buffered RuO2/SiO2/Si substrates annealed in vacuum at
00 ◦C. The UV to visible ratio was largely enhanced from 0.19 to
.69 for the as-deposited ZnO thin film grown at −0.5 mA and that
ith a buffer layer annealed in vacuum, respectively. The electrode-
osited ZnO thin films grown on the ZnO buffered RuO2/SiO2/Si
ubstrates at −1.0 mA and −1.5 mA and with thermal annealing
ave high values of UV to visible ratio of 7.4–7.62. The experi-
ental results herein concluded that an ultra-thin ZnO buffer layer

an effectively improve the c-axis texture of the electrodeposited
nO thin films and the film morphology can be transformed from
he rod-like to the dense and flat film surface. The electrodepo-
ition is conducted at a relatively low temperature compared to
hat of other vacuum deposition methods and in an electrolyte
hat induces a large amount of hydrate species in electrodeposited
nO thin films. The subsequent thermal annealing in vacuum at a
ow temperature of 300 ◦C further reduced the contamination of
ydrate species in the electrodeposited films. The adoption of an
ltra-thin ZnO homointerlayer and a subsequent annealing realized
he fabrication of the ZnO thin films on the RuO2/SiO2/Si substrates
ith good optical properties by electrodeposition in aqueous

olution.

. Conclusions

ZnO thin films on the RuO2/SiO2/Si substrates were pre-
ared by electrodeposition in aqueous zinc nitrate solutions.
he ZnO/RuO2/SiO2/Si thin films grown in 0.004 M and 0.02 M
lectrolytes under various deposition currents show a mixed crys-
allographic feature. The XRD results show the ultra-thin ZnO
uffer layer effectively reduces the crystallographic randomness
f the electrodeposited ZnO thin films on the RuO2/SiO2/Si sub-
trates. An ultra-thin ZnO buffer layer on the RuO2/SiO2/Si improves
he homogeneous nucleation of the electrodeposited ZnO thin
lms and further enhances the flatness of ZnO film surface. The
ubsequent annealing of the electrodeposited ZnO thin films in vac-
um substantially reduced the amount of hydroxyl defects in the

lectrodeposited films. The PL spectra reveal that both the ultra-
hin ZnO buffer layer and a subsequent thermal annealing can
mprove the crystal quality of the electrodeposited ZnO thin films
n the RuO2/SiO2/Si substrates. The ZnO thin films grown on the
uO2/SiO2/Si substrates with good optical properties can be real-

[
[

[
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ized with the thin-homolayer buffering and an adequate thermal
annealing.
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