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Morphology evolution and photoluminescence properties of ZnO films
electrochemically deposited on conductive glass substrates
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The current-dependent morphology evolution and photoluminescence properties of zinc oxide
�ZnO� films prepared by electrochemical deposition �ECD� method were studied in this paper. It has
been shown that the morphologies of ZnO films vary from porous to dense structure, from pillar
crystal array to two-dimensional nanosheet covered film, with increase of deposition currents.
Correspondingly, orientation of the film evolves from randomly to highly c-axis oriented structure.
Current dependence of morphology is attributed to the ECD current-controlled preferential growth
velocity along the c axis. All the ZnO films prepared over a wide current range show strong
ultraviolet �UV� emission at room temperature, which also shows deposition current dependence in
intensity, together with relatively weak defect-related green emission under UV excitations. Further
experiments have revealed that a nonradiative relax process and a radiative electron-hole
combination process are involved in this defect-related green emission and the excitonic origin of
UV emission was also proved. © 2006 American Institute of Physics. �DOI: 10.1063/1.2188132�
I. INTRODUCTION

Metal-oxide thin films �especially, wide and direct band
gap semiconductors� are of great interest in optical and elec-
tronical industries, including blue and ultraviolet �UV� opti-
cal devices, such as light-emitting diodes and laser diodes.1

ZnO, with a direct band gap of 3.37 eV and a high exciton
binding energy of 60 meV at room temperature, is a kind of
important technological semiconductor.2 Since 1960s, prepa-
rations of ZnO film have been an active field because of their
applications in sensors, actuators, resonators, and transparent
electrodes for solar cells. Now most of the fabrication meth-
ods rely mainly on vacuum and physical/chemical vapor
deposition technologies, such as metal-organic chemical va-
por deposition �MOCVD�,3 molecular beam epitaxy �MBE�,4

magnetron sputtering �MR�,5 and pulsed laser deposition6

�PLD� method. In these methods, special substrates with
proper lattice parameters, such as gallium nitride,3 c-plane
sapphire,4 or �001�-LiNBO3 substrate,6 are usually a prereq-
uisite to reduce the strain at the interface. In view of the
complex and energy-consuming experimental facilities men-
tioned above, increasing attentions have been paid on simple
solution methods, including sol-gel method,7 chemical bath
deposition method,8 spin coating method,9 and electrochemi-
cal deposition �ECD� method10 due to their benign environ-
ments and low cost in practical applications. ECD from dis-
solved aqueous solutions is an important low cost and
scalable method that is well suited for the mass production of
thin films on any conductive substrates. The film thickness,
even morphologies and preferred orientations of many mate-
rials via ECD method, can be controlled by the deposition
parameters. ECD of ZnO film was primarily demonstrated by
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Izaki and Omi11 and Peulon and Lincot12 ten years ago.
However, crystal quality and physical properties of such film
were not satisfactory. Then heteroepitaxial electrodeposition
of ZnO films on some special substrates, such as single crys-
tal gold,13 GaN/sapphire,14 and oriented-gold film coated
silicon,15 have been developed to improve the crystal quality
and hence properties. For instance, room temperature UV
photoluminescence �PL� has been observed recently in the
oriented ZnO films electrodeposited on the oriented Au/Si
substrate but the defect-related visible emission is still rela-
tively strong.15 As we know, ZnO films on transparent and
conductive glass substrates are of wide applications in pho-
tovoltaic devices such as solar cells,16 gas sensors,17 and
varistors.18 However, there are only few reports on the ECD
preparation method experimentally,19–21 and their UV emis-
sion properties were rarely reported �only at low tempera-
ture�.22,23

In this article, we study the morphological and structural
evolutions of ZnO film, prepared by ECD method on con-
ductive glass substrates, and their optical properties. It has
been found that the film morphology and structure are
strongly deposition current dependent, which varies from po-
rous to dense structure, from pillar crystal array to two-
dimensional �2D� nanosheet covered film with the increasing
deposition currents. Correspondingly, orientation of the film
evolves from nearly random to highly c-axis oriented struc-
ture. All the ZnO films prepared over a wide current range
show strong UV emission at room temperature, which also
shows deposition current dependent in intensity, together
with relatively weak defect-related green emission. The sim-
plicity and low-cost production of ZnO films with reproduc-
ible structural, morphological, and optical characteristics
should be useful as a less expensive window material for

practical industrial solar cell and display devices.
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II. EXPERIMENTAL DETAILS

Some commercial glass slides coated with a layer of
25 nm conductive indium-tin oxide �ITO� coated glass were
used as the cathodes ��1 cm2�. The square resistance is
about 150 � /�. Zinc sheets �99.99% purity� acted as the
anode and the electrolyte was zinc nitrate aqueous solution
�0.05M�. Galvanostatic cathodic deposition was employed
over a current range from 0.7 to 2.0 mA/cm2. The deposi-
tion temperature was fixed at 70 °C by a water bath and the
deposition time was 150 min for all samples. After the ECD
experiments, the samples were washed and dried before fur-
ther characterizations. The surface morphologies of the
samples were observed by field emission scanning electron
microscopy �FESEM, FEI Sirion 200�. X-ray diffraction
�XRD� was measured on Philips X’Pert diffractometer
�40 KV, 40 mA�using Cu K� line �0.15419 nm�. Raman
scattering spectra were recorded on a LABRAM-HR Raman
spectrometer excited with 514.5 nm Ar+ laser and 325 nm
He–Cd laser. PL properties were measured on a spectrometer
�Jobin-Yvon� excited with 325 nm He–Cd laser, and on a
FLS920 �EDINBURGH� fluorescence spectrophotometer ex-
cited with a Xe lamp or a nanosecond flash lamp, respec-
tively.

III. RESULTS

A. Characterizations

Figure 1 shows the XRD spectra of the as-prepared films
on ITO-glass substrates electrodeposited over a current range
from 0.7 to 2.0 mA/cm2. All the diffraction peaks of the
films can be assigned to those of wurtzite ZnO phase
�JCPDS: 36-1451�. For the film deposited under a current of
0.7 mA/cm2, the diffraction intensity ratio of the planes
�100�, �002�, and �101� is similar to that of ZnO powders,
indicating nearly randomly oriented grains in the film. For
the films electrodeposited under a higher current, however,
the significant �002� preferential orientation is exhibited,
which is enhanced with increase of the deposition current.

Corresponding morphologies for the samples are illus-
trated in Fig. 2, showing significant dependence on the depo-
sition current. When the deposition current is 0.7 mA/cm2,
the film shows a porous structured morphology �see Fig.

FIG. 1. XRD patterns of the ZnO film electrodeposited under different
currents �vertical lines: JCPDS No. 36-1451�.
2�a��. There are some hexagonal ZnO microcolumns, in ac-
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cordance with the wurtzite crystal structure, embedded in the
porous film �inset of Fig. 2�a��. The film prepared under cur-
rent of 1.1 mA/cm2 �Fig. 2�b�� shows flat and compact sur-
face morphology. It seems to be of many hexagonal
nanosheets from the top view. However, cross-sectional ob-
servation �inset of Fig. 2�b�� indicates that such film is com-
posed of densely aligned ZnO micropillars, which should
have �002� preferential orientation combining the XRD re-
sults shown in Fig. 1. If the ECD current is 1.5 mA/cm2, the
film consists of highly aligned well-faceted hexagonal ZnO
pillars �Fig. 2�c��, which has two size distributions �one is
around 700 nm and the other is around 200 nm in size�. They
are not as compact as that shown in Fig. 2�b� but more
strongly �002� preferential orientation. Further, when the ca-
thodic current was increased to 2.0 mA/cm2, the film surface
was covered by 2D ZnO nanosheets with a thickness of tens
of nanometers and a planar dimension of several microme-
ters, as shown in Fig. 2�d�. From its enlarged SEM image
�inset of Fig. 2�d��, we found that ZnO nanosheets are grow-
ing on the underneath ZnO microcolumns. This deposition
current dependence of the film structure provides us a simple
way to control the morphology and hence some related prop-
erties.

Further, Raman scattering spectra were measured due to
its sensitivity to the crystallization, structural disorder, and
defects in crystals. Figure 3 shows the result of the ZnO film

FIG. 2. SEM images show the surface microstructures of ZnO films elec-
trodeposited under different ECD currents: �a� 0.7 mA; �b� 1.1 mA; �c�
1.5 mA; �d� 2.0 mA. Insets of �a� and �d�: their corresponding enlarged
SEM image. Inset of �b�: its cross section SEM image.

FIG. 3. Raman spectrum of the ZnO film electrodeposited under 1.5 mA
+
excited by 514.5 nm Ar laser.
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deposited under 1.5 mA/cm2 on the ITO-glass substrate ex-
cited with 514.5 nm Ar+ laser. �The other samples show
similar Raman spectra.� The characteristic wurtzite E2 �high�
mode at 438 cm−1, and A1 modes at 379 cm−1 �TO mode�
and 572 cm−1 �LO mode� are observed, which is consistent
with those observed in high quality ZnO film prepared by
PLD method on sapphire substrate.24 In addition, the Raman
spectrum also shows a second-order Raman scattering 2E2
mode at 334 cm−1, which arises from zone-boundary phonon
scattering.25 The appearance of the characteristic Raman
peaks confirms the wurtzite phase and good crystal quality
for this ECD ZnO film.

Figure 4�a� shows the Raman spectra detected under the
same backscattering geometric conditions as those in Fig. 3
but excited with 325 nm He–Cd laser for the 0.7 and 1.5 mA
samples, respectively. We observed two strong peaks, respec-
tively, centered at 572, 577 cm−1 and 1143, 1149 cm−1 for
both samples, in addition to weak 2E2 and E2 �high� modes.
The later peaks are at near twice frequency shifts of the
formers. These two peaks can be attributed to the Raman
2LO and 1LO modes, respectively, due to the occurrence of
resonant Raman scattering �RRS�.26 As we know, the LO
mode is usually composed of A1LO �574 cm−1� mode and
E1LO �583 cm−1� mode from polarization fields parallel and
perpendicular to the c axis, respectively.27 The Lorentzian
curve fitting results �Fig. 4�b�� indicate that the 1LO mode of
0.7 mA film consists of both the A1LO and E1LO modes with
comparable intensity, while that of 1.5 mA sample is only

FIG. 4. �Color online� �a� Resonant Raman scattering spectra of the ZnO
film under 0.7 and 1.5 mA excited by 325 nm He–Cd laser, respectively.
��b� and �c��: Lorentzian curve fitting of the resonant 1LO Raman peaks of
�a�. �nLO refers to the nth longitudinal optical phonon mode.
composed of the A1LO mode together with undetectable E1LO
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mode. According to the Raman selection rules,28 if the
wurtzite ZnO film is c-axis oriented, the E1 �LO� mode is
theoretically forbidden. So the absence of the E1LO compo-
nent in 1.5 mA film reveals its high �001� orientation, while
the existence of both E1LO and A1LO components in 0.7 mA
film indicates its randomly oriented structure, which is in
accordance with the XRD results.

B. PL Measurements

The PL spectra excited by 325 nm He–Cd laser for all
as-synthesized ZnO films are illustrated in Fig. 5, in which
the result of the ITO-glass substrate is also presented for
reference. All ZnO films show a typical UV emission peak
centered at about 3.26 eV �380 nm�, near the band edge of
ZnO, in addition to a green emission centered around 2.3 eV
�540 nm� in visible region. The intensity ratios of the UV to
the green emission are about 2, 8, 15, and 3 for the samples
deposited under currents of 0.7, 1.1, 1.5, and 2.0 mA/cm2,
respectively. These ratio values are comparable or close to
those of the films prepared by plasma-assisted MBE method
on sapphire substrate �about 10, under similar laser excita-
tion conditions�.29 It indicates that such ECD ZnO films are
of the similar crystal qualities to those prepared by vapor
phase method. Obviously, deposition at 1.5 mA/cm2 is the
best in crystal qualities in this study.

For further study of the PL properties of such ZnO films,
PL excitation �PLE� and time resolved PL spectra were also
measured. Figure 6�a� shows the PL and PLE spectra of the
1.5 mA sample �as an example�. At an excitation wavelength
of 325 nm, we only detected a relatively weak and broad UV
emission around 390 nm but no green emission, in contrast
to the previous result for the ECD ZnO film on Au/Si sub-
strate, which shows both UV �3.25 eV� and visible �2.80 eV�
emissions with comparable intensities under similar xenon
lamp excitation.15 At an excitation of 350 nm, both the weak
UV emission �around 390 nm� and the strong green emission
�around 520 nm� were observed. If exciting at 375 nm, the
green emission became much stronger. For the excitation
spectrum corresponding to the 380 nm emission, there exist
a peak around 325 nm. But for the excitation spectrum of the
green emission centered at 525 nm, we can see a sharp ex-

FIG. 5. �Color online� PL spectra of the as-synthesized ZnO films electrode-
posited under different applied currents excited by He–Cd 325 nm lasers.
citonic absorption near the band gap edge �375 nm�, indicat-
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ing that the main excitation mechanism for the green emis-
sion is electron-hole pair by interband absorption.

Figure 6�b� shows time resolved PL spectra of the
1.5 mA ZnO film monitored at wavelengths of 385 and
525 nm, respectively. The decaying parts of the both spectra
can be well fitted by a biexponential decay function,

F = B0 + B1 exp�− t/�1� + B2 exp�− t/�2� , �1�

where F is the intensity, and �1 ,�2 and B1 ,B2 are the decay
time constants �lifetime� and their relative amplitudes, re-
spectively. B0 is the intensity fitting constant. These param-
eters and the relative fluorescence intensities ��� from the
nonlinear least-square fitting are listed in Table I. The faster
decaying ��1=0.83 ns� component is dominant ��=95% �
for the UV emission. For the green emission, however, both
the faster ��1=1.1 ns� and slower ��2=15.6 ns� decaying
components are comparable in the relative fluorescence in-
tensities.

FIG. 6. �Color online� �a� PL and PLE spectra of ZnO film �1.5 mA� excited
by different wavelength lights with a Xe lamp �b� TRPL spectra monitored
at 380 and 525 nm of the ZnO film electrodeposited under a current of
1.5 mA.

TABLE I. Decaying parameters for the 1.5 mA ZnO film monitored at
wavelengths of 385 and 525 nm, respectively. Note: Relative fluorescence
intensity �i=Bi�i / �B1�1+B2�2�.

F=B0+B1 exp�−t /�1�+B2 exp�−t /�2�

Ex �nm� Em �nm� �1 �ns� �1 �2 �ns� �2 B2 /B1 �2

325 385 0.83 95% 3.78 5% 0.011 1.328
375 525 1.10 49% 15.6 51% 0.028 1.548
Downloaded 30 Jun 2010 to 61.190.88.137. Redistribution subject to 
IV. DISCUSSIONS

A. Deposition current-dependent morphology

For the formation of ZnO, one-step cathodic electro-
chemical deposition reaction mechanism has been
proposed.30–32 From the chemical reaction point of view,
with the reduction of nitrate ions and appearance of more
hydroxyl ions in the electrolyte, the Zn2+ and OH− ions will
form Zn�OH�2 on the cathode electrode. The deposited
Zn�OH�2 will subsequently be dehydrated and converted to
ZnO at the temperature of the water bath �70 °C�.

In fact, the nucleation and growth process of the ZnO are
controlled by the ECD parameters, including cathodic
potentials,32 electrolyte,11,12 and cathodic substrates,13–15,33 In
our cases, all ECD parameters are fixed except the deposition
current. The ITO-glass substrate is amorphous in structure,
which will not induce possible epitaxial relation with ZnO. It
means that the randomly oriented nuclei will be formed on
the substrate during the initial deposition. It is well known
that ZnO is a polar crystal and produces positively
Zn2+-terminated �0001� and negatively O2−-terminated

�0001̄� polar surfaces, which induce a net dipole moment
along the c axis.34 The surface energies of the polar �0001�
planes are higher than those of nonpolar �011̄0� and �21̄1̄0�
planes.35 So preferential growth along the c axis or �0001�
direction is energetically favorable. In other words, �0001�-
oriented ZnO nuclei will grow faster.

In the proper current range �say, from 1.1 to 1.5 mA�,
only �0001�-oriented ZnO nuclei grow preferentially along
the c axis, leading to the films composed of �0001�-oriented
hexagonal ZnO microrods �Figs. 2�b� and 2�c��. Obviously,
higher deposition current will correspond to the higher
growth velocity ratio along the c axis to a axis. This is the
reason that deposition at 1.5 mA/cm2 results in noncompact
film and nonflat film surface �see Fig. 2�c��, while the depo-
sition at 1.1 mA/cm2 forms compact and flat film �see Fig.
2�b��. However, small deposition current �say, 0.7 mA�
would induce more hydrogen liberation during ZnO
formation,36 which influences preferential growth and results
in porous structure film in addition to few �0001�-oriented
ZnO rods, as shown in Fig. 2�a�. On the contrary, when the
deposition current is very high �say, 2.0 mA�, the corre-
sponding film growth velocity is very high. Besides the ori-
ented pillar crystal growth on the glass substrate, the newly
formed ZnO would also nucleate on the preformed ZnO film,
as shown in the inset of Fig. 2�d�. But the newly formed ZnO
then grew into 2D nanosheets. Obviously, such ZnO
nanosheets are another form of anisotropy growth, which is
different to that of the oriented film and energetically unfa-
vorable in view of surface free energy. Illy et al.37 have also
observed ZnO nanosheets growing on polycrystalline zinc
substrate and attributed this 2D growth to the close surface
energy of one-dimensional �1D�/2D crystals under proper ex-
perimental conditions. But, in our ECD experiment, we
think, this unique 2D anisotropy growth of the ZnO
nanosheets is a fast nonequilibrium growth process caused

by the high deposition currents.
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B. Optical properties

It is commonly known that room temperature PL spec-
trum of ZnO usually shows three major peaks: one near
band-edge UV emission peak centered at 380 nm and other
two visible emissions localized in green or red region.38 The
UV peak is usually attributed to the excitonic emission,
which is also confirmed in our experiment by the time re-
solved PL measurement that the dominant faster decay com-
ponent ��1=0.83 ns� can be ascribed to the radiative lifetime
of excitons, similar to the values �0.86 and 0.97 ns� reported
by Teke et al.39 and Koida et al.40 for single crystal ZnO at
room temperature. Although the origin of the green emission
is still controversial, it is generally accepted that it is related
with the deep-level oxygen vacancy.41,42 Furthermore, the
fundamental carrier recombination dynamics of the green
emission is not well understood. Based on our time resolved
PL results, or the comparable biexponential behavior, we
know that two different decays or capture processes should
be involved in the visible emissions.43 Considering that the
visible emission is deep-level defect related, we suggest that
the faster decaying constant �1.1 ns� represents the nonradi-
ative transition process that the excited electrons at the bot-
tom of the conduction band relax to deep-level defect states,
such as oxygen vacancies, by a multiphonon process. An
evidence for this conclusion is that this nonradiative relax-
ation process has the similar lifetime to that of the UV emis-
sion because the electrons in these two transition processes
have the same initial states.44 Then the slower decaying com-
ponent �15.6 ns� must represent the radiative recombination
of electrons and photoexcited holes in singly occupied oxy-
gen vacancy states,45 which is comparable to the radiative
lifetime �14 ns� of trapped electrons and holes at surface
states reported in CdSe nanoparticles.46 Furthermore, the
electrons relaxed to the deep defect levels cannot be reex-
cited to the conduction band by the thermal energy at room
temperature, most of them will recombine with the holes in
the valence band. So the nonradiative and radiative relative
fluorescence intensities in the green emission are nearly
equal. Figure 7 schematically illustrates the UV/green exci-
tation and emission processes based on the above PL and
time resolved PL spectra analysis.

V. CONCLUSIONS

In summary, we reported the ZnO film surface morphol-
ogy evolution with deposition currents in the ECD on con-

FIG. 7. Scheme of the UV/visible excitation and emission process.
ductive glass substrates and studied their photoluminescence
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properties. Due to the high surface energies of the polar ZnO
�0001� planes, there is a current window �from
1.1 to 1.5 mA/cm2� that only �0001�-oriented ZnO nuclei
grow preferentially along the c axis, leading to the films
composed of �0001�-oriented hexagonal ZnO microrods.
Higher deposition current will correspond to the higher ratio
value of growth rate along the c axis to a axis, leading to a
noncompact film with high crystal quality and hence strong
UV emissions �high ratio of UV to visible emission�. How-
ever, small deposition current results in porous structure film,
due to significant hydrogen liberation during ZnO formation,
which influences preferential growth. Too high deposition
current leads to nanosheets grown on the film composed of
micropillars due to the high deposition current-induced fast
nonequilibrium growth. Such morphology-tuned ECD ZnO
films show good UV emissions even at room temperature,
especially for the noncompact and well-faceted ZnO nanorod
array films prepared under current of 1.5 mA/cm2. The fun-
damental carrier recombination dynamics of the UV and vis-
ible emissions are also discussed based on the PLE and time
resolved PL spectra results. Our detailed studies could be
helpful to understand the film ECD growth process and also
afford an effective way to control the morphologies and even
properties of the prepared films.
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