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Abstract

Wurtzite zinc oxide (ZnO) ®lms with band gap energy of about 3.3 eV were deposited onto conductive substrates by
electrodeposition from a simple aqueous zinc nitrate solution at 335 K. The ®lms showed optical transmission
around 70% in the visible light region. The electrical resistance showed a strong dependence on cathodic potential.
The decrease in electrical resistance could be observed with light irradiation irrespective of the cathodic potential
and was attributed to the excitation of electrons from valence band to conduction band by light with wavelength
below 375 nm. A photocurrent of about 0.10 lA was generated for a cell composed of Ag electrode/Au/ZnO/NESA
glass substrate under conditions of irradiation by sunlight.

1. Introduction

Zinc oxide (ZnO) is of considerable interest in the
optical and electronic industries, because of its electrical,
optical and acoustic properties. ZnO ®lms are prepared
by several techniques, such as radio frequency magne-
tron sputtering, chemical vapour deposition and molec-
ular beam epitaxy. Preparation of oxide ®lms by
electrodeposition from aqueous solution presents sever-
al advantages over other techniques: (i) the thickness
and morphology can be controlled using electrochemical
parameters, (ii) relatively uniform ®lms can be obtained
on substrates of complex shape, (iii) the deposition rate
is relatively high, (iv) the equipment is not expensive,
and (v) ®lms can be prepared on substrates with melting
point below 100 °C [1].
It has been reported that a wurtzite ZnO ®lm with

high optical transparency can be prepared by cathodic
deposition from a simple zinc nitrate aqueous solution
[1±3]. Since the ZnO ®lm showed direct band gap energy
of 3.3 eV [4], it is expected that some photocurrent can
be generated with irradiation of light with wavelength
below 375 nm.
In this work semiconducting ZnO ®lms is prepared by

cathodic deposition at various cathodic potentials from
an aqueous solution and their electrical characteristics
and dependence on light irradiation are investigated.

2. Experimental details

2.1. Film preparation

ZnO ®lms of 1 lm in thickness were prepared by
cathodic deposition from a 0.1 M zinc nitrate aqueous
solution at 335 K. The solution was prepared with
distilled water and reagent-grade chemicals. A soda-lime
glass coated with conductive tin oxide (NESA glass,
approximately 10 W, Nippon Sheet Glass Co., Ltd) was
used as the cathode. Prior to electrodeposition, the
NESA glass cathodes (50 mm ´ 50 mm ´ 1.0 mm) were
rinsed in acetone, anodically polarized in 1 M NaOH
aqueous solution and then rinsed with distilled water.
Zinc sheet (99.999% purity) was used as active anode
and an Ag/AgCl electrode as reference. Electrodeposi-
tion was carried out potentiostatically between )0.7 and
)1.0 V using a potentiostat±galvanostat without stir-
ring.

2.2. Structural characterization

X-ray di�raction measurements were performed using
monochromated CuKa radiation at 40 kV and 50 mA
(MAC Science, MXP18). The di�raction angles were
referenced to those from a high-purity silicon powder.

2.3. Optical characterization

Optical characterizations were performed on ®lms by
using a dual-beam spectrophotometer (Shimazu UV-
2200) by scanning the wavelength from 200 to 700 nm
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with reference to air. Optical bandgap energies were
calculated from the absorption edge in absorption
spectra with reference to the substrate glass.

2.4. Electrical characterization

Figure 1 shows a schematic view of samples used for
electrical resistance measurements. Comb-shaped elec-
trodes [5] with spacing of 1 mm were formed on the ZnO
®lms by a screen-printing technique with a silver paste
(DS-2220 Okuno Chemical Co., Ltd) and by drying in
air at ambient temperature. Electrical resistance between
the comb-shaped electrodes was measured in dark or
under light irradiation condition (5 mW cm)2).
Figure 2 shows a con®guration of a Ag electrode/Au/

1 lm thick ZnO/NESA glass cell used for the evaluation
of photocurrent generation. A 50 nm thick Au layer was
deposited on the ZnO ®lm by a sputtering technique. Ag
electrodes were formed on the Au layer by the screen-
printing technique with silver paste. Light irradiation
was carried out in the direction normal to the sample
surface at AM 1.5 illumination (100 mW cm)2; 25 °C)
for 1 min. A current between the conductive SnO2 layer
in the NESA glass and the screen-printed Ag electrode
was measured with a multimeter.

3. Results and discussion

3.1. Structural characterization

Figure 3 shows X-ray di�raction patterns of ZnO ®lms
prepared at cathodic potentials from )0.7 to )1.0 V. All
the di�raction lines seen in Figure 3 were identi®ed as
those from SnO2 (NESA glass substrate) and ZnO with
a wurtzite structure [6]. The preferred orientation

showed a dependence on cathodic potential and a
(0 0 0 1) oriented ZnO ®lm was obtained at )0.7 V.

3.2. Optical characterization

Figure 4 shows the optical transmission spectrum for
1 lm thick ZnO ®lm prepared at )0.7 V. The optical
transmission spectra were almost the same in pro®le for
ZnO ®lms prepared in the range from )0.7 to )1.4 V.
The optical transmission decreased with decrease in
wavelength and was approximately 70% at wavelength
600 nm. It was previously reported that the optical
transparency strongly depended on the surface irregu-
larity [2]. The high optical transmission suggested that
the ZnO ®lms had a smooth surface.
The optical absorption edge could be observed at a

wavelength of about 375 nm, which corresponded to a
bandgap energy of about 3.3 eV with the assumption of
direct transition, regardless of cathodic potential. This
bandgap energy is consistent with that for a nondoped
ZnO ®lm prepared by other techniques [7].

3.3. Electrical characterization

Figure 5 shows the resistances of ZnO ®lms evaluated in
the dark as a function of cathodic potential. Closed
circles represent an average value for ®ve measurements.
A low resistance of 4 W was recorded for the 1 lm thick
ZnO ®lm prepared at )0.7 V, and the resistance

Fig. 1. Schematic con®guration of a comb-shaped electrode used for

measurement of resistance.

Fig. 2. Schematic view of Ag electrode/Au/ZnO/NESA glass cell.

Fig. 3. X-ray di�raction spectra for ZnO ®lms prepared at )0.7 to

)1.0 V.
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increased to 160 W at the cathodic potential of )1.0 V.
The resistances comprise both the ZnO ®lm and the
SnO2 layer in NESA glass. The ®lm thicknesses of these
layers were maintained constant throughout the mea-
surements. Therefore, the change in resistance with
cathodic potential corresponds to di�erences in resis-
tivity of the ZnO ®lms.
Figure 6 shows the e�ects of light irradiation on the

resistance ratio (Rratio) for ZnO ®lms. This was calcu-
lated using

Rratio � Rlight

Rdark
� 100 �1�

where Rlight and Rdark are the resistances measured
under light irradiation and in dark, respectively. The

abscissa represents time. The resistance ratio decreased
with time, regardless of cathodic potential. No change in
resistance ratio was observed for bare NESA glass
substrate. The decreases in resistance ratio were attrib-
uted to ZnO ®lms. The degree of decrease in resistance
ratio depended on the cathodic potential and a maxi-
mum change of about 30% was observed for )0.9 V.
The changes in resistance during 20 min irradiation were
about 0.18, 20.3, 52.2 and 54.8 W for cathodic potentials
of )0.7, )0.8, )0.9 and )1.0 V, respectively. The
changes in electrical resistance corresponded to the re-
sistivities of ZnO ®lms as already mentioned. Since
the ZnO ®lms had an optical bandgap energy of 3.3 eV,
the light of wavelength below 375 nm induced excitation
of electrons from valence band to conduction band. The
decreases in resistivity indicated that the excited elec-
trons acted as a carrier in the ZnO ®lms. The amount of
increased carrier concentration, which was calculated
from the mobility and carrier concentration in dark
already reported [8], was almost constant and of order
1018 cm)3 for ZnO ®lms prepared in the range from )0.7
to )0.9 V. The di�erence among the resistance ratios
seen in Figure 6 can be attributed to an inverse
relationship between resistivity (q) and carrier concen-
tration (g); q µ 1/g. The resistance ratio increased by
stopping the light irradiation at Ôo�'. The recombination
of electrons and holes, which were generated by light
irradiation, took place in the dark and resulted in an
increase in resistance ratio. For all ZnO ®lms kept in dark
for 20 min, the resistance ratios did not return to 100%;
this was attributed to the imperfect recombination of
electrons and holes. A holding time of about 100 min
was needed to return the resistance ratio to 100%.
Figure 7 shows the e�ect of irradiation by sunlight on

the cell current for the system Ag electrode/Au/ZnO/
NESA glass cell. These irradiations were carried out for
1 min. The ZnO ®lm was prepared at )0.9 V, which

Fig. 5. Relationship between cathodic potential and resistance for ZnO

®lms in dark.

Fig. 6. E�ects of light irradiation on resistance ratio for ZnO ®lms

prepared at )0.7 to )1.0 V.

Fig. 4. Optical transmission spectra for NESA and ZnO ®lm prepared

at )0.7 V.
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gave the maximum change in resistance ratio in Fig-
ure 6. No change in current was observed for a Ag
electrode/Au/NESA substrate in the absence of ZnO
layer. The current increased with irradiation time and a
maximum current of about 0.10 lA was obtained with
1 min irradiation. After light irradiation was stopped
(represented by arrows in Figure 7), the current
decreased to 0 lA with the passage of time in dark.

4. Conclusion

Wurtzite ZnO ®lms with an optical bandgap energy of
3.3 eV were cathodically deposited on conductive glass
substrates from a simple zinc nitrate aqueous solution at
335 K. The resistance showed a strong dependence on
cathodic potential. A decrease in resistance was
observed with light irradiation irrespective of the
cathodic potential and was attributed to the excitation
of electrons from the valence band to the conduction
band by light irradiation below 375 nm wavelength.
A photocurrent of 0.10 lA was generated in a Ag
electrode/Au/ZnO/NESA glass cell under sunlight irra-
diation.
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Fig. 7. E�ect of light irradiation on current generation for Ag

electrode/Au layer/ZnO/NESA glass cell.
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