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ABSTRACT: Cl-doped ZnO-nanowire (Cl:ZnO-nws)/Cu2O photovoltaic
devices were prepared by electrodeposition in aqueous solutions, and the
effects of the insertion of the highly resistive ZnO (i-ZnO) layer has been
demonstrated by an improvement of the photovoltaic performance. The
Cl:ZnO-nws and i-ZnO layer were prepared by electrodeposition in a zinc
chloride aqueous solution with saturated molecular oxygen and simple zinc
nitrate aqueous solution, respectively. The i-ZnO layer was directly deposited
on the Cl:ZnO-nws and suppressed the electrodeposition of the Cu2O layer
on the Cl:ZnO-nws. The insertion of the i-ZnO layer between the Cl:ZnO-
nws and Cu2O layers induced an improvement in the photovoltaic
performance from 0.40 to 1.26% with a 0.35 V open circuit voltage, 7.1
mA·cm−2 short circuit current density, and 0.52 fill factor due to the reduction
of the recombination loss.
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1. INTRODUCTION

Cuprous oxide (Cu2O) is a p-type semiconductor with the
band-gap energy of 2.1 eV1 and has attracted increasing
attention as a light-absorbing layer in a photovoltaic device,
because of its nontoxicity, abundance, and theoretical
conversion efficiency of 18%. The Cu2O layer for photovoltaic
applications has been prepared by the thermal oxidation of a
metallic Cu sheet in air at 1273 K,2 sputtering,3 and
electrodeposition in an aqueous solution.4 The conversion
efficiency of 5.38% has been reported for a photovoltaic device
with the Cu2O layer prepared by thermal oxidation with ZnO
and Ga2O3 layers prepared by a pulse-laser deposition
technique.5 In contrast, solution chemical processes, including
the electrodeposition, have several advantages over the thermal
ones, and the conversion efficiencies of 3.97 and 2.85% have
been reported for the electrodeposited Cu2O photovoltaic
devices with Ga2O3 and ZnO layers prepared by an atomic layer
deposition.6,7 The conversion efficiency, however, is limited, up
to now, to 1.28% for the ZnO/Cu2O photovoltaic device
prepared only by electrodeposition.4 The mobility of the
majority carrier was reported to be 1.2 cm2·V−1·s−1 for the
electrodeposited Cu2O layer,8 and the value was much lower
than 90 cm2·V−1·s−1 reported for the thermally oxidized Cu2O
layer.9 Since the diffusion length of the generated carriers by
light irradiation is a function of the mobility and relaxation
time, the active region to generate the carrier in the Cu2O layer
is limited to the region near the heterointerface with the ZnO

layer. Musselman and co-workers have shown the advantage of
using ZnO nanowires to expand the active region around the
ZnO-nws.10 Moreover, electrodeposited Cl-doped ZnO-nws
(Cl:ZnO-nws) can be used for this purpose due to its low
resistivity.11 The low resistivity originates from the Cl impurity
incorporated in the ZnO semiconductor;12 however, the
impurities present near the heterointerface act as recombination
sites, resulting in a decrease in the photovoltaic performance. It
has been demonstrated that the recombination loss is strongly
reduced by inserting a highly resistive ZnO layer between the n-
ZnO and phthalocyanine layers in the layered hybrid
photovoltaic device.13

Here, we show the preparation of a Cl:ZnO-nws/Cu2O
photovoltaic device by electrodeposition in aqueous solutions
and effects of the insertion of the highly resistive ZnO (i-ZnO)
layer on the photovoltaic performance. The Cl:ZnO-nws and i-
ZnO layer were prepared in a zinc chloride aqueous solution
saturated with a molecular oxygen precursor and a simple zinc
nitrate aqueous solution, respectively. The i-ZnO layer was
directly deposited on the Cl:ZnO-nws and suppressed the
deposition of the Cu2O layer on the Cl:ZnO-nws. They favored
a bottom-up growth, starting from the near F-doped SnO2-
coated glass substrate (FTO) region. The insertion of the i-
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ZnO between the Cl:ZnO-nws and Cu2O layers induced an
improvement in the conversion efficiency from 0.40 to 1.26%.

2. EXPERIMENTAL SECTION
The Cl:ZnO-nws layer was prepared on an FTO substrate (AGC
Fabritech Co., Ltd., Type DU) by electrodeposition in an aqueous
solution containing 0.2 mmol/L zinc chloride hydrate and 0.1 mol/L
KCl at 353 K using a potentiostat (AUTOLAB PGSTAT30).14 The
solution was saturated with molecular oxygen, and O2 bubbling was
maintained during the electrodeposition.15 The FTO substrate was
fixed and connected to a rotating disk electrode (RDE), and the
rotation was carried out at a constant rotation speed of 300 rpm.16 The
electrodeposition was performed for 3600 s in a three-electrode cell at
a potential of −1.0 V referenced to the saturated calomel electrode
(SCE). The i-ZnO layer was prepared by electrodeposition at −1.0 to
−1.2 V referenced to a Ag/AgCl electrode for 5−20 s in an aqueous
solution containing 0.08 mol/L zinc nitrate hydrate17 at 333 K using a
potentiostat (Hokuto Denko, HA-501) connected to a coulomb meter
(Hokuto Denko, HF-201). The Cu2O layer was prepared by
electrodeposition at 313 K in an aqueous solution containing a 0.4
mol/L copper(II) acetate hydrate and 3 mol/L lactic acid. The
solution pH was adjusted to 12.5 with a KOH aqueous solution. The
electrodeposition was carried out at −0.4 V referenced to a Ag/AgCl
electrode using a potentiostat (Hokuto Denko, HABF-501A). The
solutions were prepared with reagent-grade chemicals and distilled
water purified by a Millipore Elix Advantage system.
Before the electrodeposition of the Cl:ZnO-nws, the FTO substrate

was successively cleaned in acetone and ethanol for 6 min each in an
ultrasonic bath. These FTO substrates were immersed in an HNO3

aqueous solution for 2 min, rinsed with distilled water, and then used
for the experiment. After the Cu2O deposition, a Au electrode with a
size of 3 mm × 3 mm was deposited on top of the Cu2O layer by
vacuum evaporation (ULVAC, VPC-260F system).

An X-ray photoelectron spectroscopy (XPS) analysis was performed
using an ULVAC-PHI Model 5700MC with monochromated Al Kα
radiation at a pressure of around 1.6 × 10−8 Pa. Binding energies were
corrected by referencing the C 1s signal of the adventitious
contamination hydrocarbon to 284.8 eV. The electron pass energy
in the analyzer was set at 11.75 eV corresponding to 0.57 eV of full
width at half-maximum (fwhm) of the Ag 3d5/2 peak at 368.35 eV.
The Ar sputtering was carried out for 1 min at 1 kV by a differential
pumping type ion etching gun. The X-ray diffraction patterns were
recorded by a θ/2θ scanning technique with monochromated Cu Kα
radiation operated at 40KV and 200 mA using a Rigaku RINT2500.
The optical absorption spectra were measured using a UV−vis−near-
infrared spectrophotometer (Hitachi, U4100) with reference to the
bare substrate. Electron microscopy observations were carried out
using a field-emission scanning electron microscope (FE-SEM,
Hitachi, SU8000). The electrical characterization was carried out by
the van der Pauw method using a Hall effect measuring system (Toyo
Technica, Resitest 8310) in air at ambient temperature and 0.3 T
magnetic field. The samples were prepared by mechanically splitting
them off from the glass substrate followed by fastening in epoxy resin
(Araldite 2091). Four In electrodes were prepared on the ZnO
samples using the vacuum evaporation system. The electrical
characteristic was estimated by recording the current density−voltage
curves in dark and under AM1.5G illumination with a 100 mW·cm−2

power (Bunko Keiki, OTENTO-SUN III solar simulator system) by a
Keithley 2400 source meter.

3. RESULTS AND DISCUSSION

Figure 1 shows FE-SEM images of the side and top surface of
the Cl:ZnO-nws before and after the electrodeposition of i-
ZnO for 5, 10, and 20 s. The Cl:ZnO-nws grew straight from
the FTO substrate, and the bare surface of the FTO substrate
could be observed between the Cl:ZnO-nws. The mean length

Figure 1. Cross-sectional structures and surface morphology (inset) of Cl-doped ZnO nanowires (a) before and after coating with highly resistive i-
ZnO layer for (b) 5 s, (c) 10 s, and (d) 20 s.
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and width of the Cl:ZnO-nws were estimated to be 1.13 μm
and 85 nm, respectively, and the hexagonal facets correspond-
ing to the (0001) planes could be observed on the top views.18

The ZnO nuclei deposited during the initial stage of the growth
possessed a random orientation due to the random orientation
of the SnO2 polycrystalline layer of the FTO substrate, and
then the ZnO nuclei grew in the direction of the ⟨0001⟩
orientation due to the lowest surface energy in the wurtzite
structure, resulting in the formation of tilted Cl:ZnO-nws.19

Both the side and top surfaces of the Cl:ZnO-nws were very
smooth.
The electrodeposition of the i-ZnO for the deposition time

of 5 to 20 s did not affect the length and orientation of the
Cl:ZnO-nws. Isolated small grains of approximately 15.5 nm in

size could be observed on both the side and top surfaces of the
Cl:ZnO-nws after the electrodeposition for 5 s, and after 20 s,
the grains with a size of approximately 22.5 nm were deposited
over the entire side and top surfaces of the Cl:ZnO-nws (Figure
1d). The width of the Cl:ZnO-nws increased with an increase
in the deposition time and was estimated to be 102, 120, and
149 nm at 0, 5, 10, and 20 s, respectively. The thickness of the i-
ZnO layer calculated from the difference in the wire width
before and after the electrodeposition of i-ZnO was 8.5, 17, and
32 nm for 5, 10, and 20 s, respectively. The thickness (d, nm)
linearly varied with the deposition time (t, s) according to d =
1.67t. The thickness of the i-ZnO layer was smaller than the
grain size for the deposition times shorter than 10 s. This
suggests the imperfect coverage of Cl:ZnO-nws with the i-ZnO

Figure 2. (A) Zn 2p, (B) O 1s, and (C) Cl 2p electron spectra for Cl-doped ZnO nanowires (a) before and (b) after electrodeposition of the i-ZnO
layer for 20 s.

Figure 3. Cross-sectional structures of Cu20 layers deposited on Cl-doped ZnO nanowires for electric charges of (a) 0.4, (b) 0.65, and (c) 1.7 C·
cm−2. (d) The surface morphology of the Cu20 layer.
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grains. It was difficult to confirm the deposition of the i-ZnO
layer on the FTO substrate based on the FE-SEM views,
although the contrast change on the FTO surface could be
partly seen after 20 s, as denoted by the arrows in Figure 1d.
Figure 2 shows the Zn 2p, O 1s, and Cl 2p electron spectra

for the Cl:ZnO-nws before and after the electrodeposition of
the i-ZnO layer for 20 s. The escaping depth of an electron was
approximately 3−4 monolayers due to the electron energy
ranging from 194 to 1026 eV. The incident Al Ka radiation was
irradiated at an angle of 45° in the direction normal to the
sample surface, and the hemispherical analyzer was set at a
direction normal to the sample surface. The electron spectra
recorded here reflected the region near the top surface of the
Cl:ZnO-nws with and without the i-ZnO layer. Both Zn 2p
spectra showed a peak at the binding energy of 1022 eV, which
corresponded to the Zn2+ state in ZnO.20

The bare Cl:ZnO-nws showed a shoulder at ∼531.2 eV in
addition to the peak at 530 eV. The O2− state in ZnO and the
OH− state in Zn(OH)2 possessed binding energies of 530 and
531.2 eV, respectively.19 The shoulder at 531.2 eV decreased by
depositing the i-ZnO layer for 20 s, while keeping the peak
energy at 530 eV. The Ar sputtering was carried out to remove
the surface contamination of the Cl:ZnO-nws using an ion
etching gun prior to the measurements. Since the ion etching
gun was placed in the analyzer chamber in a direction different
from the incident X-ray source and analyzer, it was impossible
to perfectly remove the surface contamination including
Zn(OH)2.
The bare Cl:ZnO-nws showed a peak at 199 eV on the Cl 2p

electron spectrum, and the energy agreed with that for the Cl−

state in ZnCl2.
21 The compound of ClO4

− was reported to have
a binding energy of around 208 eV.20 The existence of the Cl
2p peak at 199 eV suggested that the Cl impurity incorporated

into the ZnO was bound to the Zn cation. The Cl content
calculated using the sensitivity factor20 was estimated to be
approximately 1% for the bare Cl:ZnO-nws. Also, the Cl
content can be controlled by adjusting the preparation
conditions such as the solution formulation, current density,
and solution temperature.12 The Cl 2p peak disappeared by
depositing the i-ZnO layer for 20 s.
Figure 3 shows cross-sectional views of the Cu2O layers

directly deposited on the Cl:ZnO-nws for electric charges of
0.4, 0.65, and 1.7 C·cm−2 and the surface morphology of the
resultant Cu2O layer. After 0.4 C·cm−2 of an electrical charge
was exchanged, most of the cubic-shaped Cu2O grains with a
size of 0.4−0.6 μm were directly grown on the Cl:ZnO-nws,
away from the FTO substrate. Therefore, the Cl:ZnO-nws were
embedded inside the Cu2O, as denoted by the white arrows in
Figure 3a. Some Cu2O grains were directly deposited on the
FTO substrate, but the bare surface of the FTO substrate could
be clearly observed between the Cl:ZnO-nws.
The Cu2O layer deposited for 0.65 C·cm−2 was a

heterogeneous mixture of two types of grains and possessed
an irregular surface due to the existence of the top edge of the
Cl:ZnO-nws and of the flat surface of large Cu2O grains (Figure
3b). Cu2O grains with the size of 0.5−0.6 μm could be
observed near the substrate, and some Cl:ZnO-nws were
embedded in the Cu2O grains, resulting from the growth of
Cu2O grains deposited on the FTO substrate at 0.4 C·cm−2.
Moreover, large cubic Cu2O grains with a size over 1.2 μm were
separately observed on the layer’s outer part and originated
from the Cu2O grains deposited on the Cl:ZnO-nws. The
Cl:ZnO-nws were embedded inside the Cu2O layer, and no
damage, such as fracture, could be observed. However, bare
surface areas of the FTO substrate were still observed between
the Cu2O grains.

Figure 4. Cross-sectional structures of Cu2O layers deposited on Cl-doped ZnO nanowires/i-ZnO for electric charges of (a) 0.4, (b) 0.65, and (c, d)
1.7 C·cm−2. (e) The surface morphology of the Cu20 layer.
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A continuous Cu2O layer with a thickness of 3.3 μm was
formed at 1.7 C·cm−2, and the surface was very smooth (Figure
3c,d). No defects, such as pores, could be found throughout the
layer thickness, and the space observed between the Cu2O
grains at 0.65 C·cm−2 disappeared, filled with the Cu2O grains.
The Cu2O layer was composed of a mixture of granular
crystallites with a size of ∼0.3 μm and upper columnar grains of
∼2 μm in length and 1 μm in width. The small Cu2O
crystallites were observed at a thickness below approximately
1.3 μm corresponding to the length of the Cl:ZnO-nws. The
columnar Cu2O grains were formed at a thickness over 1.3 μm
and grew in the direction normal to the surface. The surface of
the resultant Cu2O layer was composed of aggregated angular
grains with a size of approximately 1.0 μm, and no defects, such
as pores, could be observed on the surface (Figure 3d).
Figure 4 shows the cross-sectional structures of the Cu2O

layers deposited on the Cl:ZnO-nws/i-ZnO for the electric
charges of 0.4, 0.65, and 1.7 C·cm−2 and the surface
morphology of the resultant Cu2O layer. The i-ZnO layer
was deposited at −1.1 V for 20 s. Almost all the Cu2O grains
with a size of approximately 0.35 μm were directly deposited on
the FTO substrate, and the Cu2O grains deposited on the
Cl:ZnO-nws/i-ZnO was rarely observed, as denoted by the
white arrows in Figure 4a. The surface of the FTO substrate
between the Cl:ZnO-nws/i-ZnO was covered with the
deposited Cu2O grains. No change in the length and width
of the Cl:ZnO-nws could be observed before and after the
Cu2O deposition. After 0.65 C·cm−2 of electric charge
exchanged (Figure 4b), the Cu2O grains embedded the
Cl:ZnO-nws/i-ZnO, and the space between the Cl:ZnO-nws/
i-ZnO was perfectly filled by the Cu2O phase. Defects, such as
pores, were not observed throughout the Cu2O layer. For an
electric charge exchange of 1.7 C·cm−2 (Figure 4c−e), the
Cu2O layer was composed of aggregated columnar Cu2O grains
grown in direction normal to the surface. No defects, such as
pores, were observed throughout the layer thickness. The
thickness of the Cu2O layer was estimated to be approximately
1.4 μm (0.65 C·cm−2) and 3.3 μm (1.7 C·cm−2) corresponding
to the value theoretically calculated from the electric charge
with the assumption of a 100% current efficiency. The surface
of the resultant Cu2O layer was composed of aggregates of
angular grains without any pores (Figure 4e). Also, small i-ZnO
grains could be observed on the Cl:ZnO-nws even after the
Cu2O electrodeposition (Figure 4d).
The electrodeposition of the i-ZnO layer induced the

suppression of the Cu2O deposition on the Cl:ZnO-nws and
the preferential bottom-up growth starting from the FTO
substrate. This resulted in the formation of the Cu2O layer
embedding the Cl:ZnO-nws/i-ZnO. The cathodic electro-
deposition of the Cu2O layer from the alkaline aqueous
solution containing the cupric lactate complex is described as
follows:22

+ → −+ −Cu 2L [Cu L ]2 II
2 (1)

with [CuII−L2]:cupric lactate complex

− + → +− + −[Cu L ] e Cu 2LII
2 (2)

+ →+ −Cu OH [Cu OH]I (3)

→ +2[Cu OH] Cu O H OI
2 2 (4)

The electrons needed for the formation of the Cu2O
deposition were supplied from both the FTO substrate and

Cl:ZnO-nws, and the supplement from the Cl:ZnO-nws was
suppressed by the i-ZnO layer. The Cl:ZnO-nws contained a
certain amount of a Cl− impurity originating from the zinc
chloride and potassium chloride in the solution, and the Cl−

impurity acted as a donor in the ZnO semiconductor.23 The
continuous Cl:ZnO layer prepared from a 5 mmol/L zinc
chloride solution with a saturated molecular oxygen was
electrically characterized with the van der Pauw method and
showed a resistivity of 4.4 × 10−2 Ω·cm with a 1.5 × 1019 cm−3

carrier concentration and a mobility of 9.57 cm2·V−1·s−1. The
carrier concentration nearly agreed with 6.2 × 1019 cm−3

reported for the Cl:ZnO-nws prepared in the same manner.24

The resistivity on the order of 108 Ω·cm was obtained for the 1
μm thick i-ZnO layer prepared at −1.1 V by the van der Pauw
method; however, the carrier concentration and mobility could
not be estimated because of the high layer resistivity originating
from the small grain size and defects incorporated into the ZnO
layer.25 The change in the growth of the electrodeposited Cu2O
layer by the insertion of the i-ZnO layer was attributed to the
high resistivity of the i-ZnO layers. The bottom-up growth was
reported for the Cu2O electrodeposition on ZnO-nanorods and
for the ZnO seed layer prepared in a zinc nitrate aqueous
solution used for the preparation of the i-ZnO layer.26

Figure 5 shows X-ray diffraction patterns for Cl:ZnO-nws,
Cl:ZnO-nws/i-ZnO, and Cl:ZnO-nws/i-ZnO/Cu2O. The X-ray

diffraction patterns for the i-ZnO/ZnO-nws and Cu2O/i-ZnO/
ZnO-nws structures were almost the same in profile and peak
angles, irrespective of the deposition time of the i-ZnO. The
Cl:ZnO-nws showed only one peak assigned to the reflection of
the (0002) planes of the wurtzite ZnO crystal27 in addition to
those originating from the SnO2

28 of the FTO substrate,
indicating the formation of a (0001) preferred orientation. The
electrodeposition of the i-ZnO layer had no effect on the
intensity and angles of the diffraction X-ray pattern due to the
thinness. The electrodeposition of the Cu2O layer added two
peaks assigned to the (111) and (200) planes of Cu2O that are
characteristic of the cubic cupric lattice29 in addition to those
originating from the ZnO and SnO2. The X-ray diffraction
pattern of the Cu2O layer was almost the same in peak intensity
and angle irrespective of the existence of the i-ZnO layer and

Figure 5. X-ray diffraction patterns of (a) Cl-doped ZnO nanowire,
(b) Cl-doped ZnO nanowire/i-ZnO, and (c) Cl-doped ZnO
nanowire/i-ZnO/Cu20 structures.
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electric charge of the Cu2O deposition. The Cu2O layer
possessed a slight (111) preferred orientation from the peak
intensity ratio compared to that tabulated on the International
Centre for Diffraction Data (ICDD) card21 and almost agreed
with that of a Cu2O layer prepared on a two-dimensional
continuous ZnO layer.1 The lattice constant calculated from the
peak angles was estimated at 0.4234 nm, which is smaller than
0.4269 nm listed on the ICDD card29 and 0.4261 nm for an
unconstrained Cu2O layer prepared on the continuous ZnO
layer.1 We note that the strain-induced lattice parameter
changes have been previously described, for instance, in the
case of a nanoporous ZnO layer electrodeposited between
arrayed ZnO-nws.30

Figure 6 shows the correlation between the light absorption
coefficient and photon energy for the Cl:ZnO-nws, Cl:ZnO-

nws/i-ZnO, and Cu2O layer prepared on the Cl:ZnO-nws/i-
ZnO. The band-gap energy was estimated by extrapolating the
linear part with the assumption of a direct optical transition for
both ZnO and Cu2O. The band-gap energy was 3.31 eV for the
Cl:ZnO-nws and changed to 3.26 eV after deposition of the i-
ZnO layer. These values were consistent with those already
reported for the Cl:ZnO-nws and i-ZnO layer.24 The band-gap
energy was estimated to be 2.02 eV for the Cu2O layer,
irrespective of the electric charge.
Figure 7 shows the current density−voltage curves of the

Cl:ZnO-nws/Cu2O photovoltaic (PV) devices prepared with
and without the i-ZnO layer. All the Cl:ZnO-nws/Cu2O PV
devices generated electricity under the AM1.5G illumination.
The i-ZnO-free Cl:ZnO-nws/Cu2O PV device showed a
conversion efficiency of 0.40% with a 0.23 V open circuit
voltage (Voc), 5.3 mA·cm−2 short circuit current density (Jsc),
and 0.33 fill factor (FF). The performance was nearly close to

0.47% already reported for the PV devices prepared in a similar
manner.31 The insertion of the i-ZnO layer induced an
improvement in the photovoltaic performance. The Voc and
FF were improved by the increasing deposition time, and the
maximum values of 0.34 and 0.52 V were obtained for 20 s. Jsc
increased to 7.56 mA·cm−2 with increasing the deposition time
at 10 s and then slightly decreased to 7.09 mA·cm−2 for 20 s.
The conversion efficiency was improved with the increasing
deposition time, and the maximum conversion efficiency of
1.26% was achieved for 20 s. As discussed earlier, the thickness
of the i-ZnO layer was linearly proportional to the deposition
time. The grain size of the i-ZnO layer deposited on the
Cl:ZnO-nws ranged from 15 to 23 nm, and the thickness was
smaller than the grain size for deposition times below 10 s. This
comparison suggests a noncontinuous i-ZnO layer with
separated grains deposited on the Cl:ZnO-nws and the
existence of an exposed area of Cl:ZnO-nws between the i-
ZnO grains. However, the exact morphology of the surface
could not be determined by the FE-SEM imaging. The defects
located at the surface of the Cl:ZnO-nws act as recombination
sites,32 resulting in a decreased photovoltaic performance. A
deposition time of 20 s was needed to cover all the surface of
the Cl:ZnO-nws with the i-ZnO layer. The electrodeposition of
Cu2O grains preferentially occurred on the FTO substrate at 20
s for the i-ZnO deposition, and a continuous Cu2O layer could
be formed by the growth. Although the formation of the i-ZnO
layer could not be confirmed by the FE-SEM observation, the
improvement in the photovoltaic performance indicated that
the deposited i-ZnO layer suppressed the electrical shorting
between the Cu2O layer and FTO substrate.
Figure 8 shows the effects of the deposition potential of the i-

ZnO layer on the photovoltaic performance of Cl:ZnO-nws/i-
ZnO/Cu2O PV devices. The deposition time was fixed at 20 s.
The maximum conversion efficiency of 1.26% was achieved at
−1.1 V, and all the photovoltaic parameters decreased at both
−1.0 and −1.2 V. The electrical properties of resistivity, carrier
concentration, and mobility changed depending on the
preparation conditions of the cathodic potential and current
density for the electrodeposited ZnO layers.25 The i-ZnO layers
prepared at a potential ranging from −1.0 to −1.2 V possessed
a very high resistivity on the order of 108 Ω·cm, with an
unknown carrier concentration. It is speculated from the results
already reported on the electrical characteristics that the carrier
concentration is on the order of 1011 cm−3 (Nc,i‑ZnO) and
decreased with the shift in the potential to the negative side.25

The carrier concentration of the Cl:ZnO-nws was 1.5 × 1019

cm−3 (Nc,Cl:ZnO‑nws) as already estimated in this study.

Figure 6. Correlations between absorption coefficient and photon
energy for Cl-doped ZnO nanowire (a) before and after electro-
deposition of i-ZnO layer for (b) 20 s, and (c) Cu20 layer.

Figure 7. Current density−voltage curves for Cl-doped ZnO nanowire/Cu2O photovoltaic devices with i-ZnO layers deposited for (a) 0, (b) 5, (c)
10, and (d) 20 s, and the relation of (i) conversion efficiency, (ii) short circuit current density (Jsc), (iii) open circuit voltage (Voc), and (iv) FF to the
deposition time.
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The location of the Fermi level (EF) is closely related to the
carrier concentration. The energy difference (ΔEc) between the
conduction band energy minimum (CBM) and Fermi level
(EF) is estimated for n-type semiconductors by the following
equation:33

Δ = − =E E kT N nCBM log ( / )c F e c (5)

where k, T, and Nc are the Boltzmann constant, temperature,
and effective density of state in the conduction band. The
energy difference (ΔEc) decreased with increasing the carrier
concentration corresponding to the donor density until the
donor density reached the effective density of state (Nc). The
energy differences for i-ZnO (ΔEc,i‑ZnO) and Cl:ZnO-nws
(ΔEc,Cl:ZnO‑nws) were calculated according to eq 5, and the
difference of ΔEc,i‑ZnO − ΔEc,Cl:ZnO‑nws could be calculated to be
approximately 0.5 eV.
The energy difference (ΔEv) between the valence band

maximum (VBM) and Fermi level (EF) could be estimated for
the p-Cu2O layer by the following equation:33

Δ = − =E E kT N pVBM log ( / )v F e V (6)

The carrier concentration (p) corresponding to the acceptor
density was reported to be 1.9 × 1014 cm−3 for a Cu2O layer
prepared in the same manner.1 The energy difference (ΔEv)
was calculated to be approximately 0.3 eV with the assumption
for the effective density of state in the valence band (NV) to be
on the order of 1019 cm−3.
A cliff-type conduction band offset34 was formed at the

heterointerface between the Cl:ZnO-nws and Cu2O layer, and
the defects that originated from the high carrier concentration
act as a recombination site32 near the interface. The i-ZnO layer
possessed a Fermi level lower by approximately 0.5 eV than
that for the Cl:ZnO-nws, and the concentration of defects,
which act as a donor in the ZnO semiconductor, was relatively
low. The insertion of the i-ZnO layer between the Cl:ZnO-nws
and Cu2O layer could play a role in suppressing the
recombination loss due to the decrease in the conduction
band offset and increase in the depletion layer. Moreover, the
observed change in the photovoltaic performance with the i-
ZnO deposition cathodic potential indicates the importance of
the value of the conduction band offset, which is determined by
the ionization energy as demonstrated for Cu(InGa)Se2/
Zn(OS)/ZnO solar cells.34 The change in the carrier
concentration somewhat affects the ionization energy, but
further investigation with an inverse photoemission spectros-
copy is needed to accurately illustrate the conduction band
offset at the heterointerface.

The continuous ZnO layer/Cu2O PV devices prepared only
by electrodeposition showed the best conversion efficiency of
1.28% with a 0.59 V in Voc, 3.8 mA·cm

−2 in Jsc, and 0.58 in FF.4

The use of the Cl:ZnO-nws alternative to the continuous ZnO
layer produced a major improvement in the Jsc from 3.8 to 7.56
mA·cm−2 due to the increase in the active region expanded
along the Cl:ZnO-nws, but the Voc decreased from 0.59 V4 to
0.35 V. This suggested the imperfect control of the quality of
the i-ZnO layer, such as the homogeneity, thickness, and
electrical characteristics.
The maximum conversion efficiency of 5.38% has been

reported for an Al-doped ZnO(AZO)/Ga2O3/Cu2O PV device
prepared by the thermal oxidation of a metallic Cu sheet
followed by a pulse-laser deposition of Ga2O3 and AZO layers.5

The Voc changed from 0.55 to 0.80 V depending on the oxide
material inserted between the Cu2O and AZO layers,35,36 and
the best value was achieved with a Ga2O3 buffer layer. Also, a
1.2 V Voc has been reported for the electrodeposited Cu2O
photovoltaic device with Ga2O3 prepared by an atomic layer
deposition.6 The Jsc value obtained in this study was slightly
lower than that for the AZO/Ga2O3/Cu2O PV device, and the
Voc was half that for the AZO/Ga2O3/Cu2O PV device. Further
investigation on controlling the heterointerface state and the
electrical property of the Cu2O layer is indispensable for
improving the photovoltaic performance.

4. CONCLUSIONS
Cl-doped ZnO-nanowire (Cl:ZnO-nws)/Cu2O photovoltaic
(PV) devices have been prepared by electrodeposition, and the
effects of the insertion of a highly resistive ZnO layer (i-ZnO)
on the photovoltaic performances has been investigated. The
Cl:ZnO-nws and i-ZnO layer were prepared in a zinc chloride
aqueous solution with saturated molecular oxygen and in a zinc
nitrate aqueous solution, respectively. The Cu2O layer was
prepared in an alkaline aqueous solution containing a
copper(II) acetate hydrate and lactic acid. The i-ZnO grains
were directly deposited on the Cl:ZnO-nws, and the thickness
increased with the increasing deposition time. The direct
deposition of the Cu2O layer on the Cl:ZnO-nws was
suppressed by the deposited i-ZnO layer with a high resistivity.
The insertion of the i-ZnO layer between the Cl:ZnO-nws and
Cu2O layer produced an improvement in the photovoltaic
performance depending on the deposition potential and time.
The conversion efficiency was boosted from 0.40 to 1.26% by
inserting the i-ZnO layer prepared at −1.1 V for 20 s due to the
reduction in the recombination loss at the heterointerface.
These results reveal the importance of the heterointerface state
and the possibility for oxide-based photovoltaic devices to be
the next generation of thin film solar cells.

Figure 8. Current density−voltage curves for Cl-doped ZnO nanowire/Cu2O photovoltaic devices with i-ZnO layers deposited at (a) −1.0, (b)
−1.1, and (c) −1.2 V, and the relation of (i) conversion efficiency, (ii) short circuit current density(Jsc), (iii)open circuit voltage (Voc), and (iv) FF to
the potential.
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