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Abstract Developing efficient and cost-effective
photoanode plays a vital role determining the photocur-
rent and photovoltage in dye-sensitized solar cells
(DSSCs). Here, we demonstrate DSSCs that achieve
relatively high power conversion efficiencies (PCEs)
by using one-dimensional (1D) zinc oxide (ZnO) nano-
wires and copper (II) oxide (CuO) nanorods hybrid
nanostructures. CuO nanorod-based thin films were pre-
pared by hydrothermal method and used as a blocking
layer on top of the ZnO nanowires’ layer. The use of 1D
ZnO nanowire/CuO nanorod hybrid nanostructures led
to an exceptionally high photovoltaic performance of
DSSCs with a remarkably high open-circuit voltage
(0.764 V), short current density (14.76 mA/cm2 under
AM1.5G conditions), and relatively high solar to power
conversion efficiency (6.18%) . The enhancement of the
solar to power conversion efficiency can be explained in
terms of the lag effect of the interfacial recombination
dynamics of CuO nanorod-blocking layer on ZnO nano-
wires. This work shows more economically feasible

method to bring down the cost of the nano-hybrid cells
and promises for the growth of other important materials
to further enhance the solar to power conversion
efficiency.
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Introduction

Nano-semiconductor-based dye-sensitized solar cells
(DSSCs) are one of the most attractive photovoltaic
devices due to good cost to performance ratio, short
payback time, abundance of constituent materials, and
less temperature dependence (O’Regan and Gratzel
1991). Even though DSSCs exhibit important economic
and environmental advantages compared to the first-
and second-generation photovoltaic devices, there are
still some challenges preventing for their commerciali-
zation (Jung and Lee 2013). One of the most important
reasons for this is the low efficiencies of the used
photoanode structures which is the important part of
the DSSCs. Mostly used photo-anode material in
DSSCs is TiO2 due to i t s super ior photo-
electrochemical performance, high electron injection
efficiency, high stability, low cost, and low environmen-
tal impact (Kalowekamo and Baker 2009; Unold and
Schock 2011; Gong et al. 2017; Chandiran et al. 2014;
Jiang et al. 2016; Kilic et al. 2016a, b; Kilic and
Turkdogan 2017; Turkdogan and Kilic 2017). However,
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there are some disadvantages of TiO2 as it exhibits a low
electron transport rate and reduced photocatalytic effi-
ciency owing to its fast electron-hole pair recombination
rate (Zhang et al. 2009; Quintana et al. 2006). To ac-
complish these disadvantages, many different semicon-
ductor materials have been used as photoanode such as
ZnO and SnO2. One of the mostly interested
photoanode alternatives by the community is ZnO
which typically offers increased surface area, reduced
recombination rate, and high electron transport efficien-
cy unlikely to TiO2 (Bae et al. 2003). ZnO has been
investigated as one of the most promising semiconduc-
tor materials for years due to its direct wide band gap
energy (3.37 eV), large exciton-binding energy
(60 meV), huge magneto-optic effect, high breakdown
strength, and high infrared reflectivity (Ozgur et al.
2005). However, expected higher efficiency in DSSCs
based on ZnO photoanode compared to that of TiO2-
based devices has not been yet achieved. The reason is
mostly attributed to the instability of ZnO in acid dyes
and its low electron injection efficiency (Chandiran et al.
2014). To overcome the low efficiency problem of the
ZnO-based DSSCs, one of the methods used is to em-
ploy composite photoanode structures. One of the most-
ly used composite structures of ZnO/TiO2 has been
investigated with many research groups with the differ-
ent forms (Yan et al. 2012;Wang et al. 2011; Milan et al.
2015; Turkdogan and Kilic 2017). ZnO/TiO2 composite
films prepared by screen printing method have been
used as the photoanode in DSSCs, and the maximum
of 1.87% power conversion efficiency (PCE) has been
reported (Yan et al. 2012). Instead of using thin film
structures of ZnO/TiO2, nanoparticle composite
photoanode structure has given rise to 4.52% PCE
(Wang et al. 2011). Very recently, TiO2 nanoparticle/
ZnO nanofiber composite nanostructured photoanode
has shown a one of the highest PCE around 6.54%
(Milan et al. 2015). There are also a limited number of
studies for the alternative composite structures together
with ZnO in the literature. An example of ZnO/SnO2

multilayer photoanode structure has indicated PCE of
4.96% structure (Yang et al. 2017).

In this study, the performance of the alternative com-
posite photoanode of ZnO nanowire/CuO nanorods has
been investigated in DSSCs to overcome the low con-
version efficiency problem of ZnO in DSSCs. Also,
optical, morphological, and structural as well as the
chemical properties of the resulting ZnO/CuO hybrid
structures were investigated in detail. Relatively high

PCE of 6.18% was obtained compared to that of bare
ZnO photoanode which might open up the usage of
CuO composite structures as a photoanode layer in
DSSCs.

Experimental procedure

Materials

A DSSC consists of five main components as follows:
(1) transparent conductive substrate (TCO–FTO:
fluorine-doped tin oxide or ITO: indium tin oxide); (2)
n-type semiconductor layer; (3) dye molecules adsorbed
on the surface of the semiconductor; (4) a liquid elec-
trolyte containing a redox mediator; (5) Pt as a counter
electrode capable of regenerating the redox mediator. In
this study, commercial ITO-coated glasses having a
sheet resistance of ∼ 12Ω /cm2 were used as a substrate.
First, the substrates were cleaned carefully by dipping
them for 2 min in propan-2-ol, de-ionized water, meth-
anol, and de-ionized water, in a sequence. The ITO
substrates were cut into 2 cm × 2 cm pieces and ultra-
sonically cleaned with trichloroethylene, acetone, meth-
anol , and deionized water. CuCl2.H2O and
Zn(NO3)2∙6H2O (aq) were used for the hydrothermal
synthesis of the hybrid photoanodematerials. A concen-
trated solution of ammonia (28%, Sigma-Aldrich) was
used to adjust the pH of the hydrothermal reaction
mixture. For the fabrication of DSSCs, iodine (I2)
(99.99%, Superpur1, Merck), lithium iodide (LiI;
Merck), acetyl acetone (acac; Merck), and cis bis
(isothiocyanato)bis(2,20-bipyridyl- 4,40-dicar-
boxylato)-ruthenium(II)bis tetrabutyl ammonium
(N719) were used as received. Pt:ITO was used as the
counter electrode for the DSSCs.

Synthesis of 1D-ZnO nanowire/CuO nanorod hybrid
nanostructures for photoanode

The 1D-ZnO nanowire/CuO nanorod hybrid nanostruc-
tures were fabricated in two steps: (1) formation of ZnO
NW structures on the ITO substrate, (2) growth of
highly ordered CuO nanorods on the ZnO nanowires.
ZnO nanowires were prepared by a hydrothermal meth-
od using varying molar ratios of ZnO, deposition time,
pH, and reaction temperature. 0.15 g Zn(NO3)2.4H2O
and 50ml deionized water were mixed using a magnetic
stirrer. Four milliliters ammonia (28%) was added to
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adjust the pH ~ 11 of the solution. The solution was
placed into a teflon-lined stainless steel autoclave. The
ITO substrates were immersed into the solution, and the
autoclave was then sealed and heated to 150 °C for 24 h.
After a given growth time, the ZnO nanowire-coated
samples were obtained. Those materials were dried un-
der a flow of N2 and then annealed in a furnace at 350 °C
in ambient atmosphere for 40 min to form the DSSC
photoanodes. Similarly, CuO nanorods were grown on
ZnO NW substrates in a second step of experimental
procedure. 0.52 g CuCl2.H2O and 50 ml deionized
water solution were mixed under continuous magnetic
stirring and its pH was adjusted to ~ 11 by addition of
ammonia solution. The ZnO nanowire substrates were
immersed in the solution and then heated to 150 °C for
24 h. After the growth step, the substrates were dried
under a flow of N2 and were then annealed in a furnace
at 350 °C in air for 30 min to form the hybrid structures.

Characterization of ZnO NW/CuO nanorod hybrid
nanostructure thin films

The surface morphology of the nanostructures on each
prepared sample was analyzed by scanning electron
microscopy and energy-dispersive X-ray spectroscopy
(SEM-EDAX) using a Philips XL30 ESEM-FEG/
EDAX system. Crystal structure analysis was carried
out using X-ray diffraction (XRD; Rigaku D/Max-IIIC
diffractometer) with 1.54 Å Cu-Kα radiation and a 2θ
range of 20–80°. Absorption measurements were car-
ried out using a Perkin-Elmer UV-VIS Lambda 2S
spectrometer. The PL measurements were conducted
with the RF 5301 PC Shimadzu spectrofluorometer at
room temperature. The surface composition of the sam-
ples was investigated using X-ray photoelectron spec-
troscopy (XPS; FlexMod-Specs), which is capable of
providing atomic and molecular information on the
surfaces of materials. The energy band alignment be-
tween ZnO and CuO was determined using interface
experiments by stepwise deposition of the CuO on top
of ZnO, and after each deposition step, the sample is
analyzed via XPS. The energy band alignment at the
ZnO/CuO interfaces was obtained from the core level
binding energies using the Kraut method (Grant et al.
1978). It is known that the distance between the valence
band maximum and the core-levels is constant for a
material. This approach makes it possible to follow the
evolution of the valence band maxima of the ZnO and
the CuO as a function of film thickness. The Raman

scattering measurements were taken using a micro Ra-
man Witec Alpha 300R system with an excitation
source of 514.5 nm at room temperature.

Device fabrication

Hybrid DSSCs based on ZnO NWs/CuO nanorod
photoanode were prepared by adsorption of cisbis
( i so th iocyana to ) b i s (2 ,20 -b ipyr idy l -4 ,40-
dicarboxylato)-ruthenium (II) bis tetrabutyl ammonium
(N719) dye molecules onto the surfaces of the prepared
photoanodes for 6 h. The substrates were heated to
100 °C for 30 min before immersion in a 0.5-mM
solution of the N719 dye. After 6 h, the samples were
taken out, rinsed with acetonitrile, and dried with nitro-
gen gas. The photoanode and Pt:ITO counter electrode
were sealed using a 20-μm polypropylene spacer and
pressed together with binder clips. The electrolyte,
which consists of 0.5 M tetra butyl ammonium iodide,
0.05 M I2, and 0.5 M 4-tertbutylpyridine in acetonitrile,
was introduced between the electrodes using capillary
action. The active area was typically 0.25 cm2. Photo-
current density versus voltage (J-V) data was recorded
using a Keithley 175A digital multimeter using a 0.01-
V/s voltage ramp rate under AM 1.5G solar simulator.
The light source was a 250-W tungsten halogen lamp
calibrated to irradiate the samples at 100 mW/cm2 using
a radiometer (IL1700, International). The external quan-
tum efficiency (EQE) was measured with a spectral
resolution of 5 nm using a 300 W xenon lamp.

Results and discussion

Morphological, structural, and optical properties of ZnO
NW/CuO nanorod hybrid structures

SEM images in Fig. 1a–c show the surface morphology
of the ZnO NWs, CuO nanorods, and CuO nanorods
grown on the ZnO NW hybrid structure. Figure 1a
shows the single-layer ZnO NWs grown on the glass
substrate. High density and homogeneous distribution
of ZnO NWs can be seen. The average diameter of the
ZnONWs has been found in the range of 40–50 nm, and
the lengths are several tens of microns. Figure 1b pre-
sents the SEM image of the single-layer CuO nanorods.
CuO nanorod is well covered on the substrate, and a
good contact between the structures and substrate was
achieved which is very important for electrical

J Nanopart Res (2018) 20: 11 Page 3 of 10 11



conduction pathway. The diameter of nanorods ranges
from 20 to 50 nm and the length is up to 2 μm. These
nanorods might lead to a high surface area which may
help to enhance dye adsorption on the photoanode. As
seen from Fig. 1c, hybrid nanostructures have been
homogenously grown on the substrate by the hydrother-
mal method. As seen in the figure, the morphology of
the hybrid structures is no more similar to either CuO
nanorods or the ZnO NWs. This shows that the CuO
nanorods were successfully and uniformly grown on the
ZnO materials by the hydrothermal reaction and formed
a hybrid film consisting of ZnO nanowires and CuO
nanorods. EDAX analysis was carried out to determine
the elemental compositions of the ZnONWs/CuO nano-
rods hybrid films (Fig. 1d). Zn, Cu, and O peaks can be
clearly seen from EDAXmeasurements. This data clear-
ly indicates the formation of the ZnO/CuO hybrid struc-
tures, since the X-ray signals come from a few micro-
meters deep of the investigated sample.

In order to show the properties of the formed hybrid
structures, series of analysis methods were employed.

One of the employed analyses is to figure out the crystal
structure of the materials by X-ray diffractometer.
Figure 2a shows the XRD patterns of the as-
synthesized ZnO/CuO hybrid structures. XRD peaks
corresponding to both ZnO and CuO phases have been
observed. The XRD pattern confirmed that CuO nano-
rods were successfully grown on ZnO nanowire struc-
tures with the acceptable crystal quality. All of the
diffraction peaks were consistent with those of JCPDS
card No. 48-1548, indicating that ZnONWs have a pure
hexagonal structure, while CuO nanorods show cupric
phase with monoclinic system (space group of C2/c).
The peaks at 2θ ≈ 36.23° belong to (101) planes of ZnO
which is the dominant phase for ZnO. The diffraction
peaks at 33.730, 39.920, and 49.420 are assigned to CuO
(110), (200), and (− 202), respectively. Figure 2b pre-
sents the Raman spectra of ZnO/CuO hybrid samples.
There are three Raman peaks assigned to the CuO at
wavenumbers of 280, 332, and 632 cm−1. In comparison
with the vibrational spectra of bulk CuO, the peak at
280 cm−1 in CuO is assigned to the Ag and the peaks at

a)

c) d)

b)

Fig. 1 SEM images of a ZnO nanowires, bCuO nanorods, c ZnO/CuO hybrid structures, d EDAXmeasurements of ZnO/CuO hybrid films
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332 and 632 cm−1 to the Bg modes. A1, E1, and E2

modes are Raman active and B1 is forbidden in ZnO
semiconductor. A dominant and strong intensity peak at
435 cm−1 indicates the spectrum known as the optical
phonon, E2. The E2 mode, which is sensitive to the
structural quality of the material, corresponds to the
band characteristic for the wurtzite hexagonal phase of
ZnO, which is also one of the characteristics of ZnO
nanostructures (Umar et al. 2005). However, extra Ra-
man band at 581 cm−1, known to be related to the E1

mode because of the oxygen deficiency (Wu and Liu
2002; Naseri et al. 2017), indicates the presence of
oxygen vacancies in the ZnO nanostructures. Raman
spectra confirm that both ZnO and CuO hybrid struc-
tures successfully grown with high structural quality on

the glass subs t ra te . The room tempera ture
photoluminescence (PL) of ZnO NWs, CuO nanorods,
and ZnO/CuO hybrid structures is shown in Fig. 2c. As
seen in the figure, 1D-ZnO nanowire samples show near
band edge emissions and broad deep level emission.
These emissions are centered at 430 and 580 nm, re-
spectively, as shown in the figure. The higher intensity
of the near band-edge emission compared to that of deep
level emission depicts the optical quality of the ZnO
NWs. For the copper oxide, PL spectrum shows broad
band centered at 600 nm. The observed broad band
emission might be due to the combination of the near
band edge emission and the deep level emissions. PL
spectrum of ZnO/CuO hybrid nanostructures shows
three-emission band at 430, 550, and 600 nm which
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Fig. 2 Structural and optical characterization of ZnO/CuO hybrid films. a XRD characterization, b Raman spectra, c PL measurements, d
Absorbance spectra and absorption coefficient/energy plots for the films of ZnO, CuO, and ZnO/CuO hybrid structures at room temperature
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are the emissions combined with ZnO NWs and CuO
nanorods. One of the most important properties of the
photoanodes is their absorption properties. Absorption
properties of ZnO NWs, CuO nanorods, and ZnO/CuO
hybrid nanostructure were investigated bymeans of UV-
VIS spectroscopy. Figure 2d shows the raw absorption
data of the samples. As shown in the figure, ZnO/CuO
hybrid structures absorb more photons in the whole
visible and ultraviolet regions compared to that of bare
ZnO NWs and CuO nanorods. In order to find out the
band gap energy values of the samples, absorption spec-
trums are transferred into the absorption coefficients to
draw well-known Tauc plots (Chi et al. 2012; Ghobadi
2013). Bandgap energy values of the samples were
determined by intercepting the extrapolated linear re-
gion of the Tauc plots with Bhv^ axis. As seen in Fig. 2d,
CuO and ZnO NWs have the bandgap energy values of
1.56 and 3.12 eV, respectively, and those values are in a
good agreement with the literature (Orel et al. 1993;
Ozgur et al. 2005). On the other hand, ZnO/CuO hybrid
structures have shown two different fit regions as seen in
the figure. Values of these two band gap energies are
1.89 and 2.50 eV. These bandgap valuesmight belong to
observe two different separated phases, namely CuO
and ZnO, as also confirmed by the XRD, PL, and
Raman measurements. However, the observed bandgap
value for the ZnO, 2.50 eV, seems lowered which might
be due to the combined band edge of CuO and ZnO
deep level emission absorption spectra. It might be also
speculated that, there is a chance of Cu incorporation
into ZnO and this might be the reason lowering the
bandgap energy and two different values might be
possible.

XPS is a very important technique for analyzing
chemical composition of elements on the surface. The
detailed XPS analysis confirmed the formation of ZnO/
CuO hybrid structures, which are shown in Fig. 3a. As
seen in the figure, both Zn- and Cu-related peaks have
been observed. High-resolution spectrum of the Cu
element can be seen in Fig. 3b. The peaks observed at
933.7 and 954.8 eV confirmed the presence of Cu 2p3/2
and Cu 2p1/2 peaks, respectively. There are also satellite
peaks observed in the spectrumwhich belong to the Cu+
2 oxidation states confirming the formation of CuO. This
is also consistent with the XRD data. The main peak at
933.7 eV is also characteristic of CuO (Cu2+). High-
resolution spectrum of the Zn has been indicated in Fig.
3c. The XPS peaks with binding energies of 1023.67
and 1045.79 eV correspond to Zn 2p3/2 and Zn 2p1/2,

respectively. The detailed XPS analysis of O1s is shown
in Fig. 3d. The figure also includes the deconvolution
performed for the O1s spectrum. Two peaks have been
realized as seen in the figure. The main peak at 529.2 eV
corresponds to O 1s of CuO and the high energy peak at
531.30 eV is the characteristics of ZnO. O 1s peak with
binding energy 529.2 eV represents bonding between
O2

− ions and Zn/Cu. The elemental percentages by
using the deconvoluted O 1s spectrum, it is concluded
that the O 1s sub-peak at 529.2 eV gives rise to 65% of
the total spectral area confirming higher Cu–O percent-
ages than the ZnO. The sub-peak at 531.30 eV might be
due to O2

− ions in oxygen deficient regions and/or
adsorption of H2O or O2 molecules (Grant et al. 1978;
Morasch et al. 2016).

Photovoltaic performance of ZnO/CuO hybrid
structures

The design of hybrid DSSC structures used in this
research is schematically shown in Fig. 4a and charge
transfer processes of dye sensitized solar cell based on
ZnO/CuO hybrid structures are illustrated in Fig. 4b.
Under simulated solar irradiation, the dye molecules
adsorbed on the n-type semiconductor film surface are
excited from the ground state to the excited state, and the
electron transferred to the lowest unoccupied molecular
orbital (LUMO) of the dye is injected into the conduc-
tion band (CB) of the typical n-type semiconductor. The
electron is transported through the semiconductor layer
and then the external circuit to the counter electrode of
the DSSC. The electron at the CB of the semiconductor
may undergo recombination with the oxidized dyes and
the redox couple mediator and this reduces the power
conversion efficiency of the cells therefore this process
is unfavorable and should be prevented to collect as
much as electron possible to increase the PCE of the
cells. In this study, CuO nanorods were coated on top of
ZnO nanowire photoelectrode to form a barrier layer. It
is expected that the hybrid structures have the potential
to decrease the chance of electron-hole recombination.
The growth of CuO nanorods on ZnO nanowires can
effectively obstruct the injected electron from back-
transferring the conduction band of the ZnO to the
electrolyte. Consequently, the recombination of photo-
generated electron with oxidized dye molecules or tri-
iodide in the electrolyte is decreased. Photo-generated
electrons in the CuO nanorods can rapidly inject into the
conduction band of ZnO owing to decent bandgap
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alignment between ZnO and CuO hybrid structures.
CuO nanorods can form an inherent barrier layer be-
tween the photoelectrode and the electrolyte interface,
which decreases the rate of electron recombination.

Figure 4c shows a comparison of the current density-
voltage (J-V) characteristics of the ZnO/CuO hybrid
structures and n-type ZnO nanowires. The correspond-
ing photovoltaic parameters of the solar cells are sum-
marized in Table 1.The dye-sensitized solar cells made
from ZnO nanowires reached a promising level, η =
5.05, %, Jsc = 14.47 mA cm−2, Voc = 0.719 V, and FF =
48.6%, using the N719 dye under an irradiance of
100 W cm−2. The power conversion efficiency, short-
circuit current density (Jsc), and open circuit voltage
(Voc) of ZnO/CuO hybrid photoanodes have been

measured around 6.18%, 14.76 mA cm−2, and0.764 V,
respectively, much higher than (~ 22.3, 2, and 6.25%,
respectively) pure ZnO nanowire solar cell. Apparently,
the CuO nanorods might have contributed to increase
the electron diffusion length in the cells by providing a
direct transport pathway from the point of electron in-
jection to the ZnO substrate of the collection electrode.
The light-scattering effect of the CuO nanorods onto the
ZnO nanowire support likely enhanced the light-
harvesting efficiency of the cell by increasing the optical
length serving as a light-scattering center, which result-
ed in the enhanced Jsc observed for the hybrid film-
based cell. As a result, it can be confirmed that the
proposed ZnO/CuO hybrid films are very important to
facilitate electron transport and light harvesting to
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enhance the solar conversion efficiency of DSSCs. The
external quantum efficiency (EQE) of the ZnO/CuO
hybrid films has been evaluated using their incident
photon-to-current conversion efficiency (IPCE or QE)

spectra. The observed improved EQE can be explained
by the increased light capture efficiency, electron injec-
tion, and collection efficiency of the films. Figure 4d
shows the EQE spectra of the DSSCs with ZnO nano-
wires and ZnO/CuO hybrid photoelectrodes as a func-
tion of the illumination wavelength. The EQE at around
550 nm overlaps with the maximum absorption wave-
length of the N719 dye. The EQE of the ZnO/CuO
hybrid films was higher than that of the bare ZnO film
within the entire wavelength region investigated. These
observed enhancements in QE mainly arose from the
increased electron injection efficiency and light-
harvesting efficiency of the films and were also attrib-
uted to the enhancement of dye loading resulting from

Fig. 4 a Schematic diagram of DSSC for ZnO/CuO hybrid struc-
tures. b Band structures of the device and aligned bands where we
can see the carrier generation and its transportation to flow current
through the load. c Current density-voltage (J-V) characteristics of

dye-sensitized solar cells loaded with N719 dye and 0.25 cm2

active surface area measured under AM 1.5G solar irradiance
(100 mW cm−2). d EQE spectra of the cells

Table 1 Photovoltaic properties of DSSC based on ZnO/CuO
hybrid photoanode nanostructures. Measurements were performed
under AM 1.5G one sun (light density, 100 mW cm−2). The active
area was set at 0.25 cm2 for all of the cells

Sample FF (%) Voc (V) Jsc (mA/cm2) (%)

ZnO 48.6 0.719 14.47 5.05

ZnO/CuO 54.8 0.764 14.76 6.18
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the higher surface area of the hybrid films. The high dye
absorption ability and EQE values confirmed that the
introduced photons were effectively absorbed, resulting
in larger Jsc and improved solar conversion efficiency.

Conclusion

CuO nanorods were grown on 1D ZnO NWs for appli-
cation in hybrid-DSSCs with enhanced solar to power
conversion efficiency. CuO nanorods on the ZnO nano-
wires were utilized as a blocking layer. Photocurrent
measurements indicated that the light-harvesting effi-
ciency of the obtained ZnO/CuO hybrid film was higher
than that of bare ZnO nanostructures. Current density-
voltage characterization indicated that the ZnO/CuO
hybrid structures exhibit a remarkably enhanced power
conversion efficiency of 6.18%, about 30% higher than
that of pure ZnO nanowires. Our results show that ZnO/
CuO hybrid structures are clearly favorable for DSSC
applications owing to their fast electron transport, effec-
tive diffusion length, and reduced rate of charge recom-
bination. We also show the growth mechanism of CuO
nanorods on the ZnO nanowires and Raman, XPS, and
XRD characterization results confirm the formation of
ZnO/CuO hybrid structures. The optical measurements
characterized CuO as a highly absorbing direct gap
semiconductor. CuO band gap was measured to be
1.56 eV while ZnO/CuO hybrid structures have a
2.50-eV bandgap energy. Interface experiment of ZnO/
CuO hybrid structures indicated that while the photo-
current density is believed to be generated by charge
injection fromCuO on top of ZnONWs, ZnONWsmay
also contribute to the photovoltage due to the high band
bending induced by CuO deposition.
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