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a b s t r a c t

Nanostructured thin films are appealing to solar light harvesting and high-efficiency photovoltaic
devices. A new Cu2O/ZnO heterojunction solar cell architecture has been developed with ZnO nanotubes
(NTs) and nanorods (NRs), on a 500 nm thick, n-type ZnO seed layer, covered by a 2.5–3 mm thick, p-type
Cu2O layer to provide the full built-in potential across the junction area, all done by electrodeposition
method. This architecture is used to improve the light harvesting and charge collection efficiency by
taking advantage of the high surface area junction and direct charge transfer pathway of these one-
dimensional ZnO nanostructures. In addition, we calculate the optimized thickness of p-type Cu2O film of
2.5–3 mm to maximize their open-circuit voltages. Post-annealing of the p-type Cu2O nanostructured film
at 200 °C is found to provide better crystallinity and a higher conductivity for additional improvement in
the performance. Further optimization of the Cu2O film thickness according to their charge carrier
concentration and absolute permittivity values also assures the full built-in potential across the junction
interface. Finally, the electrodeposited tubular ZnO nanostructures are grown on the top of a sufficiently
thick ZnO seed layer, which prevents any leakage pathway and increases the junction area, and conse-
quently increases their short-circuit current values. The open-circuit voltages obtained for Cu2O/ZnO-NT
(0.66 V) and Cu2O/ZnO-NR heterojunction devices (0.71 V) represent the highest values reported to date
for this type of electrodeposited Cu2O/ZnO solar cells. Interestingly, the short-circuit current density of
the Cu2O/ZnO-NT cell (2.40 mA/cm2) is twice that of the Cu2O/ZnO-NR cell (1.12 mA/cm2) with a photon-
to-electron conversion efficiencies of 0.8% and 0.4%, respectively. These results illustrate the advantage of
single-step electrodeposition of ZnO nanotubes, which provide a larger interfacial area and a much lower
defect density than previously reported nanotubes obtained by etching ZnO nanorods. The new device
architecture also offers a minimum leakage path and reduced recombination loss expected in typical
nanostructure-based photovoltaics. This study demonstrates a promising approach to fabricating low-
cost metal oxide nanostructured thin-film solar cells by a scalable, efficient electrochemical method for
cost reduction, process simplification, and performance improvement.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Renewable energy has been a rapidly growing field in the past
two decades. Photovoltaics provides one of the most promising
green energy generation technologies, because of its economic
viability and environmental sustainability. To date, silicon-based
solar cells offer the most mature technology, with the highest
photon-to-electron conversion efficiency (PCE) exceeding 20%.
Recently, the use of other emerging materials, such as CdTe and
GaN, has produced nearly equivalent performance. However, less
toxic, more abundant alternative materials and potentially lower-
cost manufacturing methods for these solar cells remain elusive,
yet highly desirable in the marketplace [1,2].

Many other organic and inorganic materials have been intro-
duced recently with relatively high PCE performance. One of the
more promising, low-cost heterojunction inorganic solar cell sys-
tems involves the construction of a typical p–n junction device by
depositing a p-type Cu2O thin film onto an n-type ZnO film sup-
ported on an ITO-glass substrate. In addition to its advantages of
low-cost and material abundance, this system offers the preferred
atomic arrangement at the junction interface with low lattice
mismatch (only 7.1%) at the interface between ZnO(001) and Cu2O
(111) planes [3]. With a large direct band-gap (3.37 eV), a large
exciton binding energy (60 meV), and a high electron mobility
(120 cm2 V�1 s�1), ZnO is considered an excellent candidate as an
n-type transparent semiconducting material at room temperature
for photovoltaic application.
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On the other hand, cuprous oxide (Cu2O) is an inexpensive
p-type metal-oxide semiconductor, with unique optical and mag-
netic properties and a direct band-gap of 2.1 eV [4]. The p-type
conduction property of Cu2O is due to the formation of Cu
vacancies and delocalized holes after the removal of copper atoms
from the lattice through oxidation [5]. Several high-temperature
and low-temperature methods, including hydrothermal [6], ther-
mal oxidation [7], reactive magnetron sputtering [8]. and elec-
trodeposition [9–12], have been used to synthesize Cu2O films. The
fabrication of typical p-Cu2O/n-ZnO heterojunction solar cells also
includes a number of mixed methods, such as sputtering
aluminum-doped ZnO film onto electrodeposited Cu2O thin films
[13], and depositing ZnO thin films on high-quality thermally
oxidized copper sheets [14]. With precise control of the deposition
parameters, electrodeposition could provide high-quality films
with several notable advantages, including material stability due
to favorable low-temperature deposition conditions, better crys-
tallinity, and higher conductivity.

Electrodeposition also offers complete filling of any physical
voids among the nanostructures, which greatly improves the
quality of coating of the absorber film for solar cell application
[15]. Several electrochemical studies have focused on the con-
struction of p-Cu2O/n-ZnO planar and nanostructured film archi-
tectures. While the conversion efficiency of typical electro-
deposited p-Cu2O/n-ZnO heterojunction solar cells could theore-
tically be as high as 18%, the maximum efficiency reported to date
using electrochemical deposition method is less than 1.5% [16–18].
This could be due to the creation of interface defects during the
sequential electrodeposition process, which could lead to higher
recombination by interfacial traps and to limited open-circuit
voltage with low built-in potential [19].

Many studies have concentrated on optimizing the synthesis of
the Cu2O film, which acts as the main absorber layer, as the key to
enhancing the performance of p-Cu2O/n-ZnO heterojunction solar
cells. In addition to the importance of the synthesis method that
invariably affects the electrical properties of the prepared films,
different supplementary approaches have also been used to
improve the efficiencies of Cu2O for photovoltaic applications. For
example, surface passivation of Cu2O films with hydrogen or
cyanide ions, rapid quenching of Cu2O films to room temperature
after the oxidation process at high temperature, and vapor
deposition of a Cu2O buffer layer have all been attempted in an
effort to reduce recombination loss by eliminating the interfacial
trap states [20].

Another important approach to improve the p–n junction
performance is by optimizing the film thicknesses of both p-type
and n-type materials. Recently, the effects of growth parameters
for optimizing the crystallinity and thickness of Cu2O thin films on
ZnO-nanorod solar cells were investigated, but the best PCE so
obtained was only 0.33%, with an open-circuit potential (VOC) of
0.15 V, a short-circuit current density (JSC) of 7.03 mA/cm2 and a fill
factor (FF) of 0.33 [10]. Another study showed that the limited
performance of electrodeposited Cu2O/ZnO planar heterojunction
solar cells could be due to the critical minority carrier length,
suggesting that only photogenerated carriers within the top
430 nm region in a 1600 nm thick absorber layer would likely be
collected [21].

Many studies have therefore focused on nanostructure-based
systems to minimize the electron transport lengths, specifically,
one-dimensional nanostructures that have been employed suc-
cessfully to improve JSC due to their higher junction areas and
more direct pathways that lead to better charge carrier collection.
However, the limited VOC continues to be more problematic for
these systems. As pointed out in a recent study, engineering of the
optimal spacing between the one-dimensional nanostructures that
is required for efficient charge collection and of the minimum
thickness needed for the formation of full built-in potential to
inhibit any unwanted recombination loss remains to be very dif-
ficult [22]. However, this latter work has succeeded in enhancing
the VOC by optimizing the Cu2O thickness (3 mm) for the planar
junction device structure with respectable values of VOC, JSC, and
PCE of 0.35 V, 3.7 mA/cm2, and 0.6%, respectively. While increasing
the absorber thickness for radial junction device structure did not
affect their VOC, the low VOC value (�0.2 V) was attributed to the
presence of local shunting and inhibition arising from depletion
layer formation. In contrast, an increase in VOC up to 0.51 V has
been demonstrated for solar cells consisting of a Cu2O thin film on
sparsely deposited ZnO nanorods, confirming that higher VOC

values could be achieved for nanostructure-based radial junction
devices [15]. In addition, the earlier study has suggested that
higher conductivity of the absorber material and better quality of
the junction interface and device geometry are required to further
improve the performance [22].

Here, we investigate several techniques to enhance the VOC and
JSC values of Cu2O/ZnO solar cells based on ZnO nanotubes (ZnO-
NTs) and ZnO nanorods (ZnO-NRs). By employing high-surface-area
tubular nanostructures that we obtain by direct electrodeposition
[23], we produce a higher junction area and reduce undesirable
recombination loss. Our synthesis method does not lead to a high
defect density that is commonly generated in other methods, par-
ticularly those that require etching of electrodeposited nanorods to
create the tubular nanostructures [4]. Another factor that is
responsible for the low VOC commonly found in other Cu2O/ZnO
systems is the low hole mobility of the electrodeposited Cu2O film.
Our remedy here is to perform a simple post-annealing step that
would reduce the grain boundaries and decrease the surface
defects. An improvement in the conductivity of the electro-
deposited Cu2O film is also achieved, along with a remarkable
reduction in their reflectance, which would make the Cu2O film also
an excellent anti-reflectance layer. Finally, a thick ZnO seed layer is
electrodeposited prior to the growth of these one-dimensional ZnO
nanostructures to ensure the full built-in potential formation and to
minimize any leakage current pathway. We show that these tech-
niques produce greatly enhanced open-circuit voltages for both
solar cells based on nanotubes (0.66 V) and nanorods (0.71 V),
while the resulting short-current density (2.42 mA/cm2) and the
overall PCE (0.8%) for the former have been effectively doubled that
of the latter (1.15 mA/cm2 and 0.4%, respectively).
2. Experimental details

A typical p–n junction solar cell was constructed as follows.
Prior to any deposition step, the ITO/glass substrates were polar-
ized by applying a 10 mA/cm2 current for 60–120 s in 1 M NaOH in
order to create a higher density of nucleation sites and therefore
subsequently as-grown materials [24]. A seed layer of ZnO was
first electrodeposited in an electrolyte of water and ethanol in a
3:1 volume ratio to eliminate any pinhole that could result in
shorting across the junction [22]. Electrodeposition was then
performed for n-type ZnO nanotubes or nanorods as described in
our earlier work [23], and this was followed by electrodeposition
of p-type Cu2O thin films. Cuprous oxide thin films were electro-
deposited, either on pristine ITO-glass substrates for initial char-
acterization or on ZnO nanostructures supported on ITO-glass
substrates for solar cell fabrication, in an aqueous solution of
0.4 M cuprous sulphate pentahydrate (Sigma-Aldrich, 98%) and
3 M lactic acid (Sigma-Aldrich, 98%) held at 60 °C by potentiostatic
amperometry at �0.4 V (vs Ag/AgCl) for 600 s. The pH of the
alkaline medium was adjusted to 12 by addition of 4 M NaOH with
constant stirring during deposition. To examine the effect of post-
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annealing, the as-grown films were then annealed at 200, 300, and
400 °C for 30 min.

Complexing Cu2þ with lactate ion could stabilize the Cu2þ ions
in the alkaline media, allowing them to diffuse through the elec-
trolyte. Cu2þ was then reduced to Cuþ following the reaction
[25,26]: 2Cu2þþ2OH�þ2e�-Cu2OþH2O. For the aforemen-
tioned device work, a thicker Cu2O film obtained with 900 s
electrodeposition was used to ensure complete coverage of the
ZnO nanostructures supported on the substrate. For all sample
preparation, we employed a three-electrode electrochemical cell,
with an ITO-glass working electrode, an Ag/AgCl reference elec-
trode and a Pt-wire counter electrode, in an electrochemical
workstation (CH Instruments 1140). After deposition, the as-
prepared samples were rinsed thoroughly in filtered deionized
water and stored in a nitrogen atmosphere to dry for at least 24 h
prior to characterization.

The surface morphologies of copper oxide thin films were
examined by helium ion microscopy (HIM) in a Zeiss Orion Plus
microscope and by field-emission scanning electron microscopy
(SEM) in a Zeiss Merlin microscope. The corresponding crystal
structures were characterized by glancing-incidence X-ray dif-
fraction (XRD) using a PANalytical X'Pert Pro MRD diffractometer
with Cu Kα radiation (1.54 Å) at an incidence angle of 0.6°. In
addition, their surface compositions were analyzed by X-ray
photoelectron spectroscopy (XPS) using a Thermo-VG Scientific
ESCALab 250 Microprobe with a monochromatic Al Kα source
(1486.6 eV). The Cu2O thin film topography and their diode
behavior were investigated by conductive atomic force microscopy
(AFM) in an Asylum Research Cypher microscope with the imaging
current collected using a Ti/Ir-coated Si tip. For resistivity and
carrier concentration measurements using the four-point probe
method in a van der Pauw configuration (Ecopia HMS-5300), the
electrodeposited Cu2O film was transferred to a non-conducting
glass substrate using an epoxy resin as reported in an earlier work
[27]. Gold contacts were then sputter-deposited by magnetron
Fig. 1. (a) SEM image of a Cu2O film electrodeposited for 600 s at room temperature, wit
of a thicker Cu2O film electrodeposited for 900 s at room temperature followed by ann
shown in inset. (c) Glancing-incidence X-ray diffraction patterns of the as-deposited Cu2O
features assigned in accord with the reference profiles for Cu2O (JCPDS 030653288)
010894596) is given as a bar graph. XPS spectra of (d) Cu 2p3/2, and (e) Cu LMM regions
sputtering with a current of 50 mA for 120 s on the four corners of
the Cu2O film. Their reflectance was measured using a Perkin-
Elmer Lambda 35 or 1050 UV/Vis spectrometer. Elemental analysis
across the cell junction interface was studied by scanning Auger
microscopy (SAM) in a Thermo MicroLab 350 Microprobe. The
current density vs voltage (J–V) characteristics were analyzed by
using a solar cell measurement system (PV Measurements IV5)
equipped with a class ABA solar simulator and an Air Mass (AM)
1.5 global spectral filter. Prior to the J–V measurement, the system
was calibrated using a Si reference cell (PVM782 with a BK7
window).
3. Results and discussion

3.1. Pristine electrodeposited Cu2O thin films and their electrical and
optical properties

Cu2O has been extensively studied because of their unique
properties for photovoltaic application [14,17,28–30]. In particular,
electrodeposited Cu2O films exhibit high photoelectrochemical
stability and excellent electronic properties among other metal
oxides [31,32]. Fig. 1a shows the SEM images of Cu2O octahedral
structures obtained by electrodeposition in an alkaline solution of
copper lactate for 600 s. For a thicker Cu2O film (obtained by 900 s
electrodeposition), the film appears continuous with half pyr-
amidal structures, likely due to merging of the octahedrons with a
larger film thickness and without any notable effect on their sur-
face morphology upon post-annealing at 200 °C, as shown in the
HIM images of Cu2O film after (Fig. 1b) and before the annealing
step (Fig. 1b, inset). It should be noted that HIM provides better
surface morphological contrast due to the considerably less
divergent helium ion beam when compared with the electron
beam employed in SEM.
h a magnified view of their octahedral structure shown in inset, and (b) HIM image
ealing at 200 °C, with a magnified view of the as-deposited film before annealing
film in (a) and upon annealing to 200, 300, and 400 °C for 30 min, with individual

and CuO (JCPDS 030652309). The reference profile for the ITO substrate (JCPDS
collected for the Cu2O film in (a) and upon sputtering for 0, 200, 500, and 2400 s.
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Fig. 1c shows the glancing-incidence XRD patterns of the as-
electrodeposited thicker Cu2O film obtained by 900-s deposition
(Fig. 1b, inset) and upon annealing to 200, 300, and 400 °C for
30 min. In addition to the XRD peaks from the ITO substrate, we
observe the strong Cu2O (111) feature at 36.5° and the weaker
Cu2O (200) feature at 42.3° for the as-deposited Cu2O sample and
upon the 200 °C anneal, in good accord with the reference pattern
of the cubic (FCC) crystal structure of Cu2O. However, upon
annealing to 300 °C, the weak feature at 35.5° normally attributed
to ITO appears more intense, which can be caused by additional
contribution from an emerging CuO (002) feature at the same 2-
theta position. Along with the emergence of the CuO (111) feature
at 38.7° and the concomitant intensity reduction of the Cu2O (110)
feature at 29.0° and Cu2O (200) feature at 42.3°, these changes
indicate the conversion of Cu2O to CuO. Further annealing at
400 °C leads to emergence of other weaker CuO features such as
the (110) plane at 32.6°, which further confirms nearly complete
conversion of Cu2O to CuO upon the 400 °C anneal.

Figs. 1d and e shows the depth-profiling XPS spectra of the Cu
2p3/2 and Cu LMM regions, respectively, for the as-prepared 900-s
Cu2O film. Evidently, the Cu 2p3/2 feature near 932.6 eV corre-
sponds to the Cuþ oxidation state; consistent with Cu2O [33]. The
missing Cu2þ feature near 933.7 eV supports the absence of CuO
(Fig. 1d). Since the Cu 2p binding energies for both Cu2O and
metallic Cu are essentially the same, we examine the Cu LMM
Auger region (Fig. 1e). The Cu LMM peak observed near 569.5 eV
confirms the presence of Cuþ oxidation state rather than that for
Cu0 (expected at 568.0 eV). Except for the gradual reduction in
intensity, sputtering does not change the peak positions of the Cu
2p3/2 and Cu LMM features, confirming the purity of Cu2O
nanostructures without any core-shell architecture with the shell
containing, e.g., CuO or metallic Cu. These results are consistent
with our XRD data for the as-deposited Cu2O thin film (Fig. 1c).
Fig. 2. (a) Contact-mode AFM topographical image of a thicker Cu2O film as electrodepo
diode behavior for three different locations on the sample. Hall effect measurements of
400 °C and (d) reflectance (R%) spectra corresponding for the 900-s electrodeposited Cu
One of the main challenges in the Cu2O/ZnO solar cell system is the
low charge carrier concentration with lower mobility in the Cu2O
absorber layer. Here, we improve the electrodeposited Cu2O thin film
by simple annealing in order to enhance its conductivity with a larger
charge carrier concentration. Since annealing is performed on the
whole device (discussed below), the annealing process could also
affect the underlying ZnO nanostructured and seed layer films. The
effect of annealing at different temperature on the as-deposited ZnO
films has been investigated in earlier studies [34,35], with most of
which focusing on higher annealing temperature above 400 °C and
only a few on annealing temperature below 500 °C [36,37]. In the
latter work, the influence of lower-range annealing temperature on
ZnO and Aluminum-doped ZnO (AZO) films grown onto a glass sub-
strate using sol-gel method was investigated. The effect of increasing
the annealing temperature from 100 to 400 °C has proven to improve
the crystallinity and the optical transmittance of the ZnO and AZO
films, while minimizing oxygen vacancy defects at the grain bound-
aries. Fig. 2a shows the topographical image of the electrodeposited
900-s Cu2O film post-annealed at 200 °C for 30 min. The contact-
mode AFM image is consistent with the half pyramidal morphology
found for the thicker film in the HIM image (Fig. 1b, inset). Their
corresponding current–voltage curve shown in Fig. 2b exhibits a
typical diode behavior with the film conductivity up to a few nA at
different potentials. Three selected measurement locations on the
sample were investigated, and the corresponding current–voltage
curves all show the repeated cycling of the diode behavior but with
various intensities likely due to different surface roughness arising
from slight thickness variation of the nanostructured Cu2O film. The
Hall effect measurement was performed using a transfer method of
electrodeposited Cu2O film on insulating epoxy resin as described by
Miyake et al. [27]. Fig. 2c depicts the charge carrier concentration of
the as-prepared film as a function of the post-anneal temperature.
Evidently, the film post-annealed at 200 °C exhibits the highest charge
sited for 900 s, and (b) the corresponding current–voltage profile exhibiting typical
(c) carrier concentration of the annealed Cu2O at different temperatures from 50 to
2O film before and after annealing to 200, 300 and 400 °C.
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carrier concentration (8�1013 cm�3). This demonstrates that post-
annealing at 200 °C could significantly improve the charge carrier
concentration and therefore the photovoltaic performance [38].

The reflectance spectra for the as-grown and the 200 °C post-
annealed films, shown in Fig. 2d, appear similar to each other,
except for the notable reduction in magnitude for the reflectance
of the latter (12.5% at 560 nm) when compared to the former
(17.5% at 540 nm). The generally higher reflectance magnitudes in
the 500–800 nm range found for these two films indicate their
superior anti-reflectance property, which is important to solar cell
application. A discernible red shift in the reflectance spectrum is
observed for the films post-annealed at 300 °C and 400 °C with
cut-off above 700 nm, which is likely due to the presence of CuO
structures.

3.2. Nano-heterojunction solar cell structure and their photovoltaic
properties

Many studies have shown the major challenges encountered in
fabricating Cu2O/ZnO planar junction solar cell systems, especially
due to their short charge carrier collection length that is limited by
the low hole mobility in Cu2O [21]. Many nanosystems have been
proposed to obtain a higher junction area and more direct path-
ways of charge diffusion within the absorber layer by using one-
dimensional ZnO nanostructures to further improve their charge
collection [15]. The importance of optimizing both the ZnO seed
layer thickness and the nanostructure length is investigated in an
earlier study in order to minimize the leakage current and the
interface area that limits their VOC values [19]. However, these are
not the only factors responsible for device performance. The
thickness of the absorber layer could also play an important role,
as suggested in a recent study that showed the open-circuit vol-
tage, short-circuit current density, and consequently their overall
PCE performance as functions of the Cu2O thickness for both pla-
nar junction and radial junction solar cells [22]. Ishizuka et al.
showed that the theoretical value of the built-in potential across
an ideal Cu2O/ZnO system could reach up to 1 eV [39].

Here, we succeed in optimizing the performance by employing a
Cu2O layer with the appropriate thickness in the device structure.
The ratio of built-in potentials at the junction interface of the n-type
(Vn) and p-type materials (Vp) can be estimated by applying the
Poisson's equation: Vn/Vp¼NpƐp/(NnƐn), where Nn (Np) and Ɛn (Ɛp)
are, respectively, the carrier concentration and the absolute per-
mittivity of the electrodeposited n-type ZnO (p-type Cu2O) film
Fig. 3. Cross-sectional HIM images of (a) Cu2O/ZnO-NT and (b) Cu2O/ZnO-NR solar cells, w
of the 2.5–3 μm thick Cu2O film. (c) Schematic diagrams of the Cu2O/ZnO-NT and Cu2O
image of the junction area of the Cu2O/ZnO-NT cell and the Auger electron spectra ove
locations: (1) Cu2O surface, (2) Cu2O/ZnO junction, (3) Cu2O/ZnO junction near to the ZnO
this figure legend, the reader is referred to the web version of this article.)
[22]. Since the highest charge carrier concentration from our Hall
effect measurements is obtained for the Cu2O film after annealing at
200 °C is 8�1013 cm�3, the thickness of the depletion region in the
absorber layer (xp) required to ensure a built-in potential as high as
0.7 V is approximately 2.7 mm, according to the equation:
Vp¼½qNpxp

2/(2Ɛp), where q is the electron charge. We have there-
fore electrodeposited a 2.5–3 mm thick Cu2O film to completely
encase the ZnO nanotubes or nanorods (with typical length of 1–
1.5 mm and diameter of 200–500 nm) grown on top of a 500-nm
thick ZnO seed layer. Fig. 3a and b shows the cross-sectional HIM
images of both Cu2O/ZnO-NT and Cu2O/ZnO-NR solar cells, with the
insets depicting the surface morphologies of these one-dimensional
ZnO nanostructures before the Cu2O film electrodeposition.

Fig. 3c shows the higher junction area expected for the Cu2O/
ZnO-NT cell structure compared to the Cu2O/ZnO-NR cell, due to
the inside surface of the nanotube. Fig. 3e shows the cross-
sectional SEM image across the entire Cu2O/ZnO-NT/ITO device
structure. The corresponding Auger electron spectrum of the
entire image (Fig. 3d) indicates the presence of both Cu LMM peak
at 922 eV and Zn LMM peak at 997 eV. We also collect the Auger
electron spectra at four different locations across the cell structure,
as marked on their corresponding SEM image shown in Fig. 3e.
These spectra confirm the highest Cu content at the top layer of
the cell (Point 1), and the reduced Cu content with the emergence
of Zn at the junction area near the p-type absorber layer (Point 2).
At the junction area around the nanostructures and near the ZnO
seed layer (Point 3), a stronger Zn LMM peak and a weaker Cu
LMM peak are observed. Finally, the absence of any Cu and Zn
features is observed at the ITO/glass substrate (Point 4).

Fig. 4a shows the schematic diagrams of our optimized Cu2O/
ZnO-NT and Cu2O/ZnO-NR heterojunction device structures. This
optimal device structure consists of a 2.5–3 mm thick Cu2O film
encasing ZnO NTs or NRs, with typical lengths of 1–1.5 mm and
diameters of 200–500 nm, on a 500-nm thick ZnO seed layer
grown on an ITO/glass substrate. A gold contact is also sputter-
coated on the Cu2O film for evaluating the device performance.
The corresponding energy band diagram of the whole device is
also shown in Fig. 4a.

Fig. 4b shows the photovoltaic current density vs voltage (or J–
V) curves for the Cu2O/ZnO-NT and Cu2O/ZnO-NR cells. When
compared to VOC of 0.59 V reported for other cells made up of
Cu2O on sparse ZnO NRs [23], the present value (0.71 V) represents
the highest VOC reported to date for this type of Cu2O/ZnO-NR cells
obtained by non-vacuum-based methods. This may be due to the
ith insets depicting the electrodeposited ZnO nanostructures before the deposition
/ZnO-NR cell structures. (d) Auger electron spectrum and (e) cross-sectional SEM
r selected energy region [box in (d)] of the junction area at four different sample
NT, and (4) the ITO/glass substrate. (For interpretation of the references to color in



Fig. 4. (a) Schematic diagrams of Cu2O/ZnO-NT and Cu2O/ZnO-NR solar cell
structures, with their optimized layer thicknesses in parentheses, along with their
corresponding energy band diagram. (b) Current density vs voltage curves and
(c) external quantum efficiency (EQE) spectra of the Cu2O/ZnO-NT and Cu2O/ZnO-
NR solar cells.
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new configuration of the ZnO nanostructures grown on top of the
ZnO seed layer, which ensures the full built-in potential at the
absorber layer with thickness of 2.5–3 mm. In addition, the Cu2O/
ZnO-NT cell exhibits a much higher JSC (2.40 mA/cm2) than the
Cu2O/ZnO-NR cell (1.12 mA/cm2), which is in good accord with the
larger junction area and better charge carrier collection property
observed for junction devices based on tubular nanostructures.
However, the VOC of the Cu2O/ZnO-NT cell (0.66 V) is lower than
that of the Cu2O/ZnO-NR cell (0.71 V), which may also be caused
by some additional recombination loss within the larger junction
interface.

External quantum efficiency (EQE) measurements have also
been performed for the Cu2O/ZnO-NT and Cu2O/ZnO-NR cells. As
shown in Fig. 4c, the EQE of the two devices are similar in mag-
nitude at wavelength below 350 nm, but significantly different at
longer wavelengths. The high EQE profile for the Cu2O/ZnO-NR cell
below 460 nm could be correlated with its high open circuit
values, which could be due to the higher charge collection effi-
ciency of the photogenerated charges near the interface of the
radial junction [40]. As shown in an earlier study for improving the
Cu2O/ZnO radial heterojunction solar cell, the optical depth of the
Cu2O absorber layer is less than 150 nm for wavelength below
460 nm, indicating that all photons are absorbed near to the
interface and can be easily collected by radial junction when
compared to planar junction. However, at longer wavelengths the
optical depth increases up to many microns where the photo-
generated charge carriers are too far from the interface [41]. The
lower EQE profile is also consistent with the lower VOC value
(0.66 V) in wavelengths below 460 nm for the Cu2O/ZnO-NT cell
compared with Cu2O/ZnO-NR cell. This could be related to a pos-
sible additional recombination loss at the higher junction area. For
longer wavelengths above 460 nm, photons would be capable of
deeper penetrating in the absorber layer. Consequently, the EQE
values are more affected by the bulk Cu2O properties and would
therefore be independent of the open-circuit voltage with a dis-
cernible broadening, as found for the EQE profile for the Cu2O/
ZnO-NT cell when compared to the Cu2O/ZnO-NR cell [42]. The
observed broadening would in fact result in a better matching
with the AM 1.5 solar spectrum in the longer wavelength region,
which would consequently lead to a higher JSC and an improved
overall PCE. The enhanced photocurrent produced by the Cu2O/
ZnO-NT cell is consistent with our measured current density–
voltage characteristic parameters shown in Fig. 4b. However, the
short-circuit current density (less than 3 mA/cm2) is still limited
and considerably lower than the theoretical value (15 mA/cm2)
expected from Cu2O/ZnO heterojunction. This is likely due to the
poor charge carrier collection efficiency and the possible surface
defects that generate interfacial electronic traps created on ZnO
nanostructured films after the subsequent electrodeposition of
Cu2O films in highly alkaline electrolyte, all of which would limit
the device performance.

The large room for improvement calls for additional effort to
better optimize the vertical alignment and spacing among the
nanostructures, which may lead to better charge carrier collection
and higher short-circuit current density [22]. Further work is
therefore needed in optimizing the spatial, geometrical and
orientational arrangements of the nanostructures on the support
by using nanotemplating and nanolithography techniques, in
order to facilitate better charge collection and to enhance their
overall performance.
4. Conclusions

Nanoscale material manipulation is an attractive approach to
improve solar energy harvesting and to achieve more efficient
photon-to-electron conversion for inorganic heterojunction photo-
voltaic devices. A heterojunction solar cell composed of a n-type
ZnO nanostructured thin film (of nanotubes or nanorods) and
incorporated with a p-type Cu2O thin film of appropriate thickness
is obtained by using a facile electrodeposition method. The open-
circuit voltage is enhanced by post-annealing the p-type Cu2O
nanostructured film at 200 °C to obtain better crystallinity and
higher conductivity, and by optimizing the film thickness to assure
the full built-in potential across the junction interface. Furthermore,
tubular ZnO nanostructures are grown on the top of a sufficiently
thick ZnO seed layer, which is used to prevent any leakage pathway
and to improve their interface quality. This seed-layer strategy
produces an increase in their open-circuit voltages. Synthesis of the
tubular nanostructure by electrodeposition also helps to minimize
the recombination loss expected from undesirable defects in tub-
ular structures prepared by other means, such as etching of
nanorods. Enhanced short-circuit current density is also observed
for these tubular nanostructures due to their superior junction
surface area and better charge carrier collection efficiency, and this
consequently leads to better overall performance.
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