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Abstract

Nanostructured three-dimensional heterojunctional photovoltaic devices were synthesized through combination of hydrothermal synthesis of
zinc oxide nanowires (ZnO NWs) and sol—gel derived cupric oxide. The ZnO NWs were prepared by the hydrothermal method at 90 °C, whereas
the CuO thin films were synthesized by the sol-gel method. The derived CuO thin films were thoroughly characterized through scanning electron
microscopy, X-ray diffraction, energy dispersive spectroscopy, UV-vis spectroscopy and electrical measurement. It was found that power
conversion efficiency ~0.3% can be obtained through the proposed combination.

© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.

Keywords: Copper oxide; Zinc oxide nanowire; Heterojunction; Solution processed

1. Introduction

Recently, Zinc oxide (ZnO) nanowires have attracted great
attention due to potential enhancements in various technological
applications [1-3]. Noteworthy features include direct band gap
(337eV at room temperature), large exciton binding energy
(60 meV), high transparency and inherent n-type conduction
behavior [4]. Therefore, ZnO materials have been widely proposed
as active materials in applications such as UV LEDs [5] and
transparent conductive electrodes [6,7]. Although n-type ZnO can
be easily obtained, it is quite difficult to achieve stable p-type ZnO
due to the well-known dopant compensation effect [8]. Conse-
quently, n-type ZnO is often paired with stable p-type material
such as Cuy,O [9], p-SrCu,O, [10] and CuO [l1]to form pn
junction for optoelectronic devices. Cupric oxide (CuO) is a p-type
semiconductor with a band gap of 1.2 eV that is non-toxic and
available in large abundance [12]. The properties of these
semiconductor nanomaterials can be further adjusted by its size,
shape and crystallinity. Previous studies have demonstrated
successful synthesis of variety of ZnO based nanomaterials ranging
from ZnO nanoparticles [13], nanosheets [14], nanorods [15],
nanowhisker [16] and nanoribbons [17]. The obtained ZnO
nanomaterials can be combined with CuO to form low-cost solar
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cells. Such combination provides an alternative route to fabricate
all-oxide based heterojunctional devices that has desired conduc-
tion band alignment. Theoretically, the maximum power conver-
sion efficiency predicted by Schockley—Queisser, considering only
radiative recombination, for CuO based photovoltaic device is
around 30%, which is significantly higher than the predicted value
for its close derivative (Cu,0) 20% [18]. Nevertheless, most of the
previous studies have focused on the combination of Cu,O/ZnO
[9,19,20], whereas CuO/ZnO based heterojunctions have been
relatively overlooked. Hsueh et al. [21] deposited Cu,O coated
ZnO nanowires through combination of chemical vapor process
and sputtering, whereas, Kuo et al. produced ZnO:Al/CuO,
hetreojunction via chemical vapor process and electron beam
evaporation [22]. Recently, Cui et al. fabricated ZnO/CuO, solar
cells with power conversion efficiency of around 0.88% with a
combined electrochemical deposition process [23]. From a proces-
sing point of view, it would be attractive to develop a one-system
fabrication process and simple equipment setup process i.e. without
change of deposition method between the materials. Solution-based
deposition methods are attractive due to the possibility of shape
and size control without the requirement of complicated equipment.
Sol-gel deposition process has been well established to synthesis
of other metal oxide materials such as TiO, [24] and ZnO [25] and
is attractive due to its simplicity, great chemical composition
control, inkjet process capability and high material utilization.
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Fig. 1. Sol-gel synthesis of CuO thin films post sintered at (a) 400 °C (b) 450 °C (c) 500 °C and (d) 550 °C. (d) Shows the as deposited ZnNW and (e) shows the
CuO coated ZnNW.

In this study, we report a simple solution based approach to using sol-gel deposition through scanning electron micro-
synthesize ZnO/CuO nanostructured heterojunction. The first ~ scopy, X-ray diffraction and energy dispersive spectroscopy.
part of the paper discusses the optimization of CuO thin films Then the optimized CuO thin film was applied onto prepared
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ZnO nanowire and evaluated using UV-vis spectroscopy and
electrical measurements.

2. Experimental
2.1. Hydrothermal growth of ZnO nanowire

All chemicals were of reagent grade, purchased from sigma
Aldrich and used without further purification. ZnO nanowire
arrays were grown via two step method; seed preparation and
hydrothermal nanowire growth. Specifically, ZnO seed layer
was prepared by sol-gel precursor that consisted of 10 mM
ethanoic solution of zinc acetate. Uniform seed layer was
formed by spin coating the prepared sol at 3000 rpm and post
annealing at 100 °C. Vertically aligned ZnO were then grown
by immersing the seed-coated substrate into a aqueous solution of
equimolar (0.0025 M) zinc nitrate hexahydrate (Zn(NOs), - 6H,0)
and hexamethylenetetramine for 2 h.

2.2. Sol-gel CuO

Cupric chloride (CuCl,) was used for preparation of CuO films
with isopropanol (IPA) as the solvent. First, 0.7 M of CuCl, was
dissolved in IPA by magnetically stirring at 60 °C for 2 h to yield
a homogeneous solution. Corning glass substrates were cleaned
in acetone, IPA and D.I. water for 10 min at each step and blown
dried by N, gun. The solution was drop casted onto the pre-
cleaned glass substrate and rotated at 3000 rpm for 30 s. After the
deposition by spin coating, the film was pre-heated at 250 °C for
30min on a hotplate to ensure complete evaporation of the
solvent. Subsequently, the deposited films were post-annealed in
air at 400-550 °C for 1 h.

2.3. Characterization

The film composition and surface structure of the samples
were examined by using a FEI Quanta 400 F Environmental
Scanning Electron Microscope (ESEM), equipped with an
Energy Dispersive Spectroscopy (EDS). The structure and
crystal orientation of the deposited films were measured by a
Siemens D5000 X-Ray diffractometer, which uses the Cu Ko
radiation. Electrical current—voltage measurements were taken
by source meter (Keithley 2400). In order to ensure Ohmic
contacts to the fabricated device, the front electrodes were
formed by Au evaporation through metal masks defined with
60 pm diameter. Solar cell characteristics were measured using
a commercially available solar simulator (Science tech) with
100 mWem ™2 (AM 1.5 conditions).

3. Results and discussions

Fig. 1(a—d) shows the SEM images of the CuO thin film
prepared on glass substrate by the sol-gel technique as a
function of sintering temperature. Clearly, it can be seen that
the formation of CuO is highly dependent on the calcination
temperature. CuO thin films synthesized at 400 °C exhibit
several large clusters of particles with average diameter of
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around 5 pm embedded within a film of nanoparticles. As the
sintering temperature is raised to 450 °C (Fig. 1(b)), more
nanoparticles nucleated and uniformally coated the glass
substrate. Such trend continued as the sintering temperature
increased to > 500 °C with increased nucleation and appear-
ance of larger crystallites. It would appear that the thermal
annealing step between 400 and 450 °C provides CuO crystal-
lization, whereas annealing temperature > 550 °C provides
sufficient energy for grain growth. Fig. 1(e) displays the
hydrothermally grown ZnO nanowires before CuO coating.
It can be observed from Fig. 1(e) that the ZnO nanowires are
densely packed with strong vertical orientation to the substrate.
Typically, geometry of synthesized ZnO nanowires consisted
of 50 nm diameter and 5 pm in length with aspect ratio
of ~10. Subsequently, CuO was deposited onto the ZnO
nanowires using the sol-gel precursor at 550 °C. Fig. 1(f) top
view of CuO coated ZnO NW. It can be observed that the
sample still retained the appearance of nanowire arrays, but
decorated with CuO on the ZnO NWs.

Structural properties of the sol-gel derived cupric oxide thin
films were investigated by XRD. Fig. 2 displays the XRD
spectra of the thin films sintered in air. All the synthesized films
exhibit 2 dominant peak at 35.5 and 38.7° that can be assigned
to (002) and (111) orientation of CuO monoclinic crystal phase.
Clearly, higher annealing temperature results in enhanced
diffraction peak intensity. The increase in XRD intensity can
be attributed to progressive crystallization of CuO. As the
sintering temperature increases to 550 °C, additional diffraction
peaks appear. All the additional peaks could be indexed to
monoclinic CuO (JCPDS 48-1548) at (202), (020), (202), (113),
(022), (311) and (220). It is reassuring that diffraction peaks
ascribed to CuO, and Cu,O; are absent from the XRD pattern,
indicating the purity of as-deposited sample. The XRD data
correlated well with the previous study on sol-gel synthesis of
CuO (deposited at process temperature between 360 and
550 °C) that revealed only CuO phases form above 360 °C,
below this temperature the films consisted of Cu,O [26]. It is
interesting to note that films annealed at 550 °C resulted in
significant enhancement in XRD peaks and crystal nucleation.
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Fig. 2. XRD pattern for CuO thin films sintered at 400-550 °C.
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Fig. 3. Representative EDS analysis of sol-gel synthesized CuO samples.

Such trend is expected to continue as sintering temperature
increases. However, sintering temperature beyond 600 °C would
be close to the softening points of inexpensive substrates and
prevent its usage.

In order to quantify the elemental composition of the
deposited films, EDS analysis was performed on the sol-gel
derived CuO samples. Fig. 3 shows the representative EDS
compositional analysis of the CuO samples. The atomic ratio
of copper and oxygen from the EDS spectrum is 41.21:58.79.
Peaks centered at around 1.6 and 2.3 eV are from the silicon
substrate and evaporated gold, respectively. These peaks were
not indexed to enable evaluation of the Cu/O ratio. The as-
derived CuO samples are slightly oxygen-rich probably due to
interstitial oxygen.

The sol-gel synthesis of CuO was achieved through dissol-
ving CuCl, in IPA to form copper hydroxide. Subsequently,
CuO was formed through the annealing process according to
the following reaction:

Cu’* + 2(OH)~ — Cu(OH),
Cu(OH), —» CuO + H,0O

Fig. 4 shows the optical transmittance of the glass/ITO/ZnO
nanowire and glass/ITO/ZnO/CuO heterojunction, respec-
tively. Prior to p-type CuO deposition the glass/ITO/ZnO
nanowire sample exhibits around 50% transparency at wave-
length ~500 nm. Usually, ZnO thin films are highly transpar-
ent and have been extensively investigated as alternative to
indium tin oxide as transparent conductive oxides. However,
as the dimension of ZnO is reduced from micron towards
nanometer scale, transparency reduces due to enhanced light
scattering from the nanomaterial. Fig. 4 also shows the effect
of sol-gel deposition of CuO on top of ZnO nanowire on
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Fig. 4. Optical transmittance of glass/ITO/ZnO NW and glass/ITO/ZnO NW/
CuO as determined by UV-vis.
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Fig. 5. Dark [V characteristics of the deposited ITO/ZnNW/CuO device and
inset JV characteristics of the deposited ITO/ZnNW/CuO device.

transparency. When compared with the glass/ITO/ZnO nanowire
sample, glass/ITO/ZnO/CuO heterojunction shows around 90%
drop in transparency (5% at 500 nm). Since CuO posses a
narrower band gap than ZnO, the majority of the photons is
expected to be absorbed through CuO. This effect is further
enhanced by the underneath ZnO nanowire template, which
offers multiple chances of photon absorption through nanostruc-
ture enhanced surface area.

Fig. 5 shows the /-V characteristics measured from coaxial
CuO/ZnO nanowires. From Hall measurements, it was deter-
mined that the carrier concentration of the CuO layer
is~3.234 x 10"® cm™, whereas the ZnO nanowire is n-type
with carrier concentration of around 5.899 x 10'” cm™. Con-
sequently, the p—n junction is formed between the ZnO NW
and CuO.1It is reassuring that the fabricated CuO/ZnO hetero-
junction exhibit rectifying behavior, which confirms p-n
junction formation. Under forward bias condition, the CuO/
ZnO heterojunction exhibits exponential increase in current at
forward bias around 0.13 Vand low reverse leakage current
~1.611 x 107" A. Previous reports on oxide-based junctions



LY.Y. Bu / Ceramics International 39 (2013) 8073-8078 8077

p CuO n-ZnO NW
Ec E—
E:
""""""""""" Er
EV N
Ee
N EV

Fig. 6. Energy band diagram for the proposed heterojunction.

have cited that the electrical characteristics are sensitive
towards interface defects [27]. The fabricated CuO/ZnO
nanowire diode heterojunction, exhibits low reverse leakage
current due to low level of interface defect recombination
interface between ZnO NW and CuO. Previous studies on ZnO
coated CuO nanowire showed cut in voltage of around 4 V
[28]. The difference is due to the process temperature used and
the order of deposition material. Jung's study used process
temperature ~ 800 °C, which are beyond the softening point of
most glass and limit scalability. Photovoltaic behavior of
coaxial CuO/ZnO nanowires heterojunction device was mea-
sured under simulated solar illumination. It was found that the
short current density, open voltage, fill factor and power
conversion efficiency of the fabricated device were 8.23 mA/
cmz, 0.16, 23.14 and 0.3%, respectively. The low power
conversion originates from the lack of connectivity between
the ZnO NW and ITO layer. During the synthesis of ZnO
nanowires, seed layers were prepared onto ITO substrate by
spin-coating process. In order to ensure formation of nano-
wires rather than thin films, seed layers are not well connected,
which could introduce additional resistance into the device.
Although the power conversion efficiency is low, the proposed
deposition process in this present study can be further
optimized (materials optimization, ZnO nanowire diameter
and length) and is potentially useful for ultra-low cost
photovoltaic applications.

Fig. 6 illustrates a schematic energy band diagram of the
ZnO—CuO pn junction under thermal equilibrium condition.
The energy band gap of n-type ZnO and p-type CuO is around
3.32eV and 1.2eV, respectively. The band offsets of the
conduction band (delta Ec) and valence band (delta Ev) are
around 0.28 eV and 1.72 eV, respectively. Under illumination,
hole-electron pairs are generated with the electron excited into
the conduction band and holes in the valence band. As CuO
possesses comparatively narrower band gap than ZnO, most
of the light are expected to be absorbed by p-type CuO.

4. Conclusion

In this study, a novel solution-based process was used to
fabricate CuO coated ZnO nanowires. The advantages of

proposed method includes utilization of earth abundant, non-
toxic material and simple-setup that can be scaled-up for large
area deposition. It was found that rectified heterojunction can
be formed through sol-gel deposition of CuO onto ZnO NW.
Furthermore, it was found that short current density, open
voltage, fill factor and power conversion efficiency of the
fabricated device were 8.23 mA/cm?, 0.16, 23.14 and 0.3%.
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