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An experimental p-n junction device was fabricated by synthesizing ZnO/CuO nanostructures via a hy-
drothermal process. The structural and optical properties of the ZnO/CuO nanocomposite were studied by
X-ray diffraction (XRD), scanning electron microscope (SEM) and photovoltaic measurements. The XRD
results showed the formation of the ZnO/CuO nanostructures (hexagonal wurtzite/monoclinic tenorite).
The SEM images showed that the ZnO layer consists of vertically oriented nanorods and a CuO layer of
nanosheets ranging in size from 1 to 1.5 um.The photovoltaic measurements indicated a certain level of
photo-EMF. Vacuum tests revealed peculiar sensitivity to the atmospheric moisture of the ZnO/CuO sam-

ples.
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1. INTRODUCTION

Zinc oxide (Zn0), an n-type metal oxide semiconduc-
tor with a wide band gap of 3.37 eV, has been widely
investigated for many optoelectronic, gas sensor, solar
cell and photocatalyst applications [1]. Copper oxide
(CuO) is a p-type metal oxide semiconductor with a
narrow band gap (1.2 eV). When the n-type semicon-
ductor metal oxide is mixed with the p-type semicon-
ductor metal oxide, it might be useful for new applica-
tions in material science [3, 4]. Among the semiconduc-
tor metal oxide nanocomposite materials, ZnO/CuO has
attracted much attention and can be used for various
applications such as optoelectronic devices, gas sensors
and photocatalysts, etc. [5-7]. Composite nanomaterials
can usually enhance certain functions in comparison
with their individual components.

Basic function of gas sensors is converting sample
gas concentration into electrical signal. Organic and
inorganic matrials can be used as the gas-sensing ma-
terials [8]. Zinc oxide (metal oxide semiconductor of n-
type conductivity) is used as a material for gas sensors
[9] for several decades. Nanoscale semiconductor basd
gas sensors has been widely studied in recent years.
Size reduction to nanosclae of zinc oxide based gas sen-
sors offers opportunities to significantly improve their
sensing properties compared with macroscale counter-
parts. In order to improve commercially available gas
sensors numerous attempts is undertaken to alter the
sensing properties of metal oxide semiconductors [10],
to increase their selectivity and sensitivity, faster re-
sponse time and reduced operating temperature. Sens-
ing properties of metal-oxide semiconductors can be
improved by the use of nanostructures, such as nano-
particles, nanowires, nanorods et al. [11]. Quasi-one-
dimensional metal-oxide nanostructures, such as nan-
owires and nanorods are more sensitive than volumet-
ric materials for several reasons. Firstly, they have a
higher ratio of volume and surface. This means that a
significant part of such systems are surface atoms that
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can participate in the surface reaction. Secondly, the
radius of nanowires is comparable to the shielding De-
bye length Ap in a wide thermal range that causes a
strong dependence of the electronic properties of the
surface processes. Finally, the composition of the oxide
semiconductor nanowires typically is closer to the stoi-
chiometric, as they have higher degree of crystallinity
compared to materials with granular structure [12].
Vertically oriented nanowires, unlike laterally oriented
or cross-linked structures based on nanowires have
additional useful properties. Since individual nan-
owires or bundles can be easily organized in vertical
arrays, they are promising to scale devices, and creat-
ing integrated monolayer structures with maximum
density [13-15]. Purpose of this work is to investigate
sensor properties of hydrothermally grown ZnO/CuO
nanocrystals forming the heterocontact interface on the
nanoscale. Sensing properties of such structures are
expected to be improved.

2. EXPERIMENT

On a glass substrate 250 nm thick ITO electrodes
were deposited by means of magnetron sputtering with
following annealing at 450 °C for 60 minutes (Fig. 1).
Transparent ITO electrodes allowed the use of the pho-
tocell and gas sensor at the same time. For the direc-
tional growth of ZnO nanostructures, a Zn precursor
layer was deposited on one of the electrodes by electrol-
ysis in aqueous solution of Zn (NOs)z2 at a molar concen-
tration of 5.3 E—3 mol/L. The metallic zinc layer ob-
tained was annealed at 350 °C for 30 minutes in at-
mosphere. Growth of ZnO nanostructures was carried
out with the hydrothermal method in an aqueous solu-
tion of Zn (NO3) 2 + C6H12N4 (HMT) at 75 °C for six
hours. The same procedure was applied to the CuO on
the second ITO electrode. Growth of CuO nanostruc-
tures was carried out in aqueous Cu (NO3) 2 +
C6H12N4 (HMT) + NH3(25 %) at 75 °C for six hours.
CuO growth solution is very active and it fills gaps be-
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tween ITO electrodes, ensuring electrical contact
(Fig.1.d)). Unnecessary ITO areas were protected by a
special mask. The devices were characterized by X-ray
diffraction (Rigaku Smartlab) 6-260 scan with CuKa
(A=1.5405 A). Data analysis was done with Rigaku
PDXL2 software.

Fig. 1 — Schematic diagram of experimental sample structure
and fabrication stages

The morphology of as-prepared samples was charac-
terized by scanning electron microscopy (TESCAN VE-
GA LMU II). Solar measurements were done with an
Oriel 2A solar light simulator coupled with a Picotest
M3500A digital multimeter. Gas-sensing properties
were measured with a Mantis deposition vacuum
chamber coupled with the Picotest M3500A digital mul-
timeter.

3. RESULTS AND DISCUSSION

SEM analysis of ZnO/CuO samples indicated a quite
homogeneous surface of the ZnO layer consisting of
more or less vertically oriented hexagonal ZnO nano-
crystals (Fig. 2 a). The average ZnO nanocrystal is 1
um long and 150 nm wide and can be altered by chang-
ing growth conditions. Vertical orientation on nano-
crystals is achieved by electrolytic deposition of a ZnO
precursor. The main chemical reactions occurring dur-
ing the growth process can be described according to:

CeH12N4 + 6H20 <> 4NH3 + 6HCHO (1)
NHs; + H20 <> NH4* + OH- 2)
Zn?* + 20H- <> Zn(OH) 3)

Zn(OH)2 is a metastable compound that is dehydro-
lysed under the given conditions to produce ZnO ac-
cording to:

Zn(OH); <> ZnO + Hy0 @)

All these reactions (1-4) are in equilibrium and can
be controlled by adjusting parameters such as the
source material concentration, the reaction tempera-
ture and the growth duration. The density of the grown
nanorods is generally determined by the concentration
of the reactants, and the reaction temperature and du-
ration can be used to control the aspect ratio
(length/diameter) [14]. Similar chemical reactions take
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place in CuO growth solution.

The CuO layer obtained is very homogeneous and
its morphology is not affected by the structure of the
bottom layer. CuO nanocrystals grow identically on

Fig. 2 — Hydrothermally grown ZnO nanostructures on ITO
electrodes

Fig. 3 — Hydrothermally synthesized cuo nanostructures on
the top of ZnO layer

pure glass and on ZnO nanocrystals the only difference
is in the mechanical properties of the film. Despite the
same precursor deposition for the CuO layer, resulting
CuO structures are 1um long and 20 nm wide and
chaotically oriented in the horizontal plane (Fig. 3).

XRD pattern analysis of ZnO/CuO samples revealed
phase purity and good crystallinity of ZnO. The phase
separation between ZnO and CuO is visible, confirming
the existence of both ZnO and CuO. All peaks in XRD
are in good agreement with the standard data (Fig. 4).
More detailed analysis indicated the presence of a
Cu20 phase in an amount less than 1.8 % of the total
cuo mass. In the xrd region from 20° to 40° can be ob-
served a slightly amorphous background, probably re-
lated to the glass substrate of the sample.

During vacuum tests, the electrical response of the
sample was measured with a computer-based system.
The relative sensitivity was calculated according to:

S = (RL — Rair)/ Rair 5)
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Fig. 4 — An xrd pattern of a hydrothermally grown ZnO/CuO
sample

where S represents sensitivity, Rr resistance at low
pressure, Rqr resistance at normal pressure. Sample
temperature was maintained at 25 °C. The test results
presented in Fig.5 revealed interesting behaviour in
terms of the resistance of samples. Sample sensitivity was
S=62% in pressure ranging from 620 to 2.5 torr. The
metal oxide gas sensor exhibited different sensitivity to
various atmospheric gases and such resistance curves
(Fig. 5) probably represented a superposition of sensitivity
influenced by atmospheric moisture and complicated
charge exchange in the p-n junction between the ZnO and
CuO layers. The experimental sample is very sensitive to
pressure changes although the reaction time is extremely
high (Fig. 5, 6), presumably because of the huge surface
area that slows down liberation of atmospheric gases from
the surface of the test sample. Conductivity for resistive-
type gas sensors is determined not by concentration of
donor defects in the oxide structure, but by various forms
of oxigen adsorption on the surface of crystal grains. The
maximum of this effect is observed in nanocrystalline sys-
tems where surface role in electrical properties of materi-
als is most significant [18].
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Fig. 5 — Changes in resistance of ZnO/CuO sample during
decreasing atmospheric pressure (pumping)

Hysteresis loop in humidity sensors can be ex-
plained by the Kelvin effect, that delays or prevents the
desorption of water that condenses in the ZnO pores
during adsorption, forming a meniscous. One way to
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Fig. 6 — Changes in resistance of ZnO/CuO sample rising
pressure (venting)

solve this problem is to increase working temperature,
that will accelerate the desorption of water and hy-
droxyl groups. Analysis led to the conclusion that re-
sistance of ZnO/CuO films depends not only on the rel-
ative humidity, but the way it changes, that can lead to
difficulties in usage of such structures as a gas sensors
at room temperature [18].
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Fig. 7 — Photo-emf response to artificial solar radiation level
of the ZnO/CuO sample
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During exposure to artificial solar radiation, sam-
ples generated a photo-emf level of Upn=16.5E -3 V.
An immediate reaction to the start of exposure was
observed (Fig. 7 Photo-EMF), point 1) and same reac-
tion to the end of exposition (Fig. 7. point 2). EMF level
is quite noisy, probably because of the thermal drift of
charge carriers in the ZnO/CuO contact zone. However,
VI curve measurements indicated almost complete deg-
radation of potential barriers in the ZnO/CuO contact
region (Fig. 8 light VI). The observed effect might be a
result of a decrease in the height of the potential barri-
er caused by the generation of electrically active point
defects, with both donor and acceptor levels created. If
the generated defects are the charge carrier recombina-
tion centres, this will lead to a decrease in the photo-
emf level.
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4. CONCLUSION

Hydrothermally grown ZnO/CuO samples exhibit
high sensitivity to atmospheric gases due to high sur-
face area, however reaction time is rather high. The
presence of p-n junction in the ZnO/CuO contact region
makes possible to use such samples as a light sensors
and and presumably, adjust the sensitivity of samples
to atmospheric gases by applying bias potential. How-
ever application in photovoltaics is limited because of
residual tension and defects in the crystalline lattices
of the materials, which causes the appearance of para-
sitic charge and recombination centres. Described
method and materials has potential for use in produc-
tion because of its cheapness and simplicity.
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