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In this work, the dc reactive sputtering technique was used to fabricate multilayer structures from
nanostructured copper oxide (CuO) and zinc oxide (ZnO) thin films on indium-doped tin dioxide (ITO)
substrates. The structural and morphological characteristics of these samples were introduced by the X-ray
diffraction (XRD), field-emission scanning electron microscopy (FE-SEM), and atomic force microscopy
(AFM). As well, the spectral responsivity and external quantum efficiency (EQE) of the fabricated

heterojunction were determined to show their feasibility as multi-wavelength photodetectors. The optimum
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heterojunction configured from a 200nm-thick CuO layer deposited on a 200nm-thick ZnO layer deposited on
ITO substrate showed maximum responsivity of 0.83 and 0.59 A/W at 347 and 585 nm, respectively. Also, it
showed maximum EQE of 1.45 and 0.62 at 347 and 585 nm, respectively. This device exhibits high reliability,
reasonable efficiency, high reproducibility, and low production cost with good control on fabrication
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1. Introduction

Development of optoelectronic devices with high
performance, low production cost, high reliability and
good reproducibility has driven intensive research
works into semiconducting multilayer thin film
heterojunctions. Such devices are engineered by
sequentially deposition of two or more dissimilar metal
oxide layers to create a vital interfacial region where
their distinct electronic properties interact [1-3].
Physical vapor deposition (PVD) methods and
techniques, such magnetron sputtering, pulsed-laser
deposition, ion beam deposition, provide precise
control over film stoichiometry, layer thickness,
interfacial quality and nanostructural morphology
[4,5]. Such control is essential since the structural and
electronic characteristics of the interface formed within
the heterojunction structure directly determines the
ultimate performance of the device [6-8].

Amongst semiconducting metal oxides, ZnO and
CuO and their devices have emerged a particularly
promising platform to develop low-cost efficient
photonics and optoelectronics. The fabrication and
characterization of CuO/ZnO heterojunctions is
motivated by a confluence of inherent material
advantages. Copper oxide (CuO) is a p-type
semiconductor with a narrow energy band gap (1.2-1.7
eV), which provides efficient absorption in the visible
region of electromagnetic spectrum [9,10]. Zinc oxide
(ZnO) is an n-type semiconductor with wide energy
band gap (3.2-3.3 eV), which shows high electron
mobility, high transparency, and strong excitonic
binding energy [11,12]. The CuO/ZnO heterojunction
forms a type-II band alignment that facilitates the
effective spatial separation of the photo-generated
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electron-hole pairs across the junction. This charge
separation is a maid advantage as it drastically reduces
the recombination losses and enhances the quantum
efficiency of the optoelectronic processes [13-15].
Moreover, ZnO and CuO are composed of abundant,
non-toxic elements, and offer robust chemical and
thermal stabilities. Also, they are compatible with
large-area, low-temperature fabrication processes
[16,17]. These materials also show good ability to tailor
their nanostructures into nanorods, nanowires, or
granular films, which support their functionality by
increasing the interfacial surface area and introducing
light-trapping or quantum confinement effects [18-20].

The CuO/ZnO heterojunctions are ideal choice to
construct self-powered, broadband photodetectors that
respond to a wide spectrum extending from UV to near
infrared (NIR) with fast response, high gain, and low
noise level [21-23]. These features make them suitable
for optical communications and environmental sensing.
These heterojunctions represent the basement for the
third-generation photovoltaic devices, including dye-
sensitized and perovskite solar cells as they are
successfully used as efficient electron-transport layers
and  hole-blocking  contacts  [24,25].  These
heterojunctions are employed in photocatalytic systems
for environmental remediation and hydrogen
generation [26,27]. They were explored for light-
emitting diodes (LEDs) and thin film transistors (TFTs)
[28,29].

On the other hand, the optimum performance of
such heterojunctions is reasonably determined by the
precise manipulation of their structural and
optoelectronic  characteristics at the nanoscale.
Parameters, like the crystallinity, phase purity, defect
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density, and the abruptness of the heterojunction
interface, are critical in determining the fabrication
method. Therefore, a deposition method with high
ability to control preparation conditions, such as dc
reactive magnetron sputtering, is the solution.

The aim of this research is to fabricate multilayer
nanostructured thin film CuO/ZnO heterojunctions and
introduce their structural, morphological and
optoelectronic characteristics.

2. Experimental work

A homemade dc reactive magnetron sputtering
system was used to deposit ZnO and CuO thin films on
ITO substrates. The Zn target — then Cu target — was
cleaned, dried and maintained carefully on the cathode
to start the deposition process in presence of oxygen gas
as a reactive gas. The ITO substrates were initially
cleaned before the deposition experiments. The plasma
required for sputtering was generated by the electric
discharge of argon. Electrical power was provided by a
high-voltage DC power supply. The operating
conditions of the system include initial vacuum
pressure of 0.01 mbar, discharge voltage of 1-1.5 kV,
discharge current of 20-30 mA, Ar:0O; gas mixing ratio
of 50:50, gas mixture flow rate of 15 sccm, and inter-
electrode distance of 4 cm. deposition time was selected
to be 90 minutes according to optimization in previous
works on the same system [30-33]. Film thickness was
measured by laser interferometry method to be 200 nm
for individual layers and figure (1) shows schematically
the design of the CuO/ZnO structure fabricated in this
work.

Incident Light

Ag contact

200 nm CuO Layer

~ Active Region (CuO/ZnO Heterojunction)
200 nm ZnO Layer

ITO Substrate

Fig. (1) Schematic diagram of the CuO/ZnO heterostructure
fabricated in this work

The structural characteristics of the extracted
nanopowders were determined by x-ray diffraction
(XRD), field-emission scanning electron microscopy
(FE-SEM), and atomic force microscopy (AFM). The
optical characteristics were introduced using a UV-
visible spectrophotometer, while the -electrical
characteristics were determined using a DC power
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supply, digital ammeter, and irradiation source
(halogen lamp). Also, two laser diodes (380 nm and 530
nm) were used to examine the spectral responsivity of
the fabricated heterojunctions as laser photodetectors.

3. Results and Discussion

Figure (2) shows the XRD patterns of the CuO and
ZnO thin films prepared in this work. These pattern
reveal distinct polycrystalline phases for CuO and ZnO
films that confirms the successful deposition by dc
reactive magnetron sputtering technique. The CuO film
shows monoclinic phase with sharp, intense peaks at
32.51°,35.53°, 38.71°, 48.71°, 53.45°, 58.46°, 61.51°,
66.23°, 68.10°, 72.62°, and 75.23° according to the
JCPDS card 96-901-6327. The average crystallite size
is about 37 nm. The ZnO film exhibits characteristic
diffraction peaks at 31.91°, 34.51°, 36.38°, 47.71°,
56.65°, 63.09°, 68.00°, and 69.23°, with three
additional weak peaks at 66.53°, 72.64°, and 77.05°.
These collection of diffraction peaks correspond to the
hexagonal wurtzite structure of ZnO according to the
JCPDS cards 96-901-1663 and 96-153-8018. The
average crystallite size according to Scherrer’s formula
is about 46 nm. Both materials show good crystallinity,
which is essential for the charge transport in the
CuO/ZnO heterojunction to be efficient. As no
significant impurity peaks were seen, the phase-pure
film formation is revealed. The interfacial properties
and overall performance of the fabricated
heterojunction can be optimized by the structural
quality of the heterojunction [34,35].
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Fig. (2) XRD patterns of CuO and ZnO thin films prepared in
this work

Figure (3) shows the FE-SEM images of the CuO
and ZnO film samples prepared in this work. They
show uniform, well-defined nanostructures. Moreover,
the ZnO sample exhibits a dense, finely grained
morphology with minimum particle size of about 15
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nm, while the CuO sample exhibits slightly much more
granular clustering with minimum particle size of about
20 nm. The prepared nanostructures are advantageous
for the fabrication of CuO/ZnO heterojunctions as the
uniform surfaces ensure intimate interfacial contact,
which is essential for efficient charge transfer in
optoelectronics and photovoltaic devices. As well,
distinct and compatible morphologies allow an
effective layer-by-layer integration that enables the
formation of a p-n junction with minimum defects, and
hence enhanced device performance in sensors and
solar cells [35,36].

Fig. (3) FE-SEM images of CuO and ZnO thin films prepared in
this work

Figure (4) shows the 3D AFM images for both film
samples (CuO and ZnO) prepared in this work. These
images provide detailed surface topography of both
samples revealing significant differences in their
nanostructures. The ZnO film shows relatively dense,
uniform morphology with moderate surface roughness
with average grain size of 40-50 nm. This suggests
continuous layer formation. On the other hand, the CuO
film exhibits much more granular topography with
larger, distinct grain-like features and higher surface
roughness with average grain size of 80-100 nm. This
indicates a porous, agglomerated nanostructure.
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The combination of these two layers is highly
advantageous to fabricate high-quality heterojunction
as the smooth, compact ZnO layer provides excellent
electron-transport pathway and uniform interface,
whereas the rougher CuO layer enhances light trapping
and charge separation. This synergetic effect is
exceptionally beneficial for optoelectronics such as
photodetectors and solar cells where efficient charge
collection and broad spectral absorption are essential
[36,37].

] 3([)
Zn0O

Fig. (4) 3D AFM images of CuO and ZnO thin films prepared in
this work

Figure (5) shows the absorption spectra of the CuO,
Zn0O, and CuO/ZnO thin film samples prepared in this
work. These spectra reveal significant insights into the
optical properties and electronic interactions within
these materials. The absorption spectrum of ZnO (black
line) shows a characteristic sharp absorption onset in
the UV region around 375-400 nm. This edge
corresponds to the intrinsic energy band gap of ZnO
(3.2-3.3 eV). The absorption rises at shorter
wavelengths due to the excitation of electrons from the
valence band to the conduction band. In the visible and
near-infrared (NIR) regions, the ZnO film shows very
low absorbance (approximately transparent), which is a
property for transparent conductive oxide (TCO) such
as ZnO.

The CuO film spectrum is markedly different from
that of ZnO as a strong, broad absorption is observed
across the visible and NIR regions. Much more gradual
absorption onset can be seen around 600-700 nm
extending beyond 1000 nm. This reveals the narrower
band gap of CuO (1.2-1.7 eV), which enables it to
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respond to the visible light. The absorption tail
indicates the indirect transitions within the band gap,
possible defect states, or sub-band absorption, due to
much more complex electronic structure compared to
ZnO [37,38].

The absorption spectrum of CuO/ZnO structure
shows a behavior between the spectra of CuO and ZnO
individually. In the UV region, it follows the absorption
edge of ZnO and confirms the presence of ZnO layer.
Within the range 400-800 nm, the structure shows
higher absorbance than that of ZnO film, but still lower
than that of CuO. This enhancement is attributed to one
or more of three interfacial phenomena: improved light
trapping within the layered structure, reduced
reflectance due to graded refractive indices, or
formation of a type-II (staggered) heterojunction at the
CuO/ZnO interface, at which the conduction and
valence band offsets facilitate the spatial separation of
photo-generated electrons and holes migrating to both
sides of the structure. This suppresses the
recombination and potentially leads increase effective
photon absorption.

Moreover, the spectrum of CuO/ZnO structure as a
mirror of CuO spectrum extended into the NIR region
confirms the ability of this structure to harness a
broader solar spectrum. This design combining wide
and narrow bandgap semiconducting materials
represents the principle behind many advanced
heterojunction photodetectors and tandem photovoltaic
cells [6,13,17,24,25].

—— CuO film
ZnO film
—— CuO/ZnO structure

Absorbance

1000

200 400 600 800
Wavelength (nm)

Fig. (5) Absorption spectra of CuO film, ZnO film, and 200nm-
Cu0O/200nm-ZnO structure

Figure (6) shows the spectral responsivity (Ry) of
the nanostructured multilayer CuO/ZnO thin film
heterostructure prepared in this work in the spectral
range of 300-800 nm. This figure exhibits a
pronounced, broad response peak in the UV region (at
347 nm) with maximum responsivity of 0.83 A/W. This
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peak aligns with the fundamental absorption edge of
ZnO, indicating that the wide-bandgap layer (ZnO) is
the primary photoactive material in this spectral range.
The high responsivity reveals the efficient carrier
generation and collection upon UV photon absorption,
which is enhanced by the multilayer nanostructures due
to increasing surface area and light-trapping within the
ZnO layer. Another peak seen at 585 nm with
responsivity up to 0.6 A/W aligns with the high
absorbance of CuO layer as a narrow bandgap material.

0.8 -

06 -

Spectral responsivity (A/W)

0

300 400 500 600 700 800
Wavelength (nm)

Fig. (6) Spectral responsivity of the nanostructured multilayer
200nm-CuO/200nm-ZnO/ITO heterostructure prepared in this
work

At wavelengths longer than 585 nm, the
responsivity gradually decreases to a minimum of 0.2
A/W within 750-800 nm. This behavior corresponds to
the decreasing photon energy, which eventually falls
below the effective optical gap of the CuO/ZnO system.
The persistent response suggests the effective operation
of such type-II heterojunction, in which the photo-
excited electrons in CuO layer can transfer to the
conduction band of ZnO, while the holes move in the
opposite direction, facilitating charge separation and
reducing recombination. This interfacial charge
transfer mechanism allows the heterostructure to
harvest a wider range of photons than each material can
individually.

Similarly, the behavior of the external quantum
efficiency (EQE) shown in Fig. (7) strongly correlates
with the spectral responsivity discussed before. A
significant peak at 347 nm with maximum value of
1.45% 1is attributed to the strong absorption and
efficient charge charge collection from the ZnO layer.
The EQE then decreases gradually across the visible
region but remains measurable out to ~700 nm, which
confirms the broadband response of the heterostructure.
Obviously, this extended response is enabled by the
CuO absorption and effective charge separation at the
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heterojunction interface, where the photo-generated
charge carriers are efficiently collected despite the
lower photon energies.

4. Conclusions

In concluding remarks, the nanostructured
multilayer CuO/ZnO heterojunction was successfully
fabricated by dc reactive magnetron sputtering
technique. The optoelectronic characteristics of the
fabricated heterojunction showed a dual-peak spectral
responsivity (0.83 A/W at 347 nm and 0.59 A/W at 585
nm) and corresponding external quantum efficiency,
confirming effective broadband detection from UV to
visible light. These results highlight the potential of the
CuO/ZnO heterostructure  device for practical
applications in sensing, communications, and solar
energy conversion.
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Fig. (7) External quantum efficiency (EQE) of the
nanostructured  multilayer  200nm-CuO/200nm-ZnO/ITO

heterostructure prepared in this work
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