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Abstract— Copper oxide (Cuz0), a p-type semiconductor with a
bandgap of approximately 2 eV, is particularly suitable for solar
cell applications. However, the inability to reverse its intrinsic
behavior makes it difficult to produce n-type Cu,O, which is
required to construct p-n junctions. This study focuses on
optimizing the électrodeposition process for creating n-type
Cu,0 thin films. Stable n-Cu,O films have been synthesized by
controlling parameters such as temperature, potential applied,
pH, and deposition time. A cubic polycrystalline structure was
shown by X-ray diffraction analysis (XRD), while
electrochemical impedance spectroscopy (EIS) demonstrated an
efficient charge transport. The main goal is to investigate how
deposit parameters affect photochemical properties in order to
maximize p-n junction formation and enhance solar cell
efficiency. These findings pave the way for the development of
more affordable and long-lasting photovoltaic technology.

Keywords— Electrodeposition, Thin films, Copper oxide,
Semiconductor, solar cell.

I. INTRODUCTION

With the rise of solar energy, researchers have turned to
alternative materials to improve the efficiency of solar cells.
The choice of materials lies in their ability to determine the
efficiency, durability and cost of these devices. The materials
used in the manufacture of solar cells affect their ability to
convert sunlight into electricity efficiently. Material
characteristics such as conductivity, durability and cost are
key factors in their use in solar cells [1-2].

Copper oxides have emerged as a promising option due to
their unique properties and potential to enhance solar energy
capture. Cu,O thin films offer unique properties such as
conductivity, transparency, corrosion resistance and catalysis.
Cu,0O is an attractive semiconductor material for low-cost
solar energy applications [3-4] due to its non-toxicity, low
cost, direct band gap of 2 eV at room temperature, and high
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absorption coefficient in the visible region [5].  Their
thickness varies from a few nanometers to a few micrometers,
making them particularly interesting for many applications.
Copper oxide, Cu,O, is of significant importance in the
research of semiconductor materials for photovoltaics by
virtue of its peculiar electronic properties. Not only does it
pose an intermediate band in the energy gap, but it also has
the exceptional property of being an insulating oxide host or a
hole conductor, p-type semiconductor, by copper ion
vacancies [6-7].

The importance of thin-film deposition methods lies in

their ability to precisely control the thickness, composition,
microstructure and properties of thin films, which has a direct
influence on their performance and applications. To prepare
Cu,0 thin films, a number of technigues have been used, such
as chemical vapor deposition, chemical oxidation, thermal
oxidation [8] reactive sputtering, sol gel [9], and
electrodeposition [10-11]. Since it is easy to use and can be
used to create thin films with a lot of surface area, the
electrodeposition method is one of these deposition processes
that is appealing [12-13].
Copper oxide (Cu,O) films obtained by
electrodeposition are generally p-type
semiconductors, due to the intrinsic nature of Cu,0,
which, when deposited on a substrate from
solutions containing Cu?* ions, forms a material
where electron vacancies (holes) are the majority
charge carriers, typical of a p-type semiconductor
[14-15].

However, to obtain n-type Cu,O films, it is
necessary to modify the deposition conditions by
playing on the electrochemical parameters during
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the electrodeposition process. In this way, we can
promote the formation of electrons as the majority
charge carriers and thus obtain an n-type material,
necessary for the realization of a p-n homojunction
in photovoltaic devices [16].

This study investigates the effects of the deposit
parameters, such as temperature, tension and PH, on the
photochemical characteristics of Cu,O films made by cathodic
électrodeposition on a stainless steel substrate. The knowledge
gained will help to optimize the manufacturing process to
enhance the performance of energy conversion devices.

Il. EXPERIMENTAL

Cu,0 thin films were electrodeposited on stainless steel
substrates with an active surface area of 4 cm? using a three-
electrode electrochemical cell containing an aqueous solution
of sodium acetate (CH;COONa) and copper acetate
((CH3CO0),Cu) at different pH. Sodium acetate was added to
the solution to promote complex formation, slowly releasing
copper ions into the medium allowing uniform growth of
Cu,0 thin films. While copper acetate was used as a source of
Cu*. The reference electrode was a saturated calomel
electrode (SCE) and the counter electrode was a platinum grid.
Before each deposition process, the substrates were well
polished with abrasive paper and cleaned with distilled water,
in order to facilitate Cu,O nucleation and remove surface
contamination. The electrodeposition was performed in
Potentiostatic mode using a PGP 201 Potentiostat/Galvanostat,
connected to a computer allowing data acquisition with the
voltamaster 1 software. Photocurrent characterization was
performed in a three-electrode photoelectrochemical cell with
a 200 W tungsten lamp illuminating the working electrode, the
light being turned on and off manually at zero bias voltage.
Electrochemical impedance measurements were performed
using an Autolab in a solution containing 0.5 M sodium
sulfate (Na,SQ,). Structural characterization of the films was
done by X-ray diffraction (XRD) (Empyrean serie 03 Malvern
Panalytical)) in the 26 range (5°- 100°).

A. Effect of temperature

Temperature has effects that influence both the
kinetics of electrochemical reactions and the
properties of deposits, and is therefore a crucial
factor in the electrochemical deposition of oxides.
However, the influence of temperature on the
morphology, crystalline structure, optical and
electrochemical properties of copper oxide films
formed by electrodeposition has been studied. For
this purpose, we performed a voltammetric study in
acetate solution at temperatures ranging from T =
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40 to 80°C. The fig. 1 shows the voltamograms
obtained.
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Fig. 1: Linear voltamograms obtained on a stainless steel electrode for a
solution of (CH3COO0),Cu at 0.01M and (CH;COONa) at 0.2 M, pH =
6.5, Temperatures T= 40,60 and 80°C.

According to this figure, the formation of a cathodic peak
is observed between E = -0.1 V vs. SCE and E = -0.2 V vs.
SCE for all temperatures. This peak is attributed to the
reduction of Cu (Il) to Cu (I) with the formation of Cu,O
(Eq.1) [17]:

2Cu?* + H,0 + 26 — Cu,0 + 2H" (1)

At 40°C, the curve might show less distinct or
weaker peaks, involving slow Kkinetics and
potentially an amorphous or rough deposit.

The slow progression and the tendency to form
irregular or shapeless deposits indicate a deposition
process that is less efficient, potentially due to
limited ionic mobility or delayed surface reactions,
resulting in indistinct deposits. These cases are also
promote to the presence of structural defects such
as a low level of crystallinity or non-uniform grain
growth, which affect the material's properties, such
as electrical conductivity and mechanical strength
[18]. At 60 °C, appeared to be optimal, with intense
and well-defined current peaks, indicating rapid
dynamics and compact, perfectly crystallized, and
homogeneous deposits that promote adhesion and
reduce defects [19]. However, at 80 °C, although
increased Kinetics are expected, the reduction in
peak intensity suggests possible limitations, such as
insufficient diffusion or undesirable morphological
changes that decrease the deposition efficiency and
amplify structural defects.

B. Effect of potential
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Determining the morphology, crystal structure,
and properties of the deposited films depends on the
effect of the applied potential on the
electrodeposition of copper oxides, especially Cu,O.
Indeed, the effect of the deposition potential on
Cu,O films is governed by multiple factors that
influence the reaction Kkinetics, morphology,
chemical composition, and functional properties of
the prepared films. An optimal deposition potential
enables the fabrication of high-quality films that are
both well-crystallized and efficient, whereas
potentials that are too high or too low can lead to
defects or difficulties in film growth.

In order to investigate the effect of applied
potential on the photoactivity of formed semi-
conductors, we looked at the photo-courant
response of Cu,O films deposited at various
cathodic potential values: -120, -150, and -200 mV
vs. SCE under T = 60°C, pH= 6.5 and t = 60min
(fig.2).

We notice that all the samples present curves of
the same shape. When the films are illuminated,
they generate an anodic current, i.e., the depletion
region is positively charged, so that under
illumination, holes move to the electrolyte and
electrons move to the semiconducting layer [17],
which clearly indicates that all these structures have
n-type conductivity. We can also see that when the
deposition potential is -150 mV vs. SCE, the
current density value becomes more intense (-380
MA/cm?2) compared to the other nanostructures
grown at -120 and -200 mV vs. SCE indicating thus,
that a better photoresponse for this deposition is
obtained at -150 mV vs. SCE.
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Fig.2 Photo current measurements of copper oxide films deposited at diverse
potentials (E = -120, -150, -200 mV vs. SCE).

This result indicates that the deposition potential
has a direct impact on the performance of copper
oxide films, particularly on the photocurrent
response. An optimal potential of -150 mV vs. SCE
promotes the formation of highly crystalline films
with a homogeneous morphology and low defect
density, which enhances charge separation and
minimizes recombination, leading to a high
photocurrent. However, a too high potential can
cause disordered growth, creating structural defects
that act as recombination centers and reduce the
photocurrent. Similarly, an insufficient potential
results in incomplete or poorly crystallized films,
limiting light absorption and carrier generation,
thereby reducing the photoelectrical current [20].

C. Effect of deposition time

Deposition time is an important factor in
improving the performance of Cu,O-based solar
cells. A deposition time that is too short or too long
can result in a lack of light absorption, increased
carrier recombination, or a poor-quality crystal
structure. An optimum deposition time is therefore
necessary to promote optimum thickness,
morphology and crystalline quality to increase
conversion efficiency. In order to find the optimal
time for the deposition of Cu,O thin films, a series
of Cu,O deposits were prepared from a solution at
pH = 6.5, T = 60°C and E = -150mV vs. SCE at
different values of applied time t = 15, 30, 45 and
60 min. Fig. 3 shows the photographic images
obtained for the electrodeposited thin films at
different times.

45min

|
Fig.3 Cu.0 thin films deposited at different time values.
We noticed that the surface of the electrode is
uniformly covered with a brown oxide layer. We
also observed that there is a color change from light

brown to dark brown when the deposition time
increases from 15 to 60min. This indicates an
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increase in the thickness of the deposited Cu,0 thin
films with increasing deposition time, which may
influence the quality of the films formed. An ideal
deposition time of 60 minutes is crucial to ensure
the quality of electrodeposited Cu,O films. This
time allows for an optimal thickness that maximizes
light absorption while minimizing charge carrier
recombination. It also promotes a well-ordered
crystalline structure and a balanced surface
morphology, which enhances light absorption and
charge separation. Consequently, this deposition
time improves the photoelectric efficiency of Cu,O
films [21].

In view of confirming these observations, we
performed photo-current measurements for Cu,O
films prepared at different deposition times (t = 15,
30, 45 and 60 min) and the results obtained are
shown in Fig.4. We noticed from these results that
the increase of the deposition time generates an
increase of the current density and that the value of
the photo response obtained for the Cu,O layer
deposited during 60 min is better compared to those
deposited during 15, 30 and 45 min.

f=15min
t=30min
t=45min

s)
Fig.4: Photo-current measurement of Cu,O films deposited at pH = 6.5, E
=-150mV vs. SCE at a different deposition time.

The deposition duration has a direct impact on
the photocurrent response of deposited Cu,O films.
It also promotes an ordered crystalline structure and
a balanced surface morphology, which in turn
enhance charge carrier mobility and collection.
Thus, an optimal duration of 60 minutes maximizes
light absorption and reduces charge carrier
recombination. An organized structure and a well-
balanced surface further improve charge extraction
and collection. Therefore, precise control of the
deposition time is crucial for maximizing the
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photoelectrochemical performance of copper oxide
films.

D. Effect of the pH of the solution

During the synthesis of metal oxides, the pH of
the deposition solution plays a crucial role in
determining the type of semiconductor (n-type or p-
type) that will form. Controlling the pH enables the
regulation of the electrical and optical properties of
the films, which is essential for applications such as
solar cells. Indeed, the frequent use of p-n
heterojunctions is employed to enhance charge
separation and improve photovoltaic efficiency. In
order to achieve an n-type semiconductor, we will
investigate how pH affects the structural, electrical,
and optical characteristics of Cu,O films in order to
maximize their performance in
photoelectrochemical applications.

The experimental evolution of the Cu,O
deposition current, measured in a bath with a pH of
6.5 is shown in Fig. 5.The copper oxide thin films
were droped off for 60 minutes at -150 mV vs. SCE.
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Fig. 5: Evolution of the current of a stainless steel electrode as a function of

time in solution, (CH3;C0OO0),Cu at 0.01 M and (CH;COONa) at 0.2 M,
T =60°C, pH =6.5and E =-150 mV vs. SCE.
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At the beginning of the deposition, the current
typically increases rapidly. This initial rise is due to
the reduction of Cu2* ions in the electrolyte, leading
to the formation of Cu,O on the electrode surface.
The reaction proceeds as Cu?* is reduced to Cu*,
which then forms Cu,O. After the initial increase,
the current might reach as a plate or stabilize. This
phase indicates that the deposition process has
reached a steady state where the rate of Cu,O
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formation is balanced with the available Cu?* ions
in the solution. At this point, the growth of the
Cu,O film continues at a constant rate, and the
current stabilizes as the system reaches equilibrium
[22]. At the end of the test, the electrode surface is
uniformly covered with a brown oxide layer.

The figure above shows the photographic images
obtained for thin films deposited at pH = 6.5. We
can see that the increase of the pH from 5 to 6.5
leads to the increase of the thickness of the deposit.
This increase is probably due to the increase of OH"
ions in the deposition bath which are responsible
for the formation of Cu,O on the substrate surface
[23, 24].

The pH can affect the formation and quality of
the film. At different pH levels, the equilibrium
between Cu?* and Cu* changes, which can result in
the formation of different types of copper oxides.
The pH also affects the distribution of charge
carriers (electrons and holes) in the film [25, 26].
For this purpose, we performed a photo-current (PC)
technical characterization in order to confirm the
type of semi-conductivity of the films formed at
different pH values of the solution (5, and 6.5)

(fig.6).
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Fig. 6: Photocurrent measurement of copper oxide films deposited at pH =
5and 6.5.

When light is applied, an increase in photocurrent
is observed, as the generation of electron-hole pairs
is accelerated. At acidic pH, the electrons generated
are more likely to move through the material, and
holes can be trapped on the surface or react with H*
ions present in the solution, thus promoting the
generation of anodic photocurrent. At pH 6.5, the
copper oxide (Cu,0) film is of better quality, with
improved charge carrier separation, leading to a
greater photocurrent response compared to pH 5.
For this reason, we have chosen to fix the pH of the
deposition bath at 6.5 for the rest of this work.

E. Electrochemical impedance spectroscopy

An electrochemical impedance study (EIS) is of
particular interest for analyzing the
photoelectrochemical properties of copper oxides,
so in order to complete the results found by the
photo-current measurement, we made in parallel
measurements of electrochemical impedances in
linear regime with a sinusoidal signal of amplitude
10 mV. The frequency range explored is from 100
kHz to 10 mHz. According to the results obtained,
the impedance diagram of the n-Cu,O thin film
deposited at T = 60°C, pH = 6.5, E = -150 mV vs.
SCE and t = 60 min is characterized by the
predominance of two processes. At high
frequencies, a capacitive semicircle is observed
which can be attributed to the charge transfer
resistance and the double layer capacitance. This
semicircle is followed by an ascending branch
characteristic of a diffusional process (fig.7a).

Fig. 7b, shows the spectrum obtained in Bode
representation for the thin film of n-type copper
oxide. The examination of these results shows the
appearance of two time constants the first one is
well defined on the recorded diagrams on the other
hand, the second constant is not well defined.
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Fig.7: a) Electrochemical impedance diagrams and b) Bode representation
plotted in potentiostatic mode at open circuit potential for the n-Cu,O film.

To ensure optimum performance in applications
such as solar cells, an impedance diagram for n-
type Cu,O films shows low charge transfer
resistance and good double-layer capacitance,
accompanied by rapid electron diffusion [27, 28].

F. XRD characterization

The photoelectric properties of copper oxides are
linked to an understanding of their crystalline
structure, which affects charge transport, light
absorption and carrier generation. In this context,
X-ray Diffraction (XRD) is an essential tool for
identifying the phases present, assessing crystallite
size and material texture, all of which influence
photoelectric behavior. XRD analysis therefore
provides information to establish a link between
crystalline structure and the functional performance
of CupO thin films. It is used to define the
crystalline composition of deposited oxide films at
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T =60°C,pH =6.5E=-150mV vs. SCEand t =
60 min.

According to fig.6 a pure and single
polycrystalline cubic phase of Cu,O has been
successfully formed. Indeed, distinct diffraction
peaks, corresponding to the (110), (111), (200),
(220) and (311) planes are observed at (20) values
of 29.66, 36.59, 4252, 61.66 and 73.69°
respectively, This result is similar to that obtained
by Wijesundera et al [29]. It can also be observed
from these spectra that the intensity of the peak
along the (111) plane is more important than the
other peaks. In addition to the other peaks from
ferrite (essential compound of the stainless steel
substrate); detected at 20 positions of 44.69°,
65.33°, 82.71°and 98.99°. No other peak related to
copper metal (Cu) or copper (1) oxide (CuO) was
observed confirming the purity of our sample, this
further supports the deposition mechanism's
selectivity.

The DRX diagrams obtained for the Cu,O films
reveal pronounced, narrow and clearly defined
peaks located at 26 angles specific to the
crystallographic planes of the Cu,O phase having a
cubic structure. The main peaks are of narrow width
at mid-height indicating that the material is of high
crystallinity, probably due to good atomic
organization in the crystal lattice [30]. Furthermore,
the lack of diffuse halos in the baseline of the X-ray
diffractograms indicates the absence of amorphous
phase, reinforcing the hypothesis of highly
crystallized film growth. These structural features
favor enhanced optoelectronic properties, crucial
for  photovoltaic  or  photoelectrochemical
applications.
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Fig. 6: X-ray diffraction spectra of n-Cu,O thin films deposited on
stainless steel substrate at T= 60°C, pH = 6.5, E =-150 mV vs. SCE and
t =60 min.

G. Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is an
effective analytical method for observing the
surface morphology of materials on the nanometric
scale. It is particularly suitable for judging the
quality, homogeneity and arrangement of thin films
employed in photoelectrochemistry.

In this work, SEM analysis of deposited Cu,O
films highlights a uniform surface composed of
highly crystallized grains, mainly in the form of
cubes, typical of the Cu,O Figure (7a) crystal
structure. The film exhibits a dense, crack-free
structure with no excessive porosity, attesting to its
mechanical stability and ability to carry loads
optimally.

As for EDX analysis, it reveals a notable
dominance of copper (Cu) and oxygen (O),
presenting a Cu/O atomic ratio of around 2:1, which
is in line with values often cited in the literature for
Cu,0 [31], moreover no impurities were detected
(Figure 7b), attesting to the purity of the deposit.
These morphological and elemental observations
are in good agreement with the data from X-ray
diffraction (XRD), which also corroborate the
presence of the Cu,O phase and underline a
satisfactory crystallinity of the material.
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Fig.7: SEM image (a) and EDX spectrum (b) of electrodeposited n-Cu,O thin
films deposited on stainless steel substrate at T = 60°C, pH = 6.5,
E =-150 mV vs. SCE and t = 60 min.

I11. CONCLUSIONS

Optimizing the properties of n-type Cu,O thin films is a
crucial step in developing efficient photovoltaic devices,
particularly for creating effective p-n homojunctions. In this
study, we investigated the effects of deposit parameters on the
structural and electrochemical properties of Cu,O films
synthesized by chronoampérometry on a stainless steel
substrate.

We obtained stable n-type Cu,O films by setting specific
conditions, such as a deposition temperature of 60 °C, a pH of
6.5, a potential applied of -150 mV vs. SCE, and a deposition
time of 60 minutes. The X-ray diffraction (XRD)
investigations confirmed a cubic crystalline structure with a
preferred orientation (111), SEM observations revealed a
uniform, nanostructured morphology of the films obtained,
characterized by a low defect density and homogeneous
substrate coverage, while the electrochemical impedance
spectroscopy (EIS) revealed a dominating charge transfer
process followed by a diffusional step. These findings suggest
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that n-type CuO films have promise for use in optoelectronic
and photovoltaic systems.

This study highlights how crucial it is to optimize the
synthesis parameters in order to enhance the materials
photoelectrochimical properties. She also opens up promising
prospects for the development of high-performance solar cells
based on p-n oxyde of copper, advancing renewable energy
technology in the process.
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