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Abstract

Cuprous oxide (Cu,0) is an attractive candidate for cost-effective and
sustainable solar cells due to its direct bandgap and natural p-type
conductivity. We report on the investigation of the effect of annealing
time on the morphological, optical, structural and electrical properties
of interstacked Mg:Cu,0/CuO thin films. The thin films were
synthesized using the electrodeposition method of Cu,0 layers on
indium tin oxide (ITO) substrate followed by annealing at 300°C for
different durations (60, 120, 180, and 240 minutes). As a result, we
found that by increasing annealing time up to 180 minutes, the
formation of CuO thin film increases, surpassing the Cu,0 as revealed
by X-ray diffraction (XRD) analysis. The band gaps remain constant at
2.5 eV, irrespective of annealing time. Carrier concentration increased
upon the annealing time, reaching a value of 2.255 x 10%* (/cm?), which
demonstrates the complementary effects of magnesium (Mg) doping
and annealing time.

1. Introduction

Cuprous oxide (Cu,0) is a promising material for solar cell applications because of its inherent p-type
semiconducting properties, abundance on Earth, and appropriate bandgap for solar energy conversion [1]. Its
fabrication can be achieved through a variety of cost-effective and scalable techniques, making it a viable
alternative to more expensive or less sustainable photovoltaic materials. Common methods include thermal
evaporation and electrodeposition, which are widely employed due to their simplicity and ability to produce

uniform thin films [2].

This is an open access article under the CC BY-NC-SA 4.0 license.
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Fig. 1 Schematic illustration of the annealing process showing grain structure transformation. Annealing promotes
grain growth and uniformity through recrystallization and the reduction of structural defects

Additionally, several other deposition techniques have been employed to fabricate Cu,0 thin films with
tailored properties. High-energy laser pulses are used in pulsed laser deposition (PLD) to ablate a target material,
allowing for the controlled growth of crystalline, high-purity CuO films [3]. Low-cost synthesis and accurate
compositional tuning are made possible by the solution-based method known as sol-gel processing [4]. Chemical
vapor deposition (CVD), which is perfect for complex surface geometries, uses chemical reactions in the vapor
phase to create dense, conformal films [5]. Rapid and scalable film fabrication is made possible by spray pyrolysis,
which uses atomized precursor solutions deposited onto heated substrates [6]. These diverse synthesis
techniques enable precise control over the morphology, crystallinity, and thickness of Cu,0 films, enhancing their
suitability for photovoltaic device applications. Perovskite solar cells (PSCs) and other photovoltaic devices
frequently utilize Cu,0 as a hole transport material to enhance power conversion efficiency (PCE) and enable
effective charge extraction [7]. Despite its potential, issues like low electrical conductivity and high charge carrier
recombination rates must be resolved to improve its performance [8]. Various research has been done to
determine the most effective methods for optimizing the characteristics of Cu,0-based solar cells, and it is proven
that doping techniques and annealing are among the best strategies.

Introducing impurity levels through doping can improve charge carrier mobility and decrease recombination
by facilitating the separation of photogenerated electron-hole pairs. For instance, Lu Wang et. al. have
demonstrated that surface Cu doping in perovskite structures lowers surface energy and inhibits oxidation,
improving phase stability and lowering electron accumulation [9]. Besides that, Akshai Shyam et al have proven
that Mg doping has a significant positive effect on both electrical (hole concentration) and optoelectronic
(photocurrent, responsivity, detectivity) properties of CuCrO, thin films. The 2% Mg-doped CuCrO, film of their
research exhibited a maximum hole concentration of approximately 10*° cm™3, which is a substantial
improvement in p-type conductivity [10]. It has been demonstrated that magnesium doping increases stability
and efficiency in a variety of photovoltaic materials, including ZnO and TiO,. It improves photovoltaic
performance by expanding absorption ranges, decreasing band gaps, and improving the optical and morphological
characteristics of electron transport thin films [11-13].

Apart from doping, annealing is also considered among the best strategies for improving the performance of
Cu,0-based photovoltaic devices due to its ability to enhance the morphology and crystal structure of Cu,0 thin
films as well as reduce defects. Fig. 1 shows a Schematic illustration of the annealing process showing grain
structure transformation. Annealing promotes grain growth and uniformity through recrystallization and the
reduction of structural defects. In a study on n-TiO,/ZnO thin films, for instance, films with high crystallinity and
homogeneous morphology were produced by annealing at 500 °C for two hours [14]. This is crucial for lowering
the electron-hole recombination rate. In Au-Cu,0-CuO nanocomposites, annealing results in a notable increase in
the size of the nanostructures, which helps to improve the photocatalytic capabilities [15]. Annealing also
contributes to better electron-hole pair separation, which is vital to raising photovoltaic devices' efficiency.
Annealing aided in the creation of Z-scheme heterojunction structures in the Cu,0-WO3 study, improving the
separation of photogenically generated electrons and holes [16].

In contrast to previous studies, the present work specifically investigates the effect of annealing duration on
interstacked Mg-doped Cu,0/CuO thin films synthesized via the electrodeposition method. Our previous study
utilized electrodeposition for fabricating Mg-doped Cu,0 films. However, their study was limited to as-deposited
samples, without exploring post-deposition thermal treatment. Chinmoy Rajak et al. conducted annealing of
sputtered copper films at various temperatures, focusing on a fixed duration of 1 hour and excluding any doping
variation. Naveen Kumar et al. explored Na/Co co-doped Cu,O films prepared via sol-gel techniques with high-
temperature annealing, yet the specific annealing times were not addressed. Wen-len Lee et al. investigated the
effects of annealing time using the SILAR method, although Mg doping was outside the scope of their study.
Uniquely, this research integrates electrodeposition, Mg doping, interstacked Cu,0/CuO architecture, and
controlled variation of annealing time, providing valuable insights into the thermal influence on microstructural
and optical properties.
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This study demonstrated the synthesis of interstacked Mg-doped Cu,0/CuO thin films by electrodeposition
of Mg-doped Cu,0 on the ITO glass substrate, followed by annealing at 300°C for 60, 120, 180, and 240 minutes.
The effect of annealing time on the structural, optical, morphological, and electrical properties was investigated.
Our research shows that controlling the annealing parameter is essential to achieving the best possible physical
characteristics for the produced thin films. In this report, the corresponding obtained results are discussed.

2. Methodology

2.1 Thin Film Deposition

Fig. 2 displays the flowchart of the methodology for this study. Potentiostatic electrodeposition of the Cu,0 thin
film was performed with a potentiostat/galvanostat (Hokuto Denko HABF-501A, Hokuto Denko Corporation). A
platinum plate as a counter electrode and an indium tin oxide substrate (ITO, sheet resistance of about 10 m(Q)
measuring 20 mm by 10 mm comprise a traditional two-electrode system. The distance between the sample and
the counter electrode was about 1 cm. A controlled temperature water bath was used to maintain the electrolyte's
temperature at 40°C throughout the deposition process. During the experiments, there was no stirring.

Preparation of substrate (ITO prior to oxide layer deposition) |‘7

Preparation electrolyte solution (copper (II) acetate monohydrate
with 0.2 M magnesium hydroxide)

V

| Electrodeposition of Mg:Cu.0O |

| Annealing of Mg:Cu:0 (to deposit the Cu0:CuO layer) |

!

| Internally stacked Mg:Cu20/CuO |

- Morphological (AFM)
- Structural (XRD)
- Optical (UV-Vis)
- Electrical (Hall Effect)

Analysis of
thin films

Finish

Fig. 2 Flowchart of the methodology

2.2 Preparation of Substrate

In order to remove any surface contaminations, the ITO substrates were immersed in acetone (CH3COCH3) for 3
minutes. The ITO substrate is then rinsed using ultra-pure water and blow-dried using a rubber hand blower. A
Teflon tape is used to separate the area to be deposited (10 mm x 10 mm) and the non-deposited area (10 mm x
10 mm). Next, the ITO substrate is set up for an alkali pre-treatment as shown in Fig. 3. The substrate and a counter
electrode are immersed in sodium hydroxide (NaOH) solution and connected to a potentiostat. The potentiostat
was set to -200 mA and immersed for 1 minute.
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2.3 Fabrication of Cu,0 Thin Film

Fig. 4 displays the schematic diagram of the electrodeposition of Cu,O thin film. Copper (II) acetate, Cu(COOCH3),
alkaline aqueous solution was used to electrochemically deposit the Cu,0 thin films. The electrolyte was prepared
by dissolving 0.4 M of copper (II) acetate 29 monohydrate, Cu(COOCH3),-H,0 powder, 3 M of lactic acid,
CH3;CH(OH)COOH, and 500 ml of ultrapure water (UPW) at room temperature with 3.7 M of potassium hydroxide,
KOH crystal. A pH of 12.5 was adjusted using KOH crystals. The solution is then added with 95% pure magnesium
hydroxide to formulate a doping concentration of 0.2 M. The deposition was carried out potentiostatically at a
constant voltage of 1V with a current input of 2 mA for 3 minutes. The solution was kept at 44 °C throughout the
electrodeposition process by using a temperature-controlled water bath. Following a thorough rinse with distilled
water, the electrodeposited samples were left to dry naturally at room temperature.

Potentiostat

CE WE
Counter ITO

Electrode \ / Substrate
\ /

NaOH Solution

Fig. 3 The schematic diagram of the alkali pre-treatment setup

‘ Pr:)tentiostat ‘

Coulombmeter

| WE (ITO substrate)

Temperature- | fég (}I}Ig{[AgCl) ”
controlled (Platinum plate)
water bath

Fig. 4 The schematic diagram of the electrodeposition of CuzO thin film
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Fig. 6 Schematic illustration of the cell configuration of Mg:Cu,0/CuO thin film before and after annealing

2.4 Annealing of Cu,0 Thin film

Fig. 5 shows the annealing temperature profile. Following the electrodeposition process, the Cu,0 layer is
annealed in a mini lamp annealer (Mila 5000, Ulvac Malaysia) to increase grain size and create the CuO layer in
the Cu,O0 thin film. The heating process begins at 27 2C room temperature, and the annealer's heating rate was
adjusted to 27 °C/min. A temperature of 300 °C was maintained as the annealing temperature, T setting. The
times used for annealing are 60, 120, 180, and 240 minutes. After that, the sample is left to cool in the furnace until
it reaches room temperature. Figure 3.8 shows the setting of the annealing parameters for Cu,0 thin film.

2.5 Materials and Device Characterization

The surface morphology and microstructure of the prepared nanostructures were examined using an Atomic
Force Microscope (connected to an SPA400 Soundproof Housing). The scan size in the range of 3 pto 5 p with 0°
to 45° for light angle and 20° to 45° for the view angle were used for this analysis. The orientation and crystal
structure of interstacked Mg:Cu,0/CuO thin film were determined using an X-ray Diffractometer (XRD BRUKER
D2 PHASER) with monochromated CuKa, radiation (y = 1.54056 A) operated at 20 KV and a scan range of 20° to
80°. The optical properties were evaluated using ultraviolet and visible absorption spectroscopy (PerkinELMER
LAMBDA 950 Series). The range, with reference to the air, was set between 200 and 800 pum. Electrical properties
of the thin film were observed by Hall Effect Measurement (ECOPIA HT55T3) with a current of 1 mA, and a
diameter of 0.1 um to measure the mobility carrier, resistivity, and carrier concentration.

3. Result

3.1 Modification of internally stacked Mg:Cu,0/CuO Thin Film

Fig. 6 presents a schematic illustration of the Mg-doped Cu,0 (Mg:Cu,0) thin film structure on an ITO glass
substrate before and after annealing. Prior to annealing, the as-deposited film comprises a single-phase Mg:Cu,0
layer directly on the ITO substrate. This structure represents the initial state of the electrodeposited film with
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limited oxidation. However, after the annealing process, thermal treatment induces partial oxidation of Cu* to
Cu?*, resulting in the formation of a CuO phase on the surface or within the film matrix. This transition leads to
the development of a bilayer configuration denoted as Mg:Cu,0/CuO. The presence of both Cu,0 and CuO phases
in the annealed film is crucial for modifying the electrical and optical properties of the device, potentially
enhancing charge separation and transport in optoelectronic applications.

3.2 Appearance of Interstacked Mg:Cu,0/CuO Thin Films

Fig. 7 shows the physical appearance of the Mg:Cu,0 thin films on ITO substrate glass following annealing at
various annealing times. The electrodeposited Mg-doped Cu,0 (Mg:Cu,0) thin films were annealed at a constant
temperature of 300°C for 60, 120, 180, and 240 minutes in air. At 60 minutes, the surface appears relatively
uniform and smooth, indicating a thin, compact layer with minimal oxidation. As the annealing time increases to
120 minutes and 180 minutes, the films become progressively more non-uniform in brightness and texture. This
change may suggest partial grain growth, increased surface roughness, or the onset of CuO formation. By 240
minutes, the film exhibits a more diffuse or hazy appearance, likely caused by further oxidation, coarsening of the
surface, or the formation of secondary phases, such as CuO becoming dominant over Cu,0. Further identification
of material changes over time can be observed through the intensity and position of peaks in the X-ray Diffraction
(XRD) patterns. As annealing time increases, changes in peak intensity, sharpness, and possible peak shifts
indicate modifications in crystallinity, phase composition, and grain size.

3.3 Morphology Properties of Interstacked Mg:Cu,0/CuO Thin films

Fig. 8 displays the 3D Atomic Force Microscopy (AFM) images of interstacked Mg:Cu,0/CuO thin films annealed
at 60, 120, 180, and 240 minutes. It is evident that the Cu,0 grains changed significantly with various annealing
times. The annealed Cu,0 crystal shows a textured surface with three-sided pyramidal grains. Sample annealed
for 60 min revealed the structure of smaller grains of Cu,0 with an average grain size of 305.3 nm. Then, as the
annealing time increased, the grains became larger at 120 minutes with an average grain size of 408.30 nm. The
coalescence between larger grains was seen over the Cu,0 surface. Research confirms that at 300°C, CuO grains
begin to form on top of the Cu,0 layer at 300°C which suggests that the phase transition from Cu,0 to CuO is
facilitated by higher temperatures, which also contributes to the grain size change [17-18]. However, as the
annealing time reached 180 and 240 minutes, a smaller and more compact pyramid-like structure was obtained.
This is highly due to prolonged annealing, which then may cause phase changes or the emergence of new phases,
which could lead to smaller grain sizes as new nucleation sites develop [19].

Fig. 7 The appearance of Mg:Cu, O thin film annealed at (a) 60 minutes; (b) 120 minutes; (c) 180 minutes; and
(d) 240 minutes
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Fig. 8 3-Dimensional AFM images of the interstacked Mg:Cu,0/CuO thin films
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Fig. 9 XRD diffraction pattern of the interstacked Mg:Cu,0/CuO thin films

3.4 Structural Properties of Interstacked Mg:Cu,0/CuO Thin Films

The crystal structure and orientation of interstacked Mg:Cu,0/CuO thin films were investigated using X-ray
diffraction (XRD). Fig. 9 shows the XRD patterns for the deposited Cu,O thin film at various annealing times of 60,
120, 180, and 240 min. At 36.4° of the diffraction peak, the deposited Cu,0 thin films displayed orientation indexed
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Fig. 10 Crystallite size versus annealing time of the interstacked Mg:Cu,O/CuO thin films

to (111) as well as extra peaks, particularly the (200) reflection of the Cu,0 thin-film diffraction peak at 43.0°. The
cubic pattern corresponded to the Cu,0 orientation (PDF 01-071-3645). The CuO peak at 35.5° of the diffraction
peak was indexed to (002), while CuO orientation corresponded to the monoclinic lattice pattern (PDF 00-048-
1548). No additional peaks were observed with respect to magnesium, indicating the absence of any signs of a
secondary phase. This is anticipated due to the small amount of Mg added to the copper (II) acetate solution. The
doping of Mg is intended to substitute Cu2+ ions with Mg2+ ions without producing any new phase [20]. According
to Marina et al, the temperature for the formation of CuO grains could start at approximately 300 °C [21]. From
Fig. 9, it can be seen that peak (111) Cu,O thin film is almost constant as the annealing time increases, but starts
to decrease at 180 and 240 minutes. This is due to the excessive formation of CuO resulting from the oxidation of
the Cu,O thin film. According to Lee et al.,, annealing copper oxide films at 300 °C can cause Cu,0 to gradually
transition to CuO due to changes in the crystal structure as the annealing time increases, which can significantly
impact the material's properties [22].

Fig. 10 displays the crystallite size versus annealing time of the interstacked Mg:Cu,0/CuO thin films at
various annealing times. The crystallite size was estimated from the XRD peaks using the Scherrer equation, which
reflects the size of coherently diffracting domains, which are the internal regions within grains that have uniform
lattice orientation. The Scherrer’s equation employed to estimate the crystallite size, uses the following equation:

D=KA/Bcos© (D

where D is the crystallite size, A the X-ray wavelength, B is the full width at half-maximum (FWHM), and 0 is
the Bragg diffraction angle. The diffraction peaks assigned for (111) Cu,0 and (002) CuO at 36.4° and 35.5°,
respectively, have been selected due to it being the highest and the most prominent crystal plane in the sample.
The change in the peak intensity is related to the degree of crystallinity of the oxide layers. It is evident that CuO
formation surpassing Cu,O formation, indicating excessive formation of CuO. Although Cu,0 works well in
electrochemical and photocatalytic applications, the formation of CuO compromises its stability. The irreversible
redox reaction of Cu,0 is the source of this instability. This instability might be made worse by too much CuO [23].
The crystallite size for both Cu,0 and CuO increases as the annealing time increases to 180 minutes with the
reading of 394.2 nm and 446.8 nm, respectively. However, the crystallite size decreases drastically to 267.9 nm
and 355.8 nm for Cu,0 and Cu,0 respectively, as the annealing time further increases. The sudden drop of
crystallite size is because the annealing process modifies the material's strains and defects. As the annealing time
increases, the lattice defects and internal stresses in the material may decrease, influencing the growth and
stability of the grains [24]. This result aligns with the AFM results, which show the grain size of the Mg:Cu,0/Cu0
thin films exhibits a growth trend. However, beyond a certain annealing duration, a decline in grain size is
observed. This reduction is likely due to the accelerated formation and growth of CuO phases at prolonged
annealing periods, which alter the microstructural characteristics of the film. The emergence of CuO, a secondary
phase, can disrupt the uniform grain structure of Cu,0 and introduce new grain boundaries, leading to grain
refinement and possible morphological instability [25]. This trend highlights the critical role of annealing duration
in optimizing the structural and phase composition of Mg:Cu,0/Cu0 thin films for optoelectronic applications.
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3.5 Optical Properties of Interstacked Mg:Cu,0/CuO Thin Films

Fig. 11 shows the absorption spectra for the interstacked Mg:Cu,0/CuO thin films at various annealing times. All
the samples had a similar trend of absorption spectra with an absorption edge at around 550 nm in the visible
wavelength range. It is proven that all samples show strong absorption in the UV-Vis region. This is due to the fact
that annealing can occasionally result in the formation of heterostructures like CuO/Cu,0, which can improve
photocurrent density and stability and improve electron-hole pair separation, which later improves their optical
properties [26]. However, too much CuO thickness can impede charge transport and reduce the optical
performance of the interstacked Mg:Cu,0/CuO thin films [27-28]. It can be seen that the thin film annealed at 180
minutes obtained higher light absorption compared to the rest of the interstacked Mg:Cu,0/Cu0 thin films. This
can be related to the crystallite size in Fig. 5, which shows annealing at 180 minutes causes the crystallite size to
grow larger. The increasing crystallite size of Cu,0 causes the absorption and emission bands to shift to longer
wavelengths, called the red shift [29].

60 Minutes

4 &, |20 Minutes
180 Minutes

)40 Minutes

Absorbance (a.u.)
o w

f—

0

00 400 500 600 700 800
Wavelength (nm)

Fig. 11 Absorption spectrum of the interstacked Mg:Cu,0/CuO thin films

() Minutes
s |20 Minutes
| 80 Minutes
240 Minutes

Hv (eV)
Fig. 12 Tauc’s plot for the interstacked Mg:Cu,0/CuO thin films

Fig. 12 displays the Tauc’s plot for the interstacked Mg:Cu,0/CuO thin films. The equation used is (ahv)? = A
(hv - Eg)", where a is the absorption coefficient, v is the photon's frequency, hv is the photon’s energy, and n is an
exponential coefficient with values of 0.5 and 2 for direct and indirect electronic transitions, respectively. At 60
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minutes (red line), the film exhibits a slightly higher energy onset (~2.6-2.7 eV) with a moderate slope, indicating
the formation of a well-structured semiconductor layer with minimal oxidation or phase transitions. As the
annealing time increases to 120 minutes (blue line), the band gap appears to decrease slightly, accompanied by a
more gradual slope or tailing. This behavior may suggest the presence of increased defect states or the onset of
phase mixing, possibly involving CuO [30]. The film annealed for 180 minutes (green line) shows the highest slope
among all, indicating a sharper absorption edge. This is often associated with improved crystallinity and a
reduction in sub-gap defect states. In contrast, the sample at 240 minutes (black line) displays a dual absorption
behavior with noticeable curvature between 2.4-2.8 eV and a secondary slope beginning near 3.2 eV. This pattern
suggests the coexistence of two phases, Cu,0 and CuO. The overall reduced slope and broadened transition region
imply increased disorder, possible phase segregation, or oxidation-induced changes.

Tauc's plot can also be used to determine the optical band gap of the samples. The band gap energy is
represented by an intercept at the hv axis in the (ahv)? vs hv plot [31]. All samples achieved a constant band gap,
Eg, of 2.50 eV. This finding aligns with Y. Wang et. al., who obtained a band gap of 2.51 eV after annealing. This
increase is explained by the decrease in Urbach energy, which shows that defect elimination contributes to
bandgap widening [32]. The band gap obtained is higher than the band gap of a pure Cu,0, reported to be around
2.02 eV to 2.17 eV [33-34]. The difference for all samples, despite the equal band gap, is due to their variation of
crystallite size as shown in Fig. 5. The sample with an annealing time of 240 minutes has the smallest crystallite
size, aligned with the Tauc’s plot pattern being the lowest compared to other thin films. Whilst the sample
annealed at 180 minutes with the largest crystallite size exhibited the highest in Tauc’s plot pattern. The optical
characteristics of Cu,0, including its absorption and emission characteristics, can change as a result of changes in
crystallite size. These modifications have the potential to modify the electronic structure and, consequently, the
Tauc’s plot pattern [35].

3.6 Electrical Analysis of Mg:Cu,0/CuO Thin Film

Fig. 13 shows the Hall effect measurement at room temperature used to identify the carrier concentration,
mobility carrier, and resistivity of all the interstacked Mg:Cu,0/CuO thin films. According to first principles
theoretical calculations, Cu,O is a naturally cation-deficient and intrinsically "p-type" material because of
negatively charged copper vacancies [36]. The mobility carrier increases while carrier concentration decreases
with respect to increasing annealing time. Annealing decreases the film's defects and non-radiative recombination
centers, which typically trap carriers and limit mobility. It will also increase carrier mobility by enhancing the
film's crystal quality and lowering non-radiative recombination [37]. The carrier concentration of Cu,0 films
typically decreases with annealing because the high temperature reduces defect states and increases the carrier
compensation effect [38]. The carrier concentration ranges between 2.255 to 2.483 x 102 (/cm?), while the
mobility carrier is varied in the range of 3.102 - 3.337 x 10 (cm?/Vs). As the annealing time increases, the samples
become more resistive (resistivity varied between 8.105 - 8.294 x 10~° (Q.cm).

It is interesting to note that the mobility carrier and resistivity have almost the same graph pattern. As the
annealing time increases from 60 minutes to 180 minutes, the mobility carrier and resistivity also increase to a
maximum reading of 3.337 x 10 (cm?/Vs) and 8.294 x 10~° (Q.cm) respectively. This can be linked to the decrease
in grain boundary scattering caused by the increase in grain size in Fig. 2. It shows that annealing causes the
reduction of the mobility carrier but improves the resistivity of the samples. However, at an annealing time of 240
minutes, the mobility carrier and resistivity decrease to 3.307 x 10 (cm?/Vs) and 8.274 x 10™° (Q.cm) respectively.
By decreasing lattice strain and eliminating disorder from the crystal structure, annealing improves Cu,0's
crystallinity. Charge carriers can travel more freely and encounter fewer barriers on a highly ordered lattice,
which lowers the probability of carrier scattering and recombination. Increased carrier mobility is a direct result
of this structural order improvement [39]. Apart from that, Yuanjiang Lv et al said that annealing has the potential
to raise resistivity. For instance, thin Ag-Co films annealed at 360 °C produced ultra-high resistivity due to the
formation of diffusion pits that block electron transmission [40]. In contrast, certain parameters can also cause
resistivity to drop, which is due to the change in crystallinity and grain size of the material [41]. As expected from
the Hall effect measurement, the carrier concentration decreases as the annealing time increases [42].

Penerbit
UTHM



220 Int. Journal of Integrated Engineering Vol. 17 No. 6 (2025) p. 210-223

835 r _ 255 3.4
g‘) —_~
33 _g 25 41 3.35 E
£ =245 4 33 2;
o 825 =
c B 24 | {325 O
v +
W 82 E23s5 132 &
z g 23| 1315 .8
Rz 2225 41 3.1 ©
2 81 3 2
7 o o22 ¢t 1 3.05 =5
305 | o —a&— Carrier concentration .8
) E 2.15 F —&— Mobility carrier 43 S

] Resistivity
§ t 2.1 2.95
60 min 120 min 180 min 240 min

Annealine Time
Fig. 13 Hall effect measurements performed at room temperature for the interstacked Mg:Cu,0/CuO thin films

It can be seen in Fig. 8 that the carrier concentration decreases from 2.483 x 10%* (/cm?) to 2.255 x 10%*
(/cm®) from 60 to 180 minutes of annealing time. This trend aligns with findings from previous research,
indicating that as the annealing time increases, the intrinsic defects that contribute to the p-type conductivity of
CuO decrease, resulting in a reduction of the carrier concentration. Due to the existence of copper vacancies (VCu),
which serve as acceptor states and supply holes as charge carriers, CuO is usually a p-type semiconductor. Long-
term annealing of the material, especially in an oxygen-rich environment, tends to repair these defects because
more oxygen atoms diffuse into the lattice, lowering the number of copper vacancies. The carrier concentration is
successfully reduced by this annealing process, which lowers the carrier density [43-44]. Apart from that, the
carrier concentration increases to 2.281 x 10?* (/cm?) at 240 minutes, which is most likely caused by excessive
annealing that leads to excessive CuO formation, which can degrade this property [45].

4. Conclusion

This study investigated the effects of annealing time on the physical, morphological, structural, optical, and
electrical properties of the interstacked Mg:Cu,0/CuO thin films fabricated via electrodeposition, followed by
annealing process. The largest Cu,0 grains were seen at 120 minutes according to morphological analysis using
AFM, which showed that annealing improved grain growth and surface uniformity. Structural analysis confirmed
the phase transition, revealing Cu,0 and CuO phases and an increasing CuO peak intensity with annealing time.
All samples had a similar spectra trend with an absorption edge around 550 nm, confirming strong UV-Vis
absorption. The band gap remained constant at 2.5 eV despite annealing, higher than pure Cu,0 due to reduced
Urbach energy, indicating defect elimination widens the band gap. Hall effect measurements show that annealing
time causes resistivity to increase, but reduced hole mobility compared to unannealed samples. The carrier
concentration recorded was around 10?* cm™3. However, further research and understanding regarding the
Cu,O’s interface, heterojunction, and overall performance efficiency are needed.
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