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The direct current conductivity and electrical power conversion
efficiency of elemental 2D materials thin films were fabricated and
investigated for the solar cell efficiency. We optimized the deposition
of 2D elements such as HgO, Fe,(S0,);, ZnCl, Cu,0 and Cu,S to
create high-quality thin films using three different methods of
chemical vapor deposition. The optical properties showed that as the
amount of 2D materials increased, the band gap of the films became
smaller. In our photoconduction tests, we found that when exposed to
light, the current increased steadily with higher solar irradiance,
while photocurrent changed with the level of solar irradiance applied.
We characterized the PEC solar cell made from HgO, Fe,(S0,)s,
ZnCl, Cu,0 and Cu,S thin films by measuring key factors such as
open-circuit voltage (Voc), short-circuit current (Isc), maximum

power (Pmax), fill factor (ff), and efficiency (n, %). We used a sample
cell area of 2 cm2 and tested it under various levels of solar irradiance
measured in W/m2 The results showed a fill factor of 0.40 % and a
conversion efficiency of 5.50 % for one specific composition based
on I-V measurements.

|. Introduction

Many researchers are exploring the use of thin films made from metal chalcogenides (MX, where M represents
metals like Pb, Cd, Cu, Zn, and X stand for elements like S, Se, or Te) as an alternative to traditional p—n
junction photovoltaics (PV) in photoelectrochemical (PEC) conversion processes [1]. These thin films can
achieve high efficiencies of up to 29% [2,3]. They have been studied for various applications because their band
gap values align with visible light that comes freely from the sun. Additionally, they are simple to produce using
common starting materials and do not require special conditions. However, their medium band gap values make
them vulnerable to degradation when operating under PEC conditions [4,5]. Over the last few decades, II-VI and
IV-VI group compound materials have gained attention for their clear physical properties, such as high
efficiency, strong optical absorbance, and direct band gaps. These traits make them promising for a variety of
optoelectronic uses, including photodetectors, photovoltaic devices, lasers, infrared detectors, solar control
coatings, and solar cells [6-9]. These materials can be applied in thin film form using several techniques like
vacuum deposition, chemical bath deposition, chemical vapor deposition, electro-deposition, spray pyrolysis,
and sol-gel methods [10-18].

Pb,Cd;.S thin films are recognized as important high-tech materials because they are used in many optical and
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electronic devices [19]. Among the II-VI semiconductors, Cadmium sulfide (CdS) thin films stand out as a
typical n-type material with applications in large-area electronic devices and solar cells. CdS has a wide direct
band gap of 2.42 eV, making it suitable to be used as a window material alongside other semiconductor like Cu,S
[20]. A photoelectrochemical (PEC) cell is a type of solar device that combines semiconductor materials with an
electrolyte interface to convert solar energy into electrical energy.

As an advanced microelectronic technology, PEC can be utilized for both generating voltage from light and
converting chemical energy. [21] Currently, silicon is the most common material used for PEC fabrication;
however, its cost is quite high for large-scale production. [22] Therefore, researchers are actively looking for new
materials that can efficiently convert energy at a more affordable price without losing performance. [23] Due to
the effort in discovering new materials, Transition Metal Chalcogenides (TMC) are seen as the best
semiconductor materials for photoelectrochemical (PEC) applications. TMC is a combination of transition
metals from group 10 and chalcogenides from group 16, represented as MX, (where M can be Cd, Mo, Zn, etc.,
and X can be S, Se, or Te). TMC shows remarkable optical, electrical, and semiconductor qualities, especially
when in thin film form. [24] This progress has encouraged many researchers to study TMC thin films for PEC
applications like CdS, [25] CdSe,[26] ZnS,[27] SnS [28] and others. Cadmium chalcogenides are the most
commonly used TMC materials for energy conversion because they have high photo conversion efficiency
[26,29]. Thin films of chalcogenides can be made using methods such as spray pyrolysis, electrochemical
deposition [30], and sputtering [31]. The goal of this study was to enhance the photovoltaic performance of solar
cells based on PEC solar cells made from copper oxide, particularly focusing on increasing photoconversion
efficiency. Using a heteroepitaxial layer alters how Cu,O window layers grow and leads to improvements in
photovoltaic performance.

Il. Research Method

For a better thoughtful of thermal oxidation mechanism, we introduce here a schematic of the surface oxidation
process of thin copper films and the effect of oxidation temperature, as shown in Figure 1. Exposure of a fresh
copper film to air ambient results in a spontaneous native oxide formation, which later acts as a diffusion barrier
for O, and prevents the further oxidation. The thermal energy at 150 °C, overcomes the diffusion barrier and
Cu,O formation starts. However, activation energy of CuO formation demands a higher thermal energy (325 °C).
In all cases, a longer duration of oxidation results in a thicker oxide layer whereas the oxidation temperature
determines the oxide phase.
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Figure 1. Oxide growth schematics of thin Cu film during thermal oxidation in air.

Cu,S/Cu,0|1g NaCl|C(copper) solar cells were grown by chemical vapour deposition (CVD). Details of the
surface enhancement and the approximate value of the achieved parameters of the synthesized layers are shown
in Table 1. The schemes of the thin-film solar cells are shown in Figure 1
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Table 1. The schemes of the thin-film solar cells.

S/N | Sample I,.(mA) V.mV) | n(%) FF
1 HgO 0.87 78 4.30 0.20
2 Fe,(50,); | 0.75 65 5.40 0.46
3 ZnCl 5.36 298 0.79 0.20
4 Cu,0 0.50 35 1.7 0.41
5 Cu,S 1.00 61 5.50 0.40

Starting materials HgO0, Fe,(S0,);, ZnCl, Cu,0 and Cu,S, redox couple materials, and organic solvents were
used in their pure forms. The substrates were pre-cleaned by washing them several times with distilled water and
methanol then soaked them in dilute HCI for 4 seconds. After that, we dried them using tissue paper before
proceeding with film deposition.

11.1. Electrode Preparation HgO, Fe,(504)3, ZnCl, Cu,0 and Cu,S

HgO, Fe,(50,)5, ZnCl, Cu,0 and Cu,S thin films were thermally evaporated onto Cu,0 using a method
modified from literature [32]. First, we cut copper foil into squares measuring 2 cm x 2 cm. Next, we cleaned
these pieces using ultrasonic waves in a solution of 2-propanol, ethanol, and distilled water. Following this, we
preheated the substrates in a microwave oven at 250°C for 10 minutes to remove any remaining water and
unwanted solvents from their surfaces. We then placed them in a clean envelope as we waited for the oxidation
temperature to be reached. The samples were positioned between ceramic crucibles and put into a high-
temperature furnace set to 950°C (figure 2), where they oxidized for 8 minutes. Right after that, we quenched
them in cold distilled water and dried them by placing them between tissue papers before letting them air dry.
The films deposited at 950°C were annealed at 450°C under oxygen flow for 60 minutes. Finally, we cooled the
annealed films back down to room temperature.

(@)
Cu Foil Oxidized at 950°C Obtained Cu, 0 After
thermal oxidation
Cu Foil Annealed at 450°C Annealed sample

Figure 2: (a) Thermal oxidation of the samples at 950°C (b) Annealing of the samples at 450°C

11.2. Results and discussion

HgO, Fe,(50,)3, ZnCl, Cu,0 and Cu,S thin films were characterized using various techniques. We focused on
how different preparation conditions, like deposition time and pre-annealing temperature, affect the
characteristics of the film electrodes. We examined the impact of coating on all five samples that were
synthesized. Next, we conducted a Photoelectrochemical (PEC) study on different electrodes to observe how
treatment influenced their characteristics. Thus, we carried out characterization and PEC studies only on the five
samples mentioned earlier.

233



Algerian Journal of Renewable Energy and Sustainable Development 7(2) 2025: 231-237, doi:10.46657/ajresd.2025.7.2.8

1) Fabrication and characterization of PEC cell

We used a two-electrode cell with five different reference electrodes, each used separately, along with a copper
sheet as the counter electrode. Figure 3 shows the two electrode setups used in this experiment. The materials
HgO, Fe,(S0,)s, ZnCl, Cu,0 and Cu,S and served as photoanodes, while copper acted as the counter
electrode, and sodium chloride was utilized as the liquid electrolyte. The space between the two electrodes
during illumination was set at 5.0 cm. [32] We determined the type of conductivity displayed by the
photoelectrode by checking the polarity of the electromotive force (emf) developed in the PEC cell when
illuminated. We plotted the current—voltage (I-V) characteristics under light exposure. Additionally, we obtained
power output characteristics for the PEC cell under various lighting conditions. We calculated both the fill factor
and power conversion efficiency from these photovoltaic power output characteristics. The maximum power was
assessed based on photoresponse measurements. Finally, we measured spectral response by determining short
circuit current and open circuit voltage as functions of incoming light.
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Figure 3. PEC analysis of the synthesized samples

Figure 4. Show the current-voltage (I-V) curves for the deposited Cu,S/Cu,0O thin film under a light with visible
light. All the films under visible illumination in terms of open-circuit voltage (\Voc), short circuit current density
(Isc), fill factor (ff) and electron conversion efficiency (n) are matched in table 1. These (I-V) curves in the dark
indicate good junction rectification property. From the I-V measurements it is observed that the higher
magnitudes fill factor 0.40 % and conversion efficiency 5.50 % is obtained for composition Cu,S/Cu,O. This is a
significant improvement as compared to other compositions [32].
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Figure 4. The graph of Cu-Cu2S/Cu20 photoelectrochemical solar cell after surface modification.

The improvement in the efficiency of the solar cell is a result of good crystalline structures of the thin film
during deposition. This may result in an increase in the resistance due to the good quality of the films. This also
implies that no holes or cracks were found in the films, which may cause transmission loss. The solar cell
efficiency in the present study is higher and more promising than some other solar cell fabricated by the
chemical vapour deposition technique.
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2) FTIR analysis

Figure five (5) shows the FTIR spectrum of Cu2S/CuO created in an oven using direct transport on a substrate
that was heated for one hour. There is a peak at 1106 cm™ linked to the S-O vibrational mode and a Cu-S sulfide
oxide band at 745 cm™. A clear peak at 630 cm™ represents the Cu-O vibrational mode in the Cu,O phase, as
identified by Ji [33]. Additional features at 1624.74 and 3445.37 cm™ relate to -OH bending and stretching
vibrations caused by water, as noted by Ansari et al. [34]. The band at 3417 cm* matches the stretching vibration
of —OH groups, while there is no band for —NH stretching vibrations; however, N-H bending vibrations appear
at 1544 cm™. The shoulder observed at 1439 cm? is due to C—H bending vibrations. The shoulder at 1439 cm™
comes from C—H bending vibrations. The band for O—H in-plane bending vibrations is missing, but we can see
bands for C-O and C—C stretching vibrations in the 1150-950 cm™ range. [35,36,37] noted that the band for C—-
O out-of-plane bending vibrations is not detected. A combination band for -CH,, —-OCH, and —CCH bending
vibrations appears at 1461 cm, while the deformation bands for -OCH, ~COH, and —~CCH are found at 1383
cm according to Ibrahim et al. [38]. The absorption band between 1622-1383 cm™ relates to the deformation
vibrations of water residue d(HOH). A broad absorption band around 3417 cm™ shows up in the near-infrared
spectra, indicating stretching vibrations of bound OH groups as shown by Keiser et al. [39].

The peaks at 3488 cm™ and 1637 cm™ are not related to hydrogen bond vibrations or surface water in materials
as indicated by Li et al. [40]. In the range of 2500-4000 cm™, we can observe peaks from single bonds.
Hydrogen bonds create a broad absorption band between 3650 and 3250 cm™ as shown by Nandiyanto et al.
[41]. For hydroxyl compounds, it has been confirmed that this occurs due to spectral presence at frequencies of
1600-1300, 1200-1000, and 800-600 cm™™.,

Oxygen-related bonding was detected due to a sharp peak around 3506 cm™. Aromatic structures showed a peak
at 3088 cm, which falls between 3000 and 3200 cm™, as noted by Nandiyanto et al. [42]. There were also weak
peaks below 3000 cm™ related to C-C bonds. No distinct peak for aldehyde appeared between 2700 and 2800
cm. A range of triple bonds (2000-2500 cm?) indicated the presence of C=C bonds in the sample, as reported
by [41,42]. In the double bond region (1500-2000 cm™), a strong, sharp peak suggested a double bond's
presence, indicating that there could be carbonyl double bonds from aldehydes, esters, ketones, or carboxylic
acids. The material being analyzed contains water components. Compounds associated with vinyl were found
around 800 cm™. A strong signal confirmed the presence of aromatic rings, as shown by [43]. Additionally, there
was a CH,/CHjs peak at 2900 cm™.
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Figure 5. The graphical record of Fourier transforms invisible or infrared (FTIR) spectroscopy of analyzed
CUzS/CUzO

I11. Conclusion

HgO, Fe,(S50,)3, ZnCl, Cu,0 and Cu,S binary thin films of various materials are created using the chemical
vapor deposition technique, and these films exhibit semiconducting properties. The composition of all elemental
2D materials varies significantly in the binary deposition of the Hg0/Cu,0, Fe,(50,);/Cu,0, ZnCl/Cu,0,
Cu,0/Cu,0 and Cu,S/Cu,0 thin films. As the films grow, their colors change from reddish-brown to
yellowish and black. The optical band gap of the deposited films is found to decrease. Additionally, the electrical
conductivity in all synthesized thin film samples decreases consistently as the composition increases. It is also
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noted that activation energy drops with higher composition in all thin films. In a study on photoconductivity,
photocurrent increases when voltage is applied under light, and current rises almost linearly with voltage but
decreases as the composition of the thin film increases. This pattern indicates that the films have non-ohmic
behavior. In this study, a photoelectrochemical (PEC) solar cell with five different structures was made using the
CBD technique. Because of the high quality of the thin films produced, the PEC solar cell demonstrates a
conversion efficiency of 5.50%.
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