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1. ABSTRACT 

The study involves comprehensive analyses of Cl-doped Cu2O thin films deposited on 

FTO substrates, exploring their properties and gas-sensing efficiency. Contact angle 

measurements were conducted using the sessile drop method, indicating increased non-

wetting behavior in Cl-doped films compared to undoped Cu2O. Scanning electron 

microscopy images identified distinct grain distribution and surface features, with Energy 

Dispersive X-ray Spectroscopy confirming the presence of Cl atoms in the Cl-doped film. 

Mott-Schottky analysis revealed p-type conductivity in the deposited Cu2O films, 

showcasing a higher acceptor concentration and lower valence band edge position for the 

Cl-doped film compared to undoped Cu2O. Gas sensing efficiency was optimized for 

liquid petroleum gas (LPG), with Cl-doped Cu2O exhibiting a high response (~13%) and 

fast identification (~20 s response, ~15 s recovery) at 70 ℃. Variations in LPG sensitivity 

were noted at different temperatures, with a maximum response (~20%) observed at 100 

℃ for Cl-doped films. The findings indicate successful enhancement of LPG sensing 

efficiency through Cl-doped surface modification of Cu2O, demonstrating the potential 

for optimized gas sensing applications. 
 

 

2. INTRODUCTION 

Certain metal oxides, like titanium dioxide, are used in photocatalytic applications, 

breaking down organic pollutants under light exposure [1]. Meanwhile, Cu2O exhibits 

semiconductor behavior with a narrow bandgap, making it suitable for optoelectronic 

applications [2]. It demonstrates interesting optical properties, especially in the visible 

spectrum, making it useful for photovoltaic and photocatalytic applications. Cu2O thin 

films have been explored for solar cell applications, either as a standalone absorber layer 

or in heterojunction structures with other materials to harness solar energy effectively. 

These films are used in photocatalytic applications for degrading organic pollutants and 

splitting water molecules into hydrogen and oxygen under light irradiation. Metal oxide 

semiconductors are commonly used in gas sensors due to their sensitivity to gases like 

carbon monoxide, nitrogen oxides, and volatile organic compounds. Cu2O thin films are 

utilized in gas sensors [3-6], particularly for detecting gases like carbon monoxide, LPG, 

etc. due to their sensitivity and conductivity changes in the presence of specific gases.  

Fabrication techniques include physical vapor deposition, chemical vapor deposition, sol-

gel processes, and other methods [7] that allow the creation of thin films or nanostructured 

materials, optimizing their properties for specific applications. Specifically, 

Electrochemical methods involve the reduction of copper ions in a solution onto a 

conductive substrate under specific conditions to form Cu2O films. 

 

Cu2O is prone to oxidation, limiting its stability in certain environments. Researchers are 

exploring methods to enhance its stability without compromising its properties. Ongoing 

research [4,6,8] focuses on improving the efficiency and properties of semiconductor 

metal oxides. Scientists explore new modifications to their structures and enhance their 
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functionalities for advanced applications in electronics, renewable energy, environmental 

sensing, and beyond [9,10]. Doping Cu2O thin films involve intentionally introducing 

impurities or foreign atoms into the crystal lattice to alter its electrical, optical, or 

structural properties [11]. Chlorine doping, specifically, involves the introduction of 

chlorine atoms into the Cu2O lattice to modify its characteristics. Chlorine doping [5,11] 

typically involves substituting oxygen (O) atoms in the Cu2O lattice with chlorine (Cl) 

atoms. This substitution can alter the electronic structure by introducing new energy 

levels within the bandgap, affecting the conductivity and other properties such as carrier 

concentration, band structure, and optical properties of Cu2O thin films [5,11]. The 

specific impact depends on the concentration of chlorine dopants and their arrangement 

within the crystal lattice. This research paper presents the electrodeposition method used 

to deposit undoped and Cl-doped Cu2O thin films, on FTO substrates. It includes an 

extensive examination of the surface morphology and wettability of these Cu2O films. 

Additionally, the electrical properties were investigated using Mott-Schottky analysis. 

The study highlights these characterizations to optimize the effectiveness of detecting 

liquid petroleum gas under different operating temperatures. 

 

 

3. EXPERIMENTAL DETAILS 

 

 

3.1 Fabrication of Cu2O thin films 

Before deposition, the FTO substrates underwent treatment by being exposed to an 

acetone bath and sonicated in distilled water for a few minutes to enhance the adhesion 

of the Cu2O film to the FTO surface. Approximately a 1×1.5 cm2 area of the FTO 

substrate was submerged in an electrolyte solution comprising 3.5 M lactic acid (Sigma–

Aldrich, purity - 99.0%) and 0.45 M cupric sulfate CuSO4 (Sigma–Aldrich, purity - 

99.0%). The electrolyte's pH was adjusted to pH 10.5 using NaOH (Sigma–Aldrich, 

purity – 98.0%). The electrolyte was kept at a constant temperature of 60°C inside a water 

bath with continuous stirring. A 0.02 M CuCl2 aqueous solution was added as the chlorine 

precursor of the lactate bath [5]. The Cu2O thin films were electrochemically deposited 

potentiostatically in a three-electrode electrochemical cell using a platinum counter 

electrode and Ag/AgCl reference electrode. A constant potential of -450 mV was given 

across the Ag/AgCl reference and FTO substrate throughout a deposition period of 30 

minutes [12]. Post-deposition, the films were thoroughly cleaned with distilled water and 

left to dry at room temperature in normal air. 

 

 

3.2 Thin film characterization 

Contact angle measurements were made using the sessile drop method with double 

distilled water. (Parts of 10 µl) The contacting surface was observed through a digital 

microscope (2MP 1000x 8 LED USB Digital Microscope Endoscope) and the angle of 

contact was determined using Image J software. Droplets were allowed to settle on the 

film surface for ~10 min before measurements and measured the average contact angle 

for three separate drops on each sample surface. The conductivity of deposited Cu2O films 

was verified using Motts-Schottky plots which were conducted in a 0.1 M sodium acetate 
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(NaAc) electrolyte solution (pH 7.5) and the surface morphology studies of deposited 

Cu2O thin films were observed using a Scanning Electron Microscope (SEM) (Zeiss EVO 

15 LS). Energy Dispersive X-ray Spectroscopy (EDX) analysis of chlorine-doped Cu2O 

thin film measurements was performed at 20 kV.  

 

 

4. RESULTS AND DISCUSSION 

 

 

4.1 Surface Wettability Through Contact Angle Measurements 

Contact angle measurements were made using the sessile drop method with three separate 

double distilled water droplets placed on the fabricated film. Here, Fig. 1(a,b) illustrates 

the undoped and Cl-doped Cu2O thin film average contact angle measurements 

respectively. 

 

 

Figure 1: Average contact angle of electrodeposited (a) undoped (b) Cl-doped Cu2O thin 

films grown on FTO Substrates. 
 

Abiding the former studies [13] on contact angle variation and film wettability, the 

average contact angles measured for Cl-doped Cu2O thin films deposited on FTO 

substrates have shown an increase in its non-wetting behavior due to the concentration of 

chlorine dopants and the structural change within the crystal lattice of the film relative to 

the undoped Cu2O. 

 

 

4.2 Surface Morphology and Compositional Analysis  

Figures 2(a) and 2(b) show the SEM images of undoped and Cl-doped Cu2O thin films 

electrodeposited under the same fabrication conditions in 200 nm scale. As can be seen 

in the SEM images, each film has shown a unique grain distribution and visible roughness 

variations which resulted in the differences in contact angle and surface wetting behaviors 

observed in Fig. 1. Moreover, it was identified that the perfectly homogeneous clear 

cubical structure of undoped Cu2O (Fig. 2a) has taken rods-like form with spots evenly 

distributed on the crystals. These foreign surface features were tested using Energy 

Dispersive X-ray Spectroscopy (EDX) analysis to observe the presence of Cl atoms in 

the deposited film. As evident in Fig. 2(c), a 1.16% atomic percentage of Cl was identified 

as contributing to a film surface modification. 

 

 

77.9 o (a) 87.07 o (b) 
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Figure 2: SEM morphological variations of electrodeposited (a) undoped (b) Cl-doped 

Cu2O thin films grown on FTO substrates and (c) EDX analysis of chlorine-doped Cu2O 

thin film measurements revealing the elemental composition of Cu, O, and Cl.  

 

 

4.3 Electrical Analysis 

Mott-Schottky analysis was primarily applied to characterize the properties of the space 

charge region and the electrical double layer at the interface between the semiconductor 

and the electrolyte. By following the Mott-Schottky relationship (Eq.1) where, 𝐶, 𝑒, 𝜖0,
𝜖𝑟 , 𝑁𝐷 , 𝐴, 𝑉𝐹𝐵, 𝑘,  and T denote the space charge layer capacitance of the film at 

potential V, the electron charge (1.602×10-19 C), the permittivity of the vacuum 

(8.854×10-12 F m-1),  the relative permittivity of Cu2O [14], the free carrier concentration 

of the semiconductor, contacting film area, flat band potential, Boltzmann constant, and 

absolute temperature respectively, the resulting Mott-Schottky plot typically showed a 

relationship with linear regions having negative slopes, that confirmed the deposited 

Cu2O films to have p-type conductivity [5] as depicted in Fig.3. 
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Figure 3: Mott-Schottky analysis of electrochemically deposited undoped and Cl-doped 

Cu2O thin films grown on FTO substrates. 

Based on the slope and intercept of the Mott-Schottky plot,  carrier density ND (Eq. 2) [6] 

and the flat band potential VFB against normal hydrogen electrode (NHE) (Eq. 3) were 

calculated, where  𝐸𝐴𝑔/𝐴𝑔𝐶𝑙 = 0.197 𝑉 [15]. The calculations are listed in Table 1. 

 

Table 1: Flat band potentials (vs. NHE) and carrier density variations of undoped and Cl-

doped Cu2O thin films deposited on FTO glass substrates. 

 

 

In comparison to the undoped Cu2O, Cl-doped film has shown a consistent p-type 

conductivity with a higher carrier concentration of 2.48 × 1024 and a lower valance band 

edge position with respect to 0V of NHE. It is expected that this increase in electrical 

conductivity is observed due to the Cl introduced additional charge carriers (electrons and 

holes) which results in a shift of band edges. 

 

 

Measurement undoped Cu2O Cl doped Cu2O 

Flat Band Potential vs NHE (V) 0.363 -0.011 

Carrier Density (m-2) 2.48 × 1022 2.48 × 1024 

𝑁𝐷 = (
2

𝑒𝜖0𝜖𝑟𝐴2 (𝑠𝑙𝑜𝑝𝑒)
 )                                                                 (2)    

     𝐸𝐹𝐵 (𝑣𝑠 𝑁𝐻𝐸) = 𝐸𝐹𝐵 (𝑝𝐻 𝑣𝑠 𝐴𝑔/𝐴𝑔𝐶𝑙) + 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙 + 0.059 × 𝑝𝐻                    (3)                                           
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4.4 Liquid petroleum gas sensing 
Optimization of LPG sensing efficiency via chlorine-doped electrodeposited cuprous 

oxide thin films was investigated using a 5 cc min-1 flow rate of liquid petroleum (LP) 

gas injected into a sealed chamber containing the deposited film. Followed by a 

continuous 0.1 l min-1 compressed air flow flushing out the LPG, two gold spring probes 

placed 1 cm distance apart on the film measured the film surface resistance variation. The 

film's resistance in the air (Ra) and when exposed to LP gas (Rg) were measured [16]. 

Before entering the chamber, the gas underwent filtration through a silica background to 

eliminate water molecules. The sensor's response time and recovery time were determined 

by recording the duration taken to achieve 90% of the maximum resistance change (∆R) 

induced by LPG and the time needed to return to 90% of the initial resistance during 

airflow, respectively. When the films were flushed with compressed air at a certain 

temperature, the film resistance decreased and stabilized with time due to the ionosorption 

of oxygen molecules on the Cu2O surface [17,18]. Upon the injection of a reducing gas 

like LPG, it interacts with the ionosorbed oxygen as given in Eq. (4) and increases the 

resistance. 

 

 

 

The percentage change in the gas response compared to sensor resistance at ambient state 

(𝑅𝑎) is given by Eq. (5). For p-type Cu2O films  𝑅𝑔 > 𝑅𝑎.  

 

 

 

 

At a chosen optimal temperature of 70 ℃  [5,10], Cl-doped Cu2O maintained a maximum 

response of ~13% which was almost twice as undoped Cu2O. This could be attributed to 

the Cl increased oxygen vacancies which ultimately increased the response percentage 

due to excessively increased conductivity [19]. With shorter response and recovery times 

of approximately 20 s and 15 s respectively the Cl-doped Cu2O films presented a 

promising quick identification of LPG at low temperatures. 

 

Figure 4: LP gas response measurements of undoped and Cl-doped Cu2O thin films 

grown on FTO substrates. 

          𝑂2−  + 𝐶𝑛𝐻2𝑛+2 → 𝐶𝑂2 + 𝐻2𝑂 + 2𝑒−                (4) 

                  𝑆 = [
( 𝑅𝑔 − 𝑅𝑎)

𝑅𝑎
] × 100%                                 (5) 
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To investigate the optimal operating temperature of the two doping conditions, the 

sensing chamber was maintained at different temperatures ranging from 60℃ to 120℃ 

through the LPG sensing process. However, the undoped Cu2O films did not show a 

promising efficient gas response besides the 70℃ - 90℃  range. According to the LPG 

sensitivity variation of Cl-doped Cu2O thin films at different temperatures shown in Fig. 

5, a significant temperature dependence of sensitivity was identified possibly due to the 

thermal stability facilitated by apparent reduced particle size in the nanoscale. A 

maximum gas response of ~20% was observed at 100℃, which reduced gradually with 

lower and higher temperatures. Altogether, the gas sensing characterization of Cu2O 

showed a successful optimization of LPG sensing with Cl-dope surface modification. 

 

Figure 5: LP gas response measurements of Cl-doped Cu2O thin films grown on FTO 

substrates at different operating temperatures. 

 

 

5 CONCLUSION 

The investigation was focused on elucidating the properties and optimization of liquid 

petroleum gas (LPG) sensing via chlorine-doped electrodeposited cuprous oxide (Cu2O) 

thin films on FTO substrates. The contact angle measurements revealed an increased non-

wetting behavior in chlorine-doped Cu2O films compared to undoped Cu2O, attributed to 

the dopants' concentration and structural alterations within the crystal lattice. Surface 

analysis through SEM imaging displayed distinct grain distribution and surface 

variations, influencing contact angles and wetting behaviors. EDX spectroscopy 

confirmed the presence of Cl atoms in the doped film. Mott-Schottky analysis indicated 

a p-type conductivity in deposited Cu2O films, showcasing a higher acceptor 

concentration and lower valance band edge position for Cl-doped films compared to 

undoped Cu2O. Gas sensing efficiency optimization for LPG involved meticulous 

investigations at varying temperatures. Cl-doped Cu2O films demonstrated a substantial 

LPG response (~13%) at 70 ℃, with rapid identification capabilities. Temperature 

sensitivity analyses highlighted a temperature-dependent variation in LPG sensitivity, 

with a maximum response of ~20% observed at 100 ℃ for Cl-doped films. In contrast, 

undoped Cu2O films exhibited limited gas response efficiency except within the 70 ℃ to 
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90 ℃ range. Overall, the gas sensing characterization indicated successful optimization 

of LPG sensing through Cl-doped surface modification of Cu2O, signifying potential 

advancements in gas sensing applications. 
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