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Abstract: Copper oxide (CuO) is a stable, earth-abundant p-type semiconductor with strong 

potential as an absorber material for thin-film solar cells (TFSCs). However, experimentally reported 

efficiencies for CuO TFSCs remain significantly below theoretical limits, primarily due to interfacial 

recombination and suboptimal heterojunction design. In this work, a systematic SCAPS -1D 

numerical investigation of CuO-based TFSCs incorporating CdS, ZnO, and TiO2 buffer layers is 

presented. The device architecture, with an Au/CuO/buffer/Al:ZnO/Al configuration, was modeled 

to simultaneously optimize buffer-layer thickness and donor density, thereby evaluating the 

coupled geometrical and electronic effects. Unlike prior studies focusing on individual buffer 

materials or limited parameter spaces, this work provides a unified comparative framework for 

assessing buffer-layer compatibility with CuO absorbers. The results show that TiO2 achieves the 

highest simulated power conversion efficiency of 12.48%, followed by ZnO at 12.00% an d CdS at 

11.60%. While CdS remains a widely adopted buffer layer in TFSCs, TiO2 demonstrates improved 

compatibility with CuO in terms of band alignment, optical transparency, and parameter tolerance. 

The reported efficiencies represent upper-bound estimates due to idealized interface and optical 

assumptions inherent to SCAPS-1D simulations; therefore, experimental validation and  

interface-defect modeling are required to confirm device performance under realistic fabrication 

conditions. 
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1. Introduction 

Solar photovoltaic technology will be a significant contributor to meeting the world's growing 

energy demands as nations transition away from conventional fossil fuels. Thin film solar cells 

(TFSCs) will also make a significant contribution in satisfying the needs and have gained substantial 

interest due to their potential for cost-effective production, mechanical flexibility, and capability for 

large-area deployment of flexible, lightweight and building-integrated photovoltaics. The 

conventional TFSC technologies, such as CIGS [1,2] and CdTe [3,4] are mature technologies with 

efficiencies exceeding 23%. Still, they encounter challenges including complex and expensive 

manufacturing processes, toxicity, environmental risks, and scarcity of In and Te. Another promising 

TFSC technology is perovskite-based solar cells, where efficiencies have exceeded 25% but suffer 

from challenges such as long-term stability and Pb management [5,6]. These limitations with current  

TFSC technologies have led to the quest for sustainable and earth-abundant alternatives. Copper 

oxide (CuO) is one such material that has gained attention as a viable absorber due to its 

inexpensiveness, natural abundance, and favourable optoelectronic pr operties. CuO is a p-type 

semiconductor with a bandgap of 1.2–1.5 eV and a high absorption coefficient of over 105 cm−1. It can 

effectively absorb a wide range of the solar spectrum at micrometer thickness [7,8 ]. The spray 
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pyrolysis [9], sol-gel processing [10], electrodeposition [11], sputtering [12], and chemical bath [13] 

techniques have been reported in several experimental studies for preparing CuO thin films with 

tunable optoelectronic properties, suitable for TFSC applications. However, the reported efficiencies 

of CuO TFSCs remain relatively low, ranging from 0.02% to 9.3% [14–18], which is significantly below 

their Shockley–Queisser limit of ~30% [19–21]. The performance of CuO TFSC is strongly influenced 

by the choice of n-type buffer layer, which governs band alignment, charge separation, and interfacial 

recombination. Various n-type semiconductors, such as silicon [22], metal oxides [23,24] and metal 

sulphides [25,26] have been investigated as heterojunction partners for CuO in experimental studies. 

Buffer materials such as CdS, ZnO, and TiO2 have been widely explored due to their wide band gaps, 

high optical transparency, and favorable electronic properties [27–31]. While CdS is a  

well-established buffer layer in conventional thin-film technologies, oxide buffer layers such as ZnO 

and TiO2 offer potential advantages in terms of transparency, chemical stability, and compatibility 

with oxide absorbers. However, most existing studies examine these buffer materials independently 

or under differing simulation assumptions, which limits a direct comparison of their relative 

effectiveness in CuO-based heterojunctions. Numerical simulations using SCAPS-1D offer an 

efficient method for evaluating inorganic TFSC device designs and adjusting parameters without the 

need for extensive experimental work [32–35]. Although SCAPS-1D studies on CuO heterojunction 

solar cells employing CdS, ZnO, or TiO2 buffer layers have been reported, these investigations 

typically focus on individual buffer materials, limited parameter variations, or differing simulation 

assumptions. The present work employs a unified comparative parametric framework in which 

buffer-layer thickness and donor density are simultaneously optimized for CdS, ZnO, and TiO2 under 

identical device architectures and modeling conditions. This approach allows a consistent 

comparison of buffer-layer compatibility with CuO absorbers. It enables systematic analysis of the 

influence of band alignment, recombination behavior, and electric field distribution, aspects that have 

not been jointly examined in prior studies. 

2. Materials and methods 

This study utilizes numerical simulations with SCAPS-1D (Version: SCAPS 3.8, Release date: 

May 2020, University of Gent, Belgium) to investigate the performance of CuO TFSCs incorporating 

buffer layers of CdS, ZnO, and TiO2. The simulator enables detailed analysis of optoelectronic 

behaviour, allowing systematic evaluation of material, geometrical, and doping parameters by 

solving the coupled semiconductor equations [36,37]. 

Poisson’s equation: 
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where 

𝜓 is the electrostatic potential, 

𝜀0 and 𝜀𝑟  are the vacuum and relative dielectric constants, 

𝑛 and 𝑝 are carrier concentrations, 

𝑁𝐷 and 𝑁𝐴  are donor and acceptor densities, 

𝐽𝑛 and 𝐽𝑝 are current densities, and, 

𝐺 and 𝑅 represent generation and recombination rates. 
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Carrier transport is governed by drift–diffusion currents with mobilities 𝜇𝑛,𝑝  and diffusion 

coefficients 𝐷𝑛 ,𝑝 as follows: 
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In SCAPS-1D, Poisson’s equation is solved self-consistently with the electron and hole continuity 

equations to describe the electrostatic potential and carrier transport governed by  

electric-field-driven drift and concentration-gradient-driven diffusion. Recombination is modeled 

using Shockley–Read–Hall statistics through bulk defect states, which dominate non-radiative 

recombination in CuO TFSCs, while radiative and Auger recombination mechanisms are neglected. 

2.1. Device structure 

Figure 1 illustrates the simulated solar cell configuration: Au/CuO/n-type layer/Al:ZnO/Al, 

which forms the basis for performance evaluation in this study. The device configuration contains 

CuO as the key absorber layer. The CdS, ZnO, and TiO2 layers serve as buffer layers that form a p-n 

junction with the absorber. Al:ZnO acts as a transparent front contact, allowing sunlight into the 

absorber layer and junctions. Gold is used as a back contact, while the aluminium grid serves as a 

front contact on the Al:ZnO layer to extract current from the device. 

 

Figure 1. Schematic structure of the simulated CuO TFSC: Au/CuO/buffer layer/Al:ZnO/Al. 

2.2. Material properties 

All material parameters, including band gaps, electron affinities, dielectric constants, effective 

density of states, carrier mobilities, and defect densities, were obtained from experimental reports 

and prior SCAPS-1D studies. These values are summarized in Table 1  [37–56]. Buffer-layer 

thicknesses were varied in the range of 20–100 nm. The donor density ranges listed in Table 1 were 

determined based on experimental feasibility. The CuO absorber layer was assigned a n acceptor 

concentration of 1016 cm−3, consistent with experimental estimates. All layers, except Al:ZnO, 
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included a neutral bulk defect level of 1015 cm−3 to represent deep-level recombination centers. 

Simulations were conducted under standard AM1.5G illumination (100 mW/cm2) at 300 K, utilising 

the default SCAPS-1D optical model. The photovoltaic parameters open-circuit voltage (VOC), short-

circuit current density (JSC), fill factor (FF), and power conversion efficiency (η) were extracted. Ideal 

interfaces were assumed in the simulations to isolate material and geometry -dependent effects and 

enable direct comparison among buffer layers. In CuO heterojunction devices, reported interface 

defect densities (~1010–1013 cm−2) can reduce absolute efficiencies by approximately 5%–10% due to 

enhanced recombination. However, prior SCAPS-1D studies show that such defects mainly shift 

absolute performance values without altering relative trends, justifying the ideal-interface 

assumption for comparative analysis [30]. Optical generation profiles were calculated using the 

standard SCAPS-1D optical model under AM1.5G illumination, based on the absorption coefficients 

of individual layers. Parasitic absorption, reflection losses, and advanced light -trapping effects are 

not explicitly considered; therefore, the calculated current densities represent upper -bound values. 

Ohmic contacts were assumed at both electrodes, and interface defect states were neglected to enable 

a comparative assessment of buffer-layer effects under identical simulation assumptions. 

Table 1. Material properties of key layers utilized in the present simulation work acquired from the 

literature  sources [37–56]. 

Property/Layer CuO CdS ZnO TiO2 Al:ZnO 

Thickness (nm) 1000 20–100 20–100 20–100 200 

Band Gap (eV) 1.2 2.4 3.3 3.2 3.3 

Electron Affinity (eV) 4.07 4.40 4.45 3.90 4.40 

Dielectric Permittivity 18.1 9.0 9.0 10.0 9.0 

CB effective density of States (cm−3) 3.0 × 1019 2.2 × 1018 2.2 × 1018 2.0 × 1017 2.2 × 1018 

VB effective density of States (cm−3) 5.5 × 1020 1.8 × 1018 1.8 × 1018 6.0 × 1017 1.8 × 1018 

Electron mobility (cm2/Vs) 200 10 100 100 10 

Hole mobility (cm2/Vs) 20 5 25 25 5 

Shallow Uniform donor density ND (cm−3) - 1012–1019 1016–1020 1016–1019 1021 

Shallow Uniform acceptor density NA (cm−3) 1016 - - - - 

Defect Category Neutral Neutral Neutral Neutral - 

Defect Density (cm−3) 1015 1015 1015 1015 - 

3. Results and discussion 

This section analyzes the photovoltaic performance of CuO TFSCs with CdS, ZnO, and TiO2 

buffer layers. The effects of buffer layer thickness and donor density on VOC, JSC, FF, and η are assessed 

using SCAPS-1D. Two-parameter contour maps visualize the effects of electronic and geometrical 

optimization. 

Figure 2 illustrates the effect of CdS layer properties on the device with Au/CuO/CdS/Al:ZnO/Al 

configuration. The VOC increases gradually with donor density, reaching ~0.48 V at 1019 cm−3  

(Figure 2(a)). This improvement stems from an enhanced built -in potential and reduced 

recombination in the depletion region. CdS thickness has a weaker effect on VOC, with only marginal 

enhancement beyond 80 nm. The short-circuit current density, JSC, is more sensitive to both doping 

and thickness (Figure 2(b)). A higher donor concentration increases the free carrier density and 
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reduces recombination, resulting in JSC values of up to ~35.85 mA/cm2. Likewise, thicknesses above 

80 nm improve charge collection by decreasing series resistance; however, excessively thick CdS 

begins to reduce optical transmission. The fill factor exhibits a monotonic rise with donor density 

(Figure 2(c)), reaching ~70.40% at high doping. This is attributed to improved conductivity and 

reduced series resistance. CdS thickness exhibits a secondary influence; gains diminish beyond  

80–100 nm, as additional thickness contributes resistive losses without offering a significant opt ical 

benefit. The efficiency map (Figure 2(d)) reveals an optimal region with a thickness of ~80–100 nm 

and a donor density of around 1019 cm−3, where η reaches ~11.60%. Increasing either parameter 

beyond this range yields diminishing returns due to the trade-off between optical transparency and 

resistive losses. Overall, CdS-based devices demonstrate reasonable performance but require high 

doping levels that are difficult to achieve experimentally through conventional chemical bath 

methods. 

 

Figure 2. Contour maps for CuO/CdS/Al:ZnO/Al solar cells showing the effect of CdS thickness  

(20–100 nm) and donor density (1012–1019 cm−3) on (a) VOC; (b) JSC; (c) FF; and (d) η. 

Figure 3 illustrates the effect of ZnO layer properties on device output. VOC increases moderately 

with donor density up to ~0.48 V (Figure 3(a)), a result of the strengthened electric field and reduced 

depletion-region recombination. Similar to CdS, VOC saturates as the thickness exceeds ~80 nm. JSC 

demonstrates stronger dependence on both parameters (Figure 3(b)). Peak JSC values of  

~36.00 mA/cm2 are observed at high donor densities (1020 cm−3), reflecting improved carrier extraction 

efficiency. Increasing ZnO thickness from 20 to 100 nm also enhances JSC by reducing series resistance. 

However, the optical penalty becomes noticeable beyond ~100 nm. The fill factor improves 

significantly with donor concentration, reaching 69.60% under heavy doping (Figure 3(c)). This 

behavior is consistent with improved carrier mobility and reduced resistive losses. The dependence 

on thickness is moderate, with noticeable improvement between 40 and 80 nm. The efficiency contour 
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(Figure 3(d)) indicates an optimal region with a thickness of 80–100 nm and a donor density of  

1020 cm−3, yielding an η of approximately 12.00%. The broader, plateau-like contour region indicates 

that ZnO-based devices are less sensitive to thickness variations than CdS-based devices. Thus, ZnO 

represents a more fabrication-tolerant heterojunction partner. 

 

Figure 3. Contour maps for CuO/ZnO/Al:ZnO/Al solar cells illustrating the influence of ZnO 

thickness (20–100 nm) and donor density (1016–1020 cm−3) on (a) VOC; (b) JSC; (c) FF; and (d) η. 

Figure 4 presents the contour maps for the CuO/TiO2 configuration, which exhibits the highest 

performance among the three systems. VOC increases steadily with donor density (1016–1019 cm−3), 

reaching ~0.47 V (Figure 4(a)). The limited sensitivity to TiO2 thickness suggests that voltage is 

primarily dominated by band alignment and the doping-induced electric field. JSC exhibits a strong 

and nearly linear dependence on both parameters (Figure 4(b)). Higher donor density increases band 

bending at the heterojunction, strengthening carrier separation and enabling JSC values up to  

~36.50 mA/cm2. The moderate refractive index and wide bandgap of TiO2 allow high optical 

transparency even at increased thickness, which contributes to improved photocurrent. The fill factor 

reaches ~72.60% at high donor density (Figure 4(c)), the highest among all three devices. This 

enhancement stems from reduced series resistance and favourable electron transport properties 

associated with the relatively high mobility and wide bandgap of TiO2. The efficiency contour  

(Figure 4(d)) indicates a maximum η of 12.48% at a thickness of ~80–100 nm and a donor density of 

1019 cm−3. Notably, the TiO2 region shows more stable performance across a broader parameter range 

compared to CdS and ZnO. This robustness is linked to more favourable conduction -band offset and 

reduced interfacial recombination, as predicted for CuO/TiO2 heterojunctions. 
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Figure 4. Contour maps for CuO/TiO2/Al:ZnO/Al solar cells showing the effect of TiO 2 thickness  

(20–100 nm) and donor density (1016–1019 cm−3) on (a) VOC; (b) JSC; (c) FF; and (d) η. 

Figure 5 compares the I–V curves of the three optimized devices. The differences in VOC and FF 

are modest, whereas the improvement in TiO2-based devices is primarily attributable to enhanced 

carrier collection and reduced recombination. Given its very wide bandgap (~3.2 eV), TiO2 transmits 

more high-energy photons to the CuO absorber, enabling a higher photogeneration rate than CdS or 

ZnO. The superior performance of the CuO/TiO2 device can be further understood from the  

band-alignment analysis shown in Figure 6, where a small conduction-band spike reduces interface 

recombination compared to the conduction-band cliffs observed in CuO/CdS and CuO/ZnO 

heterojunctions. Within the SCAPS-1D drift–diffusion framework, increasing the buffer -layer donor 

density strengthens band bending and the built -in electric field, improving carrier separation and 

reducing recombination losses in the depletion region. 
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Figure 5. Current–voltage (I–V) characteristics of optimized CuO TFSCs using CdS, ZnO, and TiO2 

buffer layers under AM1.5G illumination. 

 

Figure 6. Band alignment diagrams of (a) CuO/CdS; (b) CuO/ZnO; (c) CuO/TiO2 heterojunctions 

derived from electron-affinity values. 

CdS is a well-established and widely used buffer layer in thin-film solar cells, owing to its 

favorable electrical properties and demonstrated high performance in technologies such as CdTe and 

CIGS. However, the suitability of the buffer layer is strongly dependent on the absorber. Although 

CdS based solar cells also demonstrated fair efficiencies, preparing CdS thin films with donor 

densities of 1019 cm−3 by the conventional chemical bath route is challenging. Doping CdS thin films 

beyond a specific limit tends to form degenerate semiconductors [48]. ZnO and TiO2 offer greater 

flexibility in achieving high donor concentrations. For ZnO, donor  densities in the range of  

~1016–1020 cm−3 have been experimentally reported earlier [43,55,56] through Al or Ga doping and 

oxygen vacancy engineering, which overlap well with the optimal ranges identified in the present 

simulations. Similarly, TiO2 can exhibit donor densities on the order of ~10 17–1019 cm−3 [51–53] via 

oxygen deficiency or aliovalent doping, consistent with the simulated optimal values. These 

considerations suggest that, compared to CdS, ZnO and TiO2 are more practically compatible with 

the donor density requirements predicted by the numerical optimization. Overall variation in 
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performance in the case of TiO2-based buffer layer is robust to variations in buffer layer thickness and 

donor density. Although SCAPS-1D simulations predict a high efficiency of 12.48%, experimental 

validation of such devices remains limited due to several fabrication challenges. One key issue is the 

control over the interface quality between CuO and TiO2, where lattice mismatch and defect states 

can severely degrade performance. Additionally, deposition techniques such as reactive sputtering 

and sol-gel processing must be carefully tuned to achieve uniform TiO2 layers with the desired 

doping concentrations and thicknesses. Recent experimental efforts have reported CuO/TiO 2 

heterojunction solar cells with efficiencies of approximately 9% [18], reflecting both the potential and 

the gap between idealized simulations and actual devices. Interface passivation, surface treatment, 

and doping control are active areas of research aimed at improving real-world performance [57–60]. 

Hence, while TiO2 remains the most promising buffer layer in simulation, overcoming practical 

limitations through advanced fabrication techniques is essential for its successful implementation. 

Beyond optoelectronic performance, environmental and stability considerations play a crucial role in 

selecting materials for scalable photovoltaic applications. CdS, while commonly used as a buffer 

layer, poses serious environmental as well as health hazards due to cadmium toxicity and its potential 

for leaching, particularly during large-scale fabrication and disposal [61,62]. In contrast, TiO2 and 

ZnO are widely regarded as environmentally benign, earth-abundant, and chemically stable. TiO2, in 

particular, is non-toxic and exhibits superior resistance to photo as well as thermal degradation, 

making it more suitable for long-term deployment. ZnO, though more environmentally friendly than 

CdS, may suffer from chemical instability under acidic or humid conditions. These comparative 

advantages strengthen the case for TiO2 as a safer and more sustainable alternative in CuO-based 

TFSCs, particularly in contexts that demand green manufacturing and ecological compliance. 

4. Limitations 

The present work is based on SCAPS-1D numerical simulations and is therefore subject to 

several inherent limitations. Ideal interfaces between CuO and the buffer layers are assumed, while 

interface defect states that commonly occur in experimentally fabricated devices are not considered. 

Such defects can introduce additional recombination pathways, thereby reducing the absolute device 

performance. Nevertheless, earlier numerical studies indicate that these effects mainly influence 

absolute efficiency values rather than the relative trends among different buffer materials [3 0], which 

is the primary focus of this study. 

The SCAPS-1D optical model neglects parasitic absorption, reflection losses, and incomplete 

light trapping within the device stack. Consequently, the calculated short -circuit current densities 

should be interpreted as upper-bound estimates rather than direct experimental values. Additionally, 

some donor density values explored in the simulations correspond to theoretical or near-ideal limits, 

intended to assess performance trends. Their experimental realization may require advanced doping 

strategies and precise process control. 

Moreover, numerical simulations do not capture fabrication-related non-uniformities, interface 

roughness, or the effects of long-term stability and degradation. Accordingly, while this work 

provides a comparative and physically motivated framework for buffer -layer selection and 

optimization in CuO, experimental validation remains essential to confirm the predicted 

performance under realistic operating conditions. 

5. Conclusions 

This work presented a systematic SCAPS-1D simulation study of CuO TFSCs employing CdS, 

ZnO, and TiO2 buffer layers, with simultaneous optimization of buffer -layer thickness and donor 

density under identical modeling assumptions. The comparative analysis revealed that device 

performance is strongly governed by interfacial band alignment, recombination beh avior at the 

CuO/buffer heterojunction. Among the three configurations, CuO/TiO2 achieved the highest 

efficiency of 12.48%, followed by 12.00% for CuO/ZnO and 11.60% for CuO/CdS. The CuO/TiO 2  

heterojunction forms a small conduction-band spike that suppresses interfacial recombination while 

maintaining efficient electron transport, whereas CuO/CdS and CuO/ZnO interfaces form 
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conduction-band cliffs that enhance recombination losses. While CdS remains a proven and widely 

adopted buffer layer in TFSCs, the present results indicate that TiO2 offers distinct advantages for 

CuO-based devices, particularly in terms of band-alignment compatibility and parameter tolerance. 

Overall, this study establishes a unified physical framework for buffer -layer selection in CuO TFSCs 

and highlights TiO2 as a promising buffer material for CuO absorbers. Building on these insights, 

future studies that integrate interface defect modeling and experimental validation are expected to 

further enhance device performance. 
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