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Defects in various layers of solar cells play an important role in determining the characteristics of such devices. Different 
types of defects such as acceptor type in Cu2O layer, donor type in TiO2 layer and neutral type on the interface (Cu2O/TiO2) 
have been considered to simulate the proposed solar cell with the help of SCAPS-1D software. Results obtained from this 
simulation show that output parameters like short circuit current density (JSC), open circuit voltage (VOC), fill factor (FF) and 
power conversion efficiency (PCE) significantly depend on the defect density and its properties. Appropriate selection of 
defect density of corresponding layers may improve the device performance. Moreover, different back contact metals (Cu, 
Ag, Fe, Nb, Mo, Ni, Au, Pt) have been taken step by step during simulation for understanding the effects of such back 
contacts. It is observed that solar cell gives better results when Ni (5.22 eV) acts as back contact. 
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1. Introduction 
 

Global energy demand is growing tremendously due 

to factors like increased population, rapid industrialisation, 

and the widespread use of digital technologies in almost 

every part of our daily lives. Fossil fuels serve as the 

primary source of energy, but they are not a renewable 

source of energy [1-2]. In this situation, solar cells have 

great potential to replace fossil fuels as a cleaner and more 

sustainable energy source. In the early days, solar cells 

were produced using silicon. But, the production of 

silicon-based solar cells is more complex and expensive 

than metal oxide semiconductor-based thin film solar cells. 

Hence, many researchers have focused their attention on 

semiconducting metal oxide for designing and fabricating 

thin film solar cells in the last few years [3-7]. In these 

studies, various semiconducting oxides have been used in 

thin film solar cells by different techniques and 

investigated correspondingly to improve the device 

performance. Metal oxide semiconductors (MOs) have 

emerged as promising materials for optoelectronics and 

photovoltaic applications because of their non-toxic and 

chemically stable characters [8-10]. These materials have 

been used extensively in thin film solar cells due to their 

low production costs and easy utilising techniques 

compared to traditional silicon-based solar cells [11-13]. 

There are many reports on solar cells available in the 

literature in which copper oxide is used as an active layer 

[14-16]. Conversion efficiency of a solar cell is the most 

significant parameter, which has theoretically reached 

20% for a Cu2O based solar cell [16], but the 

experimentally highest obtainable conversion efficiency is 

3.83% for Cu2O substrate [17]. Various attempts have 

been made by researchers on copper oxide, zinc oxide and 

titanium oxide solar cells using different fabricating 

techniques to enhance the efficiency of corresponding 

devices [17-21]. Several works have been done on various 

types of solar cells, considering the effects of different 

types of defects present in cell layers and also the role of 

layer thickness in improving the cell performance [22-27]. 

Along with defect density, back contact metals have 

adverse effects on solar cell performance. Influences of 

different back contacts on the solar cell’s characteristics 

have been extensively studied [28-32]. Since very little 

work has been done on Cu2O/TiO2 thin film solar cells 

considering the effects of defect density and back contacts, 

authors have made the decision to carry out their research 

on the proposed solar cell taking the effects of defect 

density and different back contacts on the output 

parameters of the selected device for further investigation. 

 

 

2. Material properties and model details 
 
Structure of the proposed Cu2O/TiO2 solar cell and 

corresponding energy band diagram have been shown in 
Fig. 1 and Fig. 2, respectively. Cuprous oxide (Cu2O) is a 
well known stable oxide of copper, and it is a naturally 
formed p-type semiconductor [33]. Optical and electrical 
properties of this material have been reported in the 
literature [34, 35]. First, cuprous oxide (Cu2O) was used 
for photovoltaic applications in 1978 by the National 
Science Foundation and Joint Centre [36, 37]. Cuprous 
oxide carries low electron affinity (3.2 eV) [36, 38, 39] 
and very high hole mobility [36, 40]. This character makes 
Cu2O a hole transport material in heterojunction solar cells 
[36, 41]. A few applications of Cu2O as n-type 
semiconductors have been found in the literature and the 
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reported efficiencies are very low [42]. On the other hand, 
Titanium dioxide (TiO2) is a transition metal oxide. Its 
favourable optical and electronic properties have attracted 
researchers to study this material for making solar cells in 
the last decade [43]. Besides, TiO2 is a durable and high 
refractive material that can be a necessary component for 
electronic devices [44]. Front contact of the solar cell is 
FTO (fluorine doped tin oxide), a highly transparent 
conducting material whose work function is 4.4 eV [45]. 
The work function of the back contact metal (Ni) is chosen 
5.22 eV [30]. 

Several numerical simulation tools like AFORS-HET 
[46], AMPS [47], ASPIN [48] and SCAPS [49] are 
available for characterising especially thin film 
heterojunction junction solar cells [50]. Among these tools 
SCAPS-1D has been taken here to simulate the proposed 
Cu2O/TiO2 thin film solar cell under different conditions. 
SCAPS-1D is windows-based application software, 
developed by Marc Burgelman and his Associates at the 
University of Gent, Belgium [49, 51]. User can set the 
required parameters of materials used in the solar cell as 
well as operating temperature, voltage, frequency and 
illumination [49-52] to calculate the results in the form I-
V, C-V, C-f, Q(λ), band diagram, electric field, carrier 
densities, partial recombination currents etc. SCAPS 
software initially solves Poisson’s equation along with the 
continuity equations for electrons and holes to perform 
such operations. This software can permit a solar cell 
composed of up to a maximum seven semiconductor 
layers with specified properties, separate entries for 
interface parameters and two additional layers for front 
and back contacts [52]. Authors have carried out their 
simulation-based work with the help of software package 
SCAPS-1D version 3.3.10 [52], taking the physical 
parameters mentioned in Tables 1, 2, 3 and under one sun 
AM 1.5 G spectrum. 

 

 
 

Fig. 1. Structure of the proposed solar cell (colour online) 

 

 
Fig. 2. Energy band diagram of the cell (colour online) 

Table 1. Input properties of TiO2 and  

Cu2O [23, 34-36] 

 

Properties n- TiO2 p- Cu2O  

Band gap (eV) 2.26 2.17 

Electron affinity (eV) 4.20 3.20 

Relative dielectric 

permittivity 

10.0 7.11 

Effective density of states 

in CB (cm-3) 
172.0 10  

172.0 10  

Effective density of states 

in VB (cm-3) 
176.0 10  

191.1 10  

Electron mobility(cm2/Vs) 100 200 

Hole mobility(cm2/Vs) 25 80 

Shallow uniform donor 

density (cm-3) 
171.0 10  0 

Shallow uniform acceptor 

density (cm-3) 
0 181.0 10  

 

 

Table 2. Defect parameters of TiO2, Cu2O and  

interface [24, 27] 

 

Properties n- TiO2 p- Cu2O Interface 

(Cu2O/TiO2) 

Defect type Donor 

(+/0) 

 Acceptor 

(-/0) 

Neutral 

Capture cross 

section 

electrons (cm²) 

131 10  
151 10  

191 10  

Capture cross 

section holes 

(cm²) 

151 10  
131 10  

191 10  

Energetic 

distribution 

Single Single Single 

Reference for 

defect energy 

level Et 

Above EV Above EV Above highest EV 

Energy level 

with respect to 

reference (eV) 

1.2 0.55 1.0 

Uniform defect 

density 
12 1810 10 cm-3 10 1510 10 cm-2 

 

 
Table 3. Contact parameters [30, 45] 

 

Parameter Left contact Right contact 

Surface recombination 

velocity of electrons (cm/s) 
01 10  71 10  

Surface recombination 

velocity of holes (cm/s) 
71 10  01 10  

Metal work function (eV) Ni (5.22), 

and varied 
4.4  

Majority carrier barrier 

height relative to EF (eV) 
0.15  0.2 

Majority carrier barrier 

height relative to EV or EC 

(eV) 

 0.0879  0.182 
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3. Results and discussion 
 

The SCAPS-1D Program offers several types of 

defects which may be selected for modelling solar cells. In 

this study, acceptor, donor and neutral defects were 

considered, respectively, in the absorber layer, window 

layer and on the interface. Different types of defects affect 

the carrier lifetime and diffusion length according to the 

relations 1/ t thN V  and L D , where the symbols 

have their usual meanings [52]. Besides, different back 

contacts have also been considered here for analysis. The 

Schottky barrier builds up if ( )m g Abs dE     , where  

ϕm is the work function of the back contact metal, Eg is the 

band gap, δAbs is the electron affinity of the absorber 

material, ϕd is the difference in energy between the valence 

(or conduction) band in bulk and at the edge. The Schottky 

barrier (ϕs) at the metal contact is given by the 

equation s m VE   , where EV is the valence band energy. 

For a particular absorber material, Schottky barrier height 

can be controlled by selecting a back contact of work 

function close to ( )g d AbsE     [53]. 

 
 
3.1. Impact of defects in absorber (Cu2O) and  

       window (TiO2) layers 

 

Defects in a solar cell significantly influence its 

performance, after affecting its efficiency, carrier lifetime, 

and overall energy conversion. Acceptor or Donor type 

defects typically refer to the introduction of additional 

energy states within the band gap of the semiconductor 

material, which can alter charge carrier dynamics and 

consequently, the overall efficiency of the solar cell. The 

defect densities of the absorber and window layers are 

varied separately from 10
12

 cm
-3

 to 10
18

 cm
-3

, keeping the 

defect density of the window layer (or absorber layer)        

10
14

 cm
-3

 and the defect density of interface 10
11

 cm
-2

, and 

all other parameters the same to examine the output 

characteristics of solar cell. Simulation results are shown 

in Fig. 3, Fig. 4, Fig. 5 and Fig. 6 respectively as a 

function of defect density. It is observed that short circuit 

current density (JSC), open circuit voltage (VOC), fill factor 

(FF) and power conversion efficiency (PCE) remain 

constant up to the defect density of 10
14

 cm
-3

 and after this 

value, device parameters reduce gradually. It can be 

explained that an increase in defect density indicates more 

and more traps, which promote recombination of excess 

minority carriers and reduce carriers’ lifetime according to 

Shockley-Red hall theory. It may be mentioned that solar 

cell parameters are more affected by enhancing defect 

density of the window layer than that of the absorber layer 

[23, 54-55]. 

 

 
 

Fig. 3. Short circuit current with defect density (colour online) 

 

 

 
 

Fig. 4. Open circuit voltage with defect density (colour online) 

 

 

 
 

Fig. 5. Fill factor with defect density (colour online) 
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Fig. 6. Power conversion efficiency with defect density 

 (colour online) 

 
 
3.2. Impact of interface defect 

 

The presence of interface neutral defects between the 

window and absorber layers in solar cells can impact the 

device's efficiency in various ways. Since neutral defects 

are neither positively nor negatively charged, their effects 

are more complex and often depend on the nature of the 

interface and the materials used in the solar cell. Neutral 

defects at the interface can act as recombination centres 

for charge carriers (electrons and holes) that are generated 

by light absorption. When charge carriers reach the 

interface, they are trapped by these neutral defects, where 

they recombine before contributing to the external current. 

The increased recombination reduces the open-circuit 

voltage (VOC) and short-circuit current (JSC), both of which 

are crucial for controlling the overall efficiency of the 

solar cell. Higher recombination rates at the interface can 

significantly lower the power conversion efficiency (PCE) 

of the device. In this computer simulation, interface defect 

density is controlled from 10
10

 cm
-2

 to 10
15

 cm
-2

, keeping 

other parameters fixed. Results obtained from this 

simulation are shown graphically in Fig. 7, Fig. 8, Fig. 9 

and Fig. 10 for different values of interface defect density. 

Observed results indicate that solar cell parameters begin 

to deteriorate as the defect density of the interface 

increases gradually after 10
13

 cm
-2

. More and more neutral 

defects of the interface bring more and more 

recombination traps where charge carriers are lost by 

recombination. This reduces carrier lifetime as well as 

carrier diffusion length, which results in lower device 

performance. Similar results have been obtained and 

discussed by other researchers [23]. 

 

 
 

Fig. 7. Short circuit current density with defect density of 

interface (colour online) 

 

 

 
 

Fig. 8. Open circuit voltage with defect density of interface 

(colour online) 

 

 

 
 

Fig. 9. Fill factor with defect density of interface  

(colour online) 
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Fig. 10. Power conversion efficiency with defect density  

of interface (colour online) 

 

 

3.3. Role of back contacts 

 

The back contact metal plays a critical role in 

measuring the performance of solar cells. It serves as the 

interface between the semiconductor and the external 

circuit, facilitating the extraction of the photogenerated 

charge carriers (electrons or holes) from the solar cell. The 

properties of the back contact metal, including its work 

function, conductivity, stability, and adhesion, can 

significantly impact the overall efficiency, voltage, 

current, and stability of the solar cell. The contact 

resistance between the semiconductor and the back contact 

metal is another critical factor. This resistance can be 

affected by the choice of back contact metal, its work 

function and the quality of the interface between the metal 

and the semiconductor. High contact resistance reduces the 

fill factor (FF), open circuit voltage (VOC) and hence 

overall efficiency of the solar cell. If the work function of 

the back contact metal is too high or too low compared to 

the semiconductor, it creates a schottky barrier that limits 

efficient carrier extraction. Here, the work function 

property of the back contact has been considered for 

analysis. Different back contact metals with their work 

functions have been taken separately during simulation to 

get better results. The defect densities of the absorber, 

window layers and interface were set at 10
14

 cm
-3

 and 10
11

 

cm
-2

, respectively, and the values of other parameters were 

selected as per Tables 1, 2, 3 while simulation. Current –

voltage characteristics for various back contacts are 

highlighted graphically in Fig. 11, and also numerical 

results are mentioned in Table 4. It is observed from these 

results that solar cell gives higher short circuit current 

density and open circuit voltage as the work function of 

back contact metals reaches 5.22 eV. Similar studies on 

other solar cells have been performed by researchers 

previously [30, 53]. 

 

 
 

Fig. 11. Current density versus voltage for different back  

contact metals (colour online) 

 

 

Table 4. Solar cell parameters for different back contacts 

 

 Back 

contacts 

VOC (V) JSC (mA/cm2) FF (%) PCE 

(%) 

Cu 1.0065  10.502 77.20  8.16  

Ag 1.1051 10.509 82.25 9.08 

Fe 1.1660 10.515 82.25 10.08 

Nb 1.1710 10.520 84.64 10.43 

Mo 1.1714 10.606 84.76 10.57 

Ni 1.1748 11.358 84.88 11.33 

Au 1.1748 11.360 84.88 11.33 

Pt 1.1748 11.360 84.88 11.33 

 

 

4. Conclusion 
 

In this paper, a Cu2O/TiO2 thin film solar cell has 

been simulated through Solar Cell Capacitance Simulator 

(SCAPS-1D) to investigate the influences the defect 

density and back contact metals. Simulation results show 

that short circuit current (JSC), open circuit voltage (VOC), 

fill factor (FF) and power conversion efficiency (PCE) are 

deteriorated as the defect densities increase. Moreover, 

current-voltage characteristics of this cell remarkably 

improve for Ni, Au and Pt metal back contacts. Although 

the use of Au and Pt metals as back contacts slightly 

increases short circuit current (JSC), Ni metal is selected as 

optimised back contact of the proposed device to reduce 

fabrication cost. The optimised values of JSC, VOC, FF and 

PCE at operating temperature of 300 K are respectively 

11.358 mA/cm
2
, 1.1748 V, 84.88 % and 11.33 %. These 

results are in well agreement with the results reported by 

earlier studies [30, 54, 55]. The highest obtainable 

efficiencies of metal oxide semiconductor-based 

heterojunction solar cells are 20% theoretically [16] and 

3.83% experimentally [17]. This work may be the 

important guidelines for researchers to design and 

fabricate Cu2O/TiO2 thin film solar cells.  
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