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A device model is designed for cuprous oxide (Cu2O) and zinc oxide (ZnO) based heterojunction solar cell. In this work, PC1D 
is used to analyze the recombination and transport mechanism of charge carriers considering the effect of thickness and 
doping concentration (NA) of Cu2O and ZnO on performance of the device. It is noted that Cu2O has dominant influence on 
the performance of device as compared to ZnO. Power conversion efficiency (PCE) attains maximum value about 4 % and 
3.68 % at thickness of 420 µm and NA of 1 × 1016 cm-3 respectively.  
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1. Introduction 
 

Energy from sun is recognized as suitable renewable 

energy to cope with worldwide energy demands [1]. Solar 

photovoltaics (PV) are critical for the conversion of solar 

radiation into electricity focusing on the material 

engineering of semiconductors [2–4]. Cu2O with wide band 

gap (Eg) of 1.8-2.5 eV is an attractive optical absorber 

material due to low-cost, non-toxicity, easy synthesis, 

natural abundance for the production of pollution-free and 

sustainable low-cost PV devices as compared to other semi-

conductor materials [5] that are also used in other 

applications such as organic diodes     [6, 7] and transistors 

[8–10]. Cu2O is a non-stoichiometric defect p–type 

semiconductor and its potential for the design of solar cells 

have been recognized since 1920.  Cu2O is a p-type metal 

oxide (MO) showing better hole mobility and stability [11]. 

Zinc oxide is wide direct bandgap n-type semi-conductor of 

3.4 eV which is low cost, easy synthesis and high potential 

for use in optoelectronic and electronics due to transparency 

in visible spectral region. ZnO has with better match of 

transmission spectrum with absorption spectrum of Cu2O. 

Furthermore, doping concentration influences the 

conductivity of semiconductors. The level of doping 

concentration decides the surplus valence electrons or 

vacant positions of valence electrons thus controlling the 

conductivity of semiconductors. It also allows the scientists 

to exploit the properties of materials which  are used in the 

fabrication of solar cells [12]. Based on theoretical limit of 

efficiency (Shockley-Queisser), The PVs with single p-n 

junction with absorber layer of Eg (1.34 eV) have the 

maximum PCE of 33.77% [13]. Therefore, Cu2O is 

attractive material to achieve this limit as compared to 

traditional semi-conducting material silicon (Si). The 

fabricated PVs had not achieved PCE as high as modeled 

PVs had achieved due to certain experimental limitations. 

This can also be explained by the fact that the 

concentrations of defects of materials and at PV interfaces 

have major influence on the film quality and PV 

performance [14]. The ability to modify the concentration 

of holes remains critical issue. However, high-target 

utilization sputtering (HiTUS) is used for the preparation of 

high-quality metal oxide (MO) thin films [15]. Cu2O has 

shown its better applications as a strong optical absorber 

material in PVs [16]. Further, when light falls on 

semiconductor then it absorbs photons with energy greater 

than Eg, thus, excess charge carriers are generated which are 

then collected at the junctions [17]. Particularly, when Eg is 

very large then the high-energy photons are absorbed in the 

space charge region of a), the MO semiconducting layers 

are expected to perform well [18]. A detailed theoretical 

analysis would provide a suitable method for enhanced 

performance of PVs. Simulation methods are very 

important because these methods provide comprehensive 

and easy understanding of various physical phenomena of 

solar cells. These are various equations controlling and 

describing the different mechanism of solar cell. These 

equations are either solved numerically or analytically 

which is time consuming. Computer based solar cell 

simulation packages are used to solve these equations at 

high speeds with maximum accuracy [19, 20]. A finite 

element method (FEM) based PC1D is used to model one 

dimensional devices composed of various materials in 

accordance with various physical equations including 

Poisson equation and equation of continuity as well as 

transport equations [21–23]. In this study, a simulation tool 

PC1D is used to investigate the impact of thickness and 

doping concentration of MO materials on the PV 
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characteristics of heterojunction solar cell. The architecture 

ITO / ZnO /  

Cu2O / Au is used for device and PV performance 

variation in accordance with the variation in thickness and 

doping concentration of ZnO and Cu2O is analyzed. This 

work would provide theoretical basis for MO 

semiconductor suitable for PVs and for their enhanced 

performance in future. 

 

 
2. Device architecture and simulation details 
 
Theoretical analysis is as important as experimental 

analysis of the device in order to completely understand the 

different transport and recombination mechanisms in the 

device [24]. For theoretical analysis, device simulation is a 

powerful analytical technique for the testing and 

performance evaluation of device [25]. Therefore, device 

simulation of MO based PV with device structure ITO / 

ZnO / Cu2O / Ag. The Cu2O is used to replace conventional 

heterojunction layers (n-type Si, intrinsic-Si, p-type Si) in 

suitable device architecture. The influences of n-type and p-

type MO on the PV properties of heterojunction devices are 

studied. The CBO and VBO are very crucial for efficient 

transport of holes and electrons across interfaces of device 

and controlling recombination rates [26]. Fig. 1 shows the 

nature of conduction band offset (CBO) and valence band 

offset (VBO). When conduction band minimum (CBM) of 

buffer is higher than that of absorber as shown in Fig.1a 

then energy barrier is created at the interface for the flow of 

electrons thus forming energy spike and CBO is positive. 

When valence band maximum (VBM) of buffer is higher 

than that of absorber as shown in Fig.1b then energy barrier 

is created at the interface for the flow of holes thus forming 

energy spike and VBO is negative. On the other hand, when 

conduction band minimum (CBM) of buffer is lower than 

that of absorber as shown in Fig. 1b then no energy barrier 

is created at the interface for the flow of electrons thus 

forming energy cliff and CBO is positive. The schematic 

structure diagram and band diagram are shown in Figs. 2a 

and b respectively. The CBM of ZnO lies below CBM of 

Cu2O having CBO of -0.77 eV. The valence band maximum 

(VBM) of ZnO lies below VBM of Cu2O having VBO of 

+1.97 eV.   

 

 

 
 

Fig. 1. Band alignment diagram of buffer / absorber interface  

(a) CBO(+)and VBO(-)  (b)  CBO(-)and VBO(+) (color online) 

 

The simulation parameters of materials for theoretical 

analysis are listed in Table 1. Device simulation is carried 

out by considering only band to band recombination with 

no bulk defect having speed 10 cm/s at interfaces. The total 

area of the device was 10 cm2. The front surface texture 

depth is 9 µm while front surface charge is set to 0. The 

front and back surface reflectance is considered as 5 % and 

100 % respectively.  The substrate thickness is set to be 0.12 

µm. The front and back surface recombination rate is 

chosen as 103 cm/s and 105 cm/s respectively. The 

simulation is carried out under AM 1.5 illumination at 300 

K. The sweep voltage is selected as -0.8 V to +0.8 V. 
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Table 1. Parameters of various materials used in device simulation [27–39] 

 

Parameters ITO  ZnO Cu2O 

Thickness (µm) 0.12 0.2 170 

Electron affinity χ (eV) 3.6 3.97 3.20 

Band gap energy Eg (eV) 3.7 3.4 2.1 

Relative permittivity ɛr 5.47 8.75 5.7 

Effective conduction band density Nc (cm-3) 2.0 × 1018 1 × 1018 2.2 × 1018 

Effective valance band density Nv (cm-3) 1.8 × 1019 1.3 × 1019 1.8 × 1019 

Electron mobility µn (cm2 V-1s-1) 1170 100 200 

Hole mobility µp (cm2           V-1s-1) 434.7 30 80 

Donor concentration ND (cm-3) 1 × 1016 1 × 1016 0 

Acceptor concentration NA (cm-3) 0 0 1 × 1016 

Refractive index 2.25 2.37 1.60 

 

PC1D is based on the differential equations for device 

simulation of planar heterojunction solar cell as follows.  
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Fig. 2. (a) Structure of device (b) band diagram of device (color online) 

 

Equation (1) represents the electric field and electric 

potential which depends on the space charge and doping. 

Equations (2-5) are current continuity equation represent 

the charge generation and recombination processes of 

electrons and holes. G and P(E) are the bound exciton 

generation rate and probability of dissociation of bound 

exciton respectively while ni is the intrinsic carrier 

concentration. Recombination rate α is given by     

 

       α =
e

εεo
(μn + μp)                          (6)          

μn and μp are the electron and hole mobility respectively, 

while  jn and jp represent the drift and diffusion current 

density respectively. It is assumed that diffusion obeys the 

Einstein relation and diffusivity is proportional to kBT, 

kB=1.38 ×1023 J/K and is Boltzmann constant. The total 

current density is given by     
 

          J = jn + jp               (7) 
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3. Results and discussion 
 

The current density-voltage (J-V) and quantum 

efficiency (QE) curve has been drawn with simulation 

parameters given in Table 1 and shown in Fig. 3a and b 

respectively. Fig. 2b shows the absorbance of wavelength 

in absorber layer which is maximum in the range 450 nm to 

550 nm in the visible region with onset at 660 nm. Further, 

Short circuit current density (Jsc) of 6.389 mA/cm2, open 

circuit voltage (Voc) of 0.6825 V, fill factor (FF) of 83.38 % 

and power conversion efficiency (PCE) of 3.635% are 

obtained. The simulated device performance and 

experimental results are consistent for MO based 

heterojunction solar cell [40]. Table 2 shows the 

consistency of simulation and experimental results.  

 

 
Fig. 3.  Simulated (a) J-V curve (b) QE curve of the 

device (color online) 

 
 

 

 

 

Table 2. Comparison of experimental and simulated results 

 

Nature  of 

work 

       Jsc 

(mA/cm2) 

   Voc 

(Volts) 

  FF  

 (%) 

PCE 

(%) 

Experimental 

[40] 
7.48 0.557 52.9 3.17 

Simulation 6.389 0.6825 83.38 3.635 

 

 

This consistency shows that input parameters are valid 

and close to real device.  

 

3.1. Effect of thickness of Cu2O and ZnO layers 

 

Light absorber layer is very crucial influencing the 

fabrication cost and performance of the PVs. As long 

lifetime of the electrons and holes generated in the Cu2O 

layer with high optical absorption coefficient (105 cm-1) 

essentially ensures the large photocurrent of the PVs    [41, 

42]. The low photons having energy less than Eg passes 

through optical window of device whereas photons energies 

greater than Eg are absorbed in the wide-bandgap n-type 

material. In this study, the thickness of the n-type ZnO layer 

and p-type Cu2O layer is varied from 0.2 µm to 1.2 µm and 

170 µm to 620 µm respectively. The variation in 

performance parameters of the device with thickness of 

Cu2O and ZnO are shown in Fig. 4a and b. Jsc and PCE 

curves show very similar behaviors with the increase in the 

thickness of Cu2O as shown in Fig. 4a, Jsc and PCE increase 

rapidly when thickness increases from 175 µm to 375 µm. 

This is due to the fact that PV performance increases with 

the increasing thickness of the absorber layer and thus 

providing large cross-section to sunlight [43]. With further 

increase in thickness of Cu2O layer, there is very little 

increase of both Jsc and PCE and nearly show a stable 

behavior. FF increases with the increase in thickness of 

Cu2O up to 375 µm then begins to decrease due to increase 

in shunt resistance. Voc exhibits almost stable behavior with 

the increase in thickness of Cu2O. It is evident that 375 µm 

is the optimum thickness of Cu2O for enhanced 

performance of the device. These results indicate that 

thicker layer of absorber material have minor influence 

enhancing on the performance of device. As well as the 

thickness of ZnO is concerned, very little effect is observed 

in the performance of the device with the increase in 

thickness of ZnO.  PCE, Jsc and FF increase very slowly and 

attain maximum value when thickness is 0.6 µm and show 

stable behavior beyond this thickness of ZnO. On the 

contrary, Voc shows a decrease when thickness of ZnO is 

0.6 µm and then becomes stable. Based on these results, the 

optimum thickness of ZnO is found to be 0.6 µm. 
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Fig. 4.  Variation in performance parameters of device with thickness of (a) Cu2O layer (b) ZnO layer (color online) 

 

3.2. Effect of doping concentration of Cu2O and  

       ZnO layers 
 

 

 
 

Fig. 5. Variation in performance parameters of device with 

doping concentration of (a) Cu2O layer (b) ZnO layer (color 

online) 

 

Doping of a material is very important parameter to 

change the properties of material and performance of a 

device. In general, a material can be doped in two different 

ways such as n-type doping and p-type doping [44]. The 

main purpose of doping is to increase the charge carriers 

which are readily available for the conduction within the 

material and across the whole device. There are various 

techniques which are used to dope the materials including 

successive ionic layer adsorption and reaction (SILAR) 

method, chemical co-precipitation method, pulsed laser 

deposition method [45–47]. The optimum doping 

concentration can enhance the performance of device. In 

this study, the effect of various doping concentration Cu2O 

and ZnO is analyzed. Fig. 5a and b shows the variation in 

performance of device with the doping concentration of 

Cu2O and ZnO respectively. PCE and Jsc show almost stable 

behavior when NA of Cu2O is changed from 1×1011 cm-3 to 

1×1015 cm-3 and increased from 1×1015 cm-3 to 1×1017 cm-3. 

Beyond 1×1017 cm-3, PCE and Jsc begin to decrease thus 

showing deteriorating behavior as shown in Fig. 5a. Voc and 

FF also exhibit almost the same behavior. The main reason 

of degradation of performance with high value of doping 

concentration is high recombination rate of excess charge 

carrier with the material and at interfaces. From these 

results, it is concluded that, 1×1016 cm-3 is optimum NA of 

Cu2O for better performance of the device. Fig. 4b shows 

the variation in performance of device with the increasing 

doping concentration of ZnO. PCE and Jsc show almost 

stable behavior when ND of ZnO is changed from 1×1011 

cm-3 to 1×1016 cm-3 and increased from 1×1016 cm-3 to 

1×1017 cm-3. Beyond   1×1017 cm-3, PCE and Jsc begin to 

decrease thus showing deteriorating behavior as shown in 

Fig. 5b. Voc and FF also exhibit almost the same behavior. 

From these results, it is concluded that, 1×1017 cm-3 is 

optimum doping concentration of ZnO for better 

performance of the device. 

 

 
4. Conclusion  
 

In this paper, ITO / ZnO / Cu2O / Ag heterojunction 

solar cell was studied by using PC1D simulation software. 

The effect of thickness and doping concentration of the light 

absorber layer (Cu2O) and window layer (ZnO) on 

performance of heterojunction device were investigated. It 

was noted that Cu2O thickness had more influence on the 

device performance than ZnO thickness.  The results show 

that moderate thickness of Cu2O (375 µm) leads towards 

better device performance identifying strong sunlight 

absorbing capability of Cu2O. The optimum thickness of 

ZnO layer was estimated as 0.6 µm for better performance 

and inhibiting the charge carrier recombination as well as 
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suitable transmission of wave lengths. Another important 

parameter, doping concentration, was also studied and its 

effect on device performance was investigated. Results 

show that doping concentration of absorbing layer and 

window layer have significant effect on device 

performance. Optimum doping concentration for absorber 

and window layer were found to be 1×1017 cm-3 and       1×1016 

cm-3 respectively. This study provides a theoretical basis for 

MO semiconductors as PVs highlighting the solution for 

problems in fabrication of efficient devices. 
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