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ABSTRACT 

 

In this research, the performance variation of a newly modeled tandem device was investigated. A 

thin-film photovoltaic tandem device was created with a CdS/CdTe top cell configuration and a thick 

Si bottom cell configuration. The goal of this numerical simulation study was to enhance the 

performance of the tandem photovoltaic device. Therefore several modifications and optimizations 

were done to the device structure. An Mg-doped ZnO-based (MZO) layer was used as a High 

Resistance Transparent (HRT) layer with a very thin CdS layer. The thickness of the CdS was reduced 

to minimize its parasitic absorption property. The top and the bottom cell models were developed by 

using a special script introduced in SCAPS-1D solar cell capacitance simulator software. An artificial 

surface defect layer (SDL) was introduced between the window and the absorber of the top cell. The 

optimization procedure was carried out by altering the thicknesses of the top and the bottom 

absorbers and also varying the defect concentrations of the CdS/SDL interface and SDL/CdTe 

interface. The current matching condition of the tandem device and the device performance under the 

AM1.5G spectrum were also investigated. As the outcomes, we have identified the minimum possible 

defect density concentrations required for the window to absorber interfaces of the top cell to achieve 

the optimum performance. The experimental research work is suggested to further confirm the 

modeling results of the tandem device structure.  
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1 INTRODUCTION 

CdTe is one of the most popular and 

ambitious semiconductor materials in the 

thin-film photovoltaics industry. It has 

been shown that the efficiency of this cell 

structure can be improved by up to 21% 

with  0.8759 V open-circuit voltage and 

30.25 mA/cm2 short circuit current (Green 

2017) in a single cell model. CdS material 

was considered as a good buffer layer 

material and used with CdTe solar cells 

for a long time. But due to the parasitic 

absorption of CdS, many kinds of 

research were conducted to replace/reduce 

the material. In some cases CdS was 

removed and allowed the window layer to 

make direct contact with the absorber 

layer or the HRT layer was introduced 

with the buffer (Kephart et al. 2016).  

Over the years, researchers have paid 

more attention to multijunction devices to 

improve the overall performances of the 

solar cells. According to the manuscript 

written by De. Vos (De Vos 1980) it was 

proven that the tandem cell can exceed 

the detailed balance limit of the single 

junction cell (Shockley & Queisser 1961). 

Since then, many types of research were 

conducted to discover the best efficient 

tandem model (Enam et al. 2017; Gupta 

& Dixit 2018; Wang 2019).  

In this paper, we have considered a 

tandem cell with CdS/CdTe top cell and 

Si bottom cell with several modifications 

to improve the overall performance. The 

top cell was created with a transparent 

conducting oxide (TCO) layer, Mg-doped 

ZnO-based HRT layer (Bittau et al. 2017), 

buffer layer, the absorber layer, and back 

surface reflector layer (BSR) 

(Ratnasinghe & Attygalle 2019). This 

research work was conducted to optimize 

the tandem model and identify the range 

of minimum possible surface defect 

concentration levels of the CdS/CdTe 

interface (Attygalle & Ratnasinghe 2019). 

Also, the CdS buffer layer thickness was 

reduced to minimize parasitic absorption. 

A homojunction was created at the 

interface of the CdS/CdTe by considering 

the interface defects, and this layer was 

introduced as a surface defect layer.  

The one-dimensional solar cell 

capacitance simulator (SCAPS-1D) 

software, which is developed under the 

supervision of Prof. Marc Burgelman, 

was used to model and simulate the 

tandem photovoltaic device (Niemegeers 

et al. 2014).  

2 MATERIALS AND METHODS 

2.1 Modeling Photovoltaic Device 

The numerical modeling process was 

carried out by using the SCAPS-1D 

software which is developed at the 

Department of Electronics and 

Information Systems (ELIS) of the 

University of Ghent. Here, modified 

CdTe baseline model (Enam et al. 2017) 

was used as the top cell and a Si baseline 

model was used as the bottom cell. The 

top cell of the model is supposed to 

absorb high energy photons from the 

spectrum. Therefore, the materials with 

high energy bandgaps were used in the 

top cell model. The bandgaps of MZO 

(Sukauskas 2011), CdS, and CdTe were 

3.7 eV, 2.4 eV, and 1.5 eV respectively.  
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In the top cell configuration, the SnO2 

layer is acting as a transparent conducting 

oxide (TCO). The HRT layer was 

considered as ZnO-based material (MZO) 

(Bittau et al. 2017) which has a higher 

energy bandgap, >3.3 eV (Bittau et al. 

2018) and it creates flatter conduction 

band alignment with CdS. Due to the high 

optical transparency and wide-bandgap of 

the MZO layer, it was created between the 

SnO2 and CdS layers. This will also make 

the benefit of reducing the optical losses 

at the window layer (Calnan 2014). 

The SDL was created at the CdS/CdTe 

interface and this layer creates a 

homojunction with the CdTe absorber. 

This allows band bending at the 

SDL/CdTe interface. Therefore, low 

recombinations were expected at this 

point. The BSR was created with a 

heavily doped CdTe layer to reduce the 

recombinations at the back contact 

(Fossum & Burgess 1978; Von Roos 

1978). The complete cell diagram is 

shown in Figure 1. 

 
Figure 1: Complete architecture of the modeled tandem device structure 

 

The bottom cell was created with c-Si to 

harvest the long-range wavelengths. 

These two cell structures were modeled 

separately due to the limitations of the 

SCAPS-1D software. The simulation part 

was carried out by combining these two 

cell models by using a SCAPS script. 

In the combining method, we had to use 

two artificial layers to represent the top 

and bottom cells. Otherwise, the software 

will not recognize the partial absorption 

and partial reflection of the solar spectrum 

in tandem simulation. Therefore, the top 

cell was created with the artificial bottom 

layer and the bottom cell was created with 

an artificial top layer accordingly. These 

artificial layers have the thickness of 

modeled top and bottom cells (Figure 2). 

This is a unique technique used in the 
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SCAPS script simulations for tandem operations.

 

Figure 2: Separated top and bottom cell structures with artificial layers 

2.2 Simulation 

The two models were loaded into the 

script of the SCAPS-1D software and 

simulated under the AM1.5G spectrum 

(Bird et al. 1983) (under one sun 

illumination) with 1000 W/m2 light power 

and a range of 300 – 1200 nm. Neither 

spectrum cutting off techniques nor 

neutral-density filters were used. The 

transmission was considered 100%. Here 

the simulation was repeated several times 

by altering the defect concentration levels 

of the interfaces of SDL and the thickness 

of the absorber of the top cell to obtain 

the optimum conditions.  

The SCAPS software was programmed to 

perform mathematical functions such as 

the Poisson equation, continuity equation, 

and transport equation for electrons and 

holes. The Gummel iteration and Newton 

Raphson method are used to get the 

accurate condition by considering the 

convergence of the function.  

The Shockley-Read-Hall recombination 

mechanism was used to simulate the 

recombinations via the intermediate 

defects states. Here, the radiative and 

auger recombination mechanisms were 

not considered. 

The carrier density of the SDL and the 

defect density of the CdS/SDL and 

SDL/CdTe interfaces of the top cell were 

varied (Touafek & Mahamdi 2014) to 

observe the alterations of overall 

efficiencies of the tandem model. 

Meanwhile, the thicknesses of the top cell 

and bottom cell absorber layers were 

varied to optimize the tandem cell 

performance. 
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3 RESULTS & DISCUSSION  

3.1 Influence of defect concentration of 

CdS/SDL and SDL/CdTe interfaces 

According to our results, the SDL plays 

an important role in cell operation. The 

SDL compensates the homojunction with 

the absorber layer. In this study, this layer 

was introduced between the buffer layer 

and absorber to analyze its contribution. 

These defect densities of the interfaces 

were altered and identified the best 

configuration (Touafek & Mahamdi 

2014). 

 

Figure 3: Defect density alteration of CdS/SDL and SDL/CdTe interfaces

Figure 3 shows the performance of the top 

cell (the efficiency variation) with the 

alteration of defect concentrations of the 

CdS/SDL and SDL/CdTe interfaces. The 

capture cross-section of CdS/SDL 

interface was considered as σn/p = 1×10-15 

cm2. The bulk defect density of the SDL 

(n-CdTe) was considered as  1×1012 cm-3 

(Song 2017). The interface defect 

concentration was altered between 1×1010 

cm-2 and 1×1014 cm-2 and the maximum 

possible defect density at the CdS/SDL 

interface was identified as 1×1011 cm-2. 

Increasing the defect density beyond this 

point will allow higher recombinations 

and it decreases the cell performance 

drastically. Similarly, the maximum 

possible defect density at the SDL/CdTe 

interface was identified as 1×1012 cm-2. 

3.1 Influence of the layer thicknesses 

and optimization 

The thickness optimization of the top cell 

and bottom cell was also carried out by 

altering the thickness of CdTe and Si 

absorber layers respectively. The 

thickness of the SDL layer was 

considered as 0.04 µm. Increasing the 

thickness of the SDL enhanced the top 

cell performance but after a certain point, 

it weakened (Ouédraogo et al. 2014). The 

thickness of the CdTe layer of the top cell 

was altered between 0.1 – 0.18 µm. The 

efficiency of the top cell can be enhanced 
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by increasing the thickness of the top cell 

(Figure 4). The decrement of the open-

circuit voltage (VOC) was infinitesimal 

when compared to the change of short 

circuit current (Jsc). According to the 

tandem cell theory, increment of the top 

cell thickness will cause the gradual 

decrement of the efficiency of the bottom 

cell. 

Figure 4: Voc (Left-Top), Jsc (Right-Top), Fill Factor (Left-Bottom), Efficiency (Right-

Bottom) of the top cell varying with the thickness of the top cell absorber 

Figure 5 shows the decrement of the 

bottom cell performance with the 

increasing top cell thickness. Here the x-

axis indicates the overall thickness of the 

top cell model. The top cell absorbs the 

high-energy photons of the AM1.5G solar 

spectrum with the average wavelength 

range of 300 nm to 850 nm. Increasing 

the thickness of the top cell causes higher 

absorption at the top cell and less amount 

of photons will penetrate to the bottom 

cell. The bottom cell optimization was 

carried out by varying the thickness of the 

Si absorber layer. Observed results show 

that the thickness of the absorber layer 

has a minor contribution to the tandem 

cell performance. Figure 6 represents the 

variation of bottom cell performance for 

different thickness values. The thickness 

was altered from 80 µm to 120 µm. At 

100 µm, the bottom cell showed its peak 

performance of 8.65% efficiency with 

0.59 V open-circuit voltage and 17.47 

mA/cm2 short circuit current density. At 

this point, the optimum length of the 

optical path was considered 100 µm for 
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the maximum performance.This 

simulation was conducted for a certain 

thickness (0.31 µm) of the artificial top 

layer. The efficiency of the bottom cell 

can be varied with the artificial cell 

thickness, but in each case, the peak 

performance should appear for the 

optimum thickness value of the absorber 

layer. 

 

Figure 5: Voc (Left-Top), Jsc (Right-Top), Fill Factor (Left-Bottom), Efficiency (Right-

Bottom) of the bottom cell varying with the thickness of the top cell absorber 

At the optimum point, the short circuit 

current of the top cell was matched with 

the short circuit current of the bottom cell. 

As shown in Figure 7, two linear curves 

intersect at 0.17 µm. Similarly, at the 

optimum absorber thickness of 0.17 µm, 

the overall efficiency of the tandem cell 

shows its peak performance. 

The J-V characteristic curve demonstrates 

the current matching condition 

(Adewoyin et al. 2019) of the tandem cell 

and each open-circuit voltage. The open-

circuit voltage (1.677 V) of the tandem 

cell was nearly equal to the summation of 

the open-circuit voltages of the top (1.078 

V) and bottom (0.599 V) cells. It confirms 

that the two models are successfully 

working in tandem operation. 

The EQE curve in Figure 8 represents the 

ratio between the number of carriers 

generated by the cell to the number of 

photons incidents for each top bottom and 
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tandem models. Here the tandem curve 

was generated by calculating the 

summation of the values of each top and 

bottom cells. According to the observed 

results, the top and bottom cells show 

their peak performance in the wavelength 

ranges of 300-825 nm and 800-1000 nm 

respectively. 

 

Figure 6: Parameter variation of the bottom cell thickness optimization

 

(a)                                                                        (b) 

Figure 7: Observed current matching condition closer to 0.17 µm (a) and J-V characteristic 

curves at current matching (b). 
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Figure 8: EQE curves of the top, bottom, and tandem cell structures 

4 CONCLUSIONS 

The three tasks of this simulation work 

were successfully completed. The defect 

density of the buffer/SDL interface should 

not exceed 1×1011 cm-2 and the 

SDL/absorber interface should not exceed 

1×1012 cm-2 to gain the optimum 

efficiency of the device. The results 

confirm the maximum efficiency present 

at the lower defect densities at the 

interfaces. Specifically low defect density 

at buffer/SDL interface. 

The bandgap of the surface defect layer 

should be the least possible value (1.5 eV) 

considering the bandgaps of the buffer 

and absorber layers. Increasing the defect 

density beyond 1×1010 cm-2 (CdS/SDL) 

and 1×1011 cm-2 (SDL/CdTe) will cause a 

drastic decrement in cell performance. In 

the optimization of both cell models, the 

short circuit currents were matched (17.47 

mA/cm2) at the optimum point of the 

tandem condition.  

The tandem model with these surface 

defect concentrations showed a huge 

improvement when compared with the 

baseline model of the CdS/CdTe device 

which has a 0.87 V open-circuit voltage 

and 16.04% efficiency. Here efficiency of 

24.72% was obtained with the tandem 

operation. 

Adding an MZO layer with CdS makes a 

high influence on the tandem cell 

performance. The high optical 

transparency and the wide bandgap of this 

material play a major role in cell 

operation. The low thickness of the CdS 

layer with MZO was able to reduce the 

parasitic absorption in the 300-500 nm 

range. 

According to the observed results, it has 

been shown that the performance of the 

tandem cell is strongly influenced by the 

thickness of the top cell absorber. The 

optimum thickness for the top cell and the 

bottom cell absorber materials were 
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identified as 0.17 µm and 100 µm 

respectively. With these configurations, 

the tandem device with CdTe top cell and 

Si bottom cell show its peak performance. 

We would further suggest some 

experimental work to study the defects 

and the properties of the interfaces 

between window to absorber layer of the 

top cell to confirm the modeling results. 
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