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Abstract 
 

This paper presents a simulation work based on a four-terminal and mechanically 

stacked double junction tandem solar cell consisting of cuprous oxide (n- Cu2O /p- 

Cu2O) top p-n junction and Gallium Antimonide (n-GaSb/p-GaSb) bottom p-n 

junction. This is based on the appropriate band gaps of the materials which make 

them suitable for solar spectrum absorption. The work is aimed at enhancing the 

solar spectrum absorption of the n-GaSb/p-GaSb single junction solar cell and also 

improves on the efficiency of the Cu2O-based solar cells using simulation method. 

This was achieved using both materials in a tandem structure to form solar cell.  This 

resulted in the absorption of the solar spectrum in the respective junctions of the 

proposed tandem cell using the junctions’ cut-off wavelengths. The cell 

characterization was carried out using computer simulation software SCAPS and 

optimum performance of the cell was obtained. The work also determined the 

optimum thickness of the individual junctions corresponding to the highest efficiency 

of the sub- cells. The n- Cu2O /p- Cu2O top junction was simulated with 1000Wm-2 

incident power and obtained highest efficiency of 10.18% at an optimum thickness of 

0.07μm. The n-GaSb/p-GaSb junction was simulated as a bottom junction of the 

tandem solar cell, and it received the solar flux of 622Wm-2 in this structure. The n-

GaSb/p-GaSb junction produced highest efficiency of 21.01% at an optimum 

thickness of 6.0μm. Therefore, the efficiency of the tandem solar cell n- Cu2O /p- 

Cu2O and n-GaSb/p-GaSb was found to be 31.2%. This result surpassed the 

theoretical value of the Shockley- Queisser efficiency limit for single junction solar 

cell of 30%. This was achieved by the combination of the two junctions in the tandem 

structure, in which the top junction absorbed the high energy photons of the solar 

flux and reduced the thermalisation effect in the bottom junction while the bottom 

junction which is the good absorber in the near infrared region absorbed with less 

thermalisation loss. This result is in agreement with the theoretical value predicted in 

literature using a combination of similar bandgaps.  
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1.  Introduction 
The world energy demand has tremendously been increased due to increase in population and rapid development in technology. The 

conventional fossil fuel resources may not sustain current energy requirements beyond the next few decades and therefore, the need for 

inexpensive alternative energy resources [1]. There is also a growing concern over pollution, resource depletion, rising cost of producing 

electricity and possibility of climate change due to extensive usage of conventional fossil fuels and nuclear fuels [2,3].These problems 

resulted in shifting focus towards renewable resources.  Renewable energy from sources such as the sun, wind, rain and tides is safe and 

more reliable. The renewable energy resources are in abundance and by far the safest sources of energy available on earth [1].  

The sun is outstanding amongst the potential new sources of energy because of its abundance, wide distribution and pollution free. The 

direct conversion of solar energy to electricity using photovoltaic (PV) cells is likely to be a good solution to the global energy problems; 

especially if practical economic means of direct conversion can be developed. The direct conversion of the solar energy to electricity is 

achieved using photovoltaic devices. The basic of such photovoltaic devices is the solar cell. Solar cells are solid state devices that  
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convert sunlight into electricity. The most common material for commercial solar cell construction is silicon (Si), others include Gallium 

Arsenide (GaAs), Cadmium Telluride (CdTe) and Copper Indium Gallium Selenide (CIGS) [4]. It was reported that more than 90% of 

the global PV markets rely on solar cells based on crystalline silicon (c-Si), with current efficiency record for single junction solar cells at 

26.7% [5,6]. The efficiency of GaAs thin film solar cells was 27.6% [7] but later an improved value of about 29% was reported [6]. The 

efficiency of the CdTe single junction solar cell has been reported at 21%, while that of the CIGS solar cells is 23% [6] and all values 

were based on global AM1.5 unconcentrated sunlight. However, future development of the solar cells is predictably going to be lowered 

by high cost of material. Nevertheless, in the early 1961 Shockley and Queisser, in their work predicted theoretical efficiency limit of 

30% for a single p-n junction solar cell illuminated by AM1.5 solar spectrum. The report also stated that photons with energy exceeding 

the band gap energy of the semiconductor loose the excess energy by thermalisation, which is the conversion of the excess energy to heat 

[8]. 

One of the most developed ways of enhancing the photon energy absorption of the solar cells, in order to surpass the 

Shockley-Queisser efficiency limit, is the use of multi-junction (MJ) structure [9,10]. This solar cell, typically, has two or 

more p–n junctions made of different materials having different bang gap energy. The different junctions can be stacked on 

top of one another, with metallic contacts on the top and bottom materials of the solar cell. A stacked tandem device of this 

kind was first introduced in the late 1970s; and consisted of two subcells with each having a p–n junction: The bottom cell 

was based on gallium arsenide (GaAs) and the top cell (exposed to sunlight) was based on aluminium gallium arsenide. A 

different approach was later developed by the National Renewable Energy Laboratory (NREL) based on indium gallium 

phosphide (or InGaP alloy) junction on top of GaAs middle junction grown on a germanium (Ge) substrate. The GaInP, 

GaAs, and Ge of the triple-junction cell developed at NREL were selected because they have a desirable complement of 

bandgap energies and because they have a matching lattice constant [11].  Subsequent developments resulted in the 

replacement of the GaAs with InGaAs alloys. This stacked-subcells approach has resulted in MJ solar cells of conversion 

efficiency above 40% [12]. The idea is to absorb the various incident solar spectrums by the different junctions in order to 

improve the solar conversion efficiency of the entire tandem solar cell. This optimizes the light absorption and photocurrent 

generation of each junction of the sub-cells down to the narrow wavelength range [12]. 

This work proposes a two junctions four terminal tandem solar cell comprising of cuprous oxide (Cu2O) homojunction with 

the bandgap energy of 2.1eV as the top sub-cell. The semiconductor was intensively studied during 1970s and 1980s 

because it has the advantages of being low-cost, non - toxic, abundance of its raw material (which is copper) and simple 

production process [13,14]. While the other material forming the bottom sub-cell is Gallium Antimonide (GaSb) 

homojunction with band gap of 0.72eV and also non-toxic. This material is also good for electrical power conversion in the 

infrared spectral region, with the theoretical electrical power conversion efficiencies of 28% [15]. The combination of the 

two junctions is aimed at absorbing as much of the A.M1.5 solar spectrum including the high energy photons and at the 

same time reducing the thermalization effect of the single junction of GaSb due to the solar illumination [8]. 

 

2. Theoretical Background 

This work presents a four terminal tandem configuration. The structure requires a stack of Cu2O homojunction and GaSb 

homojunction as the top and bottom subcells respectively. The subcells are optically coupled by a non-absorbing layer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. p-n Cu2O / p-n GaSb Four Terminal Tandem Solar Cell Structure. 
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The spectral distribution and short circuit current generation in the two junctions are expressed as [16]; 

     𝐽𝑠𝑐
(1)

= 𝑞 ∫ 𝜙𝐴.𝑀1.5𝐺(𝜆)𝑄𝐸(𝜆)
(1)𝑑𝜆

∞

0
                        (1) 

    𝐽𝑠𝑐
(2)

= 𝑞 ∫ 𝜙𝐴.𝑀1.5𝐺(𝜆)𝑇
(1)𝑄𝐸(𝜆)2𝑑𝜆

∞

0
                  (2) 

Where Jsc
(1) and Jsc

(2)  are the short-circuit currents of top and bottom sub-cells, AM1.5G(λ) is the incident photon flux, q is 

the electron charge, AM1.5G(λ)T(1) (λ) is the photon flux transmitted through the top junction, QE(𝝀)(1) and QE(𝝀)(2) are the 

quantum efficiencies of the two junctions respectively 

The quantum efficiency (QE) measures the ratio of the amount of electron-hole pairs created to the incident photons at a 

given wavelength λ and is given by 

  𝑄𝐸𝑖(𝜆) =
𝐽𝑠𝑐𝑖(𝜆)

𝜙𝑖(𝜆)
                                          (3) 

where φi(λ) is the photon flux of  the corresponding incident light on subcell i and QEi(λ) is the quantum efficiency of the 

subcell i. 

The value of QE (𝝀) is obtained by linking it with the absorption coefficient α (𝝀).  Assuming each photon absorbed by a 

cell creates an electron/hole pair; 

𝑄𝐸(𝜆)(𝑖) = 1 − exp(−𝛼𝑊)                               (4) 

where the superscript (i) refers to the top cell and W is the cells thickness and exp(-αW) is the percentage of incident light 

which is not absorbed by the sub cell i (transmitted light). From equation (4), the light transmitted through the top cell and 

incident on the bottom cell is given by 

= 𝑇(𝑖) = 1 − 𝑄𝐸(𝜆)(𝑖)                              (5) 

Assuming only Photons with energy below the band gap of the Cu2O top junction cell are transmitted to the GaSb bottom 

cell where a large fraction is absorbed. To make this possible, the top cell is also assumed to be infinitely thick. In this case, 

in equation (5) the transmission of the above band gap photons through the top junction,  

T(𝑖) = exp(−𝛼𝑊) = 0sothat𝑄𝐸(𝜆)(𝑖) = 1  (6) 

For all photon energies above Cu2O top p-n junction’s band gap energy, Egt, also T(i)(λ) = 1 otherwise. So that Equations (1) 

and (2) can be approximated as; 

𝐽𝑠𝑐
(1)

= 𝑞 ∫ 𝜙𝐴.𝑀1.5𝐺(𝜆)𝑑𝜆
𝜆𝑡
0

                               (7) 

𝐽𝑠𝑐
(2)

= 𝑞 ∫ 𝜙𝐴.𝑀1.5𝐺(𝜆)𝑑𝜆
𝜆𝑏
𝜆𝑡

                              (8) 

where λb = hc/Egb and λt = hc/Egt are called critical, or cutoff wavelengths which correspond to the band gaps of the top and 

bottom cells respectively. If the wavelength of the radiation exceeds this value, then the energy of the photon is less than 

the semiconductor bandgap energy (Eg) and such a photon cannot cause a valence band electron to enter the conduction 

band [17],   Singh & Ravindra formulated this wavelength as [18]; 

 𝜆g =
1240

𝐸g(𝑒𝑉)
(𝑛𝑚)                          (9) 

The value of cutoff wavelength for the Cu2O top p-n junction with band gap 2.1eV,  λt= 590nm and similarly for the GaSb 

bottom p-n junction of 0.72eV band gap, λb=1722nm (calculated). Substituting the cutoff wavelength values in equations 

(7) and (8), they become; 

 𝐽𝑠𝑐
(1)

= 𝑞 ∫ 𝜙𝐴.𝑀1.5𝐺(𝜆)𝑑𝜆
760𝑛𝑚

0
               (10) 

 𝐽𝑠𝑐
(2)

= 𝑞 ∫ 𝜙𝐴.𝑀1.5𝐺(𝜆)𝑑𝜆
1722𝑛𝑚

590𝑛𝑚
               (11) 

This implies that, using solar spectrum of A.M1.5 to illuminate this structure, the Cu2O p-n junction absorption is assumed 

to be in the ultraviolet and part of visible range of solar spectrum while the GaSb p-n junction takes over from there to 

1722nm in the near infrared region.  

Absorption coefficient α (𝝀) is the number of photons absorbed per unit length of the material which is given by the 

analytical approximation; 

𝛼(𝝀) = 𝜶𝒐 (
𝑬𝝓(𝝀)−𝑬𝒈

𝒌𝑻
)
𝟏
𝟐⁄

                     (12) 

where α0 is the characteristic absorption coefficient for the material, Eϕ (λ) = hc/λ is the incident photon energy at 

wavelength λ, Eg is band gap energy of a semiconductor, k is the Boltzmann constant, and T is the cell temperature. 

The efficiency of the four terminal tandem cell whose junctions are optically coupled and electrically independent, is 

determined by the sum of the efficiencies of the junctions [19,20,21].  

ηCu2O/GaSbtandem = ηCu2O + ηGaSb           (13) 
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3. Simulation Method 
This section presents the simulation procedure of Cu2O-GaSb four- terminal tandem solar cell which was conducted using 

SCAPS version 3.3.0.6. The simulation was carried out under standard test condition of solar incident power corresponding 

to air mass AM1.5 (1000W/m2), and ambient temperature of 300K. The parameters of the Cu2O and GaSb used in the 

problem definition panel of the SCAPS software are contained in table 1[14,15,22,23]. 
 

Table 1. Properties of Cu2O and GaSb materials used in SCAPS simulation software  

Parameter  Cu2O GaSb  

Band Gap (eV)  2.10  0.72  

Dielectric constant at 300K  7.9  15.7  

Electron mobility μn at 300K (cm2/Vs)  200  5650  

Hole mobility μh at 300K (cm2/Vs)  100 875  

Density of electrons in the conduction band, Nc (cm-3)  2.43× 1019  2.078×1017  

Density of holes in the valence band, Nv (cm-3)  1.34× 1019  1.770×1019  

Acceptor or donor density, NA or ND (cm-3)  NA= 1× 1017  

ND = 2×1018(fitted) 

NA = 5× 1019 ND = 2x1018  

Capture cross section of electrons (σe)(cm2)  1.00 × 10-8  8 x 10-19  

capture cross section of holes (σp)(cm2)  1.00 × 10-11  9 × 10- 15  

electron effective mass, m*e(mo) 0.14  0.047  

hole effective mass, m*p(mo) 0.66  0.5  

Electron affinity χe (eV)  3.2  4.5  

Electron thermal velocity (th, cm/s)  107  5x107  

Hole thermal velocity (th, cm/s)  107  2× 107  

Absorption constant (m-1)  5× 105  105  

 

Simulation of the proposed Cu2O/GaSb four-terminal tandem cell  

To simulate the four-terminal Cu2O/GaSb tandem cell, the top and bottom junctions were simulated separately. This was 

done in order to examine the spectrum bands absorbed by the respective junctions of the tandem cell. The performances of 

these junctions were then added up to give the total response of the tandem cell in accordance with equation (13). The 

values of the cutoff wavelengths for the top and bottom junctions were used in the SCAPS action panel’s spectrum cutoff 

settings during the simulation of the GaSb bottom junction. This was done so as to filter out the photons which are within 

the absorption range of the top Cu2O p-n junction from reaching the bottom GaSb p-n junction. In this work, the n-GaSb/p-

GaSb bottom cell receives the filtered photon flux of 622W/m2 (calculated by SCAPS), as described by equation (12). The 

simulation flow chart for both top and bottom junction is the same and is shown in Figure, 2. The only difference is in the 

third step after ‘Run SCAPS’ where the cutoff wavelength corresponding to 622W/m2 incident power was selected in the 

case of the bottom junction. 
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Figure 2: Simulation Flow Chart of the Top and Bottom single Junctions 
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Firstly, using the incident solar photon flux of 1000W/m2, the top single junction of n- Cu2O /p-Cu2O was simulated. The 

operation of the junction under various thicknesses was evaluated. The efficiency of this single junction as a function of 

thickness was subsequently determined.  

Secondly, the simulation study of the n-GaSb/ p-GaSb was carried out using two separate solar flux values. This was as a 

result of the n-GaSb/ p-GaSb being used in this case as a bottom junction. The amount of the incident flux reaching the 

bottom junction was calculated to be 622W/m2. Therefore, the single junction of n-GaSb/ p-GaSb was simulated using 

1000W/m2 and 622W/m2 respectively, and the efficiency as a function of thickness for both cases also determined for the 

sub-cell. 

Finally, the efficiency of the four-terminal tandem solar cell was determined. This was done by summing up the 

efficiencies of the top and the bottom sub-cells using equation (13). 

 

4. Results and Discussion  
The simulation results of the single n-Cu2O/p-Cu2O top junction and that of the single n-GaSb/p-GaSb bottom junction are 

presented and discussed. The overall performance was obtained by summing up the optimum performances of the top and 

bottom junctions.  

Results of the n-Cu2O / p-Cu2O top junction.  

The variation of the top n-Cu2O/p-Cu2O base layer junction thickness in the range 0.001 to 10μm was obtained under 

1000Wm-2 illumination, Figure 3. The results are Voc = 1.20V, Jsc = 10.67mA/cm2, FF = 79.33% and 𝜂 = 10.18% obtained 

at the optimum thickness of 0.07μm.  
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Figure 3: Graph of Efficiency Variation against Thickness for n- Cu2O / p- Cu2O Top Junction  

The efficiency value of 10.18% obtained in this work is much higher than the previously reported experimental result of 

4.21% for a homojunction Cu2O solar cell [24].  The result is also an improvement over a simulation conversion efficiency 

result of 5.44% for a single heterojunction Cu2O-based solar cell [25]. However, highest single junction efficiency value of 

9.54% was reported for Cu2O-based heterojunction obtained experimentally [26]. All the reported results were obtained 

under unconcentrated sunlight AM1.5. 
 

Results of the single n-GaSb/ p-GaSb bottom junction  

The results presented in this section were obtained for the performance of n-GaSb/ p-GaSb base junction under two 

different illumination conditions. The conditions are the normal 1000Wm-2 and that of the radiation reaching the junction 

622Wm-2, when used in the tandem cell as the base subcell. 

Firstly, the results of the n-GaSb/ p-GaSb single junction base layer thickness variation in the range 0.1 to 1x104 µm using 

1000 Wm-2 were obtained. This was done in order to study the effects of the variation of base layer thickness on the 

performance of the junction under normal illumination condition. The best results of Voc=0.38V, Jsc=56.30mA/cm2, 

FF=76.11% and 𝜂=16.34% were obtained at the thickness of 3x103µm, Figure 4. This efficiency is the optimum value 

obtained at the stated thickness. 

 
Figure 4: Graph of Efficiency against Thickness for n-GaSb/p-GaSb Single Junction under 1000Wm-2 
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It is clear from Figure 4 that efficiency is relatively constant above 16.34% but with slight fluctuations. The fluctuations 

were as a result of the rise and fall in Jsc with increasing thickness, while the Voc remained unchanged. The fluctuation is 

attributed to thermalization effect. 

Secondly, the results of the study of n-GaSb/ p-GaSb base layer thickness in the range 0.1 to 1x104µm using 622Wm-2 are 

presented. This study was to obtain the effects of variations of the base layer thickness on the performance of the junction 

under the stated radiation when used in the tandem cell as the base subcell. The best results were obtained at the thickness 

of 6.0 μm these include Voc = 0.37V, Jsc = 46.14mA/cm2, FF = 77.10% and 𝜂 = 21.01%, Figure 5. 
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Figure 5. Graph of Efficiency against Thickness for n-GaSb/p-GaSb Bottom Junction under 622Wm-2  

Generally, the effect of base layer thickness variation on the solar cell output parameters showed that, power conversion 

efficiency increased as a result of increase in photocurrent due to enhanced flux absorption. After the efficiency had 

reached its maximum value, it thereafter decreased as a result of reduction in Voc which was due to increase in reverse 

saturation current (Jo). Similarly, Jsc decreased when the cells thickness exceeded certain optimum value due to 

recombination phenomenon. This was as a result of the free charge carriers generated much deeper into the bulk material 

had to travel longer distances before being collected. However, the smallest thickness value that showed better conversion 

efficiency was taken as the optimum thickness.  

However, the efficiency of 21.01% obtained for the n-GaSb/p-GaSb bottom subcell under unconcentrated sunlight in this 

work is approaching the theoretical value of 28% [15] and is higher than the reported value of 15% [27]. This indicates that 

n-GaSb/p-GaSb is more efficient when used as a bottom material since it has higher efficiency than when used as an 

independent single junction solar cell in which it has lower efficiency. 

Finally, the overall performance of the proposed tandem solar cell was obtained according to equation (13) that is using the 

efficiencies of both top n-Cu2O/p-Cu2O and n-GaSb / p-GaSb bottom subcells forming the proposed four-terminal tandem 

solar cell. The efficiency obtained was 31.2%.  
 

5. Conclusion  

This work has successfully simulated and determined the performance of two junctions, four terminals tandem solar cell. 

The tandem solar cell was made up of top n-Cu2O/p-Cu2O and bottom n-GaSb/p-GaSb Junctions using SCAPS 1D solar 

cell simulation software. The efficiency of the Cu2O/GaSb tandem solar cell indicates a promising future for the individual 

materials. The efficiency of 10.18% obtained for Cu2O under 1000Wm-2 is an improvement over reported values in 

literatures, as at the time of writing this paper. The GaSb efficiency of 21.01% under 622Wm-2 shows remarkable increase 

compared with the result under 1000Wm-2 of the same material. This attributed to thermalization effect being greatly 

reduced when the material was used as a bottom layer of the tandem solar cell.  The efficiency of the tandem solar cell of 

31.2% clearly surpassed the Shockley-Queisser efficiency limit. This was achieved by the tandem structure, in which the 

top junction absorbed the high energy photons of the solar flux and reduced the thermalisation effect in the bottom junction.  
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