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Abstract: A four-terminal tandem structure based on the copper indium gallium selenide (CIGS) 

solar cell is a viable approach to achieve high efficiency. For this purpose, a dual-junction 

configuration, consisting of the experimental CIGS cell with a record efficiency of 23.35% as the 

bottom cell and wide bandgap thin-film solar absorbers as the top cell is evaluated by modeling. In 

this work, we investigate the effects of luminescence efficiency, optical absorption, bandgap, 

thickness, and light trapping of the top cell on the designed tandem performance. The results show 

the optimum bandgap and thickness of the absorber layer for the top cell are between 1.7-2 eV and 

0.5 μm, respectively. Light trapping for less than 1-μm-thick top cell has a strong impact on cell 

performance. The analytical model for the tandem solar cell is provided to recognize the suitable 

materials as the partner for the CIGS cell. Our analysis shows that the GaAs, CZTS, CdTe, and 

CGS thin-film solar cells can be considered suitable top cells to achieve a tandem cell with more 

than 30% efficiency. We also proposed the Al0.31Ga0.69As/CIGS tandem solar cells with 35.9% 

efficiency. 

 

1. Introduction 
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Since the silicon solar cells suffer from the indirect bandgap and low absorption coefficient [1], the 

chalcopyrite CuIn1-xGaxSe2 (CIGS) thin-film solar cells with high absorption, radiation hardness, 

good outdoor stability, low-cost processing methods, and high-efficiency have been attracted by the 

researchers [2-6]. Kato et al. reported an efficiency of 22.9% for the CIGS solar cells fabricated by 

the Cs Treated Cu(In,Ga)(Se,S)2 
[7]. In 2019, Nakamura et al. successfully grew CIGS on the 

molybdenum back contact. To date, this cell with an efficiency of 23.35%, has surpassed all other 

thin-films photovoltaic technology [8].  

Despite the many benefits of single-junction solar cells and the simple fabrication process; their 

performance is restricted by the Shockley-Queisser limit (SQL) [9]. The tandem solar cell approach 

is the most likely related concept to overcome the SQL for single-junction solar cells [10-13]. To 

decrease thermalization losses and for suitable utilization of the solar spectrum, tandem solar cells 

are employed to reach higher efficiency [14-17]. 

The potential of some photovoltaic materials in the single-junction solar cells has been 

investigated [18-20], but their performance in the tandem structures has not been explored. In this 

work, a tandem structure based on the CIGS cell is proposed, and the requirements of the top cell to 

achieve efficiencies over 30% are determined. 

In this work, the experimental CIGS cell with the record efficiency (23.35%) is considered as the 

bottom cell, then different thin-film cells as the top cell are characterized opto-electrically in a 

mechanically stacked tandem structure. For this purpose, we investigate the performance of top 

cell/CIGS in terms of luminescence efficiency, absorption coefficient, bandgap, and thickness of 

the investigated top cell. We calculate the theoretical efficiency for the tandem cells based on the 

experimental CIGS sub-cell. Additionally, effect of the top cell’s light trapping on the tandem cell 

performance is explored by modeling. In order to model the tandem solar cell, first, the 

performance parameters of the top cell are derived based on the absorbed light, the collection 

probability, and luminescence efficiency. In the next section, a physical model for the experimental 

CIGS cell as a bottom cell is provided. The top cell’s requirements to reach a tandem cell with more 
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than 30% efficiency have been analyzed. Finally, based on the model, we examined the suitable top 

solar cells to match the achieved requirements. 

2. CIGS-based tandem solar cell configuration 

Figure 1. shows the four-terminal tandem structure, containing a thin-film top cell (Cell 1) and an 

experimental CIGS bottom cell (Cell 2), fabricated by Solar Frontier [8].  

There are two common types of tandem solar cells. The first is the monolithic two-terminal 

device. The monolithic tandem solar cells normally were suffered from the deterioration of 

performance owing to the high-temperature process fabrication.  

The second structure is mechanically stacked, including two independent solar cells, one on top of 

the other. We have focused our efforts on a four-terminal mechanically stacked structure; since 

four-terminal tandem cells compared to two-terminal tandem cells do not require the current 

matching. This configuration has greater flexibility in the selection of materials. Moreover, this 

structure is simpler to fabricate by combining different semiconductors. 

 

 

Figure 1. Schematic of tandem cell structure. Cell 1 (top cell) is made of direct bandgap material 
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determined by the absorption coefficient (α), bandgap (Eg), luminescence efficiency (ɸ), carrier diffusion 

length (Ld), and absorber thickness (W). Cell 2 is the experimental CuInGaSe2 solar cell with an efficiency of 

23.35% [8]. 

 

CuIn1-xGaxSe2 is one of the encouraging semiconductors in the group of thin-film solar cells 

owing to different compositions with superior electronic and physical parameters. CuIn1-xGaxSe2 

possesses a direct bandgap, which varies depending on the mole fraction x=Ga/(In+Ga) as the 

following relation [6]. 

2
1 01 0 42 0 24. . .

g
E x x      (1) 

Band-gap energy changes from 1.01 eV to 1.67 eV, where x varies from 0 for CIS to 1 for CGS, 

respectively. In this model, given the experimental device [8], the CIGS bandgap energy has been 

considered 1.08 eV; also, we use the absorption coefficient αCIGS(λ) and refractive index n that has 

been extrapolated from experimental reports [21,22]. Figure 2. shows the absorption coefficient 

(αCIGS(λ)) 
[21] and refractive index (n) [22] of the CIGS thin-film based on experimental data used in 

this study. 

Table 1. summarizes all electrical and physical parameters of the CIGS solar cell in this study.  

 

Figure 2. The absorption coefficient (α) [21] and refractive index (n) [22] as a function of the wavelength for 

CIGS film. 
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This work addresses the modeling of the experimental CIGS solar cell with an efficiency record 

of 23.35% [8] consisting of a 3 mm thick glass substrate, coated with a sputtered molybdenum (Mo) 

layer with 0.5 µm thickness. MoSe2 layer is typically established between the CIGS absorber layer 

and Mo back contact. The CIGS layer with a thickness of 2 µm is deposited by co-evaporating the 

Cu, In, Ga, Se elements. Zn(O,S,OH)x as the bottom buffer layer with 50 nm thickness is formed by 

chemical bath deposition (CBD). Afterward, the layers are located in an atomic layer deposition 

(ALD) system, where a 50 nm-thick Zn0.8Mg0.2O layer is deposited as the second buffer layer. Then, 

a MOCVD process is used to form about 0.5 µm-thick ZnO:B as a transparent conductive oxide 

(TCO) layer. Eventually, to complete the cell structure, 20 μm of aluminum to form the grid 

electrode is evaporated, based on the electron beam evaporation technique. Figure 3. compares the 

simulated current-voltage (J–V) and external quantum efficiency (EQE) curves with experimental 

data. 

Parameter CIGS Zn(O,S,OH) Zn0.8Mg0.2O ZnO:B Mo(S,Se) 

Thickness (µm) 2 0.05 0.05 0.5 0.02 

Eg (eV) 1.08 2.95 3.7 3.7 1.17 

χe (eV) 4.25 4 3.9 3.9 4.32 

εr 13.6 9 9 9 7.29 

NC (1/cm3) 2.2×1018 2.2×1018 2.2×1018 2.2×1018 9×1018 

NV (1/cm3) 1.8×1019 1.8×1019 1.8×1019 1.8×1019 9×1018 

υth,e (cm/s) 107 107 107 107 107 

υth,h (cm/s) 107 107 107 107 107 

μe (cm2(V s)−1) 100 100 100 100 100 

μh (cm2(V s)−1) 25 25 25 25 25 

Doping (1/cm3) 7.6×1016 (A) 5.12×1017 (D) 6.77×1018 (D) 1020 (D) 1.2×1018 (A) 

Defect type Double single (D) Single (A) Single (A) Single (A) - 

Et (eV) -0.26, -0.34 0 0 0 - 

σe (cm2) 4×10-16, 4×10-15 10-15 10-15 10-14 - 

σh (cm2) 4×10-14, 4×10-13 10-12 10-15 3×10-13 - 

Nt (1/cm3) 1.5×1013 1×1016 1014 3×1016 - 

Electrodes Left contact (Mo) Right contact (grid, air)   

Se (cm/s) 105 

105 

No 

105   

Sh (cm/s) 105   

Reflection No   

Series  resistance (Ω cm2) 0.98     

Shunt  resistance (Ω cm2) 3220     
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                                 (a)               (b) 

Figure 3. Comparison of experimental data [8] and simulation results. (a) J-V (b) EQE. 

 

 

2.1. Modeling of top cell in tandem structure 

Cell 1 (top cell) is modeled as a p-i-n based photovoltaic structure with a thin-film intrinsic layer 

among n-type and p-type semiconductors. The p-i-n is the common configuration for thin-film 

absorbers due to the higher carrier collection compared to a p-n junction [27]. 

For the modeling, we considered the solar intensity 1000 W/m2 under 1-sun AM1.5G illumination. 

The absorber layer of the top cell is modeled with a direct bandgap semiconductor (Eg), and 

absorption coefficient α, given by the analytical estimation as the below 

1 / 2

0

( )
( )

g

a

E E

k T




  



 

  
 

   (2) 

where α0 is the specific absorption coefficient of the material, Eφ(λ)=hc/λ is the photon energy at 

wavelength λ, k is the Boltzmann constant. In this work, we have been considered ambient 

temperature (Ta) at 298 K. The choice of material characteristics is considered to cover a wide 

range of suitable top cell partners for CIGS-based tandem solar cells, with a specific focus on wide 

bandgap inorganic semiconductors. For this purpose, we chose photovoltaic materials with 

relatively strong specific absorption coefficients (α0 =104 cm-1), which are representative of many 

such thin-film materials [28-31]. 
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For the light absorption in Cell 1, two models have been considered. In the first one, the 

absorption without light trapping was assumed as A(top) =1–exp(–αW), and then the impact of light 

trapping on the top cell was modeled. 

Although the optimal thickness for the top cell is determined by the maximum light absorption, 

the light trapping approach can increase the optical path length several times longer than the present 

device thickness. When light trapping is not used in cell design, the device thickness should be at 

least an optical path length, while using the light trapping method can be bounced the light back and 

forth, and the possibility of photon absorption is increased. 

Here, the light trapping effect has been modeled for the top cell of the tandem structure. 

( )

2

1 ex p ( 2 )
A

1 (1 1 / n ) ex p ( 2 )

o pto p

o p

W

W





 


   

   (3) 

where 

2

0 9 3 5 0 6 7
1

( )

( , . .
( )

)

b

o p b

a W

W W a an d b
a W





 

   
 

 (4) 

W is the top cell thickness, and Green’s estimation solutions assumed a=0.935, b=0.67 [32] and a 

typical refractive index for the absorber layers n=3 while the results are weakly dependent when 

2.5<n<3.5 [32]. It’s also assumed the non-absorbed photons are transmitted to the CIGS cell. 

Therefore, the transmission rate of photons from the top cell is equal to T(top)=1−A(top). 

The short-circuit current is characterized by the carrier collection probability (𝑓𝑐) and absorption 

of incident light as below: 

( ) ( )

1 .5
0

( ) ( ) d
to p to p

sc c A M G
J f q A   



       (5) 

where φAM1.5G (λ) is the photon flux density considered as ASTM G-173 solar spectral Irradiance 

[33].  

Carrier collection probability in a p-i-n based photovoltaic structure can be calculated using 

equation (6), while approximated Vbi=Eg 
[27,34]. 
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where 

22

0

2

2 2

b i b i

da a

q V q VW

k T L k T
   

  

  
   

   (7) 

Equations (6) and (7) depend on the absorber layer thickness and the diffusion length as physical 

and electrical parameters, which play an important role in the collection probability. Moreover, the 

equations show that decreasing the thickness and increasing the diffusion length of the top cell 

absorber layer will improve the collection probability [27]. 

The bandgap of the absorber layer and the recombination rate in the top cell are the key 

parameters to determine the open-circuit voltage. Here, we characterize the recombination 

mechanisms by the luminescence efficiency (ɸ). Luminescence efficiency is determined as the 

proportion of radiative recombination to total recombination. Equation (8) calculates the Voc of 

investigated top cells based on the absorption properties of thin-film and the luminescence 

efficiency [35]. 

( )

( )

( )

0

ln ln ( )

to p

to p sc

O C to p

a a
k T k TJ

V

q J q

  
 

  
 

   (8) 

where  

 

( ) 22

( )

0 3 2 0

( )2

e x p / k T 1

to p

to p

s

A E En q
J d E

h c E

 





  



     (9) 

𝐽0
(𝑡𝑜𝑝)

 is the background blackbody flux density. The sun temperature (Ts) is 5762 K [35]. The first 

part of Equation (8) is derived by the Shockley-Queisser limit [9], while the second part supplies a 

correction for non-unity luminescence efficiency for the recombination contributions. 

Equations (2)–(9) calculate the Voc and Jsc for the top cell based on Eg, W, α0, Ld, and ɸ. For the top 

cell, the fill factor is calculated by the following equation [10]: 

0 7 2

1

. )(
o c o c

o c

FF
ln 



 




   (10) 

where υoc=Voc/nkBT is the normalized open-circuit voltage, kB is the Boltzmann constant, T the cell 

temperature sets at 300 K; the diode ideality factor considered n=1. 
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The maximum power produced per unit area from the investigated top cell is calculated as follow: 

( ) ( ) ( ) ( ) ( )

0
(W , E , , , )

top top top top top

g d sc O C
P P L J V FF       

 (11) 

2.2. Modeling of the experimental CIGS bottom cell 

The CIGS cell with an efficiency of 23.35% fabricated by Solar Frontier [8], considered as the 

bottom cell of the tandem structure. The performance parameters of the cell under the standard 

conditions are Voc=0.734 V, Jsc=39.6 mA/cm2, and FF=80.4% [8]. In the tandem structure, CIGS cell 

receives only the transmitted light through the top cell, depends on the thickness and absorption 

coefficient of the top cell. Therefore 𝑉𝑜𝑐
(𝑏𝑜𝑡𝑡𝑜𝑚)

 and 𝐽𝑠𝑐
(𝑏𝑜𝑡𝑡𝑜𝑚)

 equations must be modified 

accordingly. 

We first calculated the production photocurrent in a 2 μm CIGS without reflection loss under 

AM1.5G illumination (45.1 mA/cm2). To calculate the short-circuit current density of the CIGS cell 

under non-standard illumination, the calculated generated photocurrent was compared with the 

measured value (39.6 mA/cm2). The ratio of these two values derives an effective collection 

probability of 0.877. So, the Jsc of the CIGS cell is calculated by Equation (12) 

1 .5

( ) ( ) ( )
0 .8 7 7 ( ) ( ) ( ) d

A M G

b o tto m to p b o tto m

sc
J q T A           (12) 

where φAM1,5G (λ)T(top)(λ) is the photon flux density transmitted from the top cell. In this study, it is 

assumed that all unabsorbed photons in the top cell are transmitted to the bottom cell, so in a 

general case, the transmission rate of photons from the top cell is equal to T(top)=1−A(top). Where 

A(top) is the absorption rate of the top cell. It is known that for low-energy photons (Eφ(λ) < Eg,top) or, 

in other words, for long-wavelength photons (λ > hc/Eg,top ), the transmission rate of photons from 

the top cell is equal to T(top)=1. 

 A(bottom)(λ) is calculated by 1–exp(–αW) for the optical characteristics of CIGS thin-film absorber 

[21] with 2 μm thickness. 

Equation (13) calculates the open-circuit voltage, whereas the current is obtained from (12). 
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( )

( )

( )

0

ln 1

b o tto m

b o tto m sc

O C b o tto m

a
k T J

V

q J

 
 

  
 

   (13) 

where 𝐽0
(𝑏𝑜𝑡𝑡𝑜𝑚)

= 2.17 × 10−14 𝐴/𝑐𝑚2 is the dark current density of CIGS cells from the literature [36]. 

So the Equations (12) and (13) assess the Jsc and Voc of the CIGS bottom cell based on the 

absorption properties of the investigated top cell. The fill factor of the CIGS bottom cell is 

considered the experimental value FF(bottom) =80.4%. Equation (14) calculates the power of the 

bottom cell. 

( ) ( ) ( ) ( ) ( )

0
(W , E , )

bottom bottom bottom bottom bottom

g sc O C
P P J V FF      (14) 

In this work, without considering the light trapping method based on the experimental absorption 

coefficient (α) of CIGS, bottom cell modeling has been used to simulate the single-junction CIGS 

solar cell in Figure. 3. It is worth noting that to calculate the short-circuit current density of the 

single-junction CIGS cell under standard illumination, the value of T(top)(λ) in Equation (12) is 

considered equal to one (T(top)(λ)=1). 

Finally, Equation (15) can estimate the overall efficiency of the tandem cell. 

( ) ( )

0 0
(W , E , , , ) (W , E , )

1 0 0 0

to p b o tto m

g d g
P L P 


 

    (15) 

3. Results and Discussion 

The analytical model provided in the previous section calculates the performance parameters for a 

designed tandem solar cell. In this section, in order to select the top cell partners for CIGS-based 

tandem solar cells to achieve >30% efficiency, we investigated the electrical and physical 

characteristics of the solar cells, including luminescence efficiency, bandgap, diffusion length, 

thickness, and light trapping. So, a variety of possible materials is explored for top cells in the 

tandem configuration.  

3.1. Investigation of the effect of thickness and bandgap of the top cell on the designed tandem 

cell efficiency 

In this section, the tandem solar cell efficiency based on the bandgap and thickness of the top cell 

is investigated. Moreover, the effect of light trapping is considered in the model.  
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The thick top cell absorbs more photons, so that fewer photons will reach the bottom cell, and 

tandem efficiency reduces due to the reduced bottom cell efficiency. On the other hand, as the top 

cell thickness decreases, many photons are transmitted through the cell, and the top cell efficiency 

decreases. The model confirms the optimal thickness of the absorber layer for the top cell is 0.5 μm. 

However, the deficiency due to the thickness can be compensated by the high bandgap materials. 

The high bandgap top cell can offset the reduced current (owing to the thickness) by the improved 

Voc. On the other hand, the top cell with too wide bandgap (higher than 2 eV) degrades the tandem 

cell efficiency due to the extreme attenuation of current.  

As seen in Figure 4., the optimized top cell bandgap energy for the thin-film/CIGS tandem solar 

cells is between 1.7-2 eV, and the optimized thickness is 0.5 µm. The white region in Figure 4. 

indicates tandem solar cells with efficiencies lower than 23.35%, which is the efficiency of the 

experimental CIGS bottom cell. The design of the tandem solar cells in these regions is not 

beneficial. Although thin-film devices are cost-effective, thin-film solar cells suffer from the weak 

absorption of incident light. Hence the nanostructure light trapping is necessary for the harvesting 

of maximum solar radiation. The light trapping improves the short-circuit current of thin devices 

due to the increased optical path length, while in the top cells without light trapping, the photons 

make only one pass through the solar cell and may not be absorbed. Figure 4. demonstrates the 

impact of the top cell’s light trapping on the efficiency of the tandem cell. Figure 4. represents the 

best efficiency of the designed tandem cell is η=29.4% with no light trapping and 32.6% with the 

light trapping for the top cell.  
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Figure 4. Efficiency of thin-film/CIGS tandem solar cell based on the thickness and bandgap of top cell with 

(a) no light trapping (b) with light trapping. Results calculated with α0 =104 cm−1, Ld =100 nm, and ɸ=10−5. 

Dashed lines indicate bandgap of some photovoltaic materials [10, 37-40] as proposed top cell's absorber in 

CIGS-based tandem solar cells. 
 

A comparison between Figures 4a and 4b indicates that the light trapping effect is significant for the 

thin-film solar cells with an absorber layer less than 1 μm thickness. Moreover, it concludes the 

light trapping can expand the materials used for the top cell to achieve acceptable efficiency. 

3.2. Investigation of the effect of luminescence efficiency and bandgap of the top cell on the 

designed tandem cell efficiency 

In fact, high-bandgap semiconductors have poor electrical characteristics due to a large bulk trap 

density and poor band alignment between the absorber layer and the buffer layer. So, luminescence 

efficiency (ɸ) as the proportion of radiative recombination to total recombination is nearly low for 

the top cells in the tandem configuration. 

Equation (8) determines the luminescence efficiency based on open-circuit voltage of the 

experimental cells reported for the different photovoltaic materials. In the detailed balance limit, 

where ɸ=1, Equation (8) demonstrates that Voc = (kT/q)×ln(Jsc/J0), but for the conventional 

configuration modeled here, due to parasitic losses at the interfaces, through non-radiative 

recombination, Voc < (kT/q)×ln(Jsc/J0) and Voc will drop as ɸ reduces from unity. Luminescence 

efficiency is dependent on minority carrier recombination, which may change from material to 
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material. Therefore luminescence efficiency relies on both the optical losses in the back and front 

interface layers and on the material quality, comprising the electronic quality of the interfaces. In 

the previous sections, the usual quality for the top cell semiconductor (ɸ=10−5) has been considered. 

Figure 5. demonstrates the strong dependence of the thin-film/CIGS tandem cell efficiency on the 

recombination rate in the top cell while α0 =104 cm−1 and optimum thickness of 0.5 μm have been 

assumed. As shown in Figure 5., the decreased luminescence efficiency degrades the efficiency of 

the designed tandem cell. 

High efficiency GaAs (Eg ∼1.4 eV) cells with Voc=1.12 V [41] provide ɸ∼10−2. Also, the 

experimental c-Si (Eg∼1.12 eV) cells achieved Voc>0.7 V, with ɸ>10−3. Open-circuit voltages of 

amorphous Si (Eg∼1.6 eV) with almost poor electronic quality have been reported as high as 1.04 

V, corresponding to ɸ∼10−5. 

Our model calculates the optimum bandgap for the top cell with pure radiative recombination 

(ɸ=1) Eg∼1.4-2 eV, which is consistent with the experimental two-junction tandem cells [42,43]. By 

assuming ɸ=10−5, the efficiency of the tandem solar cell is achieved more than 30% for 1.5<Eg<2.3 

eV. As non-radiative recombination increases, the range of optimum bandgap increases. This trend 

provides considerable flexibility in the selection of investigated top cell materials, which is another 

important benefit of the four-terminal tandem in comparison to monolithic two-terminal tandem 

configurations. 

By Equation (8), in the cells with low luminescence efficiency, the open-circuit voltage decreases 

due to the increased recombination rate. High bandgap top cell can compensate for the reduced 

voltage. Thus the optimum bandgap increases from Eg∼1.6 eV at ɸ=1 to Eg∼2.2 eV at ɸ=10−10. 

Figure 5. also confirms that the considerable profit of light trapping is the increase of absolute 

efficiency up to 4% for the semiconductors with high luminescent efficiency. A
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Figure 5. Efficiency of thin-film/CIGS tandem solar cell according to luminescence efficiency and bandgap 

of the top cell. (a) no light trapping (b) with light trapping. Results calculated for α0 =104 cm−1, absorber 

thickness 0.5 μm, and Ld=100 nm. Black dots indicate experimental cell [10,37-40] reported for several wide 

bandgap materials. 
 

3.3. Exploring the experimental solar cells 

The suitable selection of the top cells for the CIGS-based tandem structure to achieve the target 

efficiency of 30% is the purpose of this work. This model can help researchers select suitable top 

cell materials. So, some experimental thin-film solar cells are explored, and their performance in a 

CIGS-based tandem cell is analyzed. We choose some potential top cell absorbers, including GaAs, 

CZTS, CdTe, and CGS, which have previously been promising in single-junction cells. 

Figure 6. estimates the tandem efficiency based on Ld, while light trapping is considered. Figure 

6. demonstrates the GaAs, CZTS, CdTe, and CGS top cells are suitable candidates to achieve the 

CIGS-based tandem cell with 31.85%, 32.3%, 32.9%, and 34.4% efficiency, respectively. 

This figure concludes, although the GaAs solar cell has the highest efficiency among the single-

junction cells, it is less efficient than other materials in the tandem structure because its bandgap is 

not in the optimum range of top cells. A
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Figure 6. Efficiency of thin-film/CIGS tandem cells with the experimental solar cells as the top cell, 

assuming luminescence efficiency ɸ=10−5, and top cell thickness W=0.5 μm. Inset: The absorption 

coefficient (α) as a function of the wavelength for the experimental thin film. 

 

The high bandgap benefits are obvious in Figure 6. To achieve a 32.4% efficient tandem cell, the 

CGS top cells (Eg=1.68 eV) with a diffusion length of 200 nm would be enough, whereas CZTS 

(Eg=1.5 eV) cell with a diffusion length of 600 nm is required. 

The electron diffusion length in CGS films is estimated to be 120 nm, which may be an excellent 

candidate for more improvement. The presented diffusion lengths for CdTe and CZTS are 

significantly larger (∼1750 nm for CdTe and ∼350 nm for CZTS). 

On the other hand, AlxGa1-xAs with wide and controllable bandgap energy and appropriate 

absorption coefficient can be considered as a top cell in the CIGS-based tandem solar cells. 

Here, an alternative AlxGa1−xAs/CIGS tandem cell is proposed. The optical and electrical 

characteristics of AlxGa1−xAs can be controlled by varying the stoichiometry x= Al/ (Al + Ga) in the 

absorber material. The bandgap alteration of AlxGa1−xAs with Aluminum fraction x, is 

approximately [10] 

2

1 .4 2 4 1 .2 4 7  0 .4 5

1 .9 0 .1 2 5 0 .1 4 3 0 .4 5

x eV x

x x eV x







 
   (16) 

 

Table 2 lists the efficiency of sub-cells in AlxGa1-xAs/CIGS designed tandem cell. Figure 7 (a). 
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shows the absorption coefficient of AlxGa1−xAs alloys as function of wavelength that has been 

extracted from experimental data [31], and Figure 7 (b). shows the efficiency of AlxGa1−xAs/CIGS 

tandem cell for the various Al fraction (x). This figure confirms that the AlxGa1−xAs/CIGS tandem 

cells achieve the optimum efficiency of 35.94% at x= 0.31 and Eg= 1.8 eV.  

 It is important to point out that major obstacles exist to realizing a high-conversion efficiency 

tandem cell. We utilize this model to assess the theoretical efficiency limits for some potential top 

cell’s material and specify the requirements to achieve >30% efficiency. 

Table 2. Conversion efficiency of the top (AlxGa1-xAs), bottom (CIGS) and AlxGa1-xAs/CIGS designed tandem cells. 

                            
                                (a)                                                                             (b) 
Figure 7. (a) The absorption coefficient (α) as a function of the wavelength for AlxGa1−xAs alloys [31], (b) 

Efficiency of AlxGa1-xAs/CIGS designed tandem cell based on Al/(Al+Ga) ratio, assuming luminescence 

efficiency ɸ=10−5. 

 

 

4. Conclusion 

Tandem solar cell structure Top cell efficiency (%) Bottom cell efficiency (%) Tandem cell efficiency (%) 

GaAs/CIGS 25.24 6.61 31.85 

Al0.1Ga0.9As/CIGS 25.02 8.96 33.98 

Al0.2Ga0.8As/CIGS 23.87 11 34.87 

Al0.31Ga0.69As/CIGS 22.75 13.19 35.94 

Al0.42Ga0.58As/CIGS 20.39 14.95 35.34 

Al0.49Ga0.51As/CIGS 17.82 15.56 33.38 

Al0.59Ga0.41As/CIGS 17.08 15.9 32.98 

Al0.7Ga0.3As/CIGS 13.43 16.29 29.72 
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We have analyzed the impact of the investigated top cell’s bandgap, absorption coefficient, 

thickness, diffusion length, and luminescence efficiency on the designed tandem cell efficiency by 

the modeling. The results show that for the thin-film/CIGS tandem solar cells, the top cell is 

optimized at the thickness of 0.5 µm and bandgap around 1.7-2 eV. In this model, the light trapping 

for the top cell has been investigated. The light trapping enhances the tandem cell efficiency by 4% 

compared to the cells without light trapping. This mechanism is more effective for thin-film solar 

cells with less than 1 µm thickness.  

The potential solar cells for the top cell have been proposed to achieve a thin-film/CIGS tandem 

structure with high efficiency. Our model demonstrates the GaAs, CZTS, CdTe, and CGS top cells 

are suitable candidates to achieve the CIGS-based tandem cell with 31.85%, 32.3%, 32.9%, and 

34.4%  efficiency, respectively. The efficiency of AlxGa1−xAs/CIGS tandem cell for the various Al 

fraction (x) has been investigated. We proposed Al0.31Ga0.69As /CIGS tandem cells with 35.94% 

efficiency, at x= 0.31 with optimum bandgap Eg= 1.8 eV. 
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The analytical model for the tandem solar cell is provided to recognize the suitable materials as the 

partner for the CIGS-based tandem solar cells. Our analysis shows that the AlGaAs, CZTS, CdTe, 

and CGS thin-film solar cells can be considered suitable top cells to achieve a CIGS-based tandem 

cell with more than 30% efficiency. 
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