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Abstract : In this work, we develop methods to determine the characteristic electrical parameters of a photovoltaic 

cell such as the photocurrent density (Jph),  the saturation current density (J0), the short-circuit current density (Jsc), 

the open-circuit voltage (Voc), the maximum power density point (Jm , Vm), the fill factor (FF) and the electrical 

conversion efficiency (𝜂C) according to the irradiance spectrum. The real solar cell model is considered for the 

determination of these various parameters. This model takes into account the effect of shunt and series resistances 

(parasitic resistances).  Notions of semiconductor physics, continuity equation of charge carriers combined to 

optoelectronic and geometrical properties of the materials, numerical resolution method to solve implicit equations 

based on characteristic equation of a photodiode, are notions mainly exploited to determine electrical parameters 

of the real solar cell. The results are applied to the heterostructures ZnO(n+)/CdS(n)/CuInS2(p)/CuInSe2(p+) named 

CIS and ZnO(n+)/CdS(n)/CuInSe2(p)/CuInS2(p+) named CISE to evaluate their performances according to the 

considered parameters. The results obtained for each structure, photocurrent density ~ 17 mA.cm-2 (CIS) and 31 

mA.cm-2 (CISE), short-circuit current density ~ 16.79 - 17 mA.cm-2 (CIS) and 30.62 - 31 mA.cm-2 (CISE), open-

circuit voltage ~  0.76 V (CIS) and 0.52 V (CISE), fill factor ~ 0.648 - 0.745 (CIS) and 0.545 - 0.677 (CISE), 

maximum power density ~ 8.28 - 9.69 mW.cm-2 (CIS) and 8.72 - 11.02 mW.cm-2 (CISE), saturation current ~ 

4.117×10-8 mA.cm-2 (CIS) and 1.169×10-3 mA.cm-2 (CISE), are in the same magnitude order as the values 

published in the literature. We obtain under AM 1.5 solar spectrum and taken into account the parasitic resistances, 

a theoretical conversion efficiency ranging from 9.93% to 11.62% for the model CIS and from 10.46% to 13.22% 

for the model CISE. Thus, these results allow to validate the various models established to model the phenomena 

studied.  
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1. Introduction 

The determination of the electrical parameters is particularly 
important for estimating the performance of a solar cell, in 

particular the electrical conversion efficiency. Usually the 
photodiode model is used to model the operation of a solar cell. 

The solar cell (in the case of inorganic materials) is a 
photodiode that operates without external bias and delivers its 

photocurrent through a load.  Without illumination (in dark 
condition), the photodiode behaves like a conventional diode 

and obeys Schokley's relation [1].   

We distinguish the model of the ideal solar cell and that of the 

real solar cell. For the latter, the losses due to the presence of 
parasitic resistances in the materials which form the device, is 

taken into account. The model of the ideal solar cell presents 
an analytical resolution allowing to determine easily some of 

the characteristic parameters of the solar cell. The real solar 

cell model exhibits a current - voltage characteristic described 
by an implicit relation, it does not admit analytical resolution. 

We used a resolution method based on approximate calculation 
techniques (graphical or numerical resolution method) to easily 

find the different parameters that model the real case of the 
photodiode. These methods allow to determine from equivalent 

model equation of the solar cell, the electrical parameters such 

as: the saturation current density (J0), the short-circuit current 

density (Jsc), the open-circuit voltage (Voc), the maximum 

power density point (Jm , Vm) and the fill factor (FF). 

The determination of the saturation current is based on 
fundamental notions of semiconductor physics, the 

assumptions of quasi Fermi level and Schockley-Read will be 
exploited for the determination of this parameter and the dark 

current (under external bias). We will consider the regime of 

low injections of carriers. 

2. Theory and method  

2-1. Characteristic equation of a photodiode  

 Without illumination, a photodiode operates like a 

conventional diode and obeys Schokley's relation [1]:   

                  𝐽𝑣 = −𝐽0 ∙ (  𝑒
𝑞 𝑉𝑗 𝜂𝐾𝑇⁄ − 1)                                      (1) 

𝐽0 is the saturation current density  of the photodiode, 𝐾 is the 

Boltzmann constant, 𝜂 is the ideality factor, T is the 

temperature. Under illumination, we take into account the 

photo-generated current density  𝐽𝑝ℎ and obtain: 

           𝐽 = 𝐽𝑝ℎ + 𝐽𝑣 = 𝐽𝑝ℎ − 𝐽0 ∙ (  𝑒
𝑞 𝑉𝑗 𝜂𝐾𝑇⁄ − 1)                   (2) 

𝐽𝑝ℎ is the current density generated by the illumination, its 

expression is given by [2, 3] : 

𝐽𝑝ℎ = ∫ 𝑞𝐹(1 − 𝑅)𝑆𝑟𝑝
4

1
𝑑𝐸 ≈

𝛿𝐸

2
[ 𝐽𝑟𝑝 (𝐸1) + 𝐽𝑟𝑝 (𝐸𝑚+1) +

2∑  𝐽𝑟𝑝 (𝐸𝑖)
𝑚
𝑖=2 ]                                                                        (3) 

With : 𝐸 ∈  [1 𝑒𝑉 , 4 𝑒𝑉] ; 𝐸1 = 1 𝑒𝑉 ;  𝐸𝑚+1 = 4 𝑒𝑉 ; 𝛿𝐸 =
𝐸𝑚+1− 𝐸1

𝑚
 (𝑒𝑉)  

𝐸𝑖+1 = 𝐸1 + 𝑖 ∙ 𝛿𝐸 (𝑒𝑉)   with : 𝑖 ∶ 1…𝑚   

In the case of a 4-layer structure type  n+npp+, the spectral 

response 𝑆𝑟𝑝  is given by [4]:  

          𝑆𝑟𝑝  =
 𝐽𝑝1+ 𝐽𝑝2+𝐽𝑤  + 𝐽𝑛1  + 𝐽𝑛2  

𝑞𝐹(1−𝑅)  
                                  (4)  

The expressions of photocurrent densities 𝐽𝑝1,  𝐽𝑝2 , 𝐽𝑤 , 𝐽𝑛1, 𝐽𝑛2 

of minority carriers  are given in the appendix. 

                        𝐽𝑟𝑝 = 𝑞𝐹(1 − 𝑅)𝑆𝑟𝑝                                                       (5) 

                         𝐹 = Ф ×
1.24

𝐸2
                                                        (6) 

                 𝐽𝑟𝑝 = 𝑞 × Ф ×
1.24

𝐸2
(1 − 𝑅)𝑆𝑟𝑝                                           (7) 

                       EQE = (1 − 𝑅)𝑆𝑟𝑝                                                         (8) 

Ф represents the flux of photons versus the wavelength, it is 

expressed in cm-2.s-1.μm-1. 𝐹  is the flux of photons versus the 

energy, it expressed in cm-2.s-1.eV-1 [3]. EQE is the external 

quantum efficiency and 𝑆𝑟𝑝  is the internal quantum efficiency 

or spectral response. R is the reflection coefficient of the frontal 
layer. 𝐽 is the current density supplied by the photodiode, 𝑉𝑗 is 

the bias voltage across the n/p junction. The voltage 𝑉𝑗 can be 

expressed as a function of the bias voltage 𝑉 which appears at 

the terminals of the load supplied by the solar cell.  

2-2. Real solar cell  

In the case of a real solar cell, it is take into account the ohmic 

voltage drops within the layers of materials which constitute 

the cell, modeled by a series resistance 𝑅𝑠 and current losses 

modeled by a shunt resistance 𝑅𝑠ℎ.  In the model of the real 

solar cell, we have : 

                                            𝑉𝑗 = V+𝑅𝑠 ∙ 𝐽                                     (9) 

The characteristic equation of the solar cell is given by : 

                      𝐽 = 𝐽𝑝ℎ − 𝐽0 (𝑒
𝑞 (𝑉+𝑅𝑠𝐽)

𝜂𝐾𝑇 − 1) −
𝑉+𝑅𝑠𝐽

𝑅𝑠ℎ
          (10)  

The corresponding electrical diagram is shown in figure 1. 

  
     Figure 1 : Equivalent electrical diagram of a real solar cell 

2-2-1. Determination of the saturation current                 

                 
                                   Figure 2 : Junction n/p  diagram 
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The determination of the saturation current is based on 

fundamental notions of semiconductor physics and using the 

continuity equation, the assumptions of quasi Fermi level and 

Schockley-Read are exploited for the determination of this 

parameter and of the dark current (under external bias 

voltage) [5, 6]. We consider the regime of low injections of 

carriers. The n/p junction diagram is shown in figure 2. 

                  
𝜕𝑛

𝜕𝑡
=

1

𝑞
𝑑𝑖𝑣 𝐽𝑛⃗⃗  ⃗ + 𝑔𝑛 − 𝑟𝑛                                     (11) 

                      
𝜕𝑝

𝜕𝑡
= −

1

𝑞
𝑑𝑖𝑣  𝐽𝑝⃗⃗⃗  + 𝑔𝑝 − 𝑟𝑝                                    (12)  

  With :             𝐽𝑛⃗⃗  ⃗ = 𝑞𝑛µ𝑛�⃗� + 𝑞𝐷𝑛 ∙ 𝑔𝑟𝑎𝑑⃗⃗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  (𝑛)                      (13) 

                     𝐽𝑝⃗⃗⃗  = 𝑞𝑝µ𝑝�⃗� − 𝑞𝐷𝑝 ∙ 𝑔𝑟𝑎𝑑⃗⃗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  (𝑝)                     (14) 

For a stationary regime we have :      

                              
𝜕𝑛

𝜕𝑡
=

𝜕𝑝

𝜕𝑡
= 0                                         (15) 

The expression of saturation current density 𝐽0 can be written 

as:     
    

          𝐽0 =
𝑞𝐷𝑛

𝐿𝑛

[ch(
𝐻𝑝
𝐿𝑛
)]

sh(
𝐻𝑝

𝐿𝑛
) 
 ∙
𝑛𝑖𝑝
2

𝑁𝑎𝑝
+

𝑞𝐷𝑝

𝐿𝑝

[ch(
𝐻𝑛
𝐿𝑝
)]

sh(
𝐻𝑛
𝐿𝑝
) 
 ∙
𝑛𝑖𝑛
2

𝑁𝑑𝑛
+ 𝐽𝑟𝑔    (16) 

𝐽𝑟𝑔 is the recombination current in the space charge area, it is 

written as :  
                

             𝐽𝑟𝑔 = (𝑞 ×
1

𝜏𝑛
 
nin

2
 × 𝑊𝑛 + 𝑞 ×

1

𝜏𝑝
 
nip

2
×𝑊𝑝)         (17) 

 

  With :             𝑛𝑖𝑛 = (𝑁𝑐𝑛 ∙ 𝑁𝑣𝑛)
1

2 ∙ 𝑒
−𝐸𝑔𝑛
2∙𝐾∙𝑇                        (18) 

 

                    𝑛𝑖𝑝 = (𝑁𝑐𝑝 ∙ 𝑁𝑣𝑝)
1

2 ∙ 𝑒
−𝐸𝑔𝑝

2∙𝐾∙𝑇                      (19) 

 

                𝑘𝑇 ln (
𝑛𝑖𝑝
2

𝑁𝑎𝑝  𝑁𝑑𝑛
 
𝑁𝑐𝑛

𝑁𝑐𝑝
) = −𝑞(𝜒𝑛 − 𝜒𝑝) − 𝑞 ∙ 𝑉𝑑    (20) 

For a n/p heterojunction structure, the diffusion voltage 𝑉𝑑 or 

potential barrier at the junction can be written as: 

            𝑉𝑑 =
𝐸𝑔𝑝+𝐸𝑔𝑛

2 𝑞
− [

∆𝐸𝑔

2 𝑞
+ ∆𝜒 +

𝑘𝑇

𝑞
ln (

𝑁𝑐𝑛  𝑁𝑣𝑝

 𝑁𝑑𝑛 𝑁𝑎𝑝
 )]   (21) 

   With :                 ∆𝐸𝑔 = 𝐸𝑔𝑛 −𝐸𝑔𝑝                           (22) 

                                 ∆𝜒 = 𝜒𝑛 − 𝜒𝑝                               (23) 

The thicknesses of the n and p regions of the space charge 
region (𝑊𝑛 and 𝑊𝑝), can be respectively written as [5]: 

                           𝑊𝑛 ≈ (
2 𝑁𝑎𝑝  

𝑞 𝑁𝑑𝑛 
∙

𝜖𝑛.𝜖𝑝

𝜖𝑛𝑁𝑑𝑛+𝜖𝑝𝑁𝑎𝑝
∙ 𝑉𝑑)

1

2
            (24) 

                            𝑊𝑝 ≈ (
2 𝑁𝑑𝑛 

𝑞 𝑁𝑎𝑝 
∙

𝜖𝑛.𝜖𝑝

𝜖𝑛𝑁𝑑𝑛+𝜖𝑝𝑁𝑎𝑝
𝑉𝑑)

1

2
             (25) 

The various parameters used are defined in the nomenclature. 

2-2-2. Short-circuit current density  𝐉𝐬𝐜   

For a real solar cell modeled by equation (10), the short-circuit 

current density is given by the following implicit relation: 

               𝐽𝑠𝑐 =
𝜂𝐾𝑇

𝑞 𝑅𝑠  
∙ ln (

𝐽𝑝ℎ

𝐽0
−

𝐽𝑠𝑐

𝐽0
−

𝑅𝑠   𝐽𝑠𝑐

𝑅𝑠ℎ  𝐽0
+ 1)            (26) 

The short-circuit current density therefore depends on the 

shunt and series resistances. 

2-2-3. Open circuit voltage 𝐕𝐨𝐜  

The open-circuit voltage obeys the following implicit relation: 

                  V𝑜𝑐 =
𝜂𝐾𝑇

𝑞  
 ln (

𝐽𝑝ℎ

𝐽0
−

V𝑜𝑐

𝑅𝑠ℎ 𝐽0
+ 1)                          (27) 

It does not depend on the series resistance. 

  2-2-4. Maximum power density point  

  The electrical power density is defined by the relation: 

                                          𝑃 = 𝐽 ∙  𝑉                               (28) 

 Where 𝐽 is the current density supplied by the solar cell and 𝑉 

the bias voltage at its terminals. We obtain : 

                                         
𝜕𝑃

𝜕𝑉
= 𝑉

𝜕𝐽

𝜕𝑉
+ 𝐽                         (29) 

We have :         𝐽 = 𝐽𝑝ℎ − 𝐽0 (𝑒
𝑞 (𝑉+𝑅𝑠𝐽)

𝜂𝐾𝑇 − 1) −
𝑉+𝑅𝑠𝐽

𝑅𝑠ℎ
           (30) 

 So we can write : 

        
𝜕𝐽

𝜕𝑉
= −𝐽0  

𝜕

𝜕𝑉
(
𝑞 (𝑉+𝑅𝑠𝐽)

𝜂𝐾𝑇
)𝑒

𝑞 (𝑉+𝑅𝑠𝐽)

𝜂𝐾𝑇 −
𝜕

𝜕𝑉
(
𝑉+𝑅𝑠𝐽

𝑅𝑠ℎ
)         (31) 

We obtain : 

 
𝜕𝐽

𝜕𝑉
= −𝐽0  

𝑞

𝜂𝐾𝑇
 (
𝜕𝑉

𝜕𝑉
+ 𝑅𝑠

𝜕𝐽

𝜕𝑉
) 𝑒

𝑞 (𝑉+𝑅𝑠𝐽)

𝜂𝐾𝑇 −
1

𝑅𝑠ℎ

𝜕𝑉

𝜕𝑉
−

𝑅𝑠

𝑅𝑠ℎ

𝜕𝐽

𝜕𝑉
       (32) 

In equation  (32), by factorising by  
𝜕𝐽

𝜕𝑉
  and noticing that  

𝜕𝑉

𝜕𝑉
= 1, 

we obtain : 

𝜕𝐽

𝜕𝑉
(1 +

𝑞 𝐽0  𝑅𝑠 

𝜂𝐾𝑇
𝑒
𝑞 (𝑉+𝑅𝑠𝐽)

𝜂𝐾𝑇 +
𝑅𝑠

𝑅𝑠ℎ
) = −

𝜕𝑉

𝜕𝑉
(
𝑞 𝐽0 

𝜂𝐾𝑇
𝑒
𝑞 (𝑉+𝑅𝑠𝐽)

𝜂𝐾𝑇 +
1

𝑅𝑠ℎ
)      (33) 

From equation (33) we can determine the expression of 
𝜕𝐽

𝜕𝑉
, 

we obtain : 

We obtain :      
𝜕𝐽

𝜕𝑉
= −

𝑞 𝐽0 

𝜂𝐾𝑇
 𝑒
𝑞 (𝑉+𝑅𝑠𝐽)

𝜂𝐾𝑇 + 
1

𝑅𝑠ℎ

1+
𝑞 𝐽0 𝑅𝑠 

𝜂𝐾𝑇
 𝑒
𝑞 (𝑉+𝑅𝑠𝐽)

𝜂𝐾𝑇 +
𝑅𝑠
𝑅𝑠ℎ

        (34) 

At the maximum power density point, we can write :  

                               
𝜕𝑃

𝜕𝑉
= 𝑉

𝜕𝐽

𝜕𝑉
+ 𝐽 = 0                    (35)   

We obtain the relation : 
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              𝐽 −

𝑞 𝑉 𝐽0 

𝜂𝐾𝑇
 𝑒
𝑞 (𝑉+𝑅𝑠𝐽)

𝜂𝐾𝑇 + 
𝑉

𝑅𝑠ℎ

1 +  
𝑞 𝐽0 𝑅𝑠 

𝜂𝐾𝑇
 𝑒
𝑞 (𝑉+𝑅𝑠𝐽)

𝜂𝐾𝑇 + 
𝑅𝑠
𝑅𝑠ℎ

= 0                (36)                           

However, the solution of relation (36) must verify equation (30) 

which models the real solar cell, so the current density 𝐽𝑚 and 

the voltage 𝑉𝑚 at the maximum power density point 𝑃𝑚  must 

verify the following equation system : 

             

{
 
 

 
 

𝐽 −

𝑞  𝑉 𝐽0 

𝜂𝐾𝑇
 𝑒
𝑞 (𝑉+𝑅𝑠𝐽)

𝜂𝐾𝑇 + 
𝑉

𝑅𝑠ℎ

1 + 
𝑞 𝐽0 𝑅𝑠 

𝜂𝐾𝑇
 𝑒
𝑞 (𝑉+𝑅𝑠𝐽)

𝜂𝐾𝑇 + 
𝑅𝑠
𝑅𝑠ℎ

= 0

𝐽 = 𝐽𝑝ℎ − 𝐽0 (𝑒
𝑞 (𝑉+𝑅𝑠𝐽)

𝜂𝐾𝑇 − 1) −
𝑉+𝑅𝑠𝐽

𝑅𝑠ℎ

           (37)  

Approximate solving techniques are used to solve the various 

implicit equations. Considering that the space charge zone is 

located only between the n and p regions and that the electric 

field is zero outside this zone, the results obtained can be 

applied to the heterojunctions ZnO(n+)/CdS(n)/CuInS2(p)/ 

CuInSe2(p+) and ZnO(n+)/CdS(n)/CuInSe2(p)/CuInS2(p+) to 

evaluate their performance and compare them to those 

published in the literature. 

2-2-5. Electrical conversion efficiency (𝜂𝐶) 

The electrical conversion efficiency of the photovoltaic cells 𝜂𝐶 

is defined as the ratio between the maximum power delivered 

by the cell 𝑃𝑚
∗  and the incident solar power 𝑃𝑠𝑜𝑙𝑎𝑟, it is given by:   

  𝜂𝐶 =
𝑃𝑚
∗

𝑃𝑠𝑜𝑙𝑎𝑟
=

𝑃𝑚

𝑆𝑟
=

𝐹𝐹 × 𝑉𝑜𝑐 × 𝐼𝑠𝑐

𝑆𝑟 × 𝐴𝑠
=

𝐹𝐹 × 𝑉𝑜𝑐 × 𝐽𝑠𝑐

𝑆𝑟 
                    (38) 

 With :                                𝐹𝐹 =
𝑃𝑚
∗

𝐼𝑠𝑐∙V𝑜𝑐
=

𝑃𝑚

 𝐽𝑠𝑐 ∙V𝑜𝑐
               (39)         

                                               𝑃𝑠𝑜𝑙𝑎𝑟 = 𝑆𝑟  × 𝐴𝑠                       (40) 

                                                𝐼𝑠𝑐 = 𝐽𝑠𝑐  ×  𝐴𝑠                         (41) 

𝐹𝐹 is the fill factor and 𝑆𝑟 is the solar radiation  (W/m2), 𝑆𝑟 =

1000 W/m2 under standard conditions (AM 1.5 G). 𝐴𝑠 is the 

active surface of solar panels (m2), 𝑃𝑚
∗  is the maximum power  

(W),  𝑃𝑚 is the maximum power density (W/m2) and 𝐼𝑠𝑐 is the 

short-circuit current (A). 

2-2-6. Method and technique of resolution 

The established implicit equations do not admit an analytical 

solution but they can be solved using a graphical method or a 

numerical method of resolution (approximate calculation). To 

solve these equations in order to have access to the 

characteristic parameters of the solar cell, we mainly used a 

numerical method of resolution and particularly the secant 

method [7]. It will be a question of using an iterative resolution 

method which is based on the following principle : 

-  first we initialize with the data of two values  𝑥0 and 𝑥1 which 

must surround the solution; 

-  and then we proceed to the following iterative resolution: 

        𝑥𝑛+1 = 𝑥𝑛 −
𝑓(𝑥𝑛) [𝑥𝑛−𝑥𝑛−1]

𝑓(𝑥𝑛)−𝑓(𝑥𝑛−1)
                        (42) 

By getting closer to the solution of the problem, 𝑥𝑛+1 tends 

towards 𝑥𝑛 and the solutions are quasi-stationary, and 

therefore we can impose a shutoff parameter 𝜉  defined by :  

                                         |𝑥𝑛+1 − 𝑥𝑛| < 𝜉                          (43) 

However for the system of equations (37) allowing to 

determine the maximum power point, we first do a graphic 

resolution to locate the solution, then among the different 

solutions of equation (30) obtained by the secant method, we 

check among the pairs of solutions (𝐽, 𝑉), the one who verifies 

the equation (36) up to a given precision. 

3. Results and discussion  

In this part we apply the established results  to plot the current 

density - voltage characteristic noted J (V) (J is the current 

density supplied by the solar cell and V the voltage at its 

terminals) and  determine theoretically the characteristic of 

electrical parameters of  solar cells in the case of a 

heterojunction: ZnO (n+)/CdS (n)/CuInS2 (p)/CuInSe2 (p+) and 

ZnO (n+)/CdS (n)/CuInSe2 (p)/CuInS2 (p+). 

                                                                                 Table 1. Data of used parameters 

Material 𝑁𝑣  (𝑐𝑚
−3) 𝑁𝑐(𝑐𝑚

−3) 𝐸𝑔(𝑒𝑉) 𝜒 (𝑒𝑉) 𝜏𝑛 , 𝜏𝑝(𝑠) 𝜖 𝑁𝑑 ,𝑁𝑎  (𝑐𝑚
−3) 

CdS 5 ∙ 1019 1 ∙ 1019 2.35 4.4 10−8 10 ∙ 𝜖0 7.6 ∙ 1017 

CuInS2 2 ∙ 1019 5 ∙ 1018 1.57 4.04 10−8 15 ∙ 𝜖0 1.9 ∙ 1017 

CuInSe2 2 ∙ 1019 5 ∙ 1018 1.04 4.58 10−8 15 ∙ 𝜖0 1.9 ∙ 1017 

                                                                                     Table 2. Results obtained 

Junction 𝐽0 (𝑚𝐴 ∙ 𝑐𝑚
−2) 𝑉𝑑(𝑉) 𝑊𝑛(µ𝑚) 𝑊𝑝(µ𝑚) 𝑊(µ𝑚) nin − nip (𝑐𝑚

−3) 𝜂 

CdS/ 
CuInS2 

4.117 ∙ 10−8 1.023 0.02015 0.08058 0.1007 4.011 ∙ 10−1 − 6.424 ∙ 105 1,5 [8] 

CdS/ 
CuInSe2 

1.169 ∙ 10−3 1.033 0.02024 0.08097 0.1012 4.011 ∙ 10−1− 1.825 ∙ 1010 2 [9,10]  

   𝐾 = 1.38 ∙ 10−23 𝐽. 𝐾−1 ; 𝜖0 = 8.85418782 ∙ 10
−12 𝐹.𝑚−1 ;  𝑞 = 1.602 ∙ 10−19 𝐶 ; 𝑇 = 300 𝐾 ;  𝑆𝑟 = 83.4 𝑚𝑊.𝑐𝑚

−2 (AM 1,5) [11]. 
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Table 1 gives the data used to determine the various 

parameters. From the data in Table 1, we can determine the 

saturation current density (𝐽0), the diffusion voltage or 

potential barrier (𝑉𝑑), the thicknesses of the n and p regions 

of the space charge region  (𝑊𝑛 and 𝑊𝑝), and the intrinsic 

carrier densities (nin et nip). Regarding the ideality factor (𝜂), 

we consider some values taken from the literature [8-10]. 

The various results obtained are summarized in Table 2. We 

note that the values of the calculated saturation current 

density for the two models are in the same magnitude order 

of those published in the literature [12]. Figures 3 and 4 show 

the current-voltage and electrical power-voltage characteristics 

respectively for the models ZnO(n+)/CdS(n)/CuInS2(p)/ 

CuInSe2(p+) and ZnO(n+)/CdS(n)/CuInSe2(p)/CuInS2(p+) by 

fixing the series resistance at 0  Ω. cm2 and the shunt resistance 

at 500  Ω. cm2.  Each graph combines at the same time the 

evolution of current and power versus voltage, this allows to 

graphically determine the maximum power point and the 

optimal resistance of the load as shown in the figures. 

3-1. Effect of shunt and series resistances on the 

current-voltage  characteristic 

 

 

Figure 3. Evolution of the current density  𝑱  and the 

electrical power density 𝑷 versus bias voltage 𝑽  for  

𝑹𝑺 = 𝟎 𝜴. 𝒄𝒎𝟐 𝒂𝒏𝒅 𝑹𝑺𝑯 = 𝟓𝟎𝟎 𝜴. 𝒄𝒎𝟐 
(𝑱𝟎 = 𝟏. 𝟏𝟔𝟗 × 𝟏𝟎−𝟑 𝒎𝑨 ∙ 𝒄𝒎−𝟐; 𝑱𝒑𝒉 = 𝟑𝟏 𝒎𝑨 ∙ 𝒄𝒎−𝟐; 𝜼 = 𝟐). 

Model  ZnO(n
+
)/CdS(n)/CuInS

2
(p)/CuInSe

2
(p

+
)  

Figure 4. Evolution of the current density  𝑱  and the 

electrical power density 𝑷 versus bias voltage 𝑽  for   

𝑹𝑺 = 𝟎 𝜴. 𝒄𝒎𝟐 𝒂𝒏𝒅 𝑹𝑺𝑯 = 𝟓𝟎𝟎 𝜴. 𝒄𝒎𝟐 
(𝑱𝟎 = 𝟒. 𝟏𝟏𝟕 × 𝟏𝟎−𝟖 𝒎𝑨 ∙ 𝒄𝒎−𝟐; 𝑱𝒑𝒉 = 𝟏𝟕 𝒎𝑨 ∙ 𝒄𝒎−𝟐; 𝜼 = 𝟏. 𝟓).  

Model  ZnO(n
+
)/CdS(n)/CuInSe

2
(p)/CuInS

2
(p

+
) 

MPP 

Vm Voc 

Jm 
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Figure 5. Three-dimensional representation of current 

density 𝐉  vs.  bias voltage 𝐕 and shunt resistance  

𝐑𝐒𝐇 (𝟏𝟎𝟎 𝛀. 𝐜𝐦𝟐 𝐭𝐨  𝟔𝟎𝟎 𝛀. 𝐜𝐦𝟐) 
(𝐉𝟎 = 𝟒. 𝟏𝟏𝟕 ∙ 𝟏𝟎−𝟖 𝐦𝐀 ∙ 𝐜𝐦−𝟐; 𝐉𝐩𝐡 = 𝟏𝟕𝐦𝐀 ∙ 𝐜𝐦−𝟐; 𝐑𝐒 =

𝟎 𝛀. 𝐜𝐦𝟐; 𝛈 = 𝟏. 𝟓). Model  

ZnO(n+)/CdS(n)/CuInS2(p)/CuInSe2(p+) 

  

Figure 6. Three-dimensional representation of current 

density 𝐉  vs.  bias voltage 𝐕 and series resistance 𝐑𝐒   
(𝐑𝐒 = 𝟎 𝛀. 𝐜𝐦𝟐 𝐭𝐨 𝟑𝟎 𝛀. 𝐜𝐦𝟐) 

(𝐉𝟎 = 𝟏. 𝟏𝟔𝟗 ∙ 𝟏𝟎−𝟑 𝐦𝐀 ∙ 𝐜𝐦−𝟐; 𝐉𝐩𝐡 = 𝟑𝟏 𝐦𝐀 ∙ 𝐜𝐦−𝟐; 𝐑𝐒𝐇 =

𝟔𝟎𝟎 𝛀. 𝐜𝐦𝟐; 𝛈 = 𝟐).  Model  

ZnO(n
+
)/CdS(n)/CuInSe

2
(p)/CuInS

2
(p

+
) 
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In figures 5-8 we represent the current-voltage characteristic 

for different values of the parasitic resistances, it is a three-

dimensional representation which shows the simultaneous 

evolution of three electrical parameters (J, V, Rs or Rsh). In 

figures 5 and 7 we highlight the influence of the shunt 

resistances applied to the model ZnO(n+)/CdS(n)/ 

CuInS2(p)/CuInSe2(p+), on the evolutions of the current and 

the electric power according to the voltage respectively. In 

figures 6 and 8 we study the influence of the series 

resistances applied to the model ZnO(n+)/CdS(n)/ 

CuInSe2(p)/CuInS2(p+) on the current and the electrical 

power evolutions  according to the voltage respectively. We 

note that the high values of the series resistance and low 

values of the shunt resistance affect the performance of the 

solar cell, modify the evolution of the J(V) curve and reduce the 

maximum power of the cell as shown in the figures. These 

graphs show that the power of the cell increases with a decrease 

of the series resistance and an increase of the shunt resistance. 

3-2. Comparative study of two models 

: ZnO(n+)/CdS(n)/ CuInS2(p)/CuInSe2(p+) and 

ZnO(n+)/CdS(n)/CuInSe2(p)/CuInS2(p+) 

A comparative study of the two structures is done in figures 9 

and 10. The structure where CuInS2 is used as the base 

(ZnO(n+)/CdS(n)/CuInS2(p)/CuInSe2(p+)) is named CIS and the 

structure where CuInSe2 is used as the base  

 

Figure 7. Three-dimensional representation of  electric power 
density 𝐏  vs.  bias voltage 𝐕 and shunt resistance 𝐑𝐒𝐇   

(𝐑𝐒𝐇 = 𝟏𝟎𝟎 𝛀. 𝐜𝐦𝟐  𝐭𝐨  𝟔𝟎𝟎 𝛀. 𝐜𝐦𝟐) 
(𝐉𝟎 = 𝟒. 𝟏𝟏𝟕 ∙ 𝟏𝟎−𝟖 𝐦𝐀 ∙ 𝐜𝐦−𝟐; 𝐉𝐩𝐡 = 𝟏𝟕𝐦𝐀 ∙ 𝐜𝐦−𝟐; 𝐑𝐒 = 𝟎 𝛀. 𝐜𝐦𝟐; 𝛈 =

𝟏. 𝟓).   Model  ZnO(n+)/CdS(n)/CuInS2(p)/CuInSe2(p+) 

 

Figure 8.  Three-dimensional representation of electric power 
density 𝐏  vs.  bias voltage 𝐕 and series resistance 𝐑𝐒 

 (𝐑𝐒 = 𝟎 𝛀. 𝐜𝐦𝟐 𝐭𝐨 𝟑𝟎 𝛀. 𝐜𝐦𝟐) 
(𝐉𝟎 = 𝟏. 𝟏𝟔𝟗 ∙ 𝟏𝟎

−𝟑 𝐦𝐀 ∙ 𝐜𝐦−𝟐; 𝐉𝐩𝐡 = 𝟑𝟏 𝐦𝐀 ∙ 𝐜𝐦
−𝟐; 𝐑𝐒𝐇 = 𝟔𝟎𝟎 𝛀. 𝐜𝐦𝟐; 

𝛈 = 𝟐). Model  ZnO(n
+
)/CdS(n)/CuInSe

2
(p)/CuInS

2
(p

+
) 

 

(V) 

Figure 9. (a) Comparative study of the evolution of the current density  𝑱  versus bias voltage 𝑽  for the two models ; 

(b) Comparative study of the evolution of the electrical power density 𝑷 versus bias voltage 𝑽  for the two models  
                                                    𝑹𝑺 = 𝟎 𝜴. 𝒄𝒎𝟐 and  𝑹𝑺𝑯 = 𝟓𝟎𝟎 𝜴. 𝒄𝒎𝟐 

 CISE : ZnO(n
+
)/CdS(n)/CuInSe

2
(p)/CuInS

2
(p

+
)   (𝑱𝟎 = 𝟏. 𝟏𝟔𝟗 × 𝟏𝟎−𝟑 𝒎𝑨 ∙ 𝒄𝒎−𝟐; 𝑱𝒑𝒉 = 𝟑𝟏 𝒎𝑨 ∙ 𝒄𝒎−𝟐; 𝜼 = 𝟐)  

CIS : ZnO(n
+
)/CdS(n)/CuInS

2
(p)/CuInSe

2
(p

+
)   (𝑱𝟎 = 𝟒. 𝟏𝟏𝟕 × 𝟏𝟎−𝟖 𝒎𝑨 ∙ 𝒄𝒎−𝟐; 𝑱𝒑𝒉 = 𝟏𝟕 𝒎𝑨 ∙ 𝒄𝒎−𝟐; 𝜼 = 𝟏. 𝟓)     

(a) 

(b) 
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(ZnO(n+)/CdS(n)/CuInSe2(p)/CuInS2(p+)) is named CISE. We 

compare the profiles of the current densities 𝐽 versus the bias 

voltage 𝑉 (characteristic 𝐽 − 𝑉) by fixing the series and shunt 

resistances at RS = 0 Ω. cm2 and  RSH = 500  Ω. cm2 in figure 9-a  

and by fixing RS = 3 Ω. cm2 and  RSH = 250  Ω. cm2  in figure 10-a. In 

figures 9-b & 10-b we compare the profiles of the electrical 

powers 𝑃 versus the bias voltage 𝑉 resulting from the 

characteristic 𝐽 − 𝑉 of the two models.  To determine the 

internal quantum efficiency or spectral response 𝑆𝑟𝑝 and the 

current density generated by the illumination 𝐽𝑝ℎ  for each 

model the various parameters considered are indicated in 

table 4 in the appendix. Figure 12 indicated in appendix, 

shows the photon fluxes which correspond to the solar 

spectrum AM1.5 versus the wavelength, it corresponds to 

irradiation of 834 W.m-2 and is adapted from [11, 13], figure 

11 shows the definition of solar spectrum AM1.5. It is also 

represented in the same figure 12 the comparison of the 

internal quantum efficiency (IQE) of the two models (CISE 

and CIS) versus the wavelength, it is obtained using equation 

(4). We note that the solar cells are sensitive to the spectrum 

ranging from near infrared to visible. The current density 

generated by the illumination 𝐽𝑝ℎ  (photocurrent density) is 

determined by numerical method using equations (3 – 8) and 

the values of tables 4 and 5 in appendix. Table 4 indicates the 

values of the parameters used for the modeling and table 6 

indicates the discretized values of the energy, the wavelength, 

the photon fluxes and the external quantum efficiency. Table 4 

and 6 are indicated in Appendix. For the calculation we obtain 

the  photocurrent density 𝐽𝑝ℎ = 17 𝑚𝐴. 𝑐𝑚−2 for the structure 

ZnO(n+)/CdS(n)/CuInS2(p) /CuInSe2(p+) (named CIS) and 𝐽𝑝ℎ =

31 𝑚𝐴. 𝑐𝑚−2 for the structure ZnO(n+)/CdS(n)/CuInSe2(p) 

/CuInS2(p+) (named CISE) indicated in table 5 in appendix. The 

photocurrent density depends on the parameters considered. 

The characteristic electrical parameters of each model, resulting 

from this comparative study are summarized in table 3  

respectively for the structures ZnO(n+)/CdS(n)/CuInS2(p) 

/CuInSe2(p+) (named CIS) and ZnO(n+)/CdS(n)/CuInSe2(p) 

/CuInS2(p+) (named CISE).

       Table 3. Characteristic parameters of the solar cell taken from graphs 7 for the two models (CIS and CISE) 

 

Model 

𝑅𝑆  

(𝛺. 𝑐𝑚2) 

𝑅𝑆𝐻  

(𝛺. 𝑐𝑚2) 𝜂 

𝐽𝑚  

(𝑚 𝐴. 𝑐𝑚−2) 

𝑉𝑚  

 ( 𝑉) 

𝑃𝑚  

 (𝑚𝑊. 𝑐𝑚−2) 

𝑅𝑜𝑝𝑡𝑖𝑚𝑢𝑚  

(𝛺. 𝑐𝑚2) 

𝐽𝑠𝑐  

(𝑚 𝐴. 𝑐𝑚−2)        

𝑉𝑜𝑐  

(𝑉) 𝐹𝐹 𝜂𝐶 (%) 

CIS 0 500 1.5 14.889 0.651 9.693 43.723 17 0.765 0.745 11.622 

CISE 0 500 2 26.896 0.41 11.027 15.244 31 0.525 0.677 13.222 

CIS 3 250 1.5 13.627 0.608 8.285 44.617 16.798 0.761 0.648 9.934 

CISE 3 250 2 24.862 0.351 8.726 14.118 30.627 0.523 0.545 10.463 

Figure 10.  (a) Comparative study of the evolution of the current density  𝑱  versus bias voltage 𝑽  for the two models ;  

(b) Comparative study of the evolution of the electrical power density 𝑷 versus bias voltage 𝑽  for the two models  

                                                            𝑹𝑺 = 𝟑 𝜴. 𝒄𝒎𝟐 and 𝑹𝑺𝑯 = 𝟐𝟓𝟎 𝜴. 𝒄𝒎𝟐  

 CISE : ZnO(n
+
)/CdS(n)/CuInSe

2
(p)/CuInS

2
(p

+
)   (𝑱𝟎 = 𝟏. 𝟏𝟔𝟗 × 𝟏𝟎−𝟑 𝒎𝑨 ∙ 𝒄𝒎−𝟐; 𝑱𝒑𝒉 = 𝟑𝟏 𝒎𝑨 ∙ 𝒄𝒎−𝟐; 𝜼 = 𝟐)  

CIS : ZnO(n
+
)/CdS(n)/CuInS

2
(p)/CuInSe

2
(p

+
)   (𝑱𝟎 = 𝟒. 𝟏𝟏𝟕 × 𝟏𝟎−𝟖 𝒎𝑨 ∙ 𝒄𝒎−𝟐; 𝑱𝒑𝒉 = 𝟏𝟕 𝒎𝑨 ∙ 𝒄𝒎−𝟐; 𝜼 = 𝟏. 𝟓)     

(a) 
(b) 
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4. Conclusion 

A method of determining the characteristic parameters of a real 

photovoltaic cell, such as the saturation current density, the 

short-circuit current density, the photocurrent density, the 

open-circuit voltage, the maximum power point, the fill factor 

has been essentially developed in this paper. The determination 

of these parameters is particularly important to evaluate the 

performance of the solar cell, in particular for determining the 

energy conversion efficiency relative to solar irradiation.  

For the determination of these parameters, we are based on  

notions of semiconductor physics for the determination of the 

saturation current density and the dark current density, and 

used an approximate calculation  by a numerical resolution 

method for the determination of the short-circuit current 

density, the open-circuit voltage and the maximum power 

point. For the photocurrent density we have exploited the 

spectral response.  The results obtained through the different 

resolution techniques were applied to heterostructures based 

on CuInS2 and CuInSe2 : ZnO(n+)/CdS(n)/CuInS2(p)/ 

CuInSe2(p+) and ZnO(n+)/CdS(n)/ CuInSe2(p)/CuInS2(p+). The 

case of real solar cell (presence of series and shunt resistances) 

was mainly considered. 

With the ZnO(n+)/CdS(n)/CuInS2(p)/CuInSe2(p+) model 

named  CIS, depending on the used parameters, we obtain a 

theoretical conversion efficiency of 11.62% and 9.93%   under 

an AM 1.5 solar spectrum. This slightly low efficiency is 

explained by the low short-circuit current obtained with this 

model (in order of 17 𝑚𝐴. 𝑐𝑚−2) considering the parameters 

used in table 4 and the presence of series and shunt resistances 

fixed firstly at RS = 0 Ω. cm2 and  RSH = 500  Ω. cm2,  and secondly  

at RS = 3 Ω. cm2 and  RSH = 250  Ω. cm2 respectively.  

For the ZnO(n+)/CdS(n)/CuInSe2(p)/CuInS2(p+) model named 

CISE, we obtain a theoretically conversion efficiency of  

13.22% and 10.46% under the same solar irradiation 

conditions according to the used parameters. This slightly low 

efficiency is explained by the small value of the open-circuit 

voltage (in order of 0.5 V) due to the relatively low energy band 

gap of CuInSe2 (1.04 eV) and the presence of parasitic 

resistances taking into account. 

However, the results obtained for each model (photocurrent 

density, short-circuit current density, open-circuit voltage, fill 

factor, maximum power point, saturation current density)  are 

in agreement and remain within the range of experimental 

values published in the literature [12], thus allowing to validate 

the different methods established to model the studied 

phenomena. 

Nomenclature 

          Electrical parameters : 

𝐽0 : Saturation current density (𝐴.𝑐𝑚−2) 
𝐽𝑛 : Electron current density (𝐴.𝑐𝑚−2) 
𝐽𝑝 : Hole current density (𝐴.𝑐𝑚−2)  
𝑔𝑛 , 𝑔𝑝 :Generation rate of electrons, of  holes (𝑐𝑚−3. 𝑠−1) 

𝑟𝑛 , 𝑟𝑝 : Recombination rate of electrons, of  holes (𝑐𝑚−3. 𝑠−1) 
𝜇𝑛 , 𝜇𝑝 : Mobility of electrons, of  holes (𝑐𝑚2. 𝑉−1. 𝑠−1) 
n : Electron density (𝑐𝑚−3) 
p : Hole density (𝑐𝑚−3) 
E : Energy (eV) 

�⃗�  : Electric field (V.cm-1) 

𝐽𝑝ℎ: Photocurrent density (𝐴. 𝑐𝑚−2) 
𝐽𝑠𝑐: Short-circuit current density (𝐴. 𝑐𝑚−2) 
𝑉𝑜𝑐: Open-circuit voltage (𝑉) 
𝑃: Maximum power density point (𝑊. 𝑐𝑚−2) 
𝐹𝐹: Fill factor 

𝜂: Ideality factor 

𝜂𝑐: Electrical conversion efficiency 

 

 

           Junction p/n : 

𝐻𝑛 , 𝐻𝑝  : Thickness of the semiconductor n, p 

𝑞 𝜒𝑛 , 𝑞 𝜒𝑝: Electron affinity of the semiconductor n-type, p-type 

𝐸𝑔𝑛 , 𝐸𝑔𝑝 : Energy band gap of the semiconductor n, p 

𝑁𝑐𝑛 , 𝑁𝑐𝑝  : Density of states in the conduction band of the 

semiconductor n, p 

𝑁𝑣𝑛 ,  𝑁𝑣𝑝   : Density of states in the valence band of the 

semiconductor n, p 

𝑁𝑑𝑛 : Concentration of the ionized donors in the semiconductor 

n 

𝑁𝑎𝑝  : Concentration of the ionized acceptors in the 

semiconductor p 

𝑛𝑖𝑛 , 𝑛𝑖𝑝 : Concentration of intrinsic carriers in the semiconductor 

n, p 

𝜏𝑛 , 𝜏𝑝  : Lifetime of the carriers in the space charge region of the 

semiconductor n, p  

𝜖𝑛 , 𝜖𝑝 : Electric permittivity of the semiconductor n, p   

𝐷𝑛  : Diffusion coefficient of electrons in the p-type 

semiconductor 

𝐿𝑛 : Diffusion length of the electrons in the p-type 

semiconductor 

 𝐷𝑝 : Diffusion coefficient of holes in the n-type semiconductor 

 𝐿𝑝 : Diffusion length of the holes in the n-type semiconductor 

𝑊𝑛 , 𝑊𝑝 : Thickness of the region n, p in the space charge region 

 

         Structure CIS or CISE : 
 

 Layer i: Region 1 (ZnO)/ Region 2 (CdS)/ Region 3 (CuInS2 or 

CuInSe2)/ Region 4 (CuInS2 or CuInSe2) 

CIS : ZnO(n+)/CdS(n)/CuInS2(p)/CuInSe2(p+) 

 CISE : ZnO(n+)/CdS(n)/CuInSe2(p)/CuInS2(p+) 

𝐹: Incident photons flux (𝑐𝑚−2. 𝑠−1. 𝑒𝑉−1) 
Ф: Incident photons flux (𝑐𝑚−2. 𝑠−1. µ𝑚−1) 
𝑆𝑟𝑝 : Spectral response or internal quantum efficiency 

𝛼𝑖 : Absorption coefficient (𝑐𝑚−1)  
𝐷𝑝𝑖, 𝐷𝑛𝑖: Diffusion coefficient (𝑐𝑚2. 𝑠−1)  

𝐿𝑝𝑖 , 𝐿𝑛𝑖 : Diffusion length (µ𝑚)  

𝑆𝑝𝑖 , 𝑆𝑛𝑖 : Recombination velocity (surface or interface) 

(𝑐𝑚. 𝑠−1)  
𝐽𝑝𝑖, 𝐽𝑛𝑖 : Photocurrent density (holes or electrons) 

(𝐴. 𝑐𝑚−2. 𝑒𝑉−1)  
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𝐻𝑖  : Thickness layer i (µ𝑚)  
𝑅: Reflection coefficient of region 1 (ZnO) 

𝐻: Thickness of the structure (𝜇𝑚) 
𝑤1: Thickness of CdS layer in the space charge region (SCR) 

(𝜇𝑚) 
𝑤2: Thickness of CuInSe2 or CuInS2 layer in the space charge 

region (SCR) (𝜇𝑚) 
𝑤: Thickness of the space charge region (𝜇𝑚) 
𝐽𝑤: Photocurrent density of holes in the space charge region 

(SCR) (𝐴. 𝑐𝑚−2. 𝑒𝑉−1) 

𝑞: Elementary charge (1.602 × 10−19𝐶) 

 

 

Appendix 

A-1) Table 4. Physical parameters considered for the determination 

of the spectral response and the photocurrent density 

                   Models CIS & CISE 

H1 = 0.3 µm                        H3 = 1 µm 

Lp1= 0.3 µm                       Ln3 =  3 µm 

Sp1  = 2×107 cm.s-1             Sn3  = 2×105 cm.s-1 

Dp1  = 0.51 cm2.s-1             Dn3  = 5.13 cm2.s-1 

 

H2 = 0.1 µm                          H4 = 98.5 µm 

Lp2 = 0.4 µm                        Ln4 = 1 µm   

Sp2  = 2×105 cm.s-1              Sn4 = 2×107  cm.s-1 

Dp2  = 0.64 cm2.s-1             Dn4  = 10.27 cm2.s-1     

 

   W1 =0.02 µm                         W2 =0.08 µm 

  

 

A-2) Table 5.  Photocurrent density obtained under AM1.5 solar 

spectrum  

                CIS                    CISE 

Jph         17 mA.cm-2         31 mA.cm-2          

 

 
      Figure 11. Definition of the AM standard adapted from [13]. 

 

 

 

 

 

 

A-3) Photocurrent densities of holes and electrons  𝑱𝒑𝟏,  𝑱𝒑𝟐 , 𝑱𝒘 , 𝑱𝒏𝟏, 𝑱𝒏𝟐 for a structure n+npp+ [4] 

 𝐽𝑝1 =
 𝑞𝛼1𝐹(1−𝑅)𝐿𝑝1

(𝛼1
2𝐿𝑝1

2−1) [
𝑆𝑝2𝐿𝑝2
𝐷𝑝2

𝑠ℎ(
𝐻2
𝐿𝑝2

)+𝑐ℎ(
𝐻2
𝐿𝑝2

)]
× {

( 
𝑆𝑝1𝐿𝑝1
𝐷𝑝1

+𝛼1𝐿𝑝1)− 𝑒
−𝛼1𝐻1  [

𝑆𝑝1𝐿𝑝1
𝐷𝑝1

𝑐ℎ(
𝐻1
𝐿𝑝1

)+𝑠ℎ(
𝐻1
𝐿𝑝1

)]

𝑆𝑝1𝐿𝑝1
𝐷𝑝1

𝑠ℎ(
𝐻1
𝐿𝑝1

)+𝑐ℎ(
𝐻1
𝐿𝑝1

)
− 𝛼1𝐿𝑝1𝑒

−𝛼1𝐻1}                      (A-2) 

 𝐽𝑝2 =
𝑞𝛼2𝐹(1−𝑅)𝐿𝑝2𝑒

−𝛼1𝐻1

(𝛼2 
2𝐿𝑝2

2 −1)
{

(
𝑆𝑝2𝐿𝑝2
𝐷𝑝2

+𝛼2𝐿𝑝2)

𝑆𝑝2𝐿𝑝2
𝐷𝑝2

𝑠ℎ(
𝐻2
𝐿𝑝2

)+𝑐ℎ(
𝐻2
𝐿𝑝2

)
−

𝑒−𝛼2𝐻2   [
𝑆𝑝2𝐿𝑝2
𝐷𝑝2

𝑐ℎ(
𝐻2
𝐿𝑝2

)+𝑠ℎ(
𝐻2
𝐿𝑝2

)]

𝑆𝑝2𝐿𝑝2
𝐷𝑝2

𝑠ℎ(
𝐻2
𝐿𝑝2

)+𝑐ℎ(
𝐻2
𝐿𝑝2

)
−𝛼2𝐿𝑝2𝑒

−𝛼2𝐻2}                                   (A-1) 

 

 𝐽𝑤 = −𝑞𝐹(1 − 𝑅)𝑒
−𝛼1𝐻1{𝑒−𝛼2𝐻2 × [𝑒−𝛼2𝑤1 − 1] + 𝑒−𝛼2(𝐻2+𝑤1) × [𝑒−𝛼3𝑤2 − 1]}                                                      (A-3) 

 𝐽𝑛1 = −
𝑞 𝛼3 𝐿𝑛3𝐹(1−𝑅) 𝑒

[(𝛼2 −𝛼1)𝐻1] 𝑒[(𝛼3 −𝛼2)(𝐻1+𝐻2+𝑤1)]

(𝛼3
2𝐿𝑛3

2 −1)
 × [

(𝛼3𝐿𝑛3  − 
𝑆𝑛3𝐿𝑛3
𝐷𝑛3

) 𝑒−𝛼3(𝐻−𝐻4)

𝑆𝑛3𝐿𝑛3
𝐷𝑛3

𝑠ℎ[
𝐻3
𝐿𝑛3

]+𝑐ℎ[
𝐻3
𝐿𝑛3

]
+

𝑒−𝛼3(𝐻1+𝐻2+𝑤)  [
𝑆𝑛3𝐿𝑛3
𝐷𝑛3

∙ch(
𝐻3
𝐿𝑛3

)+sh(
𝐻3
𝐿𝑛3

)]

𝑆𝑛3𝐿𝑛3
𝐷𝑛3

𝑠ℎ[
𝐻3
𝐿𝑛3

]+𝑐ℎ[
𝐻3
𝐿𝑛3

]
−

𝛼3𝐿𝑛3𝑒
−𝛼3(𝐻1+𝐻2+𝑤)]                                                                                                                                                  (A-4) 
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 𝐽𝑛2 = − 
𝑞 𝛼4 𝐿𝑛4𝐹(1−𝑅) 𝑒

[(𝛼2 −𝛼1)𝐻1] 𝑒[(𝛼3 −𝛼2)(𝐻1+𝐻2+𝑤1)]

 (𝛼4
2𝐿𝑛4

2 −1) {
𝑆𝑛3𝐿𝑛3
𝐷𝑛3

𝑠ℎ[
𝐻3
𝐿𝑛3

]+𝑐ℎ[
𝐻3
𝐿𝑛3

]}
 × 𝑒[(𝛼4  −𝛼3)(𝐻−𝐻4)] × [

(𝛼4𝐿𝑛4  − 
𝑆𝑛4𝐿𝑛4
𝐷𝑛4

) 𝑒−𝛼4 𝐻 

𝑆𝑛4𝐿𝑛4
𝐷𝑛4

𝑠ℎ(
𝐻4
𝐿𝑛4

)+𝑐ℎ(
𝐻4
𝐿𝑛4

)
+

𝑒−𝛼4 (𝐻−𝐻4)[
𝑆𝑛4𝐿𝑛4
𝐷𝑛4

∙ch(
𝐻4
𝐿𝑛4

)+sh(
𝐻4
𝐿𝑛4

)]

𝑆𝑛4𝐿𝑛4
𝐷𝑛4

𝑠ℎ(
𝐻4
𝐿𝑛4

)+𝑐ℎ(
𝐻4
𝐿𝑛4

)
− 𝛼4𝐿𝑛4𝑒

−𝛼4(𝐻−𝐻4)]                                                                                                     (A-5) 

A-4) Comparative spectral response of CIS and CISE structures and photon flux of AM1.5 solar spectrum  

                      

 

                 Figure 12.  Internal quantum efficiency (for CIS and CISE structures) and photon flux vs. photon wave length    

               A-5) Table 6. Discretized values of parameters for the calculation of the photocurrent density 

E 

(eV) 

Ф× 1017 

(cm-2.s-1. μm-1) 

(1-R)Srp 

 (CISE) 

(1-R)Srp 

(CIS) 

Jrg (CISE) 

(A.cm-2.eV-1) 

Jrp (CIS) 

(A.cm-2.eV-1) 

1 2.424 0 0 0 0 

1.03 2.57 0.026 0.007 0.001251 0.000336 

1.06 1.707 0.656 0.125 0.019797 0.003772 

1.09 0.606 0.748 0.138 0.007579 0.001398 

1.12 2.247 0.801 0.147 0.028503 0.005231 

1.15 2.752 0.843 0.154 0.034847 0.006366 

1.18 2.956 0.867 0.158 0.036563 0.006663 

1.21 3.106 0.887 0.162 0.037380 0.006827 

1.24 2.652 0.905 0.166 0.031007 0.005688 

1.27 2.114 0.923 0.17 0.024032 0.004426 

1.3 1.212 0.938 0.173 0.013363 0.002465 

1.33 1.089 0.951 0.176 0.011630 0.002152 

1.36 1.861 0.962 0.179 0.019228 0.003578 

1.39 1.764 0.97 0.181 0.017592 0.003283 

1.42 1.742 0.975 0.183 0.016732 0.003141 

1.45 1.94 0.979 0.184 0.017945 0.003373 

1.48 3.71 0.884 0.167 0.029743 0.005619 

1.51 3.892 0.887 0.17 0.030076 0.005764 

E 

(eV) 

Ф× 1017 

(cm-2.s-1. μm-1) 

(1-R)Srp 

 (CISE) 

(1-R)Srp 

(CIS) 

Jrg (CISE) 

(A.cm-2.eV-1) 

Jrp (CIS) 

(A.cm-2.eV-1) 

1.54 3.749 0.888 0.175 0.027885 0.005495 

1.57 4.038 0.889 0.19 0.028930 0.006183 

1.6 4.011 0.89 0.274 0.027700 0.008528 

1.63 3.212 0.891 0.407 0.021397 0.009774 

1.66 4.091 0.891 0.562 0.026277 0.016574 

1.69 3.933 0.892 0.651 0.024401 0.017808 

1.72 4.105 0.892 0.716 0.024587 0.019736 

1.75 4.101 0.893 0.753 0.023755 0.020031 

1.78 4.098 0.893 0.785 0.022944 0.020169 

1.81 4.094 0.893 0.801 0.022168 0.019884 

1.84 4.091 0.893 0.814 0.021435 0.019539 

1.87 4.046 0.893 0.825 0.020525 0.018962 

1.9 4.001 0.893 0.834 0.019661 0.018362 

1.93 3.957 0.893 0.842 0.018845 0.017768 

1.96 3.914 0.892 0.849 0.018053 0.017183 

1.99 3.873 0.892 0.856 0.017330 0.016630 

2.02 3.833 0.892 0.861 0.016645 0.016067 

2.05 3.812 0.892 0.866 0.016073 0.015604 
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E 

(eV) 

Ф× 1017 

(cm-2.s-1. μm-1) 

(1-R)Srp 

 (CISE) 

(1-R)Srp 

(CIS) 

Jrg (CISE) 

(A.cm-2.eV-1) 

Jrp (CIS) 

(A.cm-2.eV-1) 

2.08 3.796 0.891 0.87 0.015530 0.015164 

2.11 3.738 0.891 0.873 0.014861 0.014560 

2.14 3.641 0.891 0.876 0.014072 0.013835 

2.17 3.545 0.89 0.879 0.013310 0.013145 

2.2 3.485 0.89 0.881 0.012730 0.012601 

2.23 3.485 0.89 0.883 0.012390 0.012292 

2.26 3.485 0.889 0.884 0.012050 0.011982 

2.29 3.485 0.889 0.885 0.011736 0.011683 

2.32 3.448 0.889 0.885 0.011313 0.011262 

2.35 3.333 0.888 0.886 0.010646 0.010622 

2.38 3.333 0.888 0.886 0.010380 0.010356 

2.41 3.333 0.887 0.886 0.010111 0.010100 

2.44 3.333 0.884 0.884 0.009831 0.009831 

2.47 3.333 0.877 0.877 0.009518 0.009518 

2.5 3.244 0.854 0.854 0.008805 0.008805 

2.53 3.22 0.795 0.795 0.007944 0.007944 

2.56 3.214 0.653 0.653 0.006362 0.006362 

2.59 3.11 0.507 0.507 0.004669 0.004669 

2.62 3.012 0.496 0.496 0.004323 0.004323 

2.65 2.933 0.484 0.484 0.004016 0.004016 

2.68 2.855 0.473 0.473 0.003735 0.003735 

2.71 2.737 0.462 0.462 0.003420 0.003420 

2.74 2.532 0.451 0.451 0.003022 0.003022 

2.77 2.332 0.44 0.44 0.002656 0.002656 

2.8 2.136 0.43 0.43 0.002327 0.002327 

2.83 1.965 0.419 0.419 0.002042 0.002042 

2.86 1.931 0.409 0.409 0.001918 0.001918 

2.89 1.898 0.399 0.399 0.001801 0.001801 

2.92 1.865 0.389 0.389 0.001690 0.001690 

2.95 1.833 0.379 0.379 0.001586 0.001586 

2.98 1.65 0.37 0.37 0.001366 0.001366 

E 

(eV) 

Ф× 1017 

(cm-2.s-1. μm-1) 

(1-R)Srp 

 (CISE) 

(1-R)Srp 

(CIS) 

Jrg (CISE) 

(A.cm-2.eV-1) 

Jrp (CIS) 

(A.cm-2.eV-1) 

3.01 1.342 0.202 0.202 0.000594 0.000594 

3.04 1.058 0.183 0.183 0.000416 0.000416 

3.07 1.018 0.164 0.164 0.000352 0.000352 

3.1 0.98 0.146 0.146 0.000296 0.000296 

3.13 0.942 0.128 0.128 0.000244 0.000244 

3.16 0.905 0.109 0.109 0.000196 0.000196 

3.19 0.868 0.091 0.091 0.000154 0.000154 

3.22 0.832 0.075 0.075 0.000120 0.000120 

3.25 0.797 0.062 0.062 0.000093 0.000093 

3.28 0.763 0.051 0.051 0.000072 0.000072 

3.31 0.729 0.042 0.042 0.000056 0.000056 

3.34 0.695 0.034 0.034 0.000042 0.000042 

3.37 0.663 0.028 0.028 0.000032 0.000032 

3.4 0.63 0.026 0.026 0.000028 0.000028 

3.43 0.599 0.026 0.026 0.000026 0.000026 

3.46 0.568 0.027 0.027 0.000025 0.000025 

3.49 0.537 0.028 0.028 0.000025 0.000025 

3.52 0.507 0.029 0.029 0.000024 0.000024 

3.55 0.478 0.029 0.029 0.000022 0.000022 

3.58 0.446 0.03 0.03 0.000021 0.000021 

3.61 0.403 0.03 0.03 0.000018 0.000018 

3.64 0.361 0.03 0.03 0.000016 0.000016 

3.67 0.32 0.03 0.03 0.000014 0.000014 

3.7 0.279 0.03 0.03 0.000012 0.000012 

3.73 0.239 0.03 0.03 0.000010 0.000010 

3.76 0.2 0.03 0.03 0.000008 0.000008 

3.79 0.161 0.03 0.03 0.000007 0.000007 

3.82 0.123 0.029 0.029 0.000005 0.000005 

3.85 0.085 0.029 0.029 0.000003 0.000003 

3.88 0.048 0.029 0.029 0.000002 0.000002 
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