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ABSTRACT 
In this paper we propose to study the performances of thin films solar cells based on CuInSe2.  The following models 

are studied :  p/n ; p+/p/n ; p/n/n+; p+/p/n/n+. The objective of this work is to study the performance of the homojunction 

based on CuInSe2, with a medium band gap window layer based on CuInS2, deposited on a substrate, according to the 

model CuInS2(p+)/CuInSe2(p)/CuInSe2(n)/CuInSe2(n+) (p+/p/n/n+).  We compare this structure (p+/p/n/n+) with the 

following models: the homojunction CuInSe2(p)/CuInSe2(n) (p/n), the homojonction with window layer 

CuInS2(p+)/CuInSe2(p)/CuInSe2(n) (p/n/n+) and the homojunction deposited on substrate  CuInSe2(p)/CuInSe2(n)/ 

CuInSe2(n+) (p/n/n+). Calculation models for determining the density of the minority carriers, the density of the 

photocurrent, and the internal quantum efficiency were established for the different structures. These theoretical results 

are used to compare their performance. In order to test the validity of our calculations models, We compare our results 

with some experimental results published in the literature. 

 

KEYWORDS: Thin films, CuInSe2, CuInS2,  Two - three and four layers  models, Internal quantum efficiency, short-

circuit  photocurrent. 

 

     INTRODUCTION 
 Homojunction based on CuInSe2(p)/CuInSe2(n) is often characterized by the losses of carriers by recombination 

phenomenon at the front layer surface (illuminated face). To reduce the recombination velocity at the surface, a 

window layer having a lattice matched to the absorbent layer [1] is often deposited on the front surface. In the range 

of low energies corresponding to lower absorption cofficients, the photons reach the rear area (depth absorption), the 

effects of the base and the back surface become important. The deposition of a substrate on the back surface allows to 

reduce the losses of carriers on the back side and confine minority photocarriers in the base (creating a low potential 

barrier) in order to increase their collect at the junction.   

  

In this work the models of cell used are the homojunction model CuInSe2(p)/CuInSe2(n), the homojunction with 

window layer model CuInS2(p+)/CuInSe2(p)/CuInSe2(n), the homojunction  deposited on a substrate model 

CuInSe2(p)/CuInSe2(n)/CuInSe2(n+) and the homojunction with window layer deposited on a substrate model 

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

  

The CuInSe2 has a direct band gap in order to 1.04 eV [2-5] and a lattice matched to the CuInS2 (see Table 1). The 

band gap of the CuInS2 is in the order of 1.57 eV [6], this material can be used as a window layer for photons energies 

ranging from 1.04 eV to 1.57 eV. 

   

The substrate doped n+ and the base doped n are the same family, the interface effects are neglected because there is 

a continuity of layers. The n+ doping allows to maintain photocarriers in the base (creating a low potential barrier).  
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  To represent the real structure of our solar cell, a theoretical study, based on solving a system of differential equations 

formed by the continuity equations, is developed. The solution of these equations depends on the boundary conditions 

used in the different regions of the structure. However, the literal solution of this problem allows to have precious 

information for the characterization and the optimization of geometrical and electrical parameters of the different 

layers. It also allows to choose the best structure in order to enhance the cell performance.        

 

MATERIALS AND METHODS 
For each structure, a theoretical model is proposed for determining the quantum internal efficiency and the short-

circuit photocurrent.  It is assumed that the optical reflection coefficient is neglected at each interface in the spectral 

range used. It is also considered that the space charge region is located only between the p and n regions of each 

structure and there is no electric field outside this region. We neglect recombination phenomena in the space charge 

region. 

     The Table 1 lists the different physical parameters used in this work for each structure [6 - 12]. 

 

Table 1.  physical parameters used in this work [6 - 12] 

Material Eg (gap) a  c Χ (electron affinity) Type (p,n) 

CuInSe2 (p,n) 0.96 – 1.04 eV 5.78 Å 11.62 Å          4.58 eV 1014- 1020  cm-3 

CuInS2 (p) 1.438 – 1.57 eV 5.51 Å 11 Å          4.04 eV 1016- 1020   cm-3 

 

 The absorption coefficients of the different materials (CuInSe2 and CuInS2) used in this work are shown on figure 1. 

We used the values of the absorption coefficients given by Subba Ramaiah Kodigala [6] for photon energies ranging 

from 1 to 2 eV. We have approximately completed these values for photon energies greater than 2 eV. 

                                                                       
                                                              

First, we propose to study the structure p+/p/n/n+ (4 layers model). The results obtained with this model allow to deduce 

easily those which correspond to the other structures :  p/n (2 layers model), p+/p/n et p/n/n+ (3 layers model).  

The energy band diagram is based on the Anderson model [13], it depends of the electronic properties as the electron 

affinity, the width of the band gap and the doping level (see Table 1). 

We pose : 

𝛥𝐸𝑐0 = −(χCuInSe2 − χCuInS2), or : 𝛥𝐸𝑐0 = −0.54 𝑒𝑉  

𝛥𝐸𝑔 = 𝐸𝑔CuInSe2 − 𝐸𝑔CuInS2, or :  𝛥𝐸𝑔 = −0.53 𝑒𝑉 

𝛥𝐸𝑣0 = 𝛥𝐸𝑐0 − 𝛥𝐸𝑔, or : 𝛥𝐸𝑣0 = −0.01 𝑒𝑉 

 Figure 1. Absorption coefficient versus photon energy  
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The diagrams of the structure and the energy band are respectively shown in Figures 2 and 3. 

 

 

 
2-1. Calculation of the photocurrent in region 1 (window layer) 

In region 1 (window layer), 0 ≤ 𝑥 ≤ 𝑥1, the photocurrent is essentially due to the electrons, the continuity equation 

is:  

  
𝑑2∆𝑛1

𝑑𝑥2 −
∆𝑛1

𝐿𝑛1
2 =

−𝛼1𝐹(1−𝑅)𝑒−𝛼1𝑥

𝐷𝑛1

                                                                                                      (2-1) 

With  𝐿𝑛1

2 = 𝐷𝑛1
𝜏𝑛1

                                                                                                                         (2-2) 

 We have the following boundary conditions [14] : 

𝐷𝑛1
(
𝑑∆𝑛1

𝑑𝑥
) = 𝑆𝑛1

∆𝑛1    for   𝑥 = 0                                                                                                  (2-3) 

∆𝑛1 = 0                         for    𝑥 = 𝑥1                                                                                                 (2-4) 
The expression of the electrons density photocreated in region 1 (window layer) can be written by : 

∆𝑛1(𝑥) = −
𝛼1 𝐿𝑛1

2𝐹(1−𝑅)

𝐷𝑛1 (𝛼1
2𝐿𝑛1

2 −1)
× [𝑒−𝛼1∙ 𝑥 +

( 
𝑆𝑛1𝐿𝑛1

𝐷𝑛1
+𝛼1𝐿𝑛1)∙sh(

𝑥−𝑥1
𝐿𝑛1

) −𝑒−𝛼1𝑥1[
𝑆𝑛1𝐿𝑛1

𝐷𝑛1
∙sh(

𝑥

𝐿𝑛1
)+ch(

𝑥

𝐿𝑛1
)]

𝑆𝑛1𝐿𝑛1
𝐷𝑛1

𝑠ℎ(
𝑥1

𝐿𝑛1
)+𝑐ℎ(

𝑥1
𝐿𝑛1

)
]   (2-5) 

The expression of the electrons photocurrent density is given by: 

𝐽𝑛1
(𝑥) = −

 𝑞𝛼1𝐹(1−𝑅)𝐿𝑛1

(𝛼1
2𝐿𝑛1

2−1)
× {

(
𝑆𝑛1𝐿𝑛1

𝐷𝑛1
 + 𝛼1𝐿𝑛1)𝑐ℎ (

𝑥−𝑥1
𝐿𝑛1

)  − 𝑒−𝛼1𝑥1  [
𝑆𝑛1𝐿𝑛1

𝐷𝑛1
𝑐ℎ(

𝑥

𝐿𝑛1
)+𝑠ℎ(

𝑥

𝐿𝑛1
)]

𝑆𝑛1𝐿𝑛1
𝐷𝑛1

𝑠ℎ(
𝑥1

𝐿𝑛1
)+𝑐ℎ(

𝑥1
𝐿𝑛1

)
− 𝛼1𝐿𝑛1

𝑒−𝛼1𝑥}   (2-6) 

2-2. Calculation of the photocurrent in Region 2 

In region 2, 𝑥1 ≤ 𝑥 ≤ 𝑥2, the photocurrent is also an electron current, it results from the contribution of the regions 1 

and 2, taking into account the interface effects characterized by a recombination velocity at the interface noted 𝑆𝑛2
. 

The continuity equation is given by: 

 

𝑑2∆𝑛2

𝑑𝑥2 −
∆𝑛2

𝐿𝑛2
2 =

−𝛼2𝐹(1−𝑅)𝑒−𝛼1𝑥1𝑒−𝛼2(𝑥−𝑥1)

𝐷𝑛2 

                                                                                                   (2-7) 

With    𝐿𝑛2

2 = 𝐷𝑛2
𝜏𝑛2

                                                                                                                                 (2-8) 

The boundary conditions are given by [15, 16] : 

  𝐷𝑛2

𝑑∆𝑛2

𝑑𝑥
= 𝑆𝑛2

∆𝑛2 + 𝐷𝑛1 

𝑑∆𝑛1

𝑑𝑥
     for  𝑥 = 𝑥1                                                                                        (2-9) 

Figure 2. diagram of the structure 

CuInS2(p+)/CuInSe2(p)/CuInSe2(n)/CuInSe2(n+) 
Figure 3. Energy band diagram of the structure 

CuInS2(p+)/CuInSe2(p)/CuInSe2(n)/CuInSe2(n+) 
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∆𝑛2 = 0                                            for  𝑥 = 𝑥2                                                                                      (2-10) 
The solution of equation (2-7) is given by : 

∆𝑛2(𝑥) = −
𝛼2 𝐿𝑛2

2𝐹(1−𝑅) 𝑒−𝛼1𝑥1

𝐷𝑛2 (𝛼2
2𝐿𝑛2

2 −1)
× [𝑒−𝛼2(𝑥−𝑥1) +

(
𝑆𝑛2𝐿𝑛2

𝐷𝑛2
+𝛼2𝐿𝑛2)∙sh(

𝑥−𝑥2
𝐿𝑛2

) –𝑒−𝛼2(𝑥2−𝑥1)[
𝑆𝑛2𝐿𝑛2

𝐷𝑛2
∙sh(

𝑥−𝑥1
𝐿𝑛2

)+ch(
𝑥−𝑥1
𝐿𝑛2

)]

𝑆𝑛2𝐿𝑛2
𝐷𝑛2

𝑠ℎ(
𝑥2−𝑥1
𝐿𝑛2

)+𝑐ℎ(
𝑥2−𝑥1
𝐿𝑛2

)
]  +

sh(
𝑥−𝑥2
𝐿𝑛2

)  ∙ 𝐽𝑛1
(𝑥1)

𝑞𝐷𝑛2
𝐿𝑛2

{
𝑆𝑛2𝐿𝑛2

𝐷𝑛2
𝑠ℎ(

𝑥2−𝑥1
𝐿𝑛2

)+𝑐ℎ(
𝑥2−𝑥1
𝐿𝑛2

)}
                                                                                                                                             (2-11) 

 

The expression of the electrons photocurrent density in region 2, is : 
 

𝐽𝑛2
(𝑥) = −

𝑞𝛼2𝐹(1−𝑅)𝐿𝑛2𝑒−𝛼1𝑥1

(𝛼2
2𝐿𝑛2

2−1)
× {

(
𝑆𝑛2𝐿𝑛2

𝐷𝑛2
+𝛼2𝐿𝑛2

)ch(
𝑥−𝑥2
𝐿𝑛2

)−𝑒−𝛼2(𝑥2−𝑥1)  [
𝑆𝑛2𝐿𝑛2

𝐷𝑛2
𝑐ℎ(

𝑥−𝑥1
𝐿𝑛2

)+𝑠ℎ(
𝑥−𝑥1
𝐿𝑛2

)]

𝑆𝑛2𝐿𝑛2
𝐷𝑛2

𝑠ℎ(
𝑥2−𝑥1
𝐿𝑛2

)+𝑐ℎ(
𝑥2−𝑥1
𝐿𝑛2

)
−

𝛼2𝐿𝑛2
𝑒−𝛼2(𝑥−𝑥1)} +

 ch(
𝑥−𝑥2
𝐿𝑛2

)∙ 𝐽𝑛1
(𝑥1)

𝑆𝑛2𝐿𝑛2
𝐷𝑛2

𝑠ℎ(
𝑥2−𝑥1
𝐿𝑛2

)+𝑐ℎ(
𝑥2−𝑥1
𝐿𝑛2

)
                                                                                             (2-12) 

 

2-3. Calculation of the photocurrent in the space charge region (𝒙𝟐 ≤ 𝒙 ≤ 𝒙𝟐 + 𝒘)  
 In the space charge region, we neglect the recombination of photocarriers. We distinguish two areas in this region :  

- For 𝑥2 ≤ 𝑥 ≤ 𝑥2 + 𝑤1, the continuity equation of the photocreated electrons, is given by :  

1

𝑞

𝑑𝐽𝑛𝑤1

𝑑𝑥
+ 𝛼2𝐹(1 − 𝑅)𝑒−𝛼1𝑥1𝑒−𝛼2(𝑥−𝑥1)  = 0                      (2-13) 

With   𝐽𝑛𝑤1
(𝑥2) = 0           (2-14) 

The solution of equation (2-13) is :   

𝐽𝑛𝑤1
(𝑥) = 𝑞𝐹(1 − 𝑅)𝑒−𝛼1∙ 𝑥1[𝑒−𝛼2(𝑥−𝑥1) − 𝑒−𝛼2∙ (𝑥2−𝑥1)]  (2-15) 

- For 𝑥2 + 𝑤1 ≤ 𝑥 ≤ 𝑥2 + 𝑤1 + 𝑤2, the continuity equation of the photocreated electrons, is given by :  

1

𝑞

𝑑𝐽𝑛𝑤2

𝑑𝑥
+ 𝛼3𝐹(1 − 𝑅)𝑒−𝛼1𝑥1𝑒−𝛼2[(𝑥2+𝑤1)−𝑥1]𝑒−𝛼3[𝑥−(𝑥2+𝑤1)] = 0                                             (2-16) 

With   𝐽𝑛𝑤2
(𝑥2 + 𝑤1) = 0                                                                                                       (2-17) 

The solution of equation (2-16) is : 

𝐽𝑛𝑤2
(𝑥) = 𝑞𝐹(1 − 𝑅)𝑒−𝛼1𝑥1𝑒−𝛼2[(𝑥2+𝑤1)−𝑥1][𝑒−𝛼3[𝑥−(𝑥2+𝑤1)] − 1]                                                 (2-18) 

2-4. Calculation of the photocurrent in Region 3 and 4 

The continuity equations in region 4 (substrate) and Region 3 (base) are respectively given by following equations  

(2-19) and (2-21): 

𝑑2∆𝑝4

𝑑𝑥2 −
∆𝑝4

𝐿𝑝4
2 =

−𝛼4

𝐷𝑝4

𝐹(1 − 𝑅)𝑒−𝛼1𝑥1𝑒−𝛼2[(𝑥2+𝑤1)−𝑥1] × 𝑒−𝛼3[𝑥3−(𝑥2+𝑤1)]𝑒𝛼4𝑥3𝑒−𝛼4𝑥            (2-19) 

With      𝐿𝑝4
2 = 𝐷𝑝4

𝜏𝑝4
                           (2-20) 

𝑑2∆𝑝3

𝑑𝑥2 −
∆𝑝3

𝐿𝑝3
2 =

−𝛼3

𝐷𝑝3

𝐹(1 − 𝑅)𝑒−𝛼1𝑥1𝑒−𝛼2[(𝑥2+𝑤1)−𝑥1] × 𝑒𝛼3(𝑥2+𝑤1)𝑒−𝛼3𝑥                                      (2-21) 

With   𝐿𝑝3
2 = 𝐷𝑝3

𝜏𝑝3
                                     (2-22) 

 The holes density photocreated in the substrate is given by the solution of equation (2-19), it is written as: 

∆𝑝4(𝑥) = 𝐴′4𝑒
𝑥 𝐿𝑃4
⁄ + 𝐵′4𝑒

−𝑥 𝐿𝑃4
⁄ + 𝐾′𝑃4

𝑒−𝛼4𝑥 (2-23) 

With  𝐾′𝑃4
=

−𝛼4𝐿𝑝4
2  𝐹(1−𝑅)𝑒[(𝛼2−𝛼1)𝑥1] 𝑒[(𝛼3−𝛼2)(𝑥2+𝑤1)]𝑒[(𝛼4−𝛼3)𝑥3]

𝐷𝑝4(𝛼4
2𝐿𝑝4

2 −1)
                     (2-24) 

The solution of the equation (2-21) give the holes density photocreated in the base, it is written as: 
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∆𝑝3(𝑥) = 𝐴′3𝑒
𝑥 𝐿𝑃3
⁄ + 𝐵′3𝑒

−𝑥 𝐿𝑃3
⁄ + 𝐾′𝑃3

𝑒−𝛼3𝑥       (2-25) 

With 𝐾′𝑃3
=

−𝛼3𝐿𝑝3
2  𝐹(1−𝑅)𝑒[(𝛼2−𝛼1)𝑥1] 𝑒[(𝛼3−𝛼2)(𝑥2+𝑤1)]

𝐷𝑝3(𝛼3
2𝐿𝑝3

2 −1)
      (2-26) 

The constants 𝐴′3, 𝐵′3 , 𝐴′4 and 𝐵′4 are determined by using the following boundary conditions [17, 18]:  

∆𝑝3(𝑥) = 0        for   𝑥 = 𝑥2 + 𝑤           (2-27) 

 

∆𝑝3(𝑥) = ∆𝑝4(𝑥)        for 𝑥 = 𝑥3         (2-28) 

𝐷𝑝3

𝑑∆𝑝3

𝑑𝑥
= 𝐷𝑝4

𝑑∆𝑝4

𝑑𝑥
           for  𝑥 = 𝑥3          (2-29) 

𝐷𝑝4
 
𝑑∆𝑝4

𝑑𝑥
= −𝑆𝑝4

∆𝑝4   for 𝑥 = 𝐻                   (2-30) 

From equations (2-23), (2-25) and the boundary conditions, we obtain the following matrix system : 

[

𝑋11 𝑋12 0 0
𝑋21 𝑋22 𝑋23 𝑋24

𝑋31 𝑋32 𝑋33 𝑋34

0 0 𝑋43 𝑋44

]

[
 
 
 
𝐴′3 

𝐵′3
𝐴′4
𝐵′4 ]

 
 
 

=

[
 
 
 
𝑋′1
𝑋′2
𝑋′3
𝑋′4]

 
 
 

              (2-31)   

 with : 

𝑋11 = 𝑒
𝑥2+𝑤

𝐿𝑃3  ;  𝑋12 = 𝑒
− 

𝑥2+𝑤

𝐿𝑃3  ;   𝑋21 = 𝑒
𝑥3

𝐿𝑃3  ;  𝑋22 = 𝑒
− 

𝑥3
𝐿𝑃3  ;  𝑋23 = −𝑒

𝑥3
𝐿𝑃4  ;  𝑋24 = −𝑒

− 
𝑥3

𝐿𝑃4 ; 

𝑋31 = −
𝐷𝑝3

𝐿𝑃3

 𝑒
𝑥3

𝐿𝑃3  ;  𝑋32 =
𝐷𝑝3

𝐿𝑃3

 𝑒
− 

𝑥3
𝐿𝑃3  ;  𝑋33 =

𝐷𝑝4

𝐿𝑃4

 𝑒
𝑥3

𝐿𝑃4  ;  𝑋34 = −
𝐷𝑝4

𝐿𝑃4

 𝑒
− 

𝑥3
𝐿𝑃4  ; 

𝑋43 = −𝑒
𝐻

𝐿𝑃4 (
𝐷𝑝4

𝐿𝑃4

+ 𝑆𝑝4
) ; 𝑋44 = 𝑒

− 
𝐻

𝐿𝑃4 (
𝐷𝑝4

𝐿𝑃4

− 𝑆𝑝4
)  ; 𝑋′1 =

𝛼3𝐿𝑝3
2  𝐹(1−𝑅)𝑒[(𝛼2−𝛼1)𝑥1] 𝑒−𝛼2 (𝑥2+𝑤1) 

𝐷𝑝3(𝛼3
2𝐿𝑝3

2 −1)
 ;                  

𝑋′2 = 𝐹(1 − 𝑅)𝑒[(𝛼2−𝛼1)𝑥1] 𝑒[(𝛼3−𝛼2)(𝑥2+𝑤1)]𝑒−𝛼3 𝑥3 [
𝛼3𝐿𝑝3

2

𝐷𝑝3(𝛼3
2𝐿𝑝3

2 −1)
−

𝛼4𝐿𝑝4
2

𝐷𝑝4(𝛼4
2𝐿𝑝4

2 −1)
]  ; 

𝑋′3 = 𝐹(1 − 𝑅)𝑒[(𝛼2−𝛼1)𝑥1] 𝑒[(𝛼3−𝛼2)(𝑥2+𝑤1)]𝑒−𝛼3 𝑥3 [
𝛼3

2𝐿𝑝3
2

(𝛼3
2𝐿𝑝3

2 −1)
−

𝛼4
2𝐿𝑝4

2

(𝛼4
2𝐿𝑝4

2 −1)
] ; 

𝑋′4 =
−𝛼4𝐿𝑝4

2  𝐹(1−𝑅)𝑒[(𝛼2−𝛼1)𝑥1] 𝑒[(𝛼3−𝛼2)(𝑥2+𝑤1)]𝑒[(𝛼4−𝛼3)𝑥3]𝑒−𝛼4 𝐻[𝑆𝑝4−𝐷𝑝4𝛼4]

𝐷𝑝4(𝛼4
2𝐿𝑝4

2 −1)
  

We propose a simple method for the determination of these constants. However, their expressions are too long, we will note them 

always 𝐴′3, 𝐵′3 , 𝐴′4 and 𝐵′4.  

The equation (2-31) can be written as [19] :   

[

1 0 0 0
𝐿21 1 0 0
𝐿31 𝐿32 1 0
0 0 𝐿43 1

] [

𝑈11 𝑈12 0 0
0 𝑈22 𝑈23 𝑈24

0 0 𝑈33 𝑈34

0 0 0 𝑈44

]

[
 
 
 
𝐴′3 

𝐵′3
𝐴′4
𝐵′4 ]

 
 
 

=

[
 
 
 
𝑋′1
𝑋′2
𝑋′3
𝑋′4]

 
 
 

                                    (2-32) 

    With : 

𝑈11 = 𝑋11 ; 𝑈12 = 𝑋12; 

𝐿21 =
𝑋21 

𝑈11
 ; 𝑈22 = 𝑋22 − 𝐿21 ∙ 𝑈12 ; 𝑈23 = 𝑋23 ; 𝑈24 = 𝑋24 ; 

𝐿31 =
𝑋31 

𝑈11
 ; 𝐿32 =

𝑋32−𝐿31∙𝑈12 

𝑈22
 ; 𝑈33 = 𝑋33 − 𝐿32 ∙ 𝑈23 ; 

𝑈34 = 𝑋34 − 𝐿32 ∙ 𝑈24 ; 𝐿43 =
𝑋43 

𝑈33
 ; 𝑈44 = 𝑋44 − 𝐿43 ∙ 𝑈34 

The resolution of Equation (2-32) is done in two steps. At first time, we solve the system: 
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[

1 0 0 0
𝐿21 1 0 0
𝐿31 𝐿32 1 0
0 0 𝐿43 1

] [

𝑍1 
𝑍2

𝑍3

𝑍4

] =

[
 
 
 
𝑋′1
𝑋′2
𝑋′3
𝑋′4]

 
 
 

    (2-33), the solution of this problem is given by: 

𝑍1 = 𝑋′1 ; 𝑍2 = 𝑋′2 − 𝐿21 ∙ 𝑍1 ; 𝑍3 = 𝑋′3 − 𝐿31 ∙ 𝑍1 − 𝐿32 ∙ 𝑍2 ; 𝑍4 = 𝑋′4 − 𝐿43 ∙ 𝑍3 

Secondly, we solve the following system: 

[

𝑈11 𝑈12 0 0
0 𝑈22 𝑈23 𝑈24

0 0 𝑈33 𝑈34

0 0 0 𝑈44

]

[
 
 
 
𝐴′3 

𝐵′3
𝐴′4
𝐵′4 ]

 
 
 

= [

𝑍1 
𝑍2

𝑍3

𝑍4

]     (2-34), the solution is given by: 

𝐵′4 =
𝑍4

𝑈44
 ; 𝐴′4 =

𝑍3−𝑈34 ∙ 𝐵′4

𝑈33
 ; 𝐵′3 =

𝑍2−𝑈23 ∙ 𝐴′4−𝑈24 ∙ 𝐵′4

𝑈22
 ;  𝐴′3 =

𝑍1−𝑈12 ∙ 𝐵′3

𝑈11
 

The expression of the holes photocurrent density is given by : 

𝐽𝑝3
(𝑥) =  −𝑞𝐷𝑝3

[
𝐴3

′

𝐿𝑃3

𝑒𝑥 𝐿𝑃3
⁄ −

𝐵3
′

𝐿𝑃3

𝑒−𝑥 𝐿𝑃3
⁄ − 𝛼3𝐾′𝑃3

𝑒−𝛼3𝑥]      (2-35) 

 
2-5. calculation of result photocurrent 

The result photocurrent is constant. His expression results from the contribution of the different regions of the 

structure, it can be written as [20]:   

𝐽𝑝ℎ =  𝐽𝑛2
(x2) + 𝐽𝑛𝑤1

(𝑥2 + 𝑤1) + 𝐽𝑛𝑤2
(𝑥2 + 𝑤) + 𝐽𝑝3

(𝑥2 + 𝑤)          (2-36) 

The internal quantum efficiency is given by : 

𝜂 = |
𝐽𝑝ℎ

𝐽0
|   (2-37), with  𝐽0 = 𝑞𝐹(1 − 𝑅) [21] 

 

2-6. Two and three layers model : p/n ; p+/p/n ; p/n/n+  

The results which are appropriate for the other models (2 and 3 layers model) can be deduced easily from previous 

calculations: 

- in the case of the model p+/p/n, it is just sufficient to take  𝛼4 = 𝛼3 and to remove the substrate (region 4) on Figures 

2 and 3 ; 

 - for the model p/n/n+, it is just sufficient to establish 𝛼1 = 0 ; 𝑥1 = 0 and to remove the window layer (region 1) on 

Figures 2 and 3; 

- for the structure p/n, we take 𝛼1 = 0 ; 𝑥1 = 0 ;  𝛼4 = 𝛼3 and remove the window layer (region 1) and the substrate 

(region 4) on Figures 2 and 3. 

 These different conditions of passage are shown on Figure 4.   

 

 

(a). We take 𝜶𝟏 = 𝟎 ; 𝒙𝟏 = 𝟎 ;  𝜶𝟒 = 𝜶𝟑 and remove the 

window layer (region 1) and the substrate (region 4) 

(b).  We take   𝜶𝟒 = 𝜶𝟑 and   remove the substrate (region 4) 
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RESULTS AND DISCUSSION 
In this part we present a simulation of the theoretical models developed. We study the effects of geometrical 

parameters on the performance of each model.  We compare the different results and evaluate the best short-circuit 

photocurrent.  We note 𝐻𝑖  as the thickness of the region i.   

 

3-1. Comparative study of the internal quantum efficiency  

On Figure 5 a) we compare the internal quantum efficiency of the homojunction with window layer deposited on 

substrate (CuInS2(p+)/CuInSe2(p)/CuInSe2(n)/CuInSe2(n+)) to the internal quantum efficiency of the other models : 

the homojunction with window layer (CuInS2(p+)/CuInSe2(p)/CuInSe2(n)), the homojunction deposited on substrate 

(CuInSe2(p)/CuInSe2(n)/CuInSe2(n+)) and the homojonction (CuInSe2(p)/CuInSe2(n)). To study the effects of the 

substrate and the base, we fixed the thickness of the region 2 at 0.1 μm.  However, we note the effect of the substrate 

in the range of low energies (1.04 eV < E <1.4 eV). In this range (1.04 eV < E <1.4 eV), the 4 layers model (p+/p/n/n+) 

gives the best internal quantum efficiency followed by the models with 3 layers (p/n/n+ and p+/p/n). The signal given 

by the model p/n/n+ is greater than that given by the model p+/p/n only for photon energies lower than 1.2 eV. The 

model with 2 layers (p/n) gives the lowest performance. For higher energies (E> 1.57 eV) the spectral responses given 

by the models p+/p/n/n+ and p+/p/n are identical. We observe the same phenomenon for the models p/n/n+ and p/n. 

 
On Figure 5 b) we increased the thickness of the region 2 at 0.5 μm. The structure p+/p/n/n+ always gives the best 

spectral response. Its signal is slightly higher than the signal given by the model p+/p/n in a more limited energy range 

(c).  We take   𝜶𝟏 = 𝟎 ; 𝒙𝟏 = 𝟎 and remove the window layer 

(region 1) 

Figure 4. diagrams of the structure for the other models :   

(a) :  CuInSe2(p)/CuInSe2(n) 

(b)  : CuInS2(p+)/ CuInSe2(p)/CuInSe2(n) 

(c)  : CuInSe2(p)/CuInSe2(n)/CuInSe2(n+)  

   Figure 5.  Internal quantum efficiency vs. Photon energy :Comparative Study of the different models 

(𝒔𝒏𝟏
=𝟐 × 𝟏𝟎𝟕 cm.s

-1
; 𝑯𝟏 = 0.1 µm; 𝑳𝒏𝟏

= 0.5 µm ; 𝑯𝟐 = 0.1 µm (a ; c : p/n and  p/n/n
+
) and  0.5 µm (b ; c : p

+
/p/n and 

p
+
/p/n/n

+
); 𝑳𝒏𝟐

= 3 µm ; 𝒔𝒏𝟐
=𝟐 × 𝟏𝟎𝟑cm.s

-1
; 𝒔𝒑𝟑

=𝟐 × 𝟏𝟎𝟕cm.s
-1  

(p/n) ; 𝑳𝒑𝟑
= 3 µm (p/n/n

+
 and p

+
/p/n/n

+
)   and 0.5 µm (p/n and 

p
+
/p/n ) ;     𝑯𝟑 = 5 µm ;  𝒔𝒑𝟒

=𝟐 × 𝟏𝟎𝟕cm.s
-1 

; 𝑳𝒑𝟒
= 0.5 µm ; 𝑾𝟏= 0.05 µm ; 𝑾𝟐= 0.05 µm ;  𝑾= 0.1 µm ; H = 100 μm ) 
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(1.04 eV< E <1.3 eV). For radiation energies greater than 1.3 eV (E > 1.3 eV), the spectral response is identical for 

these two models (p+/p/n/n+ and p+/p/n)  and remains practically high compared to the models p/n/n+ and p/n. We note 

that, the increase of the thickness of the region 2, enhances the internal quantum efficiency in the case of the 

homojunction with window layer deposited on substrate (p+/p/n/n+) and the homojunction with window layer (p+/p/n).  

A drop of the internal quantum efficiency is observed in the case of the homojunction deposited on substrate (p/n/n+) 

and the homojunction (p/n).  These results show the effects of the losses of carriers by recombination on the front 

surface. In the case of the models with 4 layers and 3 layers with window layer, the window layer (region 1) reduces 

losses of carriers at the interface region 1 – region 2 (𝑆𝑛2
= 2 × 103 cm.s-1) and allows the majority of carriers to 

diffuse towards the collecting area (space charge region). For the homojunction deposited on substrate and the 

homojunction, the losses of carriers on the front surface (region 2) are important (𝑆𝑛2
= 2 × 107 cm.s-1). Some carriers 

diffuse towards the surface and cause the decrease of the internal quantum efficiency.  

  On figure 5 c) we reduced the thickness of the region 2 at 0.1 μm for the structures p/n/n+ and p/n. We note an 

enhancement of the internal quantum efficiency for these two models by reducing the contribution of region 2.  

  However, the internal quantum efficiency is dominated by the homojunction with window layer deposited on 

substrate (CuInS2(p+)/CuInSe2(p)/CuInSe2(n)/CuInSe2(n+)) followed by the homojunction with window layer 

(CuInS2(p+)/CuInSe2(p)/CuInSe2(n)). the lowest signal is given by the homojunction (CuInSe2(p)/CuInSe2(n)).  

  The decrease of the signal observed in the range of elevated energies (E > 1.57 eV) on each graph is due by the losses 

of carriers by recombination on the front surface (illuminated surface). 

 

3-2. Study of the structure p+/p/n/n+ (Region 1 / Region 2 / Region 3 / Region 4) under monochromatic 

illumination  

In this part, we consider the structure p+/p/n/n+. We study, in the case of a monochromatic illumination, the graphs of 

the generation rate, of the densities of minority carriers and result photocurrent versus junction depht (x). We maintain 

the values used on Figure 5 c). We consider radiation energies ranging from 1.04 eV (λ = 1.192 µm) to 3.1 eV (λ = 

0.4 µm).   

3-2-a. generation rate under monochromatic illumination 

Figures 6 show the generation rate versus junction depht (x) for different monochromatic illumination. 

 
 In the range of low energies (1.04 < E < 1.3 eV), the photons reach the back regions (base and substrate: X > 0.7 μm)  

(Figure 6 a). The effect of the substrate is important in this energy range. 

 In the range of elevated energies (E > 1.3 eV), the photons are absorbed on a thin thickness. The frontal regions   

(window layer, region 2 and space charge region : X < 0.7 μm) absorb the majority of these photons (Figures 6b and 

6c) and the effect of the window layer (X< 0.1 μm)  becomes significant.    

  For radiation energies more elevatead than the energy band gap of the window layer, most of photons are absorbed 

by the front layer (Figure 6d).  

 

Figure 6.  generation rate vs. junction depth (x) under monochromatic illumination 
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3-2-b. densities of minority carriers under monochromatic illumination 

  
On figure 7 a), we represent, for different illuminations, the density of electrons photocreated in the window layer     

(0 µm < X < 0.1 µm). Only radiation energies greater than the energy band gap of the window layer (E> 1.57 eV) are 

absorbed by this region. Each graph is characterized by two steps.  

 A first step where the photocarriers density increases with the thickness. In this step the minority carriers diffuse 

toward the front surface of the window layer where they disappear by recombination phenomenon.  

 A second step where the photocarriers density decreases with the thickness.  They diffuse toward the region 2, their 

collect depends on the interface effects between regions 1 and 2.      

 Figure 7 b) shows the density of electrons photocreated in region 2 (0.1 μm < X < 0.6 μm). In this region the density 

of electrons results from the contribution of the regions 1 (E > 1.57 eV) and 2 (1.04 eV < E  < 2 eV). For each radiation, 

the density of photocarriers decreases towards the collecting region (space charge region : 0.6 μm < X < 0.7 μm). This 

phenomenon means that the losses of carriers at the interface are reduced by the window layer (𝑆𝑛2
= 2 × 103cm.s-1) 

and the majority of photocarriers (electrons) diffuses towards the space charge region where they will be collected.    

 Figure 7 c) shows the density of holes photocreated in the rear area (base and substrate : X > 0.7 μm). These regions 

absorb photons of low energies (1.04 eV <E <1.3 eV). The photons of high and medium energies (E> 1.3 eV) are 

mostly absorbed by the frontal layers (window layer, region 2 and space charge region).  The graph of the holes density 

presents two steps.         

A first step where the holes density increases with the thickness. In this step they diffuse toward the space charge 

region where they will be collected.   

A second step where the holes density decreases with the thickness.  The photocarriers (holes) diffuse toward the back 

surface, they will be lost by recombination phenomenon.   

3-2-c. photocurrent densities of minority carriers under monochromatic illumination 

 On Figure 8 a) we represent, for each radiation, the densities of electrons photocurrent versus junction depht in the 

frontal layers (window layer, region 2 and space charge region :  X < 0.7 μm).  For radiation energies greater than the 

energy band gap of the window layer (E >1.57 eV), the graph of the electrons photocurrent presents a negative small 

portion (X < 0.02 μm) modelling the losses of carriers at the front surface (𝑆𝑛1
= 2 × 107  cm.s-1). We obtain the best 

Figure 7. density of minority carriers photocreated vs. junction depth (x) under monochromatic illumination: a) density of 

electrons in region 1 (window) ; b) density of electrons in region 2; c) density of holes in regions 3 and 4 (base and substrate) 
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densities of electrons photocurrent for radiation energies less than the energy band gap of the window layer (E < 1.57 

eV).   

 
Figure 8 b) shows the densities of holes photocurrent in the rear regions (base and substrate : X > 0.7 μm). The 

photocurrent of holes is essentially due by the photons of low energies (1.04 < E < 1.3 eV) wich reach the base or the 

substrate. The photons of elevated energies (E > 1.3 eV) being absorbed by the frontal regions (window layer, region 

2 and space charge region : X < 0.7 μm). However we note that the density of the hole photocurrent for the energy 

radiation E = 1.1 eV (λ = 1.127 µm) presents two parts.  A positive part (0.7 μm < X < 1.8 μm) due to the diffusion of 

minority carriers towards the collecting region (space charge region : 0.6 μm < X < 0.7 μm). A negative part (X >

1.8 μm) modelling the losses of the minority carriers; it is due to their diffusion towards the back surface.     

  Figure 8 c) shows the total density of photocurrent versus junction depth, it results from the contribution of the 

electrons and holes photocurrent. His expression is given by the equation (2-36). The photons absorbed mostly by the 

region 2 and the space charge region (1.3 eV < E  < 1.57 eV)  give the best response. The losses of carriers by 

recombination are reduced in these regions (see the parameters used in Figure 5 c) for the model p+/p/n/n+. The photons 

of low energies (1.04 eV <E<1.3 eV), absorbed mostly by the rear regions (base and substrate) give an important 

photocurrent. The presence of the substrate allows to reduce the impurities in the base by reducing the doping level 

(increase of the diffusion length) and then the losses of carriers are reduced in the base. The photons absorbed by the 

window layer (E>1.57 eV) give a photocurrent affected by the losses of carriers due to the dislocation of the surface 

at the front layer.  

 

3-3. Theoretical calculation of the short-circuit photocurrent under solar spectra AM 0, AM 1.5, AM 1 

On figure 9 a) we represent three solar spectra of reference versus photon wave length [22], allowing to evaluate the 

theoretical short-circuit photocurrent.  Figure 9 b)  represents the three solar spectra of reference versus  photon energy, 

it is obtained using the equation  (3-1). 

𝐹 (𝑐𝑚−2. 𝑠−1. 𝑒𝑉−1) = Ф (𝑐𝑚−2. 𝑠−1. 𝜇𝑚−1) ×
1.24

𝐸2     (3-1)          

F and Ф represent photon flux. 

Figure 8.  photocurrent density of minority carriers photocreated vs. junction depth (x) under monochromatic illumination : 

a)  photocurrent  density of electrons (window - Région 2 – space charge region);  b)   photocurrent  density of holes (base – 

substrate) ; c) result photocurrent density 
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  Figures 10 a) and 10 b) respectively represent the photocurrent densities (see equation 2-36) versus photon energy 

for the solar spectra AM 0 and AM 1.5 of the different models (p+/p/n/n+; p+/p/n; p/n/n+; p/n) studied on figure 5 c).           

 
   Calculation of the short-circuit photocurrent 𝐽𝑠𝑐 on the solar spectral ranging from 1 eV to 3 eV is given by 

∫ −𝐽𝑝ℎ
3

1
(𝐸)𝑑𝐸. For this calculation, we propose a numerical integration method. We use the Newton quadrature.   

We note: 

𝐽𝑠𝑐 = − ∫ 𝐽𝑝ℎ
3

1
(𝐸)𝑑𝐸 ≈ −

𝛿𝐸

2
[𝐽𝑝ℎ(𝐸1) + 𝐽𝑝ℎ(𝐸𝑚+1) + 2∑ 𝐽𝑝ℎ(𝐸𝑖)

𝑚
𝑖=2 ]    (3-2) 

With: 𝐸 ∈  [1 𝑒𝑉 , 3 𝑒𝑉] ; 𝐸1 = 1 𝑒𝑉 ;  𝐸𝑚+1 = 3 eV; 𝛿𝐸 =
𝐸𝑚+1− 𝐸1

𝑚
 𝑒𝑉 

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

For this calculation, we pose 𝑚 = 100 and obtain the following theoretical short-circuit photocurrent :  

 
                  p+/p/n/n+                   p+/p/n                 p/n/n+                     p/n 

AM 0       32 mA.cm-2          31 mA.cm-2          21 mA.cm-2              19 mA.cm-2 

AM 1.5   21 mA.cm-2             21 mA.cm-2            14 mA.cm-2            13 mA.cm-2 

Figure 9.  a) photon flux vs. photon wave length [22] ; b) photon flux vs. photon energy 

Figure 10.  Result photocurrent density vs. photon energy: a)  AM 0 ;  b) AM 1.5 
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3-4. Study of the structure p+/p/n/n+ (Region 1 / Region 2 / Region 3 / Region  4) under polychromatic 

illumination (AM 0, AM 1.5, AM 1)  

A relation similar to the expression (3-2) allows to obtain, the graphs of the generation rate, of the densities of minority 

carriers and the short-circuit photocurrent versus junction depth under AM 0, AM 1 and AM 1.5 solar spectra. We 

always consider the structure p+/p/n/n+ and maintain the values used on Figure 5 c). 

3-4-a. generation rate under polychromatic illumination (AM 0,   AM 1.5, AM 1) 

                                    
Figure 11 shows the generation rate under AM 0, AM 1 and AM 1.5 solar spectra. Photons are absorbed mostly by 

the front layers (window layer for X< 0.1 μm , region 2 and space charge region for 0.1 μm < X < 0.7 μm ). This low 

penetration depth of the photons is due to the high photonic absorption coefficients of the used materials (CuInSe2 and 

CuInS2).  

  The considerable absorption of the photons by the window layer (X< 0.1 μm) reduces the short-circuit photocurrent. 

This is due by the losses of carriers by recombination at the front surface of this region.  

 

3-4-b. densities of minority carriers under polychromatic illumination (AM 0, AM 1.5, AM 1) 

 
Figure 12 a) shows the total density of electrons photocreated in the window layer (X< 0.1 μm) versus junction depth 

under AM 0, AM 1 and AM 1.5 solar spectra. As noted in the case of monochromatic illumination, each curve presents 

a first step modeling losses of carriers at the front surface (the density of electrons increases with the thickness) and a 

second step modeling the diffusion of minority carriers towards the region 2 (the density of electrons decreases with 

the thickness). 

Figure 11. generation rate vs. 

junction depth (x) under 

polychromatic illumination  

 

Figure 12. density of minority carriers photocreated vs. junction depth (x) under polychromatic illumination: a) density of 

electrons in region 1 (window) ; b) density of electrons in region 2 ; c) density of holes in regions 3 and 4 (base and 

substrate) 
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  Figure 12 b) shows the total density of electrons photocreated in region 2 (0.1 μm < X < 0.6 μm) versus junction 

depth  under AM 0, AM 1 and AM 1.5 solar spectra. Each curve presents only one step where the density of electrons 

decreases with the thickness. Losses at the interface region 1 – region 2 are reduced by the window layer (𝑆𝑛2
= 2 ×

103 cm.s-1).  The photocreated electrons diffuse mainly towards the space charge region (0.6 μm < X < 0.7 μm). Their 

collect depends to their diffusion length, it must be greater than the thickness of the region 2 (𝐿𝑛2
> 𝐻2 ) [23].    

  Figure 12 c) shows the total density of holes photocreated in the base (0.7 μm < X < 5.7 μm) and the substrate (X 

> 5.7μm) versus junction depth under AM 0, AM 1 and AM 1.5 solar spectra. The portion of the holes photogenerated 

near the space charge region (0.6 μm < X < 0.7 μm) and having a sufficient diffusion length is collected. This 

phenomenon explains the gradient of concentration observed near the space charge region (0.7 μm < X < 2 μm).  The 

step where the photocarriers density decrease with the thickness (X > 2 μm)  is due to the diffusion of the holes toward 

the back surface. These carries are lost by recombination phenomenon.     

3-4-c. photocurrent densities of minority carriers under polychromatic illumination (AM 0, AM 1.5, AM 1) 

 

 
Figures 13 a) and 13 b) represent respectively the photocurrent density of the electrons at the frontal regions (window, 

region 2 and the space charge region : X < 0.7 μm) and the holes at the rear regions (base and substrate : X > 0.7μm). 

The negative portion observed on each graph shows the losses of photocurrent. The diffusion of the photocarriers 

towards the depletion region is modelled by the positive portion observed on each graph. The photocurrent increases 

near the space charge region modeling a high collect of minority carriers. The short-circuit photocurrent resulting 

from the contribtion of electrons and holes photocurrent is shown in Figure 13 c). 

However the short-circuit photocurrent can be enhanced by reducing losses at the front surface of the window layer, 

this is possible by depositing a second window layer. So for the model p+/p/n shown in Figure 5 c), by fixing the 

recombination velocity 𝑆𝑛1
= 2 × 105 cm.s-1, the short-circuit photocurrent increases from 31 mA.cm-2 to                       

39 mA.cm-2 for AM 0 spectrum and from 21 mA.cm-2 to 27 mA.cm-2 for AM 1.5 spectrum. Figures 14 represent the 

graphs of the corresponding photocurrent densities. Figures 14 a) and b) show respectively the density of photocurrent 

versus photon energy and the short-circuit photocurrent versus junction depth for AM 0, AM 1 and AM 1.5 solar 

spectra. Figure 14 c) shows the short-circuit photocurrent and the density of electrons and holes photocurrent versus 

junction depth for AM 1.5 solar spectrum.  

Figure 13.  photocurrent density of minority carriers photocreated vs. junction depth(x) under polychromatic illumination: 

a)  photocurrent  density of electrons (window - Région 2 – space charge region);  b)   photocurrent  density of holes (base – 

substrate) ; c) : result photocurrent density 
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CONCLUSION 

In this work we have compared the performances of solar cells based on CuInSe2 by studying the following models: 

homojunction (CuInSe2(p)/CuInSe2(n)), homojunction deposited on substrate (CuInSe2(p)/CuInSe2(n)/CuInSe2(n+)), 

homojunction with window layer  (CuInS2(p+)/CuInSe2(p)/CuInSe2(n)), homojunction with window layer  deposited 

on substrate (CuInS2(p+)/CuInSe2(p)/CuInSe2(n)/ CuInSe2(n+)) . The window layer allows to enhance significantly the 

spectral response for radiation energies lower than his energy band gap (1.04 < E <1.57 eV) for the structures 

p+/p/n/n+ and p+/p/n. The presence of the substrate enhances the internal quantum efficiency in the range of low 

energies (1.04 < E <1.4 eV). The structure p+/p/n/n+ gives the best signal. His internal quantum efficiency varies from 

85 to 100% for photons energies less than the energy band gap of the window layer (1.04 < E <1.57 eV). This 

efficiency decreases for photons energies higher than the energy band gap of the window layer (E > 1.57 eV), it is due 

by the losses of carriers caused by the absorption of the front layer (window).  

We have studied, in the case of the structure p+/p/n/n+, the generation rate, the densities of photocarriers and 

photocurrent for a monochromatic and polychromatic illumination (AM 0, AM 1 and AM 1.5 spectrum). It allowed 

to analyze in detail the effects of the different layers and the geometrical and electrical parameters on the photocurrent, 

and explains the signal of the internal quantum efficiency. 

The theoretical short circuit photocurrent calculated in this work (21 – 27 mA.cm-2 under AM 1.5 spectrum for the 

models p+/p/n/n+ and p+/p/n), remains in the range of the values reported in the literature. This current can be enhanced 

by using a wide band gap window layer or reducing losses in the window. 

NOMENCLATURE 
β : n (electrons) or p (holes) ; i : region (1, 2, 3 or 4) 

𝛼𝑖  : Absorption coefficient of region i (𝑐𝑚−1)  

𝐹 : Incident photons flux (𝑐𝑚−2. 𝑠−1 . 𝑒𝑉−1) (or  (𝑐𝑚−2. 𝑠−1)) 

Ф : Incident photons flux (𝑐𝑚−2. 𝑠−1. 𝜇𝑚−1) (or  (𝑐𝑚−2. 𝑠−1)) 

𝑅 : Reflection coefficient (𝑅 = 0.2) 

𝜏𝛽𝑖
 : Lifetime of free electrons or holes photocreated in region i (𝜇 𝑠 ) 

∆𝛽𝑖(𝑥): Density of free electrons or holes photocreated in region i at the point of 𝑥 coordinate (𝑐𝑚−3 . 𝑒𝑉−1)  (or 

(𝑐𝑚−3)) 

𝐽𝛽𝑖
(𝑥) : Photocurrent density of free electrons or holes photocreated in region i at the point of  𝑥 coordinate 

(𝐴. 𝑐𝑚−2 𝑒𝑉−1)  (or (𝐴. 𝑐𝑚−2)) 

Figure 14 : photocurrent density of minority carriers photocreated under polychromatic illumination : a) result photocurrent 

density vs. photon energy; b) Short-circuit photocurrent vs. junction depth (x)  ;  c) electrons, holes and short-circuit 

photocurrent vs. junction depth (x) 
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𝐽𝑝ℎ : Total density of photocurrent (𝐴. 𝑐𝑚−2 . 𝑒𝑉−1)  

𝐽𝑠𝑐  : short circuit current(𝐴. 𝑐𝑚−2) 

𝐷𝛽𝑖
 : Diffusion coefficient of free electrons or holes photocreated in region i (𝑐𝑚2. 𝑠−1) (𝐷𝑛1

= 𝐷𝑛2
=

15.41 𝑐𝑚2. 𝑠−1 𝑎𝑛𝑑 𝐷𝑝3
= 𝐷𝑝4

= 1.28 𝑐𝑚2. 𝑠−1) 

 𝐿𝛽𝑖
 : Diffusion length of free electrons or holes photocreated in region i  (μ𝑚) 

𝑆𝛽𝑖
 : Recombination velocity on the surface (or to the interface) of region i  (𝑐𝑚. 𝑠−1) 

𝐻 : Thickness of the structure (𝜇𝑚) 

𝐻𝑖  : Thickness of the region i (𝜇𝑚) 

𝑤𝑖  : Thickness of the region i of the space charge region (SCR) (𝜇𝑚) 

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

χCuInSe2 : Electron affinity of CuInSe2 

 χCuInS2 : Electron affinity of CuInS2 

𝐸𝑔CuInSe2 : Energy band gap of CuInSe2 

𝐸𝑔CuInS2 : Energy band gap of CuInS2 
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