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ABSTRACT 
In this paper, we study in the case of monochromatic and polychromatic illuminations, the behavior of the structure  
ZnO(n+)/CdS(n)/CuInSe2(p)/ CuInS2(p+)  where CuInSe2 represent the base and CuInS2 the substrate. ZnO and 
CdS are used as window layers. We propose the study of the internal quantum efficiency, the generation rate 
profiles, the photogenerated minority carrier densities and the resulting photocurrent densities, represented versus 
the junction depth. We consider photon energy ranging between 1.04 eV (λ = 1.192 μm) and 3.1 eV (λ = 0.4 μm). 
The study of the profiles of these parameters allows to visualize the behavior of the photocreated carriers in the 
different regions of the structure, to identify the influence of the electrical and geometric parameters on the 
collection efficiency, shows the transport direction of the carriers and the effects of the interfaces and surfaces on 
their collection [1].   
KEYWORDS:  Thin films, CuInSe2,  CuInS2, internal quantum efficiency, photoelectrical parameters. 

1. INTRODUCTION 
CuInS2 and CuInSe2 have similar electrical and lattice parameters but have different energy band gaps. The 
CuInSe2 has a direct band gap in order to 1.04 eV [2-4] and a lattice matched to the CuInS2  [5-12]. The band gap 
of the CuInS2 is in the order of 1.57 eV [6]. In this work we propose to study theoretically under polychromatic 
and monochromatic illuminations the behavior of the heterostructure with increasing energy band gap materials  
defined by the model ZnO(n+)/CdS(n)/CuInSe2(p)/CuInS2(p+)  where the layers ZnO and CdS respectively doped 
n + and n, are used as large gap window layers. CuInSe2 is used as a base and CuInS2 as a substrate. The substrate 
doped p+ and the base doped p are the same family (chalcopyrite semiconductor). The p+ doping allows to 
maintain photocarriers in the base (creating a low potential barrier). It involves studying the intrinsic parameters 
such as the generation rate, the photogenerated minority carrier densities and the photocurrent densities, which 
are at the origin of the spectral response. The study of these parameters allows to see and to identify the influence 
of the electrical and geometrical parameters on the collection efficiency, it shows the transport direction 
(diffusion) of the carriers and the influence of the interfaces on their collection. 
 

2. MATERIALS AND METHOD 
For the structure n+npp+, the theoretical model used for the determination of the spectral response and the intrinsic 
parameters (generation rate, photogenerated minority carrier densities  and resulting photocurrent densities) is 
based on the effects of the absorption coefficients of the different materials and the geometrical and electrical 
parameters modeling the solar cell (diffusion length, recombination velocity at the front and the back surface and 
at the interface between different layers, thicknesses of the layers, etc.). 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. Moreover, in this same region, recombination phenomena are neglected. 
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    Figure 1.  (a) Absorption coefficient of CdS, CuInS2, CuInSe2  materials versus photon energy [1, 5, 6] ;  (b) Absorption 

coefficient and reflection coefficient of ZnO material versus photon energy  [13] 

 

                                         
 
                                          Figure 2 : Diagram of the structure  ZnO(n+)/CdS(n)CuInSe2(p)/CuInS2(p+) 

 

                                     
 
                                          Figure 3 : Energy band diagram of the structure  ZnO(n+)/CdS(n)CuInSe2(p)/CuInS2(p+) [14] 

The theoretical study, based on solving a system of differential equations formed by the continuity equations with 
the optica,l electrical and geometrical parameters of the various materials of the structure, 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 by visualizing carrier behaviors in 
two and three dimensional representation. It also allows to choose the best parameters in order to enhance the 
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solar cell performance. On figures 1 we represent the optical absorption coefficients of the different materials and 
the ZnO reflection coefficient [1, 5, 6, 13].  The diagram of the structure is shown on figure 2 and the energy band 
diagram is represented on figure 3 [14]. 
 
Calculation of the photocurrent of holes in ZnO layer 

 
In ZnO layer, the photocurrent is essentially due to the holes, the continuity equation is written : 

                                           
��∆������� 	 ∆����
����� � ������������������ ������                                                 (1)   

          With :                                           ����� � � ����������                                                               (2) 
The expression of the generation rate is given by :  

                                                 ������� �   ���!�1 	 #����$���� �                                             (3) 
Boundary conditions are given by [1, 5, 15] : 

                                                  ����� %�∆������ & � '����∆(���     for   � � 0                                             (4) 

                                                                     ∆(��� � 0                   for       � � *+,-                                (5) 
The solution of equation (1) gives the expression of the density of holes in ZnO layer, it is written :   

∆(������ � 	 ���� 
������������������%�����
����� �& . /$����∙ � 1
2 3����4����5���� 6����
����7∙892� �:��� 4���� 7 ������ :���;3����4����5����  ∙892 �4����76<92 �4����  7=

3����4����5���� >?2 :���4����76@?2 :���4����7 A                              (6) 

The expression of the photocurrent density of holes in ZnO layer, is given by :  

                                                                    B������� �  	C����� �∆������                                           (7)                                    

Calculation of the photocurrent of holes in CdS layer  
In CdS layer, the photocurrent is also a hole current. The interface effects are characterized by a recombination velocity at the 

interface ZnO/CdS  noted '���� DEF⁄ . The continuity equation is given by :   

                                
��∆�DEF��� 	 ∆�DEF
�DEF� � �DEF �������������� :��� ���DEF���:������DEF                                 (8) 

          With :                                         ��DEF � � ��DEF��DEF                                                                               (9) 

The expression of the generation rate is given by :   

                        �DEF��� �  DEF!�1 	 #����$���� H��� $�DEF��H����                                   (10)  
Boundary conditions are given by [1, 5, 16, 17] :   

                            ��DEF �∆�DEF�� � '���� DEF⁄  ∆(DEF 1 ����� �∆������      for  � � *+,-                             (11)                  

                                     ∆(DEF � 0    for  � � *IJ' 1 *+,-                                                                    (12) 
The solution of equation (8) gives the density of holes in CdS layer, it is given by :  
                                                           ∆(DEF��� � ∆(K��� 1 ∆(L���                                                 (13)            

∆(K��� � 	 �DEF 
�DEF � �������� ������ :�����DEF%�DEF�
�DEF� �& ∙ /$�DEF��H���� 1
23���� DEF⁄ 4�DEF5�DEF 6�DEF 
�DEF7∙892� � M :��� N :DEFO4�DEF 7 –���DEF :DEF;3���� DEF⁄ 4�DEF5�DEF  ∙892��:���4�DEF 76<92��:���4�DEF 7=

3���� DEF⁄ 4�DEF5�DEF  >?2 :DEF4�DEF76@?2 :DEF4�DEF7 A    (13-a)            

∆(L��� � 	 892� � M:��� N :DEFO4�DEF 7  ∙ ���� �������� 
����
�DEF
��DEF  %�����
����� �&Q3���� DEF⁄ 4�DEF5�DEF  >?2 :DEF4�DEF76@?2 :DEF4�DEF7R .

S2 3����4����5���� 6����
����7 ������ :��� ;3����4����5���� @?2 :���4����76>?2 :���4����7=
3����4����5���� >?2 :���4����76@?2 :���4����7 	  �������� $���� H��� T             (13-b)            

The expression of the resulting photocurrent density of holes in CdS layer is given by : 
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                                                              B�DEF�x� �  	C��DEF �∆�DEF��                                                                (14) 

 

Calculation of the photocurrent in the space charge region 
In the space charge region, the recombinations of carriers are neglected. It is formed by two areas : the first area is formed by  
CdS layer, the thickness is fixed at VW�X, the continuity equation for the photo-created holes is written as :     

                              	 �Y �Z[\]3�� 1  DEF!�1 	 #����  $���� H���$�DEF��H����  � 0                                (15) 

            With :                                             B^\]3 ��� � 0          for � � *W�X 1 *_`a                                                 (16)  

The photocurrent density of holes in this first area (CdS), is given by the solution of equation (15), it is written as :  

                          B^\]3 ��� � 	C!�1 	 #����$���� H���b$�DEF��H���� 	 $�DEF HDEFc                         (17) 

The second area is formed by CuInSe2 layer, the thickness is fixed at VWde`X��, the continuity equation for the photo-created 
holes is written as :   	 �Y �Z[Dfg�FhK�� 1  Dfg�FhK!�1 	 #����$���� H���$�DEF�HDEF6^DEF�$�Dfg�FhKi��H��� 6 HDEF6^DEF�j � 0   (18)     

         With :                               B^Dfg�FhK ��� � 0       for � � *_`a 1 *W�X 1 VW�X                                                     (19) 

The photocurrent density of holes in this second area (CuInSe2), is given by the solution of equation (18), it is written as :        

     B^Dfg�FhK��� � 	C!�1 	 #����$���� H���$�DEF�HDEF6^DEF�b$�Dfg�FhKi��H��� 6 HDEF6^DEF�j 	 1c    (20) 

Calculation of the photocurrent in CuInS2 layer 
In CuInS2 layer, the photocurrent is due to the photo-created electrons, the continuity equation is given by : ��∆`Dfg�FK��� 	 ∆`Dfg�FK
kDfg�FK� � �Dfg�FK�kDfg�FK !�1 	 #����$���� H��� . $�DEF�HDEF6^DEF�$�Dfg�FhK %HDfg�FhK6^Dfg�FhK& .
$�Dfg�FK l�%HHDfg�FK&m                                                                                                                                  (21) 
The expression of the generation rate is given by : �Dfg�FK��� �  Dfg�FK !�1 	 #����$���� H��� . $�DEF�HDEF6^DEF�$�Dfg�FhK %HDfg�FhK6^Dfg�FhK& .$�Dfg�FK l�%HHDfg�FK&m                                                                                                                                  (22) 
Boundary conditions are given by [1, 5, 15] :   

                                         �`Dfg�FK  �∆`Dfg�FK�� � 	'`Dfg�FK ∆,Dfg�FK     for  � � *                                         (23)                                                                       

                                                                 ∆,Dfg�FK � 0        for        � � * 	 *CuInS2                                              (24)  

The density of photo-created electrons in CuInS2 is solution of equation (21), It is given by :     ∆,Dfg�FK��� �
	 �Dfg�FK  
kDfg�FK � �������� �bM�DEF �����O:���c �l%�Dfg�FhK � �DEF&M:��� N :DEFN[DEFOm�l%�Dfg�FK � �Dfg�FhK&%:�:Dfg�FK&m

�kDfg�FK t�Dfg�FK �
kDfg�FK � �u   .
v$�Dfg�FK� 1 2�Dfg�FK
kDfg�FK   3kDfg�FK 4kDfg�FK5kDfg�FK 7 ���Dfg�FK : ∙89w��%:�:Dfg�FK&4kDfg�FK x 

3kDfg�FK 4kDfg�FK5kDfg�FK >?2 :Dfg�FK4kDfg�FK 76@?2 :Dfg�FK4kDfg�FK 7 	
���Dfg�FK%:�:Dfg�FK&y3kDfg�FK 4kDfg�FK5kDfg�FK  ∙ 892 :��4kDfg�FK 76<92 :��4kDfg�FK 7z

3kDfg�FK 4kDfg�FK5kDfg�FK >?2 :Dfg�FK4kDfg�FK 76@?2 :Dfg�FK4kDfg�FK 7 {                                                                            (25) 

 
 
 
The resulting photocurrent density of electrons in CuInS2 layer is given by :  

                                                        B`Dfg�FK �x� �  C�`Dfg�FK
�∆`Dfg�FK��                                                                                    (26)   

Calculation of the photocurrent in CuInSe2 layer 
In CuInSe2 layer, the photocurrent is also due to the photo-created electrons, the continuity equation is given by :        ��∆`Dfg�FhK��� 	 ∆`Dfg�FhK
Dfg�FhK� � �Dfg�FhK�kDfg�FhK !�1 	 #����$���� H���$�DEF�HDEF6^DEF�$�Dfg�FhK i��H��� 6 HDEF6^DEF�j (27)   

The expression of the generation rate is given by : 
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      �Dfg�FhK��� �  Dfg�FhK!�1 	 #����$���� H��� $�DEF�HDEF6^DEF�$�Dfg�FhKi��H��� 6 HDEF6^DEF�j           (28)   

The interface effects are characterized by a recombination velocity at the interface CuInSe2/CuInS2 noted '`Dfg�FhK Dfg�FK⁄ .  

Boundary conditions can be written as [14] :  
                                    ∆,Dfg�FhK � 0   for        � � *_`a 1 *W�X 1 VW�X 1 V|}~����                                      (29) 

           �`Dfg�FhK
�∆`Dfg�FhK�� � 	'`Dfg�FhK Dfg�FK⁄ ∆,Dfg�FhK 1 �`Dfg�FK

�∆`Dfg�FK��     for  � � * 	 *|}~���             (30)                                                              

The density of photo-created electrons in CuInSe2 layer, is solution of equation (27), It is given by :  
                                                          ∆,Dfg�FhK ��� � ∆,���� 1 ∆,����                                                                               (31) 

∆,���� � 	 �Dfg�FhK  
kDfg�FhK ��������� �bM�DEF �����O:���c �l%�Dfg�FhK � �DEF&M:��� N :DEFN[DEFOm
�kDfg�FhK t�Dfg�FhK�
kDfg�FhK � �u    . v$�Dfg�FhK� 1

2�Dfg�FhK
kDfg�FhK   3kDfg�FhK Dfg�FK⁄ 4kDfg�FhK5kDfg�FhK 7 ���Dfg�FhK %:�:Dfg�FK& ∙89y��%:��� N :DEFN[DEFN[Dfg�FhK&4kDfg�FhK z 
3kDfg�FhK Dfg�FK⁄ 4kDfg�FhK5kDfg�FhK >?y :Dfg�FhK4kDfg�FhK z6@?y :Dfg�FhK4kDfg�FhK z 	

���Dfg�FhK%:��� N :DEFN[DEFN[Dfg�FhK& y3kDfg�FhK Dfg�FK⁄ 4kDfg�FhK5kDfg�FhK ∙89w%:�:Dfg�FK&��4kDfg�FhK x6<9w%:�:Dfg�FK&��4kDfg�FhK xz
3kDfg�FhK Dfg�FK⁄ 4kDfg�FhK5kDfg�FhK >?y :Dfg�FhK4kDfg�FhK z6@?y :Dfg�FhK4kDfg�FhK z {                  (31-a) 

 ∆,���� �
	 89y��%:��� N :DEFN[DEFN[Dfg�FhK&4kDfg�FhK z   �Dfg�FK 
kDfg�FK 
kDfg�FhK  �������� �bM�DEF �����O:���c �l%�Dfg�FhK � �DEF&M:��� N :DEFN[DEFOm 

�kDfg�FhK t�Dfg�FK�
kDfg�FK � �u �3kDfg�FhK Dfg�FK⁄ 4kDfg�FhK5kDfg�FhK >?y :Dfg�FhK4kDfg�FhK z6@?y :Dfg�FhK4kDfg�FhK z�  .
$l%�Dfg�FK   �Dfg�FhK&%HHDfg�FK&m . v2�Dfg�FK
kDfg�FK   3kDfg�FK 4kDfg�FK5kDfg�FK 7 ���Dfg�FK : 

3kDfg�FK 4kDfg�FK5kDfg�FK  >?2 :Dfg�FK4kDfg�FK 76@?2 :Dfg�FK4kDfg�FK 7 1
���Dfg�FK %:�:Dfg�FK&y3kDfg�FK 4kDfg�FK5kDfg�FK ∙<92 :Dfg�FK4kDfg�FK 76892 :Dfg�FK4kDfg�FK 7z

3kDfg�FK 4kDfg�FK5kDfg�FK  >?2 :Dfg�FK4kDfg�FK 76@?2 :Dfg�FK4kDfg�FK 7 	  Dfg�FK�`Dfg�FK $�Dfg�FK %HHDfg�FK&{           (31-b) 

The expression of the photocurrent density of electrons in CuInSe2 layer is given by : 

                                                   B`Dfg�FhK �x� �  C�`Dfg�FhK
�∆`Dfg�FhK��                                                                 (32)   

 

Calculation of the total photocurrent 
Carriers which reach the space charge region are assumed to be collected. The total photocurrent collected is the sum of the 
photocurrents of the different layers, that pass through the space charge region, it is given by the following equation :  
 
                                 B�? � B+,-	IJ' 1 BVIJ' 1 BVDfg�FhK 1 BDfg�FhKDfg�FK                                                                (33) 

 
 
 
 

By noting :  B_`aW�X �   	C�(DEF  J∆(DEFJ� ���*IJ'1*+,- ;  B^\]3 � B^\]3�*+,- 1 *IJ' 1 VIJ'�  ; B^Dfg�FhK �B^Dfg�FhK�*+,- 1 *IJ' 1 VIJ' 1 VCuInSe2� ;  BDfg�FhK	Dfg�FK � C�,Dfg�FhK
J∆,Dfg�FhKJ� ���*+,-1*IJ'1VIJ'1VCuInSe2   

We obtain : 
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B_`aW�X � Y�DEF �������� 
�DEF������ :���%�DEF�
�DEF� �& . S 23���� DEF⁄ 4�DEF5�DEF 6�DEF 
�DEF7
3���� DEF⁄ 4�DEF5�DEF  >?2 :DEF4�DEF76@?2 :DEF4�DEF7 	

���DEF :DEF  ;3���� DEF⁄ 4�DEF5�DEF @?2  :DEF4�DEF76>?2  :DEF4�DEF7=
3���� DEF⁄ 4�DEF5�DEF  >?2 :DEF4�DEF76@?2 :DEF4�DEF7 	  DEF��DEF $�DEFHDEFT 1

 Y���� �������� 
����%�����
����� �& ;3���� DEF⁄ 4�DEF5�DEF  >?2 :DEF4�DEF76@?2 :DEF4�DEF7= . S 23����4����5���� 6����
����7
3����4����5���� >?2 :���4����76@?2 :���4����7 	

 ������ :��� ;3����4����5���� @?2 :���4����76>?2 :���4����7=
3����4����5���� >?2 :���4����76@?2 :���4����7 	  �������� $���� H��� T                                                          (34) 

 
                            B^\]3 � 	C!�1 	 #����$���� H���  $�DEF HDEF . i$�DEF ^DEF 	 1j                                    (35) 
 

                    B^Dfg�FhK � 	C!�1 	 #����$���� H���$�DEF�HDEF6^DEF� . i$�Dfg�FhK^Dfg�FhK 	 1j                (36) 

                                                               BDfg�FhKDfg�FK � B� 1 B�                                                                                           (37  

B� �� 	 Y �Dfg�FhK  
kDfg�FhK �������� �bM�DEF �����O:���c �l%�Dfg�FhK � �DEF&M:��� N :DEFN[DEFOm
t�Dfg�FhK�
kDfg�FhK � �u  .

v2�Dfg�FhK
kDfg�FhK   3kDfg�FhK Dfg�FK⁄ 4kDfg�FhK5kDfg�FhK 7 ���Dfg�FhK %:�:Dfg�FK& 
3kDfg�FhK Dfg�FK⁄ 4kDfg�FhK5kDfg�FhK >?y :Dfg�FhK4kDfg�FhK z6@?y :Dfg�FhK4kDfg�FhK z 1

���Dfg�FhK%:��� N :DEFN[DEFN[Dfg�FhK& y3kDfg�FhK Dfg�FK⁄ 4kDfg�FhK5kDfg�FhK ∙<92 :Dfg�FhK4kDfg�FhK 76892 :Dfg�FhK4kDfg�FhK 7z
3kDfg�FhK Dfg�FK⁄ 4kDfg�FhK5kDfg�FhK >?y :Dfg�FhK4kDfg�FhK z6@?y :Dfg�FhK4kDfg�FhK z 	

 Dfg�FhK�`Dfg�FhK $�Dfg�FhK %H��� 6 HDEF6^DEF6^Dfg�FhK&{                                                                          (37-a) 

B� �
	  Y �Dfg�FK
kDfg�FK �������� �bM�DEF �����O:���c �l%�Dfg�FhK � �DEF&M:��� N :DEFN[DEFOm�l%�Dfg�FK � �Dfg�FhK&%:�:Dfg�FK&m

 t�Dfg�FK�
kDfg�FK � �u �3kDfg�FhK Dfg�FK⁄ 4kDfg�FhK5kDfg�FhK >?y :Dfg�FhK4kDfg�FhK z6@?y :Dfg�FhK4kDfg�FhK z�  .
v2�Dfg�FK
kDfg�FK   3kDfg�FK 4kDfg�FK5kDfg�FK 7  ���Dfg�FK :  

3kDfg�FK 4kDfg�FK5kDfg�FK  >?2 :Dfg�FK4kDfg�FK 76@?2 :Dfg�FK4kDfg�FK 7 1 ���Dfg�FK %:�:Dfg�FK&y3kDfg�FK 4kDfg�FK5kDfg�FK ∙<92 :Dfg�FK4kDfg�FK 76892 :Dfg�FK4kDfg�FK 7z
3kDfg�FK 4kDfg�FK5kDfg�FK  >?2 :Dfg�FK4kDfg�FK 76@?2 :Dfg�FK4kDfg�FK 7 	

 Dfg�FK�`Dfg�FK $�Dfg�FK%HHDfg�FK&{                                                                                                               (37-b) 

 
The internal quantum efficiency (or spectral response) IQE is given by [1, 5, 18] : 
 

                 IQE � Z�k��\]36Z[\]36Z[Dfg�FhK 6ZDfg�FhK	Dfg�FKY�����                                                                                 (38) 
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3. RESULTS AND DISCUSSION 
 

Behavior of the structure under monochromatic illumination 
In this part, we particularly study the profiles of the generation rate, the minority carrier densities and photocurrent 
densities versus the depth of the junction, under monochromatic illumination. We consider radiation energies 
ranging between 1.04 eV (λ = 1.192 μm) and 3.1 eV (λ = 0.4 μm). We consider the  parameters of table 1. 
 

Table 1 :  physical parameters considered 

   Layer 
(Region i) 

Thicknes *�  
(µm) 

diffusion 
length ��� , �`�   �µm� 

recombination 
velocity '�� , '`�   ���. ��� 

Mobility 
coefficient μ�� , μ`�   ����/V. s� 

Diffusion 
coefficient ��� , �`�   ����. ��� 

ZnO (n+)      
(Region 1) 

0.3 0.3 2 . 10� 20 0.51 

CdS (n)         
(Region 2) 

0.1 0.4 2 . 10� 25 0.64 

CuInSe2 (p)    
(Region 3: 
Base) 

1 3 2 . 10� 400 10.27 

CuInS2 (p+)  
(Region 4:  
Substrate) 

98.5 1 2 . 10� 200 5.13 

                                             V� � 0.02µm ;  V� � 0.08µm ; * � 100µm 
      

 
 
 Figure 4 :  diagram of the structure and the geometrical parameters    
                           

 
 
 
 
 
 
 
 
Figure 5 shows for the considered parameters, the global internal efficiency (red curve) versus photon energy and 
the contribution of the different regions of the structure to the efficiency. We note substrate contribution (CuInS2) 
does not appear on the graph and a high contribution of the space charge region to the spectral response compared 
to the other regions. We also note the absorption of the frontal regions (CdS and ZnO) causes a decrease of the 
global efficiency.  
 
Generation rate profile  

On Figures 6-a ad 6-b, we represent the generation rate profiles versus the thickness of the structure for different 
radiation energies. On Figure 6-b, the peak observed between x = 0.3 μm and x = 0.4 μm for E = 3.1 eV (λ = 0.4  

    

Figure 5. Internal quantum efficiency 

vs. photon energy 
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μm) corresponds to the absorption of  photons by the CdS layer (peak G|¤�). On Figures 6-a and 6-b, the peaks 
obtained between x = 0.4 μm and x = 0.6 μm for photon energy ranging between 1.55 eV and 2.54 eV correspond 
to absorption of photons by CuInSe2 layer (peak G|}~����). 

 
Figure 6. (a) and (b) Generation rate vs. junction depth (x) under monochromatic illumination, (c) Three-dimensional 

representation  of Generation rate vs. photon energy and junction depth (x) under monochromatic illumination 

 
Figure 6-c shows in three-dimensional representation the profile of the generation rate versus the radiation energy 
and the junction depth. The generation rate presents three peaks modeling the absorption of photons by  ZnO layer 
(peak G¥�¦), CdS layer  (peak G|¤�) and CuInSe2 layer (base and region 2 of space charge region) (peak G|}~����). 
However, the absorption of photons by CuInS2 layer (substrate : x> 1.5 μm) is not visible on the graphs because 
photons are absorbed by  the base (CuInSe2 layer) and do not reach the substrate. The energy band gap of CuInSe2 
layer is smaller than the energy band gap of CuInSe2 layer.   
 
Minority carrier densities  

Figure 7-a describes the profile of hole density in ZnO layer and CdS layer. The hole density is zero in the non 
absorption range of ZnO and CdS layers (E ≤2.5 eV). For an absorption of these regions, we note losses of carries 
at the ZnO surface (part HZnO(1) ). The losses of carriers at the ZnO surface and at the ZnO-CdS interface reduce 
the density of holes in CdS layer and explains the decrease of the global efficiency in the absorption range of these 
regions.        
 

Figure 7-b shows the electron density profile versus thicknesses in CuInSe2 layer (part *Wde`X�� ) and CuInS2 layer 
( part *Wde`X�). There is no electron density in CuInS2 layer (x> 1.5 μm : part *Wde`X�) for the different 
illuminations (1.1 eV < E <3.1 eV); there is no generation of carriers in this area, the photons are all absorbed by 
the base (CuInSe2 layer) placed before the substrate (CuInS2 layer).  
 
In CuInSe2 layer (part *Wde`X�� ), the electron density increases when radiation energy decreases, so low energy 
photons are absorbed in volume with the junction depth. For photons having an energy belonging to the range 1.1 
eV <E <1.55 eV largely absorbed by the base, the electron density increases with the thickness of the base and 
models the diffusion of carriers only towards the space charge region where they will be collected. This diffusion 
of the electrons only towards the space charge region means that there are not many losses of carriers by 
recombination at the base-substrate interface. There is no a spike effect at this interface and the low potential 
barrier between the base and the substrate allows to confine the carriers in the base. The recombination velocity 
at the base-substrate interface is assumed to be low and fixed at  '`\§¨k3©� \§¨k3�⁄ � 2 . 10� cm.s-1. 

 
 
 
 
 



  ISSN: 2277-9655 

[Keita et al., 9(8): August, 2020]  Impact Factor: 5.164 

IC™ Value: 3.00  CODEN: IJESS7 

htytp: // www.ijesrt.com© International Journal of Engineering Sciences & Research Technology 

 [9] 

    
IJESRT is licensed under a Creative Commons Attribution 4.0 International License. 

 
- Three-dimensional modeling of minority carrier densities 

 

     

 

 

Figure 8.  Three-dimensional representation of minority carrier density vs. photon energy and junction depth (x) under 

monochromatic illumination : (a) hole density in ZnO and CdS layers , (b) electron density in CuInSe2 and CuInS2 layers 

3-1-3. photocurrent densities of minority carriers 
 
Figure 9-a shows the hole photocurrent density versus thickness in ZnO layer (parts H¥�¦���  and H¥�¦���) and 
CdS layer (part H|¤�) for different radiation energies. The negative part in the ZnO layer (part H¥�¦���) shows 
the photocurrent losses on the frontal surface. The presence of the interface is modeled by the discontinuity of the 
photocurrent for x = 0.3 μm (peak I¥�¦/|¤� ). 
 
Figure 9-b shows the hole photocurrent density versus thickness in the space charge region (part W|¤� and part W|}~����) For different radiation energies. The photons absorbed by the CuInSe2 layer in the space charge region 
(part W|}~����) generate a photocurrent of holes which increases simultaneously with the thickness of this region 
and the energy of radiation. Above 2.5 eV, the front layers (ZnO and CdS) begin to absorb incident photons and  

A three-dimensional representation of the 
minority carrier densities is illustrated on 
Figures 8-a and 8-b.  
Figure 8-a shows the profile of the hole density 
in ZnO layer (region 1: part H¥�¦ ) and CdS 
layer (region 2 : part H|¤�) versus thickness 
and energy of incident photons. The cavity 
observed around 3.3 eV (peak c) shows high 
losses of carriers in ZnO layer. This figure 
summarizes in three dimensions the figure 7-a. 
Figure 8-b shows the electron density in the 
rear area (CuInSe2 and CuInS2 layers : base and 
substrate) versus thickness and energy of 
incident photons. The part *Wde`X��  represents 

the profile of the electron density in CuInSe2 
layer (base). The part *Wde`X�where the 

electron density is zero represents the CuInS2 
layer (substrate). This figure summarizes in 
three-dimensional representation the figure 7-
b. 

Figure 7.  Density of minority carriers photocreated vs. junction 

depth (x) under monochromatic illumination: a) density of holes 

in regions 1 and 2 (ZnO-CdS) ; b) density of electrons in regions 

3 and 4 (base and substrate : CuInSe2 – CuInS2) 
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reduce the number of photons that reaches the space charge region, causing a drop of the photocurrent of holes in 
this area. For example, for E = 3.1 eV (λ = 0.4 μm), the hole photocurrent decreases widely and remains constant. 
It means that the photons having energy greater than 3.1 eV do not reach the space charge region and are all 
absorbed by the front layers (ZnO and CdS) on a thin thickness lower than 0.4 μm.  

 
Figure 9. Photocurrent density of minority carriers photocreated vs. junction depth (x) under monochromatic 

illumination :a) holes in regions 1 and 2 (ZnO-CdS) ; b) holes in the space charge region  (CdS/CuInS2)  ; c) electrons in 

regions 3 and 4 (base and substrate : CuInSe2 – CuInS2) 

 
Figure 10. Three-dimensional representation Photocurrent density of minority carriers vs. photon energy and junction 

depth (x) under monochromatic illumination :  a) holes in regions 1 and 2 (ZnO-CdS) )  ; b) holes in the space charge 

region  (CdS/ CuInS2) ; c) electrons in regions 3 and 4 (base and substrate : CuInS2 – CuInSe2) 

 
Figure 9-c represents the electron photocurrent density versus the thickness in CuInSe2 layer (base : part H|}~����) 
and CuInS2 layer (substrate : part H|}~���). For each given energy, the electron photocurrent decreases with the 
thickness of the base and thus models the diffusion of carriers (electrons) only towards the collection area (space 
charge region) where they will be collected. We also note, in the base (part H|}~����), the photocurrent of electrons 
increases with decreasing radiation energy because only photons of low energy (1.04 eV <E <1.55 eV) reach the 
rear area. In the substrate (part H|}~���) there is no electron photocurrent density because the photons do not reach 
this region beyond E = 1.57 eV (energy band gap of CuInS2 layer), they are all absorbed by the base and the space 
charge region (CuInSe2 layer) on a thin thickness lower than 1 μm.  However, we also note that there are no 
photocurrent losses (no negative electron photocurrent), it means the electrons do not diffuse towards the back 
surface. Indeed they are blocked by the electrical potential barrier that exists between the base and the substrate, 
and also the absence of spike effect at the base-substrate interface reduces carrier losses by recombination 
('`\§¨k3©� \§¨k3�⁄ � 2 . 10� cm.s-1).   
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- Three-dimensional modeling of photocurrent densities of minority carriers 

Figures 10-a, 10-b and 10-c show the evolution of photocurrent of minority carriers versus junction thickness and 
photon energy (three-dimensional representation) respectively in the front area (ZnO and CdS layers : regions 1 
and 2), in the space charge region (CdS / CuInSe2 layers) and in the rear area (CuInSe2 and CuInS2 layers : base 
and substrate). 
 
Figures 11-a and 11-b respectively represent hole and electron photocurrents versus the thickness of the structure 
for different radiation energies. The parts R1-R2, SCR-Base, substrate represent the photocurrent of holes (figure 
11-a) or electrons (figure 11-b) respectively in regions 1 and 2 (ZnO and CdS layers), in the space charge region 
(CdS and CuInSe2 layers) and the base (CuInSe2 layer), in the substrate (CuInS2 layer). 
 

 

Figure 11. Photocurrent density of minority carriers photocreated vs. junction depth (x) under monochromatic 

illumination throughout the structure : a) photocurrent density of holes ; b) photocurrent density  of electrons , c) total  

photocourrent 

 

The total photocurrent resulting from the sum of electron photocurrent and hole photocurrent is constant and is 
shown on Figure 11-c versus thickness of the structure. We note that all carriers generated by photons having 
energy ranging between 1.3 eV and 2.5 eV, are collected and generate the largest photocurrent (part J3).  Photons 
having low energy ranging between 1.04 eV and 1.3 eV provoke a decrease of the photocurrent (part J2). Indeed 
they are absorbed in a depth thickness and are not all absorbed by the CuInSe2 layer. The thickness of the CuInSe2 
layer is fixed at 1.08 µm located between the space charge region and the base (0.42 µm <x <1.5 µm). Above 3 
eV, the absorption of photons by frontal layers (ZnO and CdS layers) strongly reduces the photocurrent (part J1) 
due to the losses of carriers by recombination phenomenon observed at the ZnO surface and at the ZnO / CdS 
interface. 
 
Polychromatic illumination under solar spectra AM0, AM1, AM1.5 

 

Generation rate profile under AM0, AM1, AM1.5 solar spectra 

On figure 12 we represent three solar spectra of reference versus photon energy [1, 19], allowing to evaluate the 
theoretical short-circuit photocurrent.  
 
On Figure 13-a, we represent the profile of the generation rate versus junction thickness of the structure for a 
polychromatic illumination (AM0, AM1 and AM1.5 spectra). The generation rate shows two peaks. A low peak 
is observed between x = 0.3 μm and x = 0.42 μm (peak GCdS) modeling a weak absorption of photons by the CdS 
layer. A second peak more elevated is observed between x = 0.42 μm and x = 0.8 μm (peak  GCuInSe2), it models 
the absorption of photons by CuInSe2 layer. The low absorption of photons by the CdS layer is due to the low 
flux of incident photons above 2.5 eV for the different solar spectra (AM0, AM1 and AM1.5). ZnO and CuInS2  
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absorptions are not visible on the graph. For ZnO layer, it absorbs photons above 3.1 eV and in this energy range 
(E> 3.1 eV) the flux of incident photons is too weak for the different solar spectra (see Figure 12). For the  
 

 
  Figure 12. Photon flux vs. photon energy [1, 19] 

 
Figure 13. Under polychromatic illumination (AM0, AM1, AM1.5 solar spectra) : (a) Generation rate vs. junction depth 

(x), (b) total  photocurrent density  vs. photon energy, (c) short-circuit photocurrent density vs. junction depth (x) 
 

For this calculation, we pose � = 100 and obtain theoretical short-circuit photocurrents represented on figure 13-
c and established in table 2 : 
                                 Table 2.   Theoretical short-circuit photocurrents  

  AM 0                     AM 1                AM 1,5       

 47 mA.cm-2          34 mA.cm-2          31 mA.cm-2               

 
A relation similar to the expression (39) allows to obtain, the graphs of the generation rate, of the densities of 
minority carriers and   the densities of photocurrent versus junction depth under AM0, AM1 and AM1.5 solar 
spectra.  We always maintain the values used in Table 1. 
 
Minority carrier density and resulting photocurrent profiles under AM0, AM1, AM1.5 solar spectra 

Figure 14-a shows the hole density in ZnO (part HZnO) and  CdS (part HCdS) layers and Figure 15-a shows the 
resulting hole photocurrent in the same regions. 
 

 absorption of CuInS2 the photons do not reach the 
substrate, they are all absorbed by the front layers above 
1.57 eV (CuInS2 energy band gap). Figure 13-b represents 
the resulting photocurrent density versus photon energy 
for the different solar spectra.  The short-circuit 
photocurrent noted B�� is shown on Figure 13-c for the 
different solar spectra (AM0, AM1, AM1.5). It is 
calculated by using  a numerical integration method. For 
this calculation, we use the Newton quadrature. we note: B>@ � ¬ B�?�� ��J ® ¯°� bB�?��� 1 B�?�±6�� 12 ∑ B�?���±�³� c                              (39) 

With:  ∈  i1 , 3j ; � � 1 ;  ±6� � 3 ; µ � °¶N· °·±   �6� � � 1 ¸ ∙ µ   avec : ¸ ∶ 1 … � 
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Figure 14-b shows the density of electrons versus thickness of the rear area (base and substrate) for a 
polychromatic illumination (AM0, AM1 and AM1.5 solar spectra). As noted in the case of monochromatic 
illuminations, in the base (part HCuInSe2), the electron density decreases towards the space charge region (0.4 
μm≤x≤0.5 μm) where they diffuse before being collected. The increase of electron density towards the base-
substrate interface (x = 1.5 μm)  is due to the low recombination velocity assumed at the interface ('`» � 2 . 10� 
cm.s-1) and the confinement of electrons in the base due to the low potential barrier between the base and the 
substrate. There is no electron density in the substrate (part HCuInS2) because incident photons do not reach this 
region (see generation rate profile). Figure 15-b shows the photocurrent of electrons in the base and the substrate. 
In the base (part HCuInSe2), as also noted in the case of monochromatic illuminations, the electron photocurrent 
increases near the space charge region. This increase results from the electron diffusion only towards this 
collection area. In the substrate (part HCuInS2) there is no electron photocurrent because all photons are absorbed 
by the frontal layers. 

   

 
Figure 15. Photocurrent density of minority carriers photocreated vs. junction depth (x) under polychromatic 

illumination (AM0, AM1, AM1.5 solar spectra) :a) photocurrent density of holes in regions 1 and 2 (ZnO-CdS) ; b) 

photocurrent density  of electrons in regions 3 and 4 (base and substrate : CuInS2 – CuInSe2)  ; c) photocurrent density 

of holes in the space charge region  (CdS/ CuInS2) 

 

 
 

Figure 14. Density of minority carriers photocreated vs. junction depth (x) 

under polychromatic illumination (AM0, AM1, AM1.5 solar spectra) : a) 

density of holes in regions 1 and 2 (ZnO-CdS) ; b) density of electrons in 

regions 3 and 4 (base and substrate : CuInS2 – CuInSe2) 

 

 Figure 15-c shows the photocurrent of 
holes in the space charge region, this 
photocurrent is quasi-constant in part 
WCdS which indicates that photons 
absorbed by the CdS layer do not reach 
the space charge region , the CdS layer 
absorbs practically  all of them in region 
2. The part WCuInSe2 models the 
absorption of photons by the CuInSe2 

layer wich causes an increase of the 
photocurrent with the thickness. Figures 
16-a and 16-b represent respectively the 
hole and electron photocurrents through 
the different regions of the structure for 
the different solar spectra (AM0, AM1 
and AM1.5).  
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On Figure 16-c, we represent the electron and hole photocurrents and the short-circuit photocurrent versus the 
junction depth in the same graph for an AM 1.5 solar spectrum. We show the same representation on Figure 16-d 
for an AM 0 spectrum. 
 
The parts  R1-R2, SCR-Base, Substrate represent respectively the considered photocurrent (of electrons, holes or 
short-circuit) in regions 1 and 2 (ZnO and CdS), in the space charge region and the base (CdS and CuInSe2), in 
the substrate (CuInSe2). 
 

 

Figure 16. Photocurrent density of minority carriers photocreated vs. junction depth (x) under polychromatic 

illumination (AM0, AM1, AM1.5 solar spectra) throughout the structure : a) photocurrent density of holes ; b) 

photocurrent density  of electrons;   c) electron, hole and short-circuit photocurrents  vs. junction depth (x)  under 

polychromatic illumination throughout the structure for AM1.5 solar spectrum ; d) electron, hole and short-circuit 

photocurrents  vs. junction depth (x)  under polychromatic illumination throughout the structure for AM0 solar spectrum 

 

4. CONCLUSION 
 

In this work we considered a 4-layer model with a double wide-gap window layer (ZnO and CdS) leading to a 
n+/n/p/p+ model of structure.  The substrate and the base of the structure are different nature materials and impose 
boundary conditions that take into account interface effects. For the considered structure  ZnO (n +) / CdS (n) / 
CuInSe2 (p +) / CuInS2 (p), materials are not settled  with a decreasing energy band gap. The base (CuInSe2) has 
the lower energy band gap and a higher photon absorption coefficient, it reacts first and thus reduces substrate 
contribution. However at the base-substrate interface the energy band diagram constructed according to the 
Anderson model [20], shows a lack of discontinuity of the valence and conduction bands (no spike effect). This 
no spike effect, the electrical and lattice parameters fairly close, allow to assume to reduce the recombination rate 
of the carriers at the base - substrate interface (reduction of the recombination centers). The purpose is to study 
the behavior of the structure under illumination and optimize performance theoretically.  
 
In this approach, the internal quantum efficiency has been represented and the results obtained show that the 
spectral response essentially depends on geometrical and electrical parameters (base thickness, diffusion length, 
recombination rate at the interface, etc.) and their optimization is important for a better performance of the 
structure. 
The studies of the profiles of the generation rate, the minority carrier density and the photocurrent density have 
been done under monochromatic and polychromatic illumination and shown in three dimensional-representation, 
to study the intrinsic behavior of the structure originally of the spectral response curves. These studies allow to 
visualize the behavior of the different areas of the structure, and the effect of the geometrical and electrical 
parameters on the collection of carriers. Thus, they help to determine the right parameters to enhance the efficiency 
of the solar cell. 
 

Nomenclature 
β : n (electrons) or p (holes) ; i : region (1 : ZnO ; 2 : CdS ;  3 : CuInSe2 ;  4 : CuInS2)  �  : Absorption coefficient of region i �����  
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 ! : Incident photons flux  ����. ��� # : Reflection coefficient �¼� : Lifetime of free electrons or holes photocreated in region i �½ � � ∆¾����: Density of free electrons or holes photocreated in region i at the point of � coordinate  ����� B¼���� : Photocurrent density of free electrons or holes photocreated in region i at the point of  � coordinate  �¿. ���� B�?  : Total density of photocurrent �¿. ���� �¼� : Diffusion coefficient of free electrons or holes photocreated in region i ����. ���   �¼�  : Diffusion length of free electrons or holes photocreated in region i  �µ�� '¼� : Recombination velocity on the surface (or to the interface) of region i  ���. ��� * : Thickness of the structure �½�� *�  : Thickness of the region i �½�� V�  : Thickness of the region i of the space charge zone (SCZ) �½�� C : Elementary charge �1.6 . 10�ÀI� 
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