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Abstract 

In this research, different tandem solar cells were designed and simulated, in which the upper sub-

cell is Sb2S3. Different structures including Sb2Se3, CISe, CZTSe and GeTe were proposed for 

the lower sub-cell.   It is very important to match the current in the upper and lower sub-cells in 

consecutive cells. To reach the current matching point, the thickness of the layers of the lower 

sub-cell was kept constant and the thickness of the absorbing layer of the upper cell was changed 

so that the current density in both sub-cells was the same. At the current matching point, the 

performance of the upper cell under the AM 1.5G standard spectrum radiation and the 

performance of the lower sub-cell under the filtered spectrum radiation were evaluated, and then 

the current-voltage characteristic curve of the tandem cell was obtained from the sum of the 

characteristic curves of the two sub-cells. The efficiency obtained for Sb2S3/Sb2Se3, Sb2S3/CIS, 

Sb2S3/CZTSe and Sb2S3/GeTe tandem cells was 22.10%, 30.95%, 24.83% and 36.80%, 

respectively. The greater the energy gap difference of the sub-cells, the more photons are collected 

and the greater current density is obtained for the cell. The best performance was obtained when 

GeTe was used as the bottom sub-cell. 

Keywords: Tandem Solar Cells, Sb2S3, Numerical Simulation, Filtered Spectrum, Current 

Matching Technique
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  &�1t�� .;1��� #'R (� -��7U 	 :'R�� :B(? L9�

α(λ)  T��� �� 	 -�� ���� (� XKS `'(U�   ���� ('+

:� :�9�  

5    gE A hv E    

  D. �� #2αA  �gE  �h    	ν  #�  d�@� ��9�2�? ��� `�4(4

) ���� �^(*�eV) >*e� -��V  �(eV.sec  �*�2(? 	 (

Y�P )Hz(   .;1���  

 :'R�� L9�('+ D. �� #2 �� (� -)� L9� +� :O(P

  ���;*����  Y�P  ���4  -34AM1.5G    L9�('+  	

#�?(= ��([ �;� (��?  Y�P ���4  -34 :1�'��  �� �;*�

<@�2  'R  .-��  �;�  ����  D�)*�   L9�  (�  X��S

D949? :B(?�^(*� d�= +� (4R�� �^(*� #2 �� :'��  D��

:� XKS -��<@� .;1123 ���;*���� Y�PAM1.5 

G    L9�('+ h�94 �;� (��? Y�P 	3S2Sb    �'��* ��

:� D���  .;�� 9P:�  �;'�  #2  �  Y�P  (�)��  �9�

AM1.5    �	;O �4)730   :'R�� L9�('+ h�94 ((��9*�*

:� XKS  <%�1�  :1�'��  L9�('+ #�  Y�P #�%�  	 �9�

:� .�9�  

 ?0� � @��$A 

   #�0� ��(�L9� �+��  �� (� -)� �;���9N ���

3Se2Sb/3S2Sb  �CIS/3S2Sb  �CZTSe/3S2Sb   	  

GeTe/3S2Sb    <0[  -��[  ��  �;�  ����  �(�  J	�

T%* #� :������ ��(��  #� D�'(S M��T4 �� .;� #�?(= ��2

  ���9�  (�$�CE:  (SD�'  B(?  L9� 	�  (�:  W4  �� (��  

R -��7U'�  S�+ X�L9�('  R��:'  ��(� ��9�:    ��([

  -?(=<@� �� �'��* 	4  �;� ���� D�)*  .;*���*�'    D�)*

:�  #2  ;��T%*�    M��T4 9�  ��(�L  �;���9N  ���

  ��  (�  -)�3Se2Sb/3S2Sb  �CIS/3S2Sb �

CZTSe/3S2Sb  	  GeTe/3S2Sb  #�  `�4(4  ��

  -��7U3S2Sb  �� (��(�  nm  229  �nm  397  �nm  541 

 	nm 653  :� s�Q4�;�?�  .  

T%*  ���  :131�  �D�'(S  M��T467)�  ����   D�'(S-

  :'R��  L9�('+  ^��$	3S2Sb    ���4  -34PY� 

���;*����  AM1.5G  	  +L9�('  �� ���4  -34  �:1�'  

PY�  ? (��  �;�  67)� :131� &�1t�� 	�    -)� L9�
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<@� �� �� (�5  �;� ���� �'��*.;*�  L	;S ��1	2  �

Eg    ��^(*�  d�=χ  D	(�@$��:��9N   εr  `'(U

��  �>'(�@$�Nc    	Nv  � iR�O :$�CE �  �����9* (V

 �-�?(v 	 �*���v��
�    	v��

�    D	(�@$� :'��(= -B(�

�(QO 		 �� eµ 	pµ  j(34�(QO 	 D	(�@$� �('K���    

�;1��.  

  

���!1.  #�0� �� �;� ���Q��� ���(������L9� �+�� ���3S2Sb  	3Se2Sb ]22-24[. 

Parameter Sb2S3/Sb2Se3 HTL ETL FTO 

Eg(eV) 1/2 	1/7 3/0 2/4 3/5 

χ (eV) 4/04 	 3/70 2/0 4/5 4/0 

εr 5  	18  3/0 10/0 9/0 

Nc (cm-3) 2/2×1018 2/5×1018 2/2×1018 2/2×1018 

Nv (cm-3) 1/8×1020 1/8×1019 1/8×1019 1/8×1019 

v��
�  [cm/s] 1×107 1×107 1×107 1×107 

v��
�

[cm/s] 1×107 1×107 1×107 1×107 

µe [cm2/Vs] 15 	 0/8 1/0×10-4 100 20 

µp[cm2/Vs] 5/1 	0/2 2/0×
4-10 25 10 
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���!2.  #�0� �� �;� ���Q��� ���(������L9� �+�� ���CIS +CZTSe  �GeTe 

Parameter GeTe [25]  CIS [26]  CZTSSe [27, 28]  ZnO [26]  

Eg(eV) 0/8 1/01 1/04 3/5 

χ (eV) 4/8 4/34 4/47 4/0 

εr 36 13/6 10/36 9/0 

Nc (cm-3) 1/0×1016 2/2×1018 2/2×1018 2/2×1018 

Nv (cm-3) 1/0×1017 1/8×1019 1/8×1019 1/8×1019 

v��
�  [cm/s] 1×107 1×107 1×107 1×107 

v��
�

[cm/s] 1×107 1×107 1×107 1×107 

µe [cm2/Vs] 100 100 100 20 

µp[cm2/Vs] 20 25 25 10 
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:(B�4. L9��('+ ��492 ��;� D�'(S :$�CE -��7�U `��O(� ��

'R� L9��('+ X��S  (Y$� �� (�� -�)� ������N��� ��(� :'R��

3Se2Sb/3S2Sb    (XCIS/3S2Sb    (}CZTSe/3S2Sb   	

 (iGeTe/3S2Sb. 

:(�5.  D�'(S  #67)�  :131�-L9�('+  ^��$	 :'��*  L9�  	  ��

  (Y$�  ��  (�  -)�  ������N��  ��(�3Se2Sb/3S2Sb    (X

CIS/3S2Sb  (}CZTSe/3S2Sb   (i 	GeTe/3S2Sb . 
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:(�6.  L9� ('+ +� >' (� h�94 �;� XKS Y�P :'��* L9�	 ��

  (Y$� �� (� -)� ������N�� ��(�3Se2Sb/3S2Sb    (XCIS/3S2Sb  

 (}CZTSe/3S2Sb (i 	 GeTe/3S2Sb. 

<@�7.  92 :��+��. L9�('+ :S��N :�9�*  (� -)� ������N�� ��(� ��

  (Y$� ��3Se2Sb/3S2Sb    (XCIS/3S2Sb    (}CZTSe/3S2Sb    	

 (iGeTe/3S2Sb . 
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L	;S3   ��(�  ��  #����	  >�'��$	949?  ���(������

L9�  D�)*  Y�7�  ��  (�  -)�  �;���9N  ���

:� .;�� +�� ��;� ^��$	 L	;S &'� ��1 )OCV (  `�O(�

 ��492  ��;�  D�'(S  �-$	2  )SCJ  `�O(�  (2mA/cm  �

 :=;�(� �9�2�?3  )FF :��+�� 	 (4   )η ;f�� `�O(� (

  .;1���  ������N��  ��(�  ��492  ��;�  D�'(S  ('��%�

3Se2Sb/3S2Sb  �CIS/3S2Sb  �CZTSe/3S2Sb    	

GeTe/3S2Sb  #�  �� (��(� `�4(410/18  �94/19  �84/20 

  	21/21  :��(Z�.  (�  :�*��#�  /�(�(�� .;*;�.  -��

#� :��C1� D�'(S &'(��2:� -��  +� #2 ;'.3Se2Sb 

#�  D�'(S &'(�)�� 	 �9� ���Q��� :1�'�� L9�('+ D�91B

  ��(�  8�*GeTe/3S2Sb  :�  <f�O  ]9U9�  &'�  .�9�

#�L9�('+  &��  ��  #2  -��  <�$�  &'� ���    :1�'��

3Se2Sb   )  �^(*�  d�=  &'(�)��eV  2/1	  (  GeTe  

)  �^(*�  d�=  &'(��2eV  8/0  L9�  (�  	  ;*���  ��  (

D949?(�)�� �^(*� �� ���  'R d�= +��    J�9N X��S

:� XKS ��L9� �^(*� d�= de�N� #E (� .;12  ���

D949?  �;���  (�)��  :B(?/�S  �(�)��  ���  ��	.

:� 9P  �:1�'��  L9�('+  d�=  ���2  ��  .;*9�  L

y9�le0[  #2  Y�P  +�  �(4;1�  ���   :�*  XKS  �;*;�

:� XKSD	(�@$�949? ;�$94 #� (�1� &'� 	 ;*9�  ���

:�  L9�  <N��  ��  �(�)��  h�94  `T�  &'�  .�9�

<@����6    	7  4g :� ;�':� D�)* #2 �9� &'(��2 ;1��

 ���N�� �� ��	�	 Y�P XKS ��;%�3Se2Sb/3S2Sb 

N��  ��  XKS  ��;%�  &'(�)��  	  ���GeTe/3S2Sb 

:� s�Q4�  .;�?�  :1�'�� L9�('+ �� �^(*� d�= ���2 ��

:� XKS �(�)�� D949? ��;m4  D�'(S &'�(��1� 	 �9�

:� ��'+ D.�9� L9� 	� �� D�'(S M��T4 #2 D. ��(� �

  ��([(�'R  -��7U ��9��    �'�8?�  ;'��  :'R��  X��S

  XKS :'R�� L9� �� �� �(�)�� D949? ��;m4 �4 ;��'

 
1 Open-Circuit Voltage 
2 Short-Circuit Current 

�@* .;��' �'�8?� �� D. D�'(S 	 �;��    (C'� #S94 <��[

  #2  -��  &'� (U ̀ '   )  D;�  (�FF  (  :'R��  L9�  ��

�8?��'   -��7U  D.  � ���2: #� �;��'  ��(� #2 ��9P

  ���N��3Se2Sb/3S2Sb    (��(�  -��7U  ��;%�229  

  ��;%�  	(��9*�*FF  %  (��(�10/64  ��(�  �CIS/3S2Sb  

  (��(�  -��7U  ��;%�397    ��;%�  	  (��9*�*FF   (��(�

%17/58  ��(�  �CZTSe/3S2Sb    -��7U  ��;%�541 

  ��;%� 	 (��9*�*FF  % (��(�72/53   ��(� 	GeTe/3S2Sb 

  -��7U ��;%�653    ��;%� 	 (��9*�*FF  % (��(�01/50 

  #2  -��  &'�  ]9U9�  &'�  <�$�  .-���8?�  �� �'  

(� -�	�%�  �-��7U �  2:  �8?�  ��C��� �'  �:  ;��'

 ]29 [.    

L	;S �'��*3  :� D�)*L9� #2 ;�� ��(� -)� ���

3Se2Sb/3S2Sb  �CIS/3S2Sb  �CZTSe/3S2Sb    	

GeTe/3S2Sb  #�%  :��+��  `�4(410/22%  �95/30  �

%83/4  %  	80/36    #�  �9�(�  �(@�B  &'(���  .;*���

  ���N��GeTe/3S2Sb  l�4;�B  &'�  	  -��  #� <�$�

 9�('+ &�� #2 -�� �(�)�� �^(*� d�= de�N�L  ���

  �9S	 (C'� ������N�� �� #�'�%� �� ���N�� &'� :B(?

  `'(U  	  ��492  ��;�  D�'(S  �+��  ��;�  ^��$	  .����

#�  8�*  ���N��  &'�  :=;�(�  (��(�  `�4(4V  12/1 �
2mA/cm 21/21 % 	90/62  .;1���  

  

  

  

  

  

3 Fill Factor 
4 Efficiency 
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���!3.  >�'��$	949? ���(������    (� -)� ������N�� ��(� :'��* L9�

  ��3Se2Sb/3S2Sb�  CIS/3S2Sb +  CZTSe/3S2Sb    	

/GeTe3S2Sb  

 ���N��  3S2Sb

/ 

Se2Sb

3  

3S2Sb

/CIS 
3S2Sb

/ 

CZTS

e  

3S2Sb

/GeT

e  

 OCV :'R��  58/0  57/0 57/0  57/0  

 SCJ:'R��  60/16  94/19 84/20  21/21  

FF  :'R��  10/64  17/58  72/53  01/50  

η   :'R��  20/12  30/15 38/12  73/14  

 OCV:1�'��  44/0  47/0 46/0  56/0  

 SCJ :1�'��  10/18  94/19 84/20  21/21  

FF  :1�'��  10/64  06/73 13/67  30/78  

η  :1�'��  20/10  73/15 47/12  75/22  

 OCV <2  02/1  04/1  03/1  12/1  

 SCJ  <2  10/18  94/19 84/20  21/21  

FF   <2  30/60  75/64 65/59  90/62  

η  <2  
  

10/22  95/30 83/24  80/36  
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541    	653  T%* �� .;� X�7�*� (��9*�*�    D�'(S M��T4
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