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Abstract 

In this research, using the characteristic matrix theory, the three-layer V2O5/Ag/WO3 (VAW) 

electrode as a transparent conductive structure is designed and its optimal structure is determined. 

Then, a perovskite solar cell based on a VAW three-layer electrode with 

Glass/V2O5/Ag/WO3/PEDOT:PSS/CH3NH3PbI3/PCBM/Al structure is considered and the optical 

properties of the perovskite solar cell are investigated using the transfer matrix method (TMM). 

In the following, it is shown that the effects of changing the thickness of the WO3 layer on the 

optical properties of the three-layer VAW and the perovskite solar cell based on the VAW 

electrode are more significant than the effects of changing the thickness of the layer V2O5. The 

maximum short circuit current density (19.3 mA/cm2) in the perovskite solar cell based on the 

VAW electrode was obtained for the thicknesses of the V2O5 layer of 40 nm and WO3 layer of 55 

nm, which is 12.2% higher than the calculated value for perovskite solar cell based on ITO 

electrode (17.2 mA/cm2). Finally, the perovskite solar cell based on the optimized VAW electrode 

was fabricated and the results showed that this solar cell has better performance than solar cell 

based on the commercial ITO electrode.  

Keywords: Transparent conductive electrode, Dielectric/metal/dielectric, Perovskite solar cell, 

Simulation, Shortcut circuit current density 
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 -��1+5�� d�5+5-1N -F:��� U�/�3� ��� ���

1N =T� 	 >)e� jE� -� 	 =*���+1& o�:k  0��T5
<�:=3:�  

 fOq = t fO��q  fO�[q  fO[�q  fO[[q u =
h∏ S(iR�)i jiOR�i�� kS(OR�)O                  16           

 fO" = t fO��"  fO�["  fO[�"  fO[[" u =
h∏ S(iR�)i ji i�OP� kS ( P�)                      17     

(e�	 �� fOq  	fO"  �1+5��9\ U�/�3� ���<K-, =3� 
-� o�:kf =  fOq jO fO"   �� >, U�/�3� �1+5��

u)5+��=3 ]27[ .��\ �� u��	� ���MD14  	15  ��
l����13 l/3 �� <C1+�C.� ?�=���x  -1N ��j <� E� =3�:5

-� :�:� <�1:3&�� +1& o�:k  

18  

NO(Q)
=  fO��" 3R��U(YURm) +  fO[�" 3��U(YURm) fO��q  fO��" 3R��UYU +  fO�[q  fO[�" 3��UYU  N8P             

-� �	+�C.� �� �=���:Q U:� ��+�-1N ��
����/9B/A1+�C.�A1+�C.�(DMD) )��4� �� �� 

�1+5�� U�/�3� ���9\ <K	 ��\ �� ?' +k�*F ���MD
l���� 1N �� <C1+�C.� ?�=�� �	M�� �N�� U�TB �

-�-� +1& o�:k<� %��:=1'  

                                                           
1- Hole transport layer 

vNO(Q, .)v[ = �w�U  /xyx(.)× 

z{|U }P~� z{|U ���U{}�P[�~�  ^_`����U� hYU{mk!
��R�~�   ~���   z{|U�U  z{�∆�U��  ×

|N8P|[                                                              19  ∆�O = � + �xyx + � 4-��. c�� , 
� = �\�b                               20                     

 -,/xyx 	2xyx    -� &� c�5&�� 	 �:)F d1+X d�5+5
 -1N -� �	+�C.�DMD ��    	�xyx -� d�5+5

 	 �9B �	+�C.� }l� &� c�5&�� &� <��3 &�B Pp�Q�
 -1N -� �	+�C.�DMD  �1=3� .%��i -1N >��� ���

=*3��) %�� �	+�C.� 	� 0�� 1N� U�/�3�=*��� +OR� 
)1HTL(1N �� 1N 	 U�TB� =*�� U�/�3�� ?	+�C.� 

)2ETL ((]28[. U:� �� -, <��@*� �=���:Q ���
1N� <� ~1	=3�� �=*��5&�� �	+�C.� 	� u�:5 U�TB ��:�

<� >�C25 ��:3 f�	�,	+C��-� .�:� -� <������ �:W*�
 �<,�	�,	+C�� ���Q�� A1 �� �:e =1=25 A1

X1N %��8�  U:S &� +�C[:, �1 -�1�/� >��e =1�� U�TB
 >Q�=5 %�� 0C�� f�	�, �� .=��� <K+� �:3 x:�
 x:� U:S A1 ��+� ��*1� �� .=�� z� c+8� �1 �=3&��

 0�T�λ<� z� <3��& ��:3 =1=25 u1�+� � -, =�� ∆�O = 4 . 2�-� +�*� -, �*�2��� 1N �� cM\� 
<� c��\ �:�]3[ +��Y5 .-1N &� E�=, +� �� 0�� ���

 	 f�	�, ���Q�� +��Y5 -� +�*� �9B �	+�C.� 	�
<D
1	<� ?' ��� .�:�l��� &� ���O��� ���19 <� ?�:5

-� �� ?��& =R�	 �� �=� cM\ ��+3� u�:�� o�:k
-� +1& :��	' %��  

�(Q, .) = �[ ��8� �|E(Q, .)|[           21     
� %.�R �� 	�=1' 9�3 ��5:, ��=� ?�1+\ <.�@[ U

-�%�� -)��4� >��e +1& o�:k ]29:[  

2 Electron transport layer- 



   23                            S-�)� �<R�+               ...U:� %Q�� 	 �&��            �-*@3&��
3 -*1= ?���C�� 	     

��@ = 3 ∬ �(m,b) b:�  c. cQ               22             

 ?' �� -,h  �A3p� %��Zc  	 �Q �� �:3 %F+�e  ���
.%�� ?	+�C.�  

  

?��2 .-�)� �=���:Q U:� 01���3 �+S�=� �&��.  

@���# �������  

    01� �� �=� <��+� �=���:Q U:� <, ���Q��
>C� �� ��	
�2w.�  01� �� .%�� �=� ���� ?�23

-� �m:CT� |���Q�� �� �=���:Q U:�-1N ��
)(VAW 3Ag/WO/5O2V -�P�O� �	+�C.� ?�:*F 

����/9B/A1+�C.�A1+�C.� )DMD �(
PEDOT:PSS -�1N ?�:*F� =*�� U�/�3��  �+OR

)HTL(1N ��  %1�C�	+�3PbI3NH3CH -�1N ?�:*F �
U�TB �PCBM -�1N ?�:*F� =*�� U�/�3�� 1N 	 ?	+�C.�� 
Al -�)� >R�+� E��5 �� .%�� =5�,%��e �&�� ���

-1N %��8X ��*5 �=T���� -�-1N ��VAW  +��Y5
<��/� 	 =**,� -1N%��8X ��-� ?��<5�:k�� -, 

>C�2 �=� ���� ?�23.%�� %��Z �  

  

?��3.  d1+X(w.�) �-T.�l� 01� �� �=� ���O��� ��:� <C���� %��:Z
</�/R %�C�n <�:��Q d1+X (c) �k ]32-37 	30[.  

-�)��&��E+3 �� ��	
� 01� ��� ��9B�Mathcad 
-1N %�C� d1�+X 	 %�� �=� E��3� d�R+� ��

U:S-� -1N +� %��8X 	 x:���	�	 ?�:*F ���
 -j��� �� ���O��� ��:� u�8� %�C� d1�+X .=*��

] (\�+� <�+�5 oN�/� &� ��, 01�35-30	28 [
>C� �� 	 x�+8���3 %�� �=� ���� �1��3.   
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?��4. o�+��Y5 +� -�R�3 �� u�:�� �:)F d1+X<K avT -� %)�3  +��Y5
-1N %��8X ���5O2V  	3WO �+/3 -1N %��8X w�8� +1��/� ��+�.  

�!�C����� �����	 D	�� ���: �	VAW   

    �	+�C.� %�O�, <��+� ��+� ��� ���+������ &� <C1
�R�3 �� ��3' %�B�O� �P�O�� +� <K ��*1� �� .%��

1N+1& %�� &� <�e	 �:3 �:)F d1+X� -2�� ���	 ��
-�-1N ��(VAW) 3Ag/WO/5O2V <� -1N &� 	 �:�

PEDOT:PSS <� x��QF d1+X 	 -)��4� �:� �:)
�R�3 �� u�:��� +� <KavT <� -*���>C� .�:�4 

�R�3 �� �:)F d1+X� +�<K d�R+� ��  %��8X +��Y5
-1N�� ���A1+�C.� 5O2V  	3WO <� ?�23 �� �=��

<.�R>C� &� E�=, +� ��+� -,1N %��8X ���  �9B
Ag ?��� .%�� %��Z�� ��+� -, �:S� %��8X ���
Ag -*�2�� �avT ��O5� <3��& <�1N %��8X -, =�B�� 

 E:1��3�	 =��,�401N %��8X 	 +��:3�3�  =��,�
 0��@*540+��Y5 �� <*T1 �=��� +��:3�3  -1N %��8X

Ag%��8X � -*��� ���5O2V 	 3WO <�3 +��Y5 =*,
�R�3 �� -*�2�� u�:�� >��D�+5 ��=/� <.	� +�K �� 	 <

���3� <� +��Y5 <@��1�� d1+X .=*,  

 

?��5. 5d1+X o�+��Y  -, <�e	 �� �+/3 �1N %��8X +��Y5 �� <@��1��
 -1N %��8X5O2V� 40 -1N %��8X 	 +��:3�33WO �40+��:3�3.  

 &� <���8XAg  ��19,�� <@��1�� d1+X ?' �� -,
<�<� ��:�>C� .�:� -)��4� %�1��5  o�+��Y5

d1+X 1N %��8X +��Y5 �� <@��1���  -, <�e	 �� �+/3
N %��8X -15O2V� 40 -1N %��8X 	 +��:3�33WO �

40<� ?�23 =��� +��:3�3 %��8X %�� 682� 	 =��
101N +��:3�3�  �� <@��1�� d1+X ��=/� 01+�2�� ��+/3

����. -1N -� -*��� ���Q�� �� ��VAW  0���� ��+�
%�� <4l� %�	�/� 	 N�� <C���� %�B�O�| ?��9��.  

 
�FG8��: �%�HI ��93WO  �5O2V  
�

�4$�� 
� �������
� ������� ���� ��9

 ��
���	 ����VAW  

   -1N -� <C���� <D
1	 >)e %��e �� ��VAW 
-�<.�R �� �=� <��+� <1��*5 <��+� >��C5 ��+� -,

 P�O� �	+�C.� ?�:� +Z��VAW  �� ���O��� ��+�
<D
1	 =1�� �=���:Q U:� �=���:Q U:� ���

C.� 01� �� <�1�C�	+�>C� .�:� <��+� 9�3 �	+�6 
1N �� cM\ w�S�  ����*2�� �=���:Q U:� U�TB

<� ?�23 �����:�3 �� -, =��6 -1N %��8X w.�5O2V 
 	Ag � -*��� ��=/� +��+� 	 %��Z- %��e �� �=�' %��

-� <*T1 �>)e d�5+540  	10 �=� -�B+D +W3 �� +��:3�3
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3 -*1= ?���C�� 	     

1N %��8X 	� 3WO <� +��Y5:�3 �� 	 =*,���6 c
1N %��8X� 3WO  	Ag  -*��� ��=/� +��+� 	 %��Z

�--� <*T1 >)e %��e �� �=�' %�� d�5+540  	10 
1N %��8X 	 �=� -�B+D +W3 �� +��:3�3� 5O2V  +��Y5

<�?��� .=*,<� �=1� -, -3:D %��8X +��Y5 �� �:�
 -1N3WO  -1N %��8X +��Y5 %.�R -� %)�35O2V 

+��Y5 <�M\ w�S >C� ��4. &� ��) ���� �+�2�� o�
 �� .(<�M\ A�� x:� U:S �� 	 <�M\ A�� o=�

1N �� cM\ (e�	�  +��Y5 -� �=���:Q U:� c��\
 -1N %��8X3WO m��R-1N %��8X +��Y5 &� +5 

5O2V l��� �� .%���19  &�B +��Y5 	 c�5&�� d1+X
 }l� &� c�5&�� &� <��3VAW <� ��4. &� .�:�

<1��3'=�F -,�  }l� &� c�5&��VAW  &+� &�

3WO/Ag <� z� -1N %��8X �� +��Y5 �� �=��

3WO �- �� ��/��� �:S�xyx <� +��� �� 	 �:�
 -���31N %��8X �� +��Y5� 3WO  ?�=�� �� ��/���

 ��MD+Z� ��5:, ��=� ?�1+\ <.�@[ 	 cM\ �<C1+�C.�
%��� <5�:k �� -1N %��8X �� +��Y5 -,5O2V  u/B

�-&�=3��  �� +��Y5DMDT <� �=�� �:�3-� E&N .=*, +,�
 �� �=� <��+� <�1�C�	+� �=���:Q U:� �� %��

1N ���*1�� 3WO 1N &� >)e�  <.'PSS:PEDOT  ��+e
<�-� 	 �+�D1N A1 ?�:*F� +B��  �+OR �=**, t1�95 	

1)HIL<� �F�� (-1N �:� ���3WO/Ag  (��5 +W3 &�

=� =3' ��+� ��, -1N ��CF+� .=*��� d��*� ?5O2V 
<D
1	 ��W*5 ��+� +�2��-1N -� �	+�C.� <C���� ��� ��

<� ���O����:� ]36[ .  

                                                           
1 Hole injection layer 

?��6 .1N �� �=� -)��4� cM\�  <�1�C�	+� �=���:Q U:� U�TB

<��+� ��:� K�	: %��8X ��+� -1N o	�O�� ���3WO c: ��+� 
%��8X��� o	�O�� -1N 5O2V.   

�@3���1N �� cM\ 0� �	=4� �� %1�C�	+� U�TB� 
U:S &� x:�400  �5800-� +��:3�3 &� <T��5 ?�:*F

-1N %��8X��� 5O2V 	 3WO >C� ��7  ���� ?�23
%�� �=�. ?���*�2�� %�� 682� -, -3:D�  0�@3���

 cM\)7/73  %��8X �� (=k��401N +��:3�3� 5O2V 
 	501N +��:3�3� 3WO <� z��2� .=��<� �=� �:�

%��Z %��8X A1 ��+�50 &� +��:3�33WO�  <�e	

1N %��8X� 5O2V +Ok <� +��Y5 +��:3�3 =k �5 �=*,

cM\ 0�@3��� �	=4� ��� 73-60 <� +��Y5 =k�� =*,

 	 %��Z %��8X A1 ��+�40 &� +��:3�35O2V�  <�e	

 -1N %��8X3WO +Ok <� +��Y5 +��:3�3 =k �5 �=*,

4� �� cM\ 0�@3����	=� 73-50 <� +��Y5 =k�� .=*,
=� 01� %�� <*T� 01 -, +��Y5 -� cM\ 0�@3���
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-1N %��8X 3WO &� +�2��  -1N %��8X +��Y55O2V 
.%�� m��R  

  

?��7.  cM\ 0�@3���1N ���  ��:� <�1�C�	+� �=���:Q U:� U�TB
<��+� �	=4� ���  <\:� U:S400  �5800   +��:3�3+�d�R  +��Y5

-1N %��8X��� 5O2V  	3WO.  

>C�8  <C1+�C.� ?�=�� �	M�� <)�3 o�+��Y5 %)�3)
 ��	+B ?�=�� -�0E( 1N ���  �=���:Q U:� U�TB

1N &+� &� -k�B d�R+� -T.�l� ��:�� 1N/U�TB�  U�/�3�
=*��� -� 	 �+OR x:� U:S ��+� <F:3 �:S600 +��:3�3

<� ?�23 ��.=�� >C� ��8 -1N %��8X w.�5O2V 
��Z +��+� 	 %40 %��8X 	 �=� -�B+D +W3 �� +��:3�3
1N� 3WO <� +��Y5 %��e �� 	 �=*,8 %��8X c

 -1N3WO  %��Z40 	 �=� -�B+D +W3 �� +��:3�3
 -1N %��8X5O2V <� +��Y5?��� .=*, �=1� -, �:S

<�1N �� <C1+�C.� ?�=�� �	M�� �:��  c��\
?�23 01� -, ���� <.	93 =3	� <�1�C�	+�=*���  ���,

�C3 .%�� -1N 01� �� o=��  <1�{B (1&:5 -C*1� +@1�
1N �� <C1+�C.� ?�=�� �	M���  &� >/��� c��\

 ���Q��DMD -1N %��8X +��Y5 �� 	 %�� ���
DMD <� +��Y5 ?�=�� o=� ��*5l��� �� .=*,�19 �

 +�, |o�:k �� <C1+�C.� ?�=�� �	M�� <1�{B (1&:5

�� u�:5 -, ���� �:\	1N ���+�����  =5�, 	 c��\
<� 0��T5 �9B �/3 	 �:�DMD  o=� 0��T5 �� ��*5

%�� <C1+�C.� ?�=�� �	M�� ]28[. �1�/� ���  >C�
8 	 w.�8-1N %��8X +��Y5 -, %�� 682� c 

3WO  -1N %��8X +��Y5 -� %)�35O2V  �+�2�� +�Z�5
1N �� <C1+�C.� ?�=�� o=� �	�� 1N .���� c��\ �

3WO C1-1N &� < +��Y5 	 %�� f�	�,	+C�� ���
<� +��Y5 �� f�	�, U:S ?' %��8X -���3 �� 	 =��

 <.	 �=�� +��Y5 �� <C1+�C.� ?�=�� o=� �1��� ��W�3�
1N� 5O2V 5 ��*5� �	� L+�ZDMDT   .%�� 

 

?��8.  ��	+B ?�=�� -� %)�3) <)�3 <C1+�C.� ?�=�� �	M��0E �� (
 x:� U:S600 �� +��:3�3 1N�  ��:� <�1�C�	+� �=���:Q U:� c��\

%��8X ��+� (w.�) <��+� -1N o	�O�� ���3WO ��+� (c) 
%��8X��� o	�O�� 1N� 5O2V    

 ��5:, ��=� ?�1+\ <.�@[ o�+��Y5)SCJ ( U:�
+� �=� <R�+S �=���:Q +��Y5 d�R %��8X

-1N ���5O2V 	 3WO  ��>C�9  �=� ���� ?�23
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 .%����:S ?���,-*�2�� %�� 682� - SCJ 
)2mA/cm 3/19 (<� ��O5� <3��& %��8X -, =�B�

1N� 5O2V 401N %��8X 	 +��:3�3� 3WO 55 +��:3�3
.=��� <� �=��2�%��Z %��8X A1 ��+� �:� 

55 &� +��:3�33WO� 1N %��8X <�e	� 5O2V +Ok  �5

<� +��Y5 +��:3�3 =k �=*,SCJ �	=4� ��� 
2mA/cm3/19-17 �Y5<� +� 	 =*, %��8X A1 ��+�

 %��Z40 &� +��:3�35O2V�  -1N %��8X <�e	3WO 
+Ok <� +��Y5 +��:3�3 =k �5 �=*,��@ �	=4� ��� 

2mA/cm3/19-13 <� +��Y5=*, 	  <*T� 01=� 01�
 %����R -, %����@ -1N %��8X +��Y5 -� 3WO 

 %��8X +��Y5 &� +�2��-1N 5O2V  .%��-�W*� �:
�1�/�� o�)��4� SCJ �U:� ��+  �	+�C.� �� �=���:Q
ITO :+1& ���Q�� <*T1 -��2� ����Q�� ��  

Glass/ITO(120nm)/PEDOT:PSS(50nm)/CH
3NH3PbI3(300nm)/PCBM(30nm)/Al(100nm
) 

��=/� 	 =� E��3� 9�32mA/cm2/17  ��+�SCJ  -)��4�
<� ?�23 a1��3 .=�-*�2�� ��=/� -, =�� SCJ -)��4� 

 �	+�C.� +� <*�)� �=���:Q U:� ��+� �=�VAW 
)2mA/cm3/19( -�&�=3�� %2/12  +� <*�)� U:� &�

-1N ���ITO .%�� +�2��  

  

?��9 . ?�1+\ <.�@[ ��5:, ��=���@  �=���:Q U:� �=� -)��4�
 <�1�C�	+�+� +��Y5 d�R-1N %��8X��� 5O2V 	 3WO.  

�������
� ������� ���� ����  

   -� U:� ��=� -*��� �	+�C.� �+C�F <��+� �:W*�
:+1& ���Q�� �� <�1�C�	+� �=���:Q  

Glass/V2O5(40nm)/Ag(10nm)/WO3(55nm)/
PEDOT:PSS(50nm)/CH3NH3PbI3(300nm)/
PCBM(30nm)/Al(100nm) 

 �=��� .=� -�Q��-1N+1&-2�� ���-� �� �� d�5+5
�� 	 U:3��� �U:3�5� �?:������	+,-� ? o=�10 -/�e�

 ��@��� ����� &� �� .=3=� 9��5 A�3:��+�.' �� :2
 &�D �� �Q -WO4� �� ?��� ��+e &� >)e �+l/� c'

-1N .=3=� A2Q ?�	+��3-1N -� �	+�C.� ��� ��

3Ag/WO/5O2V �Q %45  
 5-10×5 -1N+1& �	� ��� <�� ?	=� 	 �=� 9��5 ���

-� �Q 0��C� <.�:�� o�:k�� �� ��@��� &� ���O�
<5��+R +�8)5 ) U=�TE302  %,+� %Q��13���?�C 

}.�k ?�+1� ( %��)3� z+3 �%��)3� <S �� .=3=� %��)3�
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