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�  �&����$&1� )T':  mo.badrooj@iau.ac.ir  Review on Metal-Organic Halide Perovskite Solar Cells: Challenges and Opportunities Mohammad Badrooj   Department of Physics, Dezful Branch, Islamic Azad University, Dezful, Iran Abstract The solar cells based on perovskite materials have attracted a lot of attentions in recent years. These technologies, have been the subject of numerous researches due to their ability to achieve high efficiency with low cost. Based on this, relying on existing knowledge and to gain a deeper insight into this field of technology, this research has a comprehensive review of the effective factors on the production processes and the intrinsic challenges of halide perovskite solar cells (HPSCs) and monitors stepwise the background of scientific research conducted on solutions to improve performance, increase stability and reduce toxicity of these types of devices. Investigations showed that, in addition to the type of deposition method and the architecture of the components, the most important issues to achieve a perovskite solar cell with high photovoltaic performance include improving the morphology, reducing the energy barrier for nucleation, controlling the uniform growth of perovskite crystals and reducing the hysteresis effect. These parameters can be optimized by using the engineering of solvents and additives, adjusting the coating variables such as processing and post-processing temperatures, and managing the reaction time. Also, research on the replacement of lead element with other less toxic elements shows that until now, the most promising results for tin-based perovskite solar cells have been obtained with a power conversion efficiency (PCE) of about 9-12%. This efficiency compared to lead-based perovskites, which is about 26% to 2023, is still not competitive and requires more effort in this field of research. Keywords: Perovskite materials, Lead-free perovskite solar cells, Stability, Hysteresis phenomenon, Toxicity. Received: 17/10/2022 Accepted: 11/12/2022   
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 +-�7
��( 
�! 1�*�� +$T"1�� !�"���( !�"�+ �#G )�� 0&B
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�� !�"+N6� ��Dx* )7* :�6$T
 ;��>( ��R%* ��� .���� O�, !  ��R%* ��� .���� ���M ����
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-2-) ����1���'NMP(7 Y������ 0��* !��( �"I3NH3CH  �#$T"]33[ ;�<1�N
 . �
 ���� }�$R
 
� �%�-�* 
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 �� 3�( ��
�( ��h+( ���*)��!�- .����8  �  ����&B"]36[  �GBL  �DMSO  �( ��DMF  ��d
 ;��>(  �Bd� �T- �( �%�-�* �� � ����B� .�-�*20%  
�DMF  � 40%  
�DMSO Je, 0��$��( � �7N� A��' 0��$I( � ���� �� ��
�( �( ���16%  2&�) ����� O���� ��4.(   +( ��V#
)R�� ��%I( ��$ �� �� �� )��&���' +�3 ���#� +7U5�
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� �5�� �� ����	� ���~
1 �8-) ��$-� ����� !�DIO(9 6 Isopropanol or 2-propanol 7 N-methyl-2-pyrrolidone  8 Cai 9 1,8-diiodooctane: 
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RS(40�� .���� ��,� ( �4�$ �  ���BT' ����' L������ !��( )�� �<��
 +- )�� +$	���
( ��75 !��� ��
� ����	� ��
�( g3�B<
 .�����' )1�� ��  ��
� )��( ���* 2��%*                                                                                                                                                            1 Hysteresis 2 Operational efficiency 3 Forward scanning 4 Reverse scanning 5 Deffect–trapping effect 6 Ferroelectric effect  0&�� ?��h 
�FS����� �����' )1�� ���6
 +( � .)�� �*O���� �����' 0�� 2�C !�� �( ?�67* ��- 8��� �� !�" ��"��
 2�3� =�>  �� �U�$R
 +Q��� ���BT' ����' ! +�* �D� :+�B,
� ��� !
����J��C5 �D� �	���$&1���6 ;��D� � )�	�i7  ;��D� ���e�8 ���� ;�-�7* �9 ]43[ ��,��( . O���� 2�C �� ;��U*+( 0&�1 ������� +&#�� �( ���-��h , ?	��* ����� :�6$T
 �D� ���BT' ����
 �( 0&���<B  ��,� )�#�� O���� ?%h .����10 ����&B" � ]44[�  A"�-��� +( �� ���BT' ����
 �0&�� A���	� ��"� A"�- +&#�� !�, �
 
� 0&�� ����
) �"�1-Vs 3/0 �*  1-Vs 044/0 �� �
� .( L�d�� ;�6�67*�X��� |��* ���11  ��BC� �( �����&B" � ���� !��( 3�( 0&�� ��� !�"3MAPbI :" � 0�#G 3FAPbI�
 ��"��
 !���� ���T( ���BT' � ���]45[ 
� . O���� ��	�h�
 +- )�� ����
���� A���	� �( ���*( ! ��� +�3 �� ����	� � )��&���')��&���' O�'�� !12 �  ��� A"�- �� ���BT' ����']46[. r&C�(���( � !�" ��� K .,�
 ��NT
 !�"��$ �� ��� � �G�- )��&���'�
 ���BT' A���	� +d�$��� � ��( �$��(���� &�)26.(  2&� 6-  ����>*��(�� ����$&1� t�&���&�
 )��&���' +�3 
� 3PbI3NH3CH +�3)V�� �( ��� ����� }�$R
 !�"I3NH3CH  (}1�� mM 94/41 (J �mM 42/52 (c �mM 91/62 +>R�
 �( ���B" � !�"  ����,–  0&�� )7* �I�� S�$1�FS  �RS ]47[.  7 Capacitive effects 8 Transient effects 9 Ionic motions 10 Snaith   11 Sanchez 12 Perovskite capping layer 
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 0��<* !��(1 V-J   y �� �( HI }��<* ��
 2&� +( � )�� ���]45[ :  �� � �����	
� �
�����	
� ������	
� �        )1(                                  �� �� +-/2)oc(VfsJ ����, }>� �� !��� !�"ocV  !��(  0&��:�6$T
  �/2)oc(VrsJ  }>� ��ocV  0&�� !��( 0&�� ���
 4�$ � �$M� .)�� @�&<
 ���' A���	� �" �
 ��#-HI  )B� +(1 �
 2�
 +- )�� ��� +�5�* .�#- �
�����
���� �( ���B" ����BT' !���!��� !�"J-V  � ��
�( �,��  �
�$���- )EQE(2 .��� O����   +<1�N
 @����(�Q�� |��* +- !3  ����&B" �]57[� L�d����&
 )�� 0&B
 +- �� O���� �+$	�� L�� +( !�" +���
�
 � ��N� !�� �( ��( !
���� )��&���' +�3 !�" 0�� ��bT
  0�� �?�67* 0�� @����( .�#��( ����'��&
 !�" +�* +(+���
�
 �� ��( !
�����
 �� �"A��' ?��h 
� ���*� �"  +�3 �� �( )��&���'60C  �� � ���7
 �� 
� ���U$�� �( )��&���' �%�-�*-PCBM  ��- ��<	���]58[. ���� �V� +(4 A����&B" � ]59[� ���� �� ���BT' !�����  !�" �
 )��&���'+d�$� ����*+V71 ;��D� ! +( {�(�
 !� ��A�' ) ���
�
���� � ��#����( )�U�- ��"�
�� ! !�" 2>	 ;��D� � !���(+�3 0�( f�$�
���� 8�� 0�� !�" �" ���( . ��
�� 0�� �� ;�6�67* +
��� ������&B" � )�#�� ]61 ,60[;�-�7* � +( �� ���� ���BT' ��d�� L����&
 ���#C��� ��,� ���I#��' 0�� �3�$�� .����- ��I#��'9� !�" �	� 2�$
 � ����+�3 �� �� L����
�.)�� )��&���' ! �� +G� O�*�"! 
���! ��(! #
 �$I( f��x� ���BT' � 2M��� +(  �������� �D� L�d�� �)�� ��� 0&�1�'��� ���BT'  �� ���� ��&�BC)��&���' !�����  !�" +( )7* ;�� )�� ����(  ���  O����- �DE
  �� �( +%�� )I,#" 
� O����  )�� ���� ���,)2.(  3 .2�� .��&��5                                                                                                                                                              1 Hysteresis Index: HI 2 External Quantum Efficiency: EQE  3 Shao   4 Unger   )�� ������ ) �� !���#	 +( �(�� !�����  !�"  �( )��&���'@��6
!��d* � w��( !�" ;3�>7
 !
�� ��h � !�����' +( +,�* �!��1�* +( �;3�>7
 0�� �BC�
 )�B"� � ;���9 !���� ��I�� ��
�( �
���� ��B" .���( �1����:�� +- ��#$T" �<�%h !�����' !���� ���<
 !�"����� :�� � �
�� ��u�T-� ���� +( )%T� g3�B<
 �1� !�"�����T� )(�h� �#$%
 !�����  ���� �� �0���(�#( .�#$T" @�+�3 ��$��&���' ���
 �( ���
 
� ��<( ��� � )��&���' ! +$	����&(+�3 �� �����6$�� !�"���$&1� ��#"� )ETL(6  � )��U�HTL(7 ��u�T-� ��<
 �� 0$	�����M L��#" g3�B<
 ��
 .��R* � +��d* �... � )(�h� +( AR( 0�� �� .���� �(�����'�� 2
��C =�>  �� !�>$R
 ��� � ��##- )��&���' !�����  ���� �� �I�� �( +�(�6
 !�"��&����
 2&�) :�
���'7(.   2&� 7- +5� �( � .��R* !�"�#���	 !� ��Dx* 
� ���� ��##- ;�%D �( ���B" )��&���' +�3 �( )(�h� � �
�� ��u�T-� ���� :�6$T
��, ;3�>7
 +( �% ��,���
� ]62[.  3 .2 .1 .�)�&�C ��&����   |��* +- �6�67* ������&B" � +1��� ]31[ �)	�� L�d�� � �� ��&
�:T �1�B$�� ��(! �R*�. *����� &���' ���
��) 
 +1��<
 �(�� '���I#� ��:  CH3NH3PbI3 ↔ PbI2 + CH3NH2 (g) + HI (g)        (2) +��d* !�
� �@��� 0�� �(  !�����  ���� .��R* �  )��&���'3PbI3NH3CH  0�( ��*���� @�$�� �D� ��100 5 Stability 6 Electron transport layers: ETL  7 Hole transport layers: HTL  



����� ���� ��
��� ���
�� �
��� �������� ���-�!": $��%�&�� � ����  10   �*°C140 !�
� 
� ����
 ��<( �� �$� � 
� �*3�( °C300 O���� )�� ���]63[ .0G1 ����&B" �A ]64[� +( ��h ��*�B$T��� Dx*�� ���� A�3�&���' !�����  !�" )�� �( ���!�" 3+Bi ���( ��� �� �I�� .����-��#$	� +- ���!�" 3+Bi ���$( )�� 0&B
#��	� +( ��A +��� �
���� A"�- � �" �����C � �"�J� +&%� #- �B-#� �( ���C .���0 ���� !�"!�����  +( ���Q3� 3+Bi�  !�����'*����� �*3�(!  ���� ��  
� �O���� 0�� @����( .����� 
� r'22 
�� ���� !���I���" �
� ��! C°80� ���  ������! +( ���Q3� 3+Bi  ���� ?	�
81 %  
� �U� �� ��  +�1�� ��
�( �� ��##- �1�� +- ���� �����Q3� ���( !�"�6*�g�% -��
�( 2 .����� )�� 
� �� ��   ���, 2- +5�  
� !�
� 25�� Y��$� !u*��$�� }�$R
 !�")I,  A"�-���BT' �D�  ������)��&���' !�����  !�".   ��
�( 2��%*���*  )%(   .��9�����'  )%( ����,  ��>*� ��*�- )2mA/cm(   S�$1�
�( ���
  )v(   )I,0&��  �&�'/��&���!�#( 12/19  70/72  23/24  085/1  +(����,  [48]with doping KSCN 3MAPbI   +�3 ��5� JK�,)��&���'  62/19  00/74  33/24  090/1  @�&<
  94/16  95/73  88/21  050/1  +(����,  with doping  3PbI0.17Cs0.83FA guanidinium[49]  02/17  02/74  80/21  053/1  @�&<
  00/23  80/80  90/24  142/1  +(����,  grain  3PbIxMAx-1assisted FA-Polymerization growth[50]  60/22  70/79  90/24  145/1  @�&<
  21/18  77/72  96/22  090/1  +(����,  2D/3D perovskite [51]0.15)3(MAPbBr0.85]28.4I9Pb8(FA)2.4[(NH4)  25/18  43/73  85/22  090/1  @�&<
  36/17  00/69  21/23  084/1  +(����,  [52]2Graphene/SnO   +�3 ���#I
 ��#"� ��6$�����$&1�   11/18  00/72  06/23  091/1  @�&<
  70/16  50/75  30/20  085/1  +(����,  [53]2UVO treatment SnO  20/17  30/76  40/20  085/1  @�&<
  18/12  00/70  00/18  016/1  +(����,  [54]60ITO/PEIE/C  30/13  00/73  90/17  020/1  @�&<
  15/17  00/79  19/20  075/1  +(����,  PEOz-PEDOT:PSS[55]  ��#I
� 3�+  ��#"� ��6$����U�  39/17  00/80  22/20  075/1  @�&<
  09/17  35/74  15/22  030/1  +(����,  BCF doped P-TT-TPD[56]  50/17  86/74  49/22  040/1  @�&<
  �
2  ����&B" �]65[� ����#$	� �' +-����! *�����  �� �
���� ����	� �( ���*���0 *����;��� )GITC(3  ��%I( �R(��+�3 .�&���' f
���) 1�B<
 O�� �(� +���
 ��!�� �h 
��?  ����	�GITC A�' ���7
 +(I* J�� ���
�+  .�� ��(! ����( �'����! *����� ���  ������!� ����	� �� �"                                                                                                                                                            1 Chen 2 Zou �
�! C°120  �� ;���d
 ��";���� ;���BC )7* �"� �#$	�� ���M �"��1� �! r&�� +<�� O��'  +h�(�
 �
�����6
 � !����+T  .��������( ��� ���� �" 
� r'35 M��+6� �1�B<
 !�����  ���� �3PbI3NH3CH +( ��h 2(�M +( �I,�*2PbI �d*�+  .��R* g�$��I� ��1���� ���- +3 Guanidine thiocyanate 
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�	 �$���, .)�� + )I �*�6�67* �*���� !�����'�� 
� ���� J�R
 ;��D� A"�-��#&* =�>  �� !���
+1�T�- !�"���-1 J� �� !�#( ���-2 ����O���� )��&���' !�����  !�" .)�� ���������( ���~
 !��(3 ����&B" � ]66[� ��� O������  +- #&*�� J��
 !�#(*���� ��&�BC �( ����*� Dx*�� 
 :�6$T ���( +$��� .  2&� 8 - ��h���� 
� !�+�3 +� !�����  ����(}1� �( !� J� !�#(���M�	   (J �J�%��, !�#( ���>* (c ����(�� ����$&1� t�&���&�
  �9�C �N� 
� J� ���� FN6
���� ��Q�$1��*�	 !�"�$
���' +T��6
 (� ���� !�#(J� !�����  !�"!�#(J�)��� ���M�	 !�#(�J� � �%��, !�#(
J� ���( � !�#(Δ  ���* 2��%* ��
�( (� � (����	� J� ��#&* �( ��� +$ �� �%��, !�#(]66[.   
� �?�67* 0�� ��C��� ��  .TG��##- AU#(��	4 ��(! J�!�#( ���� !�"���$&1� �( )��&���' !�����  !�" �#(�- ���U$�� 2R�R$
 ����-. �h ����� J� }�$R
 !�#( � ���0 ��- ���
 (���� ;��%C +- )	�� ���MJ� 
� ���( !�# ���M�	5 J� �%��, !�#(�6  2&�)8��� ���� Y��$� .( � ���� J� �( !����� ���M�	 !�#(  ��C°100� �'����! *����� �#���' )����� 
� .! ����� J� �( !�����  ����(�# ! %��,�� �*���� !�����' T(��� ��3�( )��� &���N(�$� +  
� r';�
��

 1500 )C��� W* ���(��� 2(�M!� +,�* � � �
 +
��� O��- +( ���* 2��%* ��
�(��� . =�> ��3�2� ��0 �'��� .)�� ��� O���� !���
 ����( � �7( 0���(� �����0 �+$	� �
 ����*�� )I, ��##-�����
� ��T
                                                                                                                                                             1 Encapsulation technique 2 Sealing technique 3 Baranwal 4 UV-curing glue  � �$<#5 ��1�*!��d*���� !
�����  !�"��!  )��&���'.�"� +Q��� 3 .2 .2 .)�I9�&�� ��D ��&����UV(  �� ��667
��#$	� �
 AU#(��	 ��� +- ����*+�3!�" �&���'�) �R* ���.  .�#-�� ��&
�:T �R*�. �(�! ����!�����  !�" 3PbI3NH3CH �( ��6$�� +�3 ��#"� ���$&1� 2TiO  |��*�$��7  ����&B" �]67[� A#-�� �( !�" 
�� �� +Q���:  2I− ↔ I2 + 2e− [at the interface between TiO2 and CH3NH3PbI3]  3CH3NH3+ ↔ 3CH3NH2 (g) + 3H+  I− + I2 + 3H+ + 2e− ↔ 3HI (g)                               (3)   5 Over sealing 6 Side sealing 7 Ito 
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 �I�� ���� +�3��
 !��� !�����  !�"2TiO �����'�� ��(�*��� |���� )7* � ���( @�T� �����  ��� +( )%T� � �
����    2&�9 -��h (}1�����!� ��7� 
�  ��6$�����$&1� 
� ��(��� Y��I* !�" 3MAPbI T-� +(��u 2&� �T-��'�� !����� )�C (J ���&�BC 1�* �*3�(�� T-��'���� � ���:$T 3/MAPbI3O2Al � +( )%T��:$T 3/MAPbI2TiO ���� ���� 2&� �� .)�� ���� ���:$T 3/MAPbI3O2Al���$&1� ��� �( �"! �&���'�) M�(� �
�
 � �#��
T-� �( �#���*��u� ��(! &�*�2 T-��'���� �#"� A#-��]68[ ��&��� (� � c ���	��A �'����!  �(��( �� �" ������� 
� ���U$�� �( AU#(��	 #(�- {�6�)�CD( ]69[.  2TiO �
����* +(�����$	 �C�� ���#C ���$&1��� �" ���!�" −I   +( {�(�
3PbI3NH3CH ���� ��� 7N�� �#- c��R$�� ���� )��&���' +�3 .��R* +( �d#
 g�$��I� �. 7* �� �6�6 ���� +- �� O���� +(��
 �( )��&���' !�����  !�"  +�32TiO  !�����'�� �AU#(��	 ��� A(�* )7* �2R�R$
�
 ���� ��  
� !���� !��� ���� 
� �<( � �#"�4 (�*��� )C�� ���� �� �I�� ��
�( �AU#(��	 ��� )7* �85% �
 A"�- +�1�� ���6
 �(��]70[�1�� �� 0�� .  �+- )�� ���� +�3 ���( !�����  !�"2TiO  �( g�~
) 2R�R$
 +��' !3O2Al  ��� ��<
 �� 0$	�� ���M �( �$� (2R�R$
 +$���' ;�
 +( �����  !1000 �)C��  g�
�- ��&�BC f�*�' .����� �$(�D1 ����&B" � ]71[ +- ����� O���� � ����+��' �( !�����  !�" 2TiO  �( ���Q3�Al � �*3�( ��
�(  ���
 ������ ��� �(��( �� !�$��( !�����' �Al ����	� +( ���                                                                                                                                                            1 Pathak 2 Haque +&%� 2TiO ��&
 �+�* !�"���$&1� !
����+( �� �" :Q�� ��h �
 ��<	����-�" .�#-2 ����&B" � ]68[ � �( +- ����� ���� � ���M+�3 !�� ���� ��<
 �� ���� 0$	� )��&���' ! 3MAPbI� +(��  2&� +(���$&1� !��  ��1�* ���" �
�
 +- ���� ���� ���� A#-�� ��" ��
� �u�T-� �( �#���*��T-� �'�� �� �3 A#-�� ���T( ��e'-2O  0�� .�#"� 2�&�*2�$
 AR( �( A#-�� ?��h 
� ��"��T-��'�� L����
� +( )��&���' �
 L�d" )��&���' +�3�* 0��( � ���( .�* ����	� �
 .��R* �� 2&�) �##-9- ��>7
 .(J � }1� ��&1�
 2�&�* �A#-�� 0�� �%��, .,�
 +- )�� J� !�" �
 ���� .��R* �#���	 F��T* 0�� +( +,�* �( �e1 .���� �
 +�bT
���$&1� F��� ���- c��  �( ���*�����d�� !�" � �'�� 2�&�* 
� �� .��R* �#���	 � ��- !�����, ��T-�2�$
 !��,� �� ���� A"�-+��� �( �� L����
� ���( ���"3 Superoxide 
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 A#-�� ����� +- !���� !�"�- ���<* ����� .�  ����
���� �� .��R* �( �#$%
 !�����  !�"2TiO  )%T� ���� +( 0�� +- ���( �$B- ���T( ��NT
 !�����  !�" ������#"��
 ! �� 2R�R$
 !�"��$ �� 
� ���U$�� )� ���� ����h .)�� �$��&���' !�����  !�"+(-��h ��� !��(��- 0��*��( ���! �' ��%I(������� �(��( �� ! 	AU#(�� � +( +- )�� !���
 !�����&(JK�, ���#C  +<��AU#(��	  
�  ����
 2BC ����� �##-. 0�� �(�@��� ���1  ����&B" � ]72[� �� 3�+  JK�,AU#(��	 3�( ��! +�3��
 FTO  +	�9� ��-��  ��� �*AU#(��	  �(��h c�
nm 400-275  ��Je, .�#- �� �C�( !u*��$�� 0��  )
��6
 ������ �(��( �� +< T( AU#(P����
���  ��%I(���� +&���N( �(�� !�" !�����  JK�, ���
 �(AU#(��	�  ;�
 +( 0$	�� ���M 
� r'25 ��<
 �� )C�� A(�*� ��
�( +( 67/13%  �������1���� +- ����	�  JK�, +�3 ���(AU#(��	� �6*�g�%  L�B*  ��
�(��  ��  )�� 
��
���. �Q�-2  ����&B" �]73[� %h 
� L�I1� �(�)< �  .�-�*���'�#�2 ;3�
3 )SM �� (+(���
 ���#C  J�$	� �9 	�<
� �-���
 +- �� 
� ����*���"�  ��� �(��( ��U#(��	A  .�#- )V	�7
A��'  �N�2TiO  �(SM )��  �9 2
�C ��
� (�
���- J�$	��' �4�h����! AU#(��	 ��� ���� !�"  �� !�����  ��%I(� ���R( �� 
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�:T �R*�. �����D� �� )��&���' !�" )(�h�� ��( 0�$TR� )���	 |��*6  ����&B" �]74[� ( �B- + }�h +T��6
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� �<( � 2%M O����  .�� ���B<
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 ��100% =RH �(  3FAPbI  +(��
 �����
 +( :"3MAPbI �
 .��R* ���5 Carbon dots 6 Frost 7 Hygroscopic 



����� ���� ��
��� ���
�� �
��� �������� ���-�!": $��%�&�� � ����  14  ]78[)��&���' )���T� A"�- !��( ��&��� 0��#G . �" 
� ���U$�� +�B,
� �)�� ��� ��I#��' )(�h� +()��&���' !���( �9�C ��>*� 2�&�* ��%�-�* !��1�" �"2�&1� 
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 �� 0$	�� ���M ��
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 0�� .�#- �( ? )�B�� ;��"��
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 }�h ��+( ���
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 0�� ��h �� }�h +��B� !�"] 10I3[Pb2(MA)2(PEA)2(�M ;��U* � +,�* �B� ���� !���� .+�3 �( +T��6
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��O� �I� ��>7
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�( �� �� �� ��e1 !���#	 ��%��' �����
�� �)��&���' !�����  !�" ���� �*�6�67* ! ������ ����( 
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� ���U$��)��&���' !�����   �� .J�� �( �#$%
 ���� !�����  ����:- ���( �� �����' ����� ) �� O�� �+#��" ( )%T���h !���� �|�7
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.  ���
 2�1� 0�B" +( )��&���' J�� ���(4 +( ���
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 ���� ���#"�. � ���0  +( AR(���(� "�*�-� O�* 
� !�"  ��� �� +- ���� JK�, +�3 �� )�B� A"�- )I, !�����  !�"                                                                                                                                                            1 Goldschimdt Tolerance Factor 2 Octahedral Factor 3 Formability 4 Transition metals  )��&���'J�� �( �#$%
 ��1�"  �#�����, ?��h 
� ���*�-�
 +$	�� ;��5 !��	 !�".:�
���'    2&� 11-  ��61�( ���
 +�3 !��(���  ���� JK�,�� !)��&���'. (}1� ���*�-��61�( !�"  )�<M�
 !��(A;���	 ��1� ���
 � 1�" ���"� )I, Br, Cl)%D ���-� (J �(��#��B� ��
�( ������� 
� !� !�"  �( �#$%
 )��&���' !����� Pb �Sn �Ge �Sb  �Bi ]98[.  3 .3 .1 .��	
��� ������
 Q	R �� �9KS� ����
��� )Sn(7  )F�MSn� �(&�  ���� �5�#C 
�14 (��#* ���, ���  )�� +- ����!  8�<�����  +(��
)Å 35/1 ( �(:") ���  �"��� Å49/1 (Pb )��. ��u�� 0�� � 2�&�*)��&���' !�" F�M �( �#$%
 �( .��#$
 �� 3APbX ��&
� ���- ��e' )�� ]101-98[. )��&���'!�"  �( �#$%

�BC ��
�	 �( F�M� 3ASnX  ���� �����
���� �� �� +- �A +(��h ��B<
 2�$
 ���*�-L����
� )+MA(� L��#���
�
��	 )+FA(� L���� +Cs  �X �� �����  ���� 
��S�1�" �"  .)�� 0�� ����
 1� +(�2 �B*�2 F���&�* +( �*�2 T-���"�! (� ��D� �,����0 :-B�� 0B�� � !�* +( )%T�)��&���'" !�  J���#$T"+( .���-��h F�M +(���#C .��#
0��* C �># ��	! ��(�#����, ! �
 +$	�� �V� �� J��.��� ��#�)  �  ����&B"]102[� �� ���  ������! ')��&���  g�
�-  J�� ���( �� �� +- 
�3MASnI +( ���#C +�3��� JK�,! ���U$�� ���( ��� �(��  ��$ ��)��&���' 1�B<
� 3AMX ����- O���� ��.  ����0 8��  JK�, +�3 �!�����  ����5 Alkaline earth metals 6 Shockley–Queisser limit 7 Tin-Based Perovskites 



�'(��( �)(� "�*�( +('! ��,-.(+ �+(�� �.�. � /0� "��12� 3��4 �+ 5�6
678 "	�4 9��-. ��� 1�  ���	
3� �
��� 14015�7:& � 1 ; 34                           17   )��&���' +�3��
 !�� �( 2TiO +�3�� ����� . !��( ���� ��
�( ����� 0��$I( 6 %   )��(�
� �
� . 0�� �� �?�67* !��e'���&* � Y��$�� &�
w��( 2 ��(
� .  O���� +5� ��&�BC ����+$ �� !�"��� yR�
 ���  +- ���<*!  
�����	��" � ���(���� ���� "�� ��"�
�( ��>*�-  ��*�-����( ���. $��  
� +$�� ���������"  ��
�( +- %��#
� ���#$�$M� �� ��� ���| 7
�N� �

��A  ���M �
�#$	��h �� �� M� �#G�+6� +( )C���R*�. � ���  +( +�3 !�"4�U� g�
�- �
 2��%* .����B" ���� ��

� r��*���-1  ����&B" �]103[� *67�? ?�M� ���
 �� !�* )��&���'1�" !�"�� ��	! #$%
�  �(F�M �- O������.�  �� )��&���' �?�67* 0�� +( ��$(� �}�$R
 F�M ��1�" !�" O�� r�� � �$#� �*��U$
 !�" ��$ ��!���(=��  � ���! ��u�� �2B� !�"26�� 2
���&��$&1� !�"  ���
 0�� +( ���
 F
�, ��h+��d* 2��7*� Y��$� @����( .)	�� ���M  �?�67* 0��)��&���'�T( )���T� �F�M �( �#$%
 !�" ��  � ����� �u�T-� +( ��3�(2+Sn �*��5�� �����'�� �� +- +( ������( ���M |�7
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� �� �� +- �� !��1�" 3CsSnI  �xBrx-3CsSnI +( ���#C +�3��� JK�,  ���U$�� �����( ���- �� O������.� 3CsSnI4�� �!S��� T(��� B- � ���<
 eV 27/1 �
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  ��� ������&�nm 950 �
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�! �,����#�  J����  JK�, +�3�������  !�"��! �&���'�) �( �#$%
  J�� �
.���(2+Ge � 8�<����� &G�-� )pm 73�6
 �� (�+T  �( *�-��� ��	! 	�i ���$� 2+Pb  � 2+Sn .���� 2+Ge � )%T� +( 2+Pb B��) �B- ���� ]121[ .�� �6
�+T �( )2/3(Pb   � )96/1(Sn  L����
�S �����! *�����$&1���! 1/2 )��  �e1 T-� �<$T
������� .)�� 1�"��"�! 2�$
 L����
���
�S�L� 3MAGeX ���61�(���- 0��*�� ��(! ���� !�" ��� ��! �&���'�) 
 �#$T"��� �9�. B���� 2B7*�) ��(![X:Cl, Br, I] 3MAGeX *�* +(�. ����! ���6
 005/1 � 988/0  �965/0 ��) ��� +-�� I( ����7
 +(�+# 03/1<t<99/0 ��(! &�*�2  ����$ �� ������ �&���'�) +��' !�<(���� .)�� 3MAGeI� ����! 4��!���� ���!1 eV 63/1  �V� 
� +- )����
���� w��( 
� �*)eV 55/1( 3MAPbI  �)eV 30/1( MASnI3 �' �����! �$I(!  ��" �� �6
 ���+T  �(3MAPbI �
 ���� ��  
��"� ]119[.  ���, 3- ���� ��Q�$1��$	 !�"�$
���')F�M �( �#$%
 )��&���' !�����  !�"Sn(  ��
�( 2��%*���*  )%(   .��9�����'  )%( ����,  ��*�- ��>*�)2mA/cm(   S�$1�
�( ���
  )v(  !�#(�&�'  JK�, +�3  40/6  42  80/16  88/0  -/absorber/Spiro2TiO-/mp2TiO-FTO/c OMeTAD/Au [102]  3MASnI  73/5  57  33/12  82/0  -/absorber/Spiro2TiO-/mp2TiO-FTO/c OMeTAD/Au [105]  2MASnIBr  27/4  59  26/8  88/0  -/absorber/Spiro2TiO-/mp2TiO-FTO/c OMeTAD/Au [105]  3MASnBr  80/3  51  90/19  38/0  [110] /absorber/PTAA/Au2TiO-/mp2TiO-FTO/c  +hydrazine 3MASnIvapor  12/8  62  20/21  61/0  [111] /BCP/Ag60ITO/PEDOT:PSS/absorber/C  3SnI0.25(MA)0.75(FA)  60/6  64  30/21  48/0  [111] /BCP/Ag60ITO/PEDOT:PSS/absorber/C  3FASnI  18/2 52 37/13 31/0 [112] /absorber/carbon2Glass/FTO/TiO 2+SnBr xClx-2MASnIBr 27/5 60 10/23 38/0  /ZnS/absorber/PTAA/Au2/mpTiO2TiO-FTO/c [113] 2+SnF3FASnI 12/8 62 20/21 61/0 11][1 /BCP/Ag60ITO/PEDOT:PSS/absorber/C 2+SnF3SnI0.25MA0.75FA 94/5 69 40/14 59/0 [114] /absorber/PCBM/AlxITO/NiO 2+SnF28I2Sn2(FA)2(PEA) 77/6 73 00/20 47/0 [115] /BCP/Ag60ITO/PEDOT:PSS/absorber/C +LiF (5 nm)3FASnI 60/9 71 30/21 58/0 [116] /BCP/Ag60ITO/PEDOT:PSS/absorber/C 2+2% EDAI3FASnI 85/5 60 15/22 43/0 [117] /absorber/PTAA/Au2TiO-FTO/mp +10%PN3FASnI 81/4 49 71/25 38/0 [118] /absorber/PTAA/Au2TiO-/mp2TiO-FTO/c 2+SnI3CsSnI 00/2 37 70/27 24/0 -/absorber/m2TiO-/mp2TiO-FTO/c MTDATA/Au [106] 2+SnF3CsSnI 56/1 43 60/11 31/0  OMeTAD/Au-/absorber/Spiro2TiO-ITO/mp [119] 2+SnF2CsSnIBr 04/3 59 00/14 37/0 [110] /absorber/PTAA/Au2TiO-/mp2TiO-FTO/c 2+SnF3CsSnBr 20/3 57 40/17 31/0 [120] /absorber/C3O2/Al2TiO-FTO/c 2SnF-+HPA2CsSnIBr                                                                                                                                                             1 Optical bandgap 
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 3MAGeI  �3FAGeI )C°250(  �����
 2&�) �"�15( . O���� ?�67* 0�� �� 0�#XB" +- ���������  !�"��! �&���'�) #$%
�  �(Ge ����!  ���6
 ��OCV  �#$T" ;��U$
  0�� +-1� +(�2 T-�������� ���I  +(+4Ge  �#���	 ��h ��  ) ���
 ���"�. ��G�'�-3  ����&B" �]123[ �#$	���� � 9� +-���- +	� ����"! 
��(�� )Br( )��&���' +( !�" 3MAGeI �+� �I#* A���	� �C�( ��Q�$1��$	 ��&�BC� �I� �
���� �' +&�(����!   �I��� ���� �� �*! B-� ��	��A 
� �"��, .����#� 10%  
����!�" ���� 
�( �(���  +( �d#
  ) ���&���'�) 0.3Br2.7MAGeI  ���* 2��%* ��
�( �( 57/0 % �
��, .���4  ����&B" �]124[ �� ��&���'�) �%�-�* ��� �( �#$%
��
�S !�"� +( �F�M � :���(�� �L�� L� 3I0.5Ge0.5RbSn 4�� �(!���� ���! 6$T
�:  ����7
 ��eV 6/1-9/0  � �( ��h�} Je, ���! � J��N
 2(�M +T��6
 )��&���' �( !�"3MAPX  ������� O����� .�0  ���
 �(  0$���f�7* !��e' !3�(2
���"���( ! �'����! (� � �� )(�h� �(��(  ��  
� �����
���. �#G5 ����&B" � ]125[ � �h 
��? +�%� +%��7
 �B- +( !��C !
��+%��7
 � +��V ) �1��G F(�*DFT(6� ��  ���
�&���'�) �<(��! ]4GeI2[(PEA) 4GeI2)3NH2)2(CH5H6(C  
� 2&�$
  ;�7U5���� ��
�S�L� ��<
�  �����,�( 3�+�"! 1� � PEAI4�� �( �!���� 6$T
�:  eV17/2  ���
 � �	�<
 �� ��������M ����(.   0���&���' ���
�) �
� ��!  l�*��( ��h|��$
 �BC� �-�#(�* ��u�� �
 ���� ��  
� �"� ��
 �� �� ���*+(#C ���                                                                                                                                                            1 Krishnamoorthy 2 Tauc plot 3 Kopacic 4 Ju 5 Cheng �� ���-�� ��( ��61�(! �"��(��-! �� ��&( ��Q�$1��$	)	. 4GeI2(PEA)-2D �'����! (��$�!  +( )%T� ��" ��-3D 3MAGeI ����  +- ���u�� 0�� ��,� +(�� d�
��� 1� �#�(� J��
 ���� )%T� ����.���    2&� 15- h (}1�)�} ��� Je,! 3CsGeI �3MAGeI  �3FAGeI �� � �6
�+T  �(3CsSnI� 1��G � ��� +%��7
 ���( ��$ �� (J)� '�A(�#�-  ;3�� ���3CsGeI �h (c)�}d#��  ��" �� ���$&1��*�	 
� +��B��"! ���'! ) �� (L������ 
��* S���! 3CsGeI �3MAGeI  � 3FAGeI ]122[.  ����1 �0�� �( ���C7  ����&B" �]126[�� �� � 8�&���'�) 1��-" �1������%��! ��T1���-�'�' ���<(!8  �(  ����3�
�	–[M = Sn or Ge, n = 2 3n+1InM1-nMA2BA 4]  ;�%��7
 ?��h 
� � �	�<
 ��DFT  ���M ����( ���
 �.�-�* 0�� .���� ����! ��u��!�" ��� Je,  � 3�( ����(�$R�� ���! 2(�M��%M  +<��* �� !�����&( )I, �����
 J�� ���( !�����  !�"���(+( .��-��h� )��&���'#$%
 !�"�  �(Ge��u�� � !�"��$ ��! �&�$'���$&1�  ���T(*��U$
� �"��$ �� �(! $%
#�  J�� �( 
 ������#"� ��(�#( ��0 ��(!  ��%I(��
�( �� ��( c��R$��  0�� ����	� ���( �"ETL  �HTL +$	����&( �I�� �� ���I(�#+ .���� :I
 �+B" 
� �* L�C%~*�) ���!�" 2+Ge �1� +(�2 T-�������� ���I  +(+4Ge �&���' ���) #$%
�  �(Ge �6 Density functional theory 7 Liang 8 2D Ruddlesden–Popper hybrid organic–inorganic perovskite 
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 T(��� A1�G�( +- )�� ������(��  2�  .���0�� �( ���C 2&�
 � }<9�'����!  ���
�( T(��� �'��0 ���
 0��� �"��(��-! � ��Q�$1��$	�0 ���' 8���&�)�"  ���7
 ��) )�� ���- ���,4(.  ���,4- ���� ��Q�$1��$	 !�"�$
���')L����
�S �( �#$%
 )��&���' !�����  !�"Ge(   ��
�( 2��%*���*)%(   .��9�����')%( ����,  ��>*� ��*�-)2mA/cm(   S�$1�
�( ���
  )v(  !�#(�&�'  JK�, +�3  20/0  30  00/4  15/0  -/absorber/Spiro2TiO-/mp2TiO-FTO/c OMeTAD/Au [122]  3MAGeI  11/0  27  70/5  07/0  -/absorber/Spiro2TiO-/mp2TiO-FTO/c OMeTAD/Au [122]  3CsGeI  20/3  53  49/10  57/0  [128]/P3HT Au 3/CsGeI2TiO-FTO/mp  3CsGeI  70/4 53 10/23 73/0 [129]/perovskite/spiro/Au2FTO/TiO 12ClIIISbIIGe4FA 79/4 60 30/20 43/0 [130]/BCP/Ag/Au60ITO/PEDOT/perovskite/C -1Sn0.25MA0.75FA 3IxGex   3 .3 .3 .��	
���������
 �� �9KS� ����
��� )=�"F��Bi(  (�;�BT)Bi(� 
�����* ����"! +3 ' �(��#(�&! ���$&1�� +�3 	�i�)  �( +(��
2+Pb ���� 8�<� �( �pm 103 � �� �6
�+T  �(         )pm 119(2+Pb   �)pm 110(2+Sn � 2�&�* �"�. 1� ��C*�����$&��! (�;�BT ��6
 ���+T  �()33/2(Pb  �)96/1(Sn �( �(��( �02/2 )�� ]93[)��&���' .#$%
 !�"� ( �(�;�BT �- ��
�	 �(� 9X2Bi3A ���� ���� �
 +- ����  �� ��A �
 ����*MA �Cs �3NH � Ag � .���(�0  +( ���
 1��2 "�
�) :-B�� 
 +,�* �� ���!  .�, ��  +( �� ���-��� ]127[.  �)��&���' ;�%�-�* 8�� 0�� �
�� �#���*��"�B! U5 � !�<(d�
 �������!�" ���<(!� +�3 !�"���<(! ��  !�"��$ ���
��1�1�)1 +��&���' !�<(�$� .�#"� 2�&�* �*2�$
 ���(#$%
 L����
�� ( �(�;�BT  9I2Bi3(MA) (MBI)� �� ��$ �� A�<�9� 
:V# �NM �(! 
�  +%*�
100  �*nm200 �� �#"� �
 2�&�* .�	:��"! MBI� �'����! ��3�(  ���(��(  )(�h�50% ��"! 7
�|  ��
� ��!  +( l�*�  ;�
40  
���
 ���� ��  
� �#"�]131[. 1���0  �( +<1�N
 ��! �&���'�) #$%
� ( �(�;�BT 9I2Bi3(MA)  |��*                                                                                                                                                            1 Elpasolite 2 Park 3 Zhang 4 Okano f��'2  ����&B" �]132[ �I* �(�+ +�3�&���' f
�� !�"�)  ����9I2Bi3(MA) �&���' ��)  {��R
xClx-9I2Bi3(MA) ���� .�� O�������  !�"��! 9I2Bi3(MA) ��
�( �( �  ���* 2��%*12/0 % �6
 ���+T  �(xClx-9I2Bi3(MA)  ��
�( �( 003/0 % ����� ���� �� !�$I( ��&�BC �#XB" .�0 �,����#� �� ��- �(��  ��xClx-9I2Bi3(MA)4�� �!����  
� ��1/2  +( eV 4/2 W*���  .��� +
��� �� 0����S �;�6�67*3  ����&B" � ]133[!�����&( �( � �� ��6$�� +�3���$&1� ��#"� 2TiO 2R�R$
 �� JK�, +�3 �� ��#- �&���'�) 9I2Bi3(MA) � +$ �� !�����  ���� ��
�( A���	� �* ���42/0 %  �� ����- ��"��
 .���-�4  ����&B" �]134[+�3 � 9I2Bi3(MA) +( �� ���#C3�+  ��� JK�, ?��h 
� �B- +( J��� O�� 
��5 +�3 Y��$� .����- ����� O�� +( )%T� +- ��� ���� A��')�U�- A���	� .,�
 O�� 0�� ��� �G �"� )R�� ���� �* ��
�( A���	� +d�$��� � +�3 �N� ���#� 08/0 % �
0�, .����6 ����&B" � ]135[ 
� ���U$�� �( � +�3 O�� �( �#$%
 �������R( �B- +( ���7
 �#���	7 (VASP)  �	 ���� ���M �(�:��"! 3BiI  ��<
 �� ��R(I 3NH3CH ���	� +( �d#
�A  )�U�-)R�����#�� ���-�� �' �����!  0��:��	��" �� �"! 7
�| ����. ���� ��� ��! +$ �� �( ��� �O�� 0������! ���* 2��%* ��
�( 5 Gas-assisted deposition 6 Jain 7 Vapor-assisted solution process 



����� ���� ��
��� ���
�� �
��� �������� ���-�!": $��%�&�� � ����  22  3�(! 17/3 % ���$&1��$'� =��  ��&� +$	����%I(!�  +- �� �
��u�� )T���* �� ��  ��Q�$1��$	 !�"�(�;�
 ! 60 
��� �I#* �( 1/0%  A"�- �� �����- .�#- �U� ������1  �  ����&B"]136[� -�* ��IG�. O2·5H4LiBiI � O2·8H8I2MgBi �O2·8H8I2MnBi � �02·H4KBiI  ��  O����0$��� �( +- ����� 4��!���� 6$T
�:  eV76/1- 70/1 �
+( �#���* ���#C +�3e, J�.���� ���U$�� ��61�( ��� �#I12 ����&B" � ]137[ �)��&���'3 !�"�+�! �<(��! 9I2Bi3K  �9I2Bi3Rb 4�� �( ��!���� 6$T
�:  eV1/2  �	�<
 ����-  ���7
 O�� �( +-�� A#-���"! )1��I* �
�,�+ �
����.  �+(��
 ;�6�67* ��)��&���' !�"���*�� (Br, Cl) 6AgBiX2Cs  �6KBiCl2(MA)  O�� 
� ���U$�� �(  .���� �$#� ���7
 �@��� 0�� �( +- �� O����6AgBiBr2Cs  �6AgBiCl2Cs ����! 4��!���� 6$T
�:  +( .�*�* 19/2  �eV 77/2 .�#$T" +- )�� �1�� �� 0�� 6KBiCl2(MA) ����! 4��!���� T(���  w��(eV 04/3  +- )����(! ���� �� ���U$�����  !�"��! �&���'�) #
� .���)T ]142-138[. ��"3 ����&B" � ]146[ ����� ��� ��! �&���'�) #$%
� ( �(�;�BT 9I2Bi3Cs  �( ��  ��$ ��/PTAA/Au9I2Bi3/Cs2FTO/TiO  +- ����- O����  ��
�(8 % )���	 .�:� �&���'�) 9I2Bi3Cs � 
�	!���( �' � y1� ����! *����� ��3�( )����&���' ���� .�) +$ ��+1�T�- ;��5 �� �@��� 0�� �( ������� ��
�( $(�D� ��( ��! (�A  
�500 )C��� �
� ��! °C 65  )(�h� �( 60  �*70 %  �����
) ������,5( .   ���,5- ���� ��Q�$1��$	 !�"�$
���');�BT�( �( �#$%
 )��&���' !�����  !�"Bi(   ��
�( 2��%*���*%   .��9�����'%  ����,  ��>*���*�-mA/cm2  S�$1�
�( ���
 v !�#(�&�' JK�, +�3 19/0  46 16/1  35/0  FTO/TiO2/mp-TiO2/absorber/P3HT/Au [131] MA3Bi2I9 39/0  34 39/1  83/0  ITO/PEDOT:PSS/absorber/C60/BCP/Ag[134] MA3Bi2I9 07/0  49 22/0  66/0  ITO/PEDOT:PSS/absorber/PCBM/Ca/Al [143] MA3Bi2I9 003/0  38 18/0  04/0  FTO/TiO2/mp-TiO2/absorber/Spiro-OMeTAD/Au[132] MA3Bi2I9-xClx 08/0  50 27/0  57/0  FTO/TiO2/mp-TiO2/absorber/PTAA/PIDT-DFBT/Ag[144] (MA3Bi2I9)0.2(BIi3)0.8 027/0  43 12/0  40/0  FTO/c-TiO2/HDABiI5/mp-TiO2/Spiro-OMeTAD/Au[145] HDABiI5 00/8  ... … … Glass/FTO/TiO2/Cs3Bi2I9/PTAA/Au[146] Cs3Bi2I9 06/0  27 37/0  61/0  ITO/MA3Bi2I9/Spiro-OMeTAD/MoO3/Ag[147] MA3Bi2I9+FPDI 22/1  67 30/3  56/0  ITO/TiO2/mp-TiO2/absorber/P3HT/Ag[148] AgBi2I7 43/2  63 93/3  98/0  FTO/c-TiO2/mp-TiO2/absorber/Spiro-OMeTAD/Au[149] Cs2AgBiBr6 40/0  38 40/3  31/0  FTO/c-TiO2/mp-TiO2/absorber/P3HT/Ag[143] CsBi3I6 90/0  54 71/2  62/0  FTO/c-TiO2/mp-TiO2/absorber/ZrO2/C [134] C6H5NBiI4 03/0  43 12/0  40/0  FTO/c-TiO2/mp-TiO2/absorber/Spiro-OMeTAD/Au[143] (H3NC6H12NH3)BiI5 02/0  37 18/0  02/0  FTO/TiO2/mp-TiO2/absorber/P3HT/Ag[143] Cs3Bi2I9 09/1  60 15/2  85/0  FTO/TiO2/mp-TiO2/absorber/Spiro-OMeTAD/Ag[132] Cs3Bi2I9                                                                                                                                                               1 Yelovik 2 Lehner 3 Heo 
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678 "	�4 9��-. ��� 1�  ���	
3� �
��� 14015�7:& � 1 ; 34                           23   ��>*�� ��(�� ����$&1� t�&���&�
 9I2Bi3(MA)  �( )V��}�$R
 !�" 
�  NMP (N-methyl-2-pyrrolidone)  2&� ��16 � ����)�� ��� ����.    2&� 16-  ����>*SEM  
� �7N�9I2Bi3(MA)  )��� �( � ���(  }�$R
 !�"NMP ]150[.  3 .3 .4 .��	
���������
 G&�"�KD� �� �9KS� ����
��� )Sb( $������B)Sb(� �&� ���� �"��
�� 
�! ��( ��61�(! �,����#�  �� J�� JK�, +�3�������  !�"��! �&���'�) $�� .)������B� ����*�� &�*�2 ���!�" +3 ' �(��#(�&! ���$&1�� 	�i�$� +(��
 �( 2+Pb .���� �� 3+Sb +��$�	�i� ����!  8�<����� &G�-� )pm 76�6
 �� (�+T *�- �(��� ��	! 	�i ���$�)pm 119 (2+Pb �)pm 110 (  2+Sn )�� �  ��C*�����$&1��� ��� !�6
 ���+T ) �(33/2 (Pb ) �96/1 ( Sn �05/2 .)��  )��&���'#$%
 J�� ���( !�"� $�� �(����B� �� ����B !�<( �U51 �� �� 3 ��$ ���+�! �<(��!  ��
�	 �(�
�BC 9X2Sb3A &�*�2 
��#"�  �� �� +-A� �� *�-��� 1�� �� ��<
�  �X �� )�� �S�1�" ]151[. +��� J�R$�� !�" *�-��� �� ������ #&*�� +�3� ����� ��	!�"�#� +(+$	���-  �� 8�� �) �� 0�� )��&���' ��<(� � ��$ ��#$%
 !�"�  �( $������B <* ����0 �
#-#.�   :��	�"! +�3�
�M !�  ���9I2Sb3Cs4�� �( �!���� 6$T
�: eV 05/2�9 ��. 3�( Je,!1-cm 510 S��� �! ����������                                                                                                                                                             1 0D dimer 2 Harikesh  3 Hebig eV 6/5 ��'����! �$I( �( +T��6
 �� !�� L�	��B ( �U5 !�< 9I2Sb3Cs �
 ���� ��" ��.�#"� 0���(��6
 ������  ��
�( ���� ���* 2��%* ��� ��! �&���'�)  �(L�	 �3+ !� 9I2Sb3Cs� +(��� JK�, ���#C� �����  +(1% O������� ���� +- )���- ��&�BC ��#"�� T( ��Q�$1��$	��� �'��0  .�-�* 0���)� .�&���'�) +�3�<(�� !� !9I2Sb3Rb�  �(  ���*�- �#�����,+Rb �G�- 8�<� �(�* Å72/1 +( !�, ) ���*�-Å 88/1 (+Cs���7
 A#-�� �#���	 ?��h 
� � !�" RbI  �3SbI A�&���" |��*2  ����&B" �]152[ O���� �  ��
� )��( !�����  ���� ��
�( .��66/0 %  +- ��(  �* ��3�( �*���� !�����'C°250 �
 ���� �� .���%"��3  � ����&B" ]153[� +�3 f
�� � �NT
 !�"9I2Sb3MA  �� �( O�� A��'� �G �"�� I*�+ ����-. ?�67* 0�� @����(� 9I2Sb3MA  |6	�� �� ��$ ����B!�<( �U5 ! &�* ���2 �
 .�"� ���$ �� 0�� �������)�" !�"�I,� -3]9I2[Sb � ���*�- !�"+MA ���- +h��� ��3 .����+�"!  f
�� +()�� ���
� �(�9�. 3�( Je,! 1-cm 510  �4��!���� ���! eV 14/2 ���* 2��%* ��
�( �49/0 %  ��
 ������"�. ����S4  ����&B" �]154[�  
�*�-���  2�$
 L����
�)3NH3(CH ��(! :��	 �$#��"! +�3�<(�� !�! x-9IxCl2Sb3)3NH3(CH ����- ���U$�� .���- +	�9� 2�$
��- L����
��� ���7
 +(A�' !�"���
 )��&���'�  
� &�*�2 �� J��N
�� 
�	��B  !�<( �U5���,��! �
 +- �#-  0��:��	 �$#� +( �d#
�"! - �(�U�) 3�(�  )I,�- �� ��(� �������  !�"��! �&���'�)  J�� ���(�
���� .  ���* 2��%* ��
�(��0 :��	 �"2%  �
� )��(.  � � �
��#5 ]155[ �������  
� !� ���
 ��� JK�, �&���'�) 9<x<0 x-9BrxI2Sb3)4(NH  .����- �$#� ��  ����
��� Je, �
 �� �( ���*���W*  )%T�I  �Br V#*�:  .��- ��( Je, 8���!  0��:��	�" ���6
 ���W* �( x  
�9  +(0 � 
� 558 +( 453  �$
�����
 A"�-�(�� . �@��� 0�� �( �* !�"���(9I2Sb3)4(NH f�7* �(2
�� !��e' ��( !�" 4 Jiang 5 Zuo and Ding 
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��� �������� ���-�!": $��%�&�� � ����  24  −1s −1V 2cm3/12 
�(���
 S�$1� +( �03/1  2��%* ��
�( � )1�  ���*51/0 % .�#$	�� )�� �&���' ���
 
� ���U$���) * �%�-� �( �#$%
 �S�&�-���1 1�" ����" �
 ����*�� u*��$��!  �DE
 ��(! ���� ) �����  !�"��! �' � ��
�� ��
���-����  .���(@�����2  ����&B" �]156[� �� �&���'�) +�3 !� !��	 12Cl2CuSb4Cs �+( ���#C +�3��( ��� JK�,! �������  !�"��! �&���'�)  O����������&���' .�) 12Cl2CuSb4Cs �-�* �(�%
� � ���*�- !�"2+Cu  �2+Sb  +( 2&� 3�+ +�3 +( &�*�2 �
���� � ������#3 ��� ��+%*�
 w��( 
� �*3MAPbI .)�� 12Cl2CuSb4Cs �����! �'����! !��� *���� ��  ���T()
��6
 � 3�( .��#
  �(��( �� +( ��Q�$1��$	 =��  .)�� )(�h�)����
� -�* 0���.� ����  ���U$���$��( � 
��0  �� �� ���
 !���#	����!�" ��� ��! �&���'�) J�� ���( �
 .�"��, �D�����#� $������B )Sb( �( (�;�BT )Bi �� (�� �&���'�) 3�+� ! �<( �� !9I2)xBix-1(Sb3)4(NH �+( ���#C +�3 ��� JK�,  A����&B" � A&���" |��*���( ���
� )	�����M ]161[�, .����#� Q�,� Sb  �(Bi ��$ �� ����( W* ����� �� ��� ��	� �� ���� ���� :d� �
��A  .���?�67* 0�� Y��$�  ����  +- ����9�. Je, �)��&���' +�3  )V�� A���	� �(Bi � 1� +(�2 ��	��A 1��G�  ���( �� ;3����� A���� ��	��A 
���(�. 0�� )�� �1�� �� +- 4��!���� ��(! 	�:� )5 %( Bi �1� +(�2 ��� ��� )U,�0-�*3�( ���
 
� �27/2  +(eV 16/2 
 A"�-���(� ) 2&�17( . ����(�;�BT�  ���( ��"�)  )�	�i ��' )B� +( ����0 W*��� �
� �"� �� � +d�$ ��6
�� T��$'�2 ����������4  
� ��78/5  +(eV 9/5 ��(! -�*�. )50 %( Bi ��	��A �
�"� ) ���,6(.  3 .3 .5 .��	
 �� �9KS� ����
��� ������
 ��� )U�Cu(     *�-��� 	�i ���$�2+Cu� � .��#
 �>#C���! ��(! �,����#� 2+Pb  )��&���' ���
 JK�, +�3 ��+( J�T�                                                                                                                                                            1 Chalcogenide 2 Vargas 3 Conductivity 4 Onization potential �
���� +-��G 2+Cu "�
�) g�
�- ����B�  .����2+Cu� ����!  8�<����� �G�-) �*pm73�6
 �� (�+T  �( 2+Pb  �  2+Sn )�� �  +( )%T�2+Sn  �2+Ge �' ��" ����*��� )�� ]163 ,162[ .)��&���'!�" #$%
� r
 �(�  g3�B<
 �"��$ ��! �&���'�) 3�+�! �<(��! �- ��
�	 �( � 4CuX2)3(RNH &�*�2 
��#"�  �� �� +-3+RNH   �� *�-��� 1��*�U��5 �� *�
�����6  �X  :"��  .)�� �S�1�" +()��&���' ���
 
� ;�%�-�* 0�� ���B<
��h �
 ���* �� +(��� �� �$����| .��#
� �( O��  
� ���I* ���7
�+  .��-�� ���  ������! �&���'�) �( �#$%
  r
 �<(��! 4CuBr2]3NH-4H2C5H6C-F-[p  � 4CuBr2)3NH3)2(CH3(CH  
� Je, ����7
 �(300  �* nm750 O����)�� ��� ]162[��6
 .�� ���* 2��%* ��
�(  ��
� )��(
� 0�� �������  !�"��! *�* +(�. 51/0 %  �63/0 % +- �#��( �
 r' 
� 1 
�� �� !���I�� ��" �( )(�h� 50 % ���( � +1�T�-��� ��� 25�� ���-. +(V#
 �� �' � ��Q�$1��$	 ��&�BC +<1�N
����! 1�"��"�! �-�*�% #$%
� r
 �(� �������  !�"��! #$%
�  �( x-4BrxCuCl2MA  |��* ���X*�-7  ����&B" �]163[ � ���
 ���(� $	�� ���M�#. �?�67* 0�� @����( V#* �(�:  )%T� Cl/Br�
 ���� Je, ���*! ��� �� ���+ ����
��� �
�M��8 ��	��A  .��� ����� ��"��
 �0�#XB" :- ���6
-Cl  �C�( ��	��A D
 ���%* � ;�%��� �&���'�) �
.��� �� (�0 +��B�����( ���
 !�"� �*3�(�0 �( ���* 2��%* ��
�( 17/0 % !��( 2Br2CuCl2MA �� O����.  0�� ?%h 0�#XB" �Y��$� 2Br2CuCl2MA  �3.5Br0.5CuCl2(MA) ��� ���| 7
�N�  ��" +��B� ���� +( )%T��'��*��� ����(.   1�  ����&B" �]164[ �	�:��"! �&���'�) ��$ �� �( <&
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