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1. Introduction

Ziming Chen ��, Robert L Z Hoye������and Hin-Lap Yip ��

�� �)�M�P�E�R�I�A�L �#�O�L�L�E�G�E �,�O�N�D�O�N�� �5�N�I�T�E�D �+�I�N�G�D�O�M
�� �5�N�I�V�E�R�S�I�T�Y �O�F �/�X�F�O�R�D�� �5�N�I�T�E�D �+�I�N�G�D�O�M
�� �#�I�T�Y �5�N�I�V�E�R�S�I�T�Y �O�F �(�O�N�G �+�O�N�G�� �(�O�N�G �+�O�N�G �3�P�E�C�I�A�L �!�D�M�I�N�I�S�T�R�A�T�I�V�E �2�E�G�I�O�N �O�F �#�H�I�N�A�� �0�E�O�P�L�E���S �2�E�P�U�B�L�I�C �O�F
�#�H�I�N�A

�/�V�E�R �T�H�E �P�A�S�T �� �Y�E�A�R�S�� �M�E�T�A�L�
�H�A�L�I�D�E �P�E�R�O�V�S�K�I�T�E�S�� �W�I�T�H �T�H�E�I�R �E�X�C�E�L�L�E�N�T �O�P�T�O�E�L�E�C�T�R�O�N�I�C �P�R�O�P�E�R�T�I�E�S �A�N�D
�C�O�M�P�A�T�I�B�I�L�I�T�Y �W�I�T�H �L�O�W�
�C�A�P�I�T�A�L �F�A�B�R�I�C�A�T�I�O�N �M�E�T�H�O�D�S�� �H�A�V�E �S�U�C�C�E�S�S�F�U�L�L�Y �J�O�I�N�E�D �T�H�E �S�O�L�I�D�
�S�T�A�T�E �E�M�I�T�T�E�R �F�A�M�I�L�Y
�;���=�� �0�E�R�O�V�S�K�I�T�E �L�I�G�H�T�
�E�M�I�T�T�I�N�G �D�I�O�D�E�S ���0�E�,�%�$�S�	 �S�H�A�R�E �M�A�N�Y �S�I�M�I�L�A�R�I�T�I�E�S �W�I�T�H �O�R�G�A�N�I�C �,�%�$�S ���/�,�%�$�S�	��
�I�N�C�L�U�D�I�N�G �P�R�O�C�E�S�S�A�B�I�L�I�T�Y �W�I�T�H �S�O�L�U�T�I�O�N�
 �A�N�D �V�A�P�O�R�
�B�A�S�E�D �T�E�C�H�N�I�Q�U�E�S�� �A�S �W�E�L�L �A�S �C�O�M�P�A�T�I�B�I�L�I�T�Y �W�I�T�H �F�L�E�X�I�B�L�E
�P�O�L�Y�M�E�R���P�A�P�E�R �S�U�B�S�T�R�A�T�E�S �A�N�D �P�R�I�N�T�I�N�G �T�E�C�H�N�I�Q�U�E�S �F�O�R �L�A�R�G�E�
�S�C�A�L�E �F�A�B�R�I�C�A�T�I�O�N �O�R �M�I�C�R�O�
�P�A�T�T�E�R�N�I�N�G �;���n���=��
�"�U�T �A �C�R�I�T�I�C�A�L �A�D�V�A�N�T�A�G�E �O�F �0�E�,�%�$�S �O�V�E�R �/�,�%�$�S �I�S �T�H�E�I�R �M�U�C�H �N�A�R�R�O�W�E�R �E�M�I�S�S�I�O�N �P�E�A�K�S ���B�O�T�H �I�N
�P�H�O�T�O�L�U�M�I�N�E�S�C�E�N�C�E ���0�,�	 �A�N�D �E�L�E�C�T�R�O�L�U�M�I�N�E�S�C�E�N�C�E ���%�,�	�	 �A�N�D �H�I�G�H �C�O�L�O�R �P�U�R�I�T�Y �A�C�R�O�S�S �T�H�E �E�N�T�I�R�E �V�I�S�I�B�L�E �A�N�D
�N�E�A�R�
�I�N�F�R�A�R�E�D �W�A�V�E�L�E�N�G�T�H �R�A�N�G�E�S �;���=�� �4�H�E�R�E�F�O�R�E�� �0�E�,�%�$�S �A�R�E �C�O�N�S�I�D�E�R�E�D �T�O �H�A�V�E �G�R�E�A�T �P�O�T�E�N�T�I�A�L �T�O �I�N�C�O�R�P�O�R�A�T�E
�I�N�T�O �N�U�M�E�R�O�U�S �L�I�G�H�T�I�N�G�
�R�E�L�A�T�E�D �A�P�P�L�I�C�A�T�I�O�N�S��

�#�O�M�P�A�R�E�D �W�I�T�H �T�H�E �M�A�T�U�R�E �/�,�%�$ �A�N�D �Q�U�A�N�T�U�M �D�O�T ���1�$�	 �,�%�$ ���1�,�%�$�	 �F�I�E�L�D�S �W�I�T�H �O�V�E�R ���� �A�N�D ���� �Y�E�A�R�S
�O�F �D�E�V�E�L�O�P�M�E�N�T�� �R�E�S�P�E�C�T�I�V�E�L�Y�� �T�H�E �H�I�S�T�O�R�Y �O�F �0�E�,�%�$�S �W�I�T�H �R�O�O�M�
�T�E�M�P�E�R�A�T�U�R�E �E�M�I�S�S�I�O�N �I�S �R�E�L�A�T�I�V�E�L�Y �S�H�O�R�T
��∼���� �Y�E�A�R�S�	�� �A�S �S�H�O�W�N �I�N �F�I�G�U�R�E�����A�	�� �.�O�N�E�T�H�E�L�E�S�S�� �T�H�E �0�E�,�%�$ �F�I�E�L�D �H�A�S �G�R�O�W�N �R�A�P�I�D�L�Y �A�N�D �T�H�E �N�U�M�B�E�R �O�F
�P�U�B�L�I�C�A�T�I�O�N�S �A�L�R�E�A�D�Y �E�X�C�E�E�D�S �T�H�A�T �O�F �T�H�E �1�,�%�$ �F�I�E�L�D�� �F�O�R�M�I�N�G �A �N�E�W �S�O�L�I�D�
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2. 2D/3D perovskite thin films and colloidal nanocrystal perovskites
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�F�I�G�U�R�E�����D�	�� �T�H�A�T �S�I�G�N�I�F�I�C�A�N�T �R�E�D�U�C�T�I�O�N �O�F �M�O�N�O�M�O�L�E�C�U�L�A�R �R�E�C�O�M�B�I�N�A�T�I�O�N �R�A�T�E �C�O�N�S�T�A�N�T ���I���E�� �R�E�D�U�C�I�N�G �T�H�E �T�R�A�P
�D�E�N�S�I�T�Y�	 �I�S �A �K�E�Y �S�T�R�A�T�E�G�Y �T�O�W�A�R�D�S �A�C�H�I�E�V�I�N�G �M�A�X�I�M�I�Z�E�D �0�,�1�9 �I�N ���$ �P�E�R�O�V�S�K�I�T�E�S �U�N�D�E�R �L�O�W �C�A�R�R�I�E�R �D�E�N�S�I�T�Y
�R�E�G�I�M�E��

Improvingk�� ork�E�Xvalue�� �!�S �T�H�E �S�P�A�T�I�A�L �C�O�N�F�I�N�E�M�E�N�T �O�F �T�H�E �C�H�A�R�G�E�
�C�A�R�R�I�E�R�S �W�I�T�H�I�N �A �S�M�A�L�L �V�O�L�U�M�E �E�N�A�B�L�E
�E�F�F�I�C�I�E�N�T �F�A�S�T�E�R �R�A�D�I�A�T�I�V�E �R�E�C�O�M�B�I�N�A�T�I�O�N�� �T�H�I�S �H�A�S �B�E�E�N �A�D�O�P�T�E�D �A�S �K�E�Y �S�T�R�A�T�E�G�Y �T�O �E�N�H�A�N�C�E �R�A�D�I�A�T�I�V�E
�R�E�C�O�M�B�I�N�A�T�I�O�N �I�N �P�E�R�O�V�S�K�I�T�E�S�� �5�N�L�I�K�E ���$ �P�E�R�O�V�S�K�I�T�E�S�� ���$ �P�O�L�Y�C�R�Y�S�T�A�L�L�I�N�E �F�I�L�M�S �O�F �P�E�R�O�V�S�K�I�T�E�S �O�F�T�E�N �S�U�F�F�E�R
�F�R�O�M �P�O�O�R �P�E�R�F�O�R�M�A�N�C�E �I�N �0�E�,�%�$�S �D�U�E �T�O �I�T�S �L�O�W �E�X�C�I�T�O�N �B�I�N�D�I�N�G �E�N�E�R�G�Y ���L�E�A�D�I�N�G �T�O �F�O�R�M�A�T�I�O�N �O�F
�F�R�E�E�
�C�A�R�R�I�E�R�S �A�T �R�O�O�M �T�E�M�P�E�R�A�T�U�R�E�	 �A�N�D �S�L�O�W �E�L�E�C�T�R�O�N�n�H�O�L�E �R�A�D�I�A�T�I�V�E �R�E�C�O�M�B�I�N�A�T�I�O�N �P�R�O�C�E�S�S�� �4�O �T�A�C�K�L�E �T�H�I�S
�I�S�S�U�E�� �S�E�V�E�R�A�L �S�T�R�A�T�E�G�I�E�S �W�E�R�E �D�E�V�E�L�O�P�E�D �T�O�W�A�R�D�S �R�E�D�U�C�I�N�G �T�H�E �C�R�Y�S�T�A�L �D�O�M�A�I�N �S�I�Z�E �O�F �T�H�O�S�E ���$ �P�E�R�O�V�S�K�I�T�E�S �S�U�C�H
�T�H�A�T �S�P�A�T�I�A�L �C�O�N�F�I�N�E�M�E�N�T �O�F �T�H�E �C�H�A�R�G�E�
�C�A�R�R�I�E�R�S �C�A�N �B�E �A�T�T�A�I�N�E�D�� �3�I�M�I�L�A�R�L�Y�� �T�H�E �F�O�R�M�A�T�I�O�N �O�F �M�U�L�T�I�
�Q�U�A�N�T�U�M
�W�E�L�L �F�O�R ���$ �P�E�R�O�V�S�K�I�T�E�S �A�N�D �T�Y�P�E�
�) �C�O�R�E�n�S�H�E�L�L �S�T�R�U�C�T�U�R�E �F�O�R �P�E�R�O�V�S�K�I�T�E �Q�U�A�N�T�U�M �D�O�T�S�� �I�F �E�X�P�L�O�I�T�E�D �P�R�O�P�E�R�L�Y��
�W�O�U�L�D �B�E �T�H�E �K�E�Y �M�E�T�H�O�D�S �T�O �C�O�N�F�I�N�E �E�X�C�I�T�O�N�S �S�P�A�T�I�A�L�L�Y �A�N�D �E�N�E�R�G�E�T�I�C�A�L�L�Y��

Reducing thek�� ork�E�X� �E�Xvalue�� �7�H�E�N �!�U�G�E�R �R�E�C�O�M�B�I�N�A�T�I�O�N �I�S �D�O�M�I�N�A�N�T ���U�N�D�E�R �T�H�E �H�I�G�H �D�E�N�S�I�T�Y �O�F
�C�A�R�R�I�E�R�S���E�X�C�I�T�O�N�S�	 �I�N �T�H�E �O�V�E�R�A�L�L �C�A�R�R�I�E�R���E�X�C�I�T�O�N �D�Y�N�A�M�I�C�S�� �R�E�D�U�C�T�I�O�N �I�N �0�,�1�9 �I�S �E�X�P�E�C�T�E�D �A�N�D �R�E�S�U�L�T�S �I�N
�E�F�F�I�C�I�E�N�C�Y �R�O�L�L�
�O�F�F�� �/�N �T�H�E �O�T�H�E�R �H�A�N�D�� �A�L�T�H�O�U�G�H �C�O�N�F�I�N�E�M�E�N�T �O�F �C�A�R�R�I�E�R�S �I�S �H�I�G�H�L�Y �D�E�S�I�R�E�D �T�O �I�M�P�R�O�V�E �T�H�Ek�� �O�R
k�E�X�V�A�L�U�E�S�� �T�H�E �G�R�E�A�T�E�R �E�L�E�C�T�R�O�N�n�H�O�L�E �W�A�V�E�F�U�N�C�T�I�O�N �O�V�E�R�L�A�P �A�L�S�O �E�N�A�B�L�E�S �F�A�S�T�E�R ���E�F�F�I�C�I�E�N�T�	 �!�U�G�E�R �R�E�C�O�M�B�I�N�A�T�I�O�N��
�4�H�I�S �E�F�F�E�C�T �B�E�C�O�M�E�S �M�O�R�E �O�B�V�I�O�U�S �A�T �R�E�L�A�T�I�V�E�L�Y �L�O�W�E�R �E�X�C�I�T�A�T�I�O�N �D�E�N�S�I�T�Y �F�O�R �T�H�O�S�E �S�Y�S�T�E�M�S �W�I�T�H �H�I�G�H�E�R �E�X�C�I�T�O�N
�B�I�N�D�I�N�G �E�N�E�R�G�I�E�S�� �4�H�E�R�E�F�O�R�E�� �E�F�F�I�C�I�E�N�C�Y �R�O�L�L�
�O�F�F �F�O�R ���$���Q�U�A�S�I�
���$ �P�E�R�O�V�S�K�I�T�E�S �O�C�C�U�R�S �A�T �A �M�U�C�H �L�O�W�E�R �E�X�C�I�T�A�T�I�O�N
�T�H�R�E�S�H�O�L�D �C�O�M�P�A�R�E�D �T�O ���$ �P�E�R�O�V�S�K�I�T�E�S �A�S �E�V�I�D�E�N�T �F�R�O�M �F�I�G�U�R�E�����B�	�� �(�O�W�E�V�E�R�� �A�T�T�E�M�P�T�S �T�O�W�A�R�D�S �S�U�P�P�R�E�S�S�I�O�N �O�F
�!�U�G�E�R �R�E�C�O�M�B�I�N�A�T�I�O�N �T�O �W�E�A�K�E�N �T�H�E �E�F�F�I�C�I�E�N�C�Y �R�O�L�L�
�O�F�F �I�S �S�T�I�L�L �L�I�M�I�T�E�D �T�O �A �H�A�N�D�F�U�L �O�F �L�I�T�E�R�A�T�U�R�E�S �;�����������=��

Current and future challenges
�%�V�E�N �T�H�O�U�G�H �M�E�A�S�U�R�E�M�E�N�T �O�F �0�,�1�9 �A�N�D �A�S�S�O�C�I�A�T�E�D �I�D�E�N�T�I�F�I�C�A�T�I�O�N �O�F �R�A�D�I�A�T�I�V�E �A�N�D �N�O�N�
�R�A�D�I�A�T�I�V�E �R�O�U�T�E�S �A�R�E
�I�M�P�O�R�T�A�N�T �C�H�A�R�A�C�T�E�R�I�S�T�I�C �M�A�R�K�E�R�S �T�O �P�R�E�D�I�C�T �T�H�E �%�,�1�9 �O�F �0�E�,�%�$�S�� �S�I�G�N�I�F�I�C�A�N�T �D�I�S�C�R�E�P�A�N�C�I�E�S �B�E�T�W�E�E�N �A�C�T�U�A�L
�%�,�1�9 �V�A�L�U�E�S �A�N�D �M�E�A�S�U�R�E�D �0�,�1�9�S �M�A�Y �O�C�C�U�R �D�U�E �T�O �S�E�V�E�R�A�L �R�E�A�S�O�N�S��

���I�	 �4�H�E �D�I�S�C�R�E�P�A�N�C�Y �O�F �%�, �A�N�D �0�, �B�E�H�A�V�I�O�R �D�U�E �T�O �T�H�E �E�L�E�C�T�R�O�N�n�H�O�L�E�
�B�A�L�A�N�C�E �D�I�F�F�E�R�E�N�C�E�� �F�O�R �I�N�S�T�A�N�C�E �I�N �0�,��
�I�D�E�N�T�I�C�A�L �E�L�E�C�T�R�O�N �A�N�D �H�O�L�E �P�O�P�U�L�A�T�I�O�N �I�S �A�L�W�A�Y�S �G�E�N�E�R�A�T�E�D �B�Y �M�E�A�N�S �O�F �O�P�T�I�C�A�L �E�X�C�I�T�A�T�I�O�N�� �W�H�I�L�E �I�N �%�,��
�T�H�E�I�R �P�O�P�U�L�A�T�I�O�N �R�A�T�I�O �H�I�G�H�L�Y �D�E�P�E�N�D�S �O�N �T�H�E �R�E�S�P�E�C�T�I�V�E �I�N�J�E�C�T�I�O�N �C�A�P�A�B�I�L�I�T�Y �O�F �E�L�E�C�T�R�O�N�S �A�N�D �H�O�L�E�S �I�N �T�H�E
�D�E�V�I�C�E�� �&�O�R �I�N�S�T�A�N�C�E�� �R�E�C�E�N�T�L�Y �3�H�A�R�M�Aet al�D�E�M�O�N�S�T�R�A�T�E�D �T�H�A�T �%�, �I�N�T�E�R�M�I�T�T�E�N�C�Y �B�E�H�A�V�I�O�R �I�S �Q�U�I�T�E
�D�I�F�F�E�R�E�N�T �F�R�O�M �T�H�E �0�, �I�N�T�E�R�M�I�T�T�E�N�C�Y �I�N �S�I�N�G�L�E �P�E�R�O�V�S�K�I�T�E �N�A�N�O�P�A�R�T�I�C�L�E�S �D�U�E �T�O �I�M�B�A�L�A�N�C�E�D
�C�H�A�R�G�E�
�I�N�J�E�C�T�I�O�N���A�C�C�U�M�U�L�A�T�I�O�N �I�N �T�H�E �P�E�R�O�V�S�K�I�T�E �L�A�Y�E�R�S �O�R �T�H�E�I�R �I�N�T�E�R�F�A�C�E�S �U�N�D�E�R �E�L�E�C�T�R�I�C�A�L �B�I�A�S�I�N�G
�C�O�N�D�I�T�I�O�N �;�����=�� �4�H�I�S �I�M�B�A�L�A�N�C�E �O�F �C�H�A�R�G�E�S �R�E�S�U�L�T�I�N�G �T�O �A�D�D�I�T�I�O�N�A�L �N�O�N�
�R�A�D�I�A�T�I�V�E �!�U�G�E�R �R�E�C�O�M�B�I�N�A�T�I�O�N
�A�S�S�O�C�I�A�T�E�D �W�I�T�H �V�A�R�I�O�U�S �C�H�A�R�G�E�D�
�E�X�C�I�T�O�N ���A�L�S�O �K�N�O�W�N �A�S �T�R�I�O�N�S�	 �C�O�M�P�L�E�X�E�S �W�H�I�C�H �O�F�T�E�N �R�E�D�U�C�E �T�H�E
�B�R�I�G�H�T�N�E�S�S �O�F �T�H�E �E�M�I�T�T�E�R��

����



�*�� �0�H�Y�S�� �0�H�O�T�O�N�I�C�S�� �����������	 ������������ �: �#�H�E�N�E�T �A�L

���I�I�	�4�H�E �C�H�A�R�G�E �C�A�R�R�I�E�R �D�Y�N�A�M�I�C�S �O�F �T�H�E �E�M�I�T�T�I�N�G �L�A�Y�E�R �U�N�D�E�R �P�H�O�T�O�E�X�C�I�T�A�T�I�O�N �M�I�G�H�T �B�E �D�I�F�F�E�R�E�N�T �F�R�O�M �T�H�E
�O�P�E�R�A�N�D�O �C�A�R�R�I�E�R �D�Y�N�A�M�I�C�S �U�N�D�E�R �E�L�E�C�T�R�I�C�A�L �I�N�J�E�C�T�I�O�N�� �&�O�R �I�N�S�T�A�N�C�E�� �I�N�T�E�R�F�A�C�I�A�L �T�R�A�P �F�I�L�L�I�N�G �P�R�O�C�E�S�S �W�O�U�L�D
�B�E �C�R�I�T�I�C�A�L �I�N �%�, �A�S �A�L�L �I�N�J�E�C�T�E�D �C�A�R�R�I�E�R�S �H�A�V�E �T�O �P�A�S�S �E�V�E�R�Y �I�N�T�E�R�F�A�C�E �I�N �T�H�E �D�E�V�I�C�E �W�H�I�L�E �S�U�C�H �A�N �E�F�F�E�C�T
�W�O�U�L�D �B�E �L�E�S�S �O�B�V�I�O�U�S �I�N �0�, �A�S �C�A�R�R�I�E�R�S �H�A�V�E �T�O �S�U�C�C�E�S�S�F�U�L�L�Y �D�I�F�F�U�S�E �T�O �I�N�T�E�R�F�A�C�E�S �F�I�R�S�T�� �)�N �A�D�D�I�T�I�O�N��
�F�U�N�N�E�L�I�N�G �O�F �C�H�A�R�G�E�S �F�R�O�M �L�A�R�G�E�
�B�A�N�D�G�A�P �T�O �S�M�A�L�L�
�B�A�N�D�G�A�P �C�O�M�P�O�N�E�N�T�S �I�S �U�S�U�A�L�L�Y �O�B�S�E�R�V�E�D �I�N
�Q�U�A�S�I�
���$ �P�E�R�O�V�S�K�I�T�E �U�N�D�E�R �P�H�O�T�O�E�X�C�I�T�A�T�I�O�N�� �W�H�I�L�E �S�U�C�H �P�R�O�C�E�S�S�E�S �W�O�U�L�D �B�E�C�O�M�E �M�U�C�H �L�E�S�S �S�I�G�N�I�F�I�C�A�N�T
�A�S �M�A�J�O�R�I�T�Y �O�F �T�H�E �C�A�R�R�I�E�R�S �S�H�O�U�L�D �B�E �D�I�R�E�C�T�L�Y �I�N�J�E�C�T�E�D �I�N�T�O �T�H�E �L�O�W�
�B�A�N�D�G�A�P �C�O�M�P�O�N�E�N�T�S �D�U�E �T�O �T�H�E�I�R
�L�O�W �E�L�E�C�T�R�I�C �R�E�S�I�S�T�A�N�C�E��

���I�I�I�	�4�H�E �R�A�T�I�O �O�F �S�I�N�G�L�E�T�
 �A�N�D �T�R�I�P�L�E�T�
�E�X�C�I�T�O�N�S �G�E�N�E�R�A�T�E�D �B�Y �P�H�O�T�O�E�X�C�I�T�A�T�I�O�N �A�N�D �E�L�E�C�T�R�I�C�A�L �I�N�J�E�C�T�I�O�N �M�I�G�H�T �B�E
�D�I�F�F�E�R�E�N�T�� �)�N �T�Y�P�I�C�A�L �O�R�G�A�N�I�C �M�A�T�E�R�I�A�L�S�� �T�H�E �R�A�T�I�O �O�F �S�I�N�G�L�E�T �A�N�D �T�R�I�P�L�E�T �U�N�D�E�R �P�H�O�T�O�E�X�C�I�T�A�T�I�O�N �I�S �G�E�N�E�R�A�L�L�Y
�B�A�S�E�D �O�N �T�H�E �C�O�M�P�E�T�I�T�I�O�N �A�M�O�N�G �S�I�N�G�L�E�T �D�E�C�A�Y �R�A�T�E�� �I�N�T�E�R�S�Y�S�T�E�M �C�R�O�S�S�I�N�G �R�A�T�E �A�N�D �R�E�V�E�R�S�E �I�N�T�E�R�S�Y�S�T�E�M
�C�R�O�S�S�I�N�G �R�A�T�E�� �W�H�I�L�E �S�U�C�H �R�A�T�I�O �O�R�I�G�I�N�A�L�L�Y �B�E�C�O�M�E�S ������ �U�N�D�E�R �E�L�E�C�T�R�I�C�A�L �I�N�J�E�C�T�I�O�N �A�C�C�O�R�D�I�N�G �T�O �T�H�E �S�P�I�N
�S�T�A�T�I�S�T�I�C�S�� �A�L�T�H�O�U�G�H �P�R�O�C�E�S�S�E�S �L�I�K�E �T�H�E�R�M�A�L�L�Y�
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�P�O�O�R�E�R �S�T�A�B�I�L�I�T�Y �U�N�D�E�R �E�L�E�V�A�T�E�D �T�E�M�P�E�R�A�T�U�R�E�S �F�O�R �S�O�L�U�T�I�O�N�
�P�R�O�C�E�S�S�E�D �M�A�T�E�R�I�A�L�S �A�N�D �T�H�E�R�M�A�L �Q�U�E�N�C�H�I�N�G �O�F �0�,
�M�A�K�E�S �I�T �I�M�P�E�R�A�T�I�V�E �T�O �F�I�N�D �N�O�V�E�L �W�A�Y�S �T�O �M�A�N�A�G�E �T�H�I�S �C�H�A�L�L�E�N�G�E��

����



J. Phys. Photonics6 �����������	 ������������ �: �#�H�E�Net al

Figure 17.�#�H�A�L�L�E�N�G�E�S �F�O�R �A�C�H�I�E�V�I�N�G �0�E�,�%�$�S �W�I�T�H �H�I�G�H �L�U�M�I�N�A�N�C�E�� �I�M�B�A�L�A�N�C�E�D �C�H�A�R�G�E �I�N�J�E�C�T�I�O�N �A�N�D �T�R�A�N�S�P�O�R�T�� �N�O�N�
�R�A�D�I�A�T�I�V�E
�!�U�G�E�R �R�E�C�O�M�B�I�N�A�T�I�O�N�� �*�O�U�L�E �H�E�A�T�I�N�G �A�N�D �I�O�N �M�I�G�R�A�T�I�O�N�� �2�E�P�R�I�N�T�E�D �W�I�T�H �P�E�R�M�I�S�S�I�O�N �F�R�O�M �;�����=�� �#�O�P�Y�R�I�G�H�T �����������	 �!�M�E�R�I�C�A�N
�#�H�E�M�I�C�A�L �3�O�C�I�E�T�Y��

Ion migration:�4�H�E �H�A�L�O�G�E�N �I�O�N�S �I�N �P�E�R�O�V�S�K�I�T�E�S �H�A�V�E �L�O�W �A�C�T�I�V�A�T�I�O�N �E�N�E�R�G�Y �A�N�D �C�A�N �E�A�S�I�L�Y �M�I�G�R�A�T�E �U�N�D�E�R
�L�I�G�H�T �I�L�L�U�M�I�N�A�T�I�O�N�� �H�E�A�T�I�N�G �O�R �E�L�E�C�T�R�I�C �F�I�E�L�D�S�� �4�H�I�S �R�E�S�U�L�T�S �I�N �G�E�N�E�R�A�T�I�O�N �O�F �D�E�F�E�C�T�S �A�N�D �D�I�S�T�O�R�T�I�O�N �O�F �T�H�E
�P�E�R�O�V�S�K�I�T�E �C�R�Y�S�T�A�L �S�T�R�U�C�T�U�R�E�� �#�O�M�P�A�R�E�D �T�O �C�O�V�A�L�E�N�T �C�O�M�P�O�U�N�D�S�� �I�O�N �M�I�G�R�A�T�I�O�N �M�A�Y �B�E �T�H�E �M�O�S�T �F�U�N�D�A�M�E�N�T�A�L
�R�E�A�S�O�N �F�O�R �P�E�R�O�V�S�K�I�T�E���S �P�O�O�R �S�T�A�B�I�L�I�T�Y�� �5�N�D�E�R �C�O�N�S�T�A�N�T �D�I�R�E�C�T �C�U�R�R�E�N�T �E�L�E�C�T�R�I�C �F�I�E�L�D�� �T�H�E �H�A�L�I�D�E �I�O�N�S �C�A�N �A�L�S�O
�M�I�G�R�A�T�E �A�C�R�O�S�S �T�H�E �I�N�T�E�R�F�A�C�E�S �I�N�T�O �T�H�E �C�H�A�R�G�E �T�R�A�N�S�P�O�R�T �L�A�Y�E�R�S �A�N�D �T�H�E �E�L�E�C�T�R�O�D�E�S�� �C�A�U�S�I�N�G �C�O�N�D�U�C�T�I�V�I�T�Y
�R�E�D�U�C�T�I�O�N �A�N�D �C�A�T�H�O�D�I�C �C�O�R�R�O�S�I�O�N��

Advances in science and technology to meet challenges
�6�A�R�I�O�U�S �A�P�P�R�O�A�C�H�E�S �H�A�V�E �B�E�E�N �E�X�P�L�O�R�E�D �T�O �A�D�D�R�E�S�S �T�H�E �C�H�A�L�L�E�N�G�E�S �L�I�S�T�E�D �A�B�O�V�E�� �S�O�M�E �E�X�A�M�P�L�E�S �A�R�E �I�L�L�U�S�T�R�A�T�E�D
�I�N �F�I�G�U�R�E������ �)�N �;�������=�� �T�H�E �A�U�T�H�O�R�S �I�N�V�E�S�T�I�G�A�T�E�D �T�H�E �B�E�H�A�V�I�O�R �O�F �-�!�0�B�)�� �0�E�,�%�$�S �U�N�D�E�R �I�N�T�E�N�S�E �E�L�E�C�T�R�I�C�A�L
�E�X�C�I�T�A�T�I�O�N �A�N�D �O�P�E�R�A�T�E�D �T�H�E �D�E�V�I�C�E �U�N�D�E�R �S�H�O�R�T�
�P�U�L�S�E �D�R�I�V�E �A�T �C�U�R�R�E�N�T �D�E�N�S�I�T�I�E�S �U�P �T�O ������ �! �C�M� ���� �4�H�E�Y
�F�O�U�N�D �T�H�A�T �I�N �T�H�E �H�I�G�H �C�U�R�R�E�N�T �D�E�N�S�I�T�Y �R�E�G�I�M�E ��J> ���� �! �C�M� ���	�� �T�H�E �D�E�V�I�C�E �S�H�O�W�E�D �L�E�S�S �H�Y�S�T�E�R�E�S�I�S �A�N�D
�C�O�N�C�L�U�D�E�D �T�H�A�T �E�F�F�E�C�T �O�F �I�O�N �M�I�G�R�A�T�I�O�N �I�S �L�E�S�S �S�I�G�N�I�F�I�C�A�N�T �T�H�A�N �T�H�A�T �O�F �*�O�U�L�E �H�E�A�T�I�N�G �A�N�D �C�H�A�R�G�E �I�M�B�A�L�A�N�C�E �I�N
�C�A�U�S�I�N�G �%�1�% �R�O�L�L�
�O�F�F�� �4�I�M�E�
�R�E�S�O�L�V�E�D �P�H�O�T�O�L�U�M�I�N�E�S�C�E�N�C�E ���0�,�	 �M�E�A�S�U�R�E�M�E�N�T�S �S�H�O�W�E�D �N�O �E�V�I�D�E�N�C�E �O�F �!�U�G�E�R
�R�E�C�O�M�B�I�N�A�T�I�O�N �L�O�S�S�� �/�N �T�H�E �O�T�H�E�R �H�A�N�D�� �I�N �A�N�O�T�H�E�R �W�O�R�K �E�F�F�I�C�I�E�N�C�Y �R�O�L�L�
�O�F�F �I�N �Q�U�A�S�I�
���$ �0�E�,�%�$�S �W�A�S �P�R�O�B�E�D
�T�H�R�O�U�G�H �T�I�M�E�
�R�E�S�O�L�V�E�D �0�, �M�E�A�S�U�R�E�M�E�N�T�S �U�N�D�E�R �V�A�R�I�O�U�S �E�L�E�C�T�R�I�C �F�I�E�L�D�S �A�N�D �O�P�T�I�C�A�L �E�X�C�I�T�A�T�I�O�N �I�N�T�E�N�S�I�T�I�E�S �;�������=��
�4�H�E �A�U�T�H�O�R�S �C�O�N�C�L�U�D�E�D �T�H�A�T �L�U�M�I�N�E�S�C�E�N�C�E �Q�U�E�N�C�H�I�N�G �W�A�S �L�I�K�E�L�Y �C�A�U�S�E�D �B�Y �!�U�G�E�R �R�E�C�O�M�B�I�N�A�T�I�O�N �A�N�D �R�E�P�O�R�T�E�D
�S�U�P�P�R�E�S�S�I�N�G �T�H�E �E�F�F�E�C�T �B�Y �I�N�C�R�E�A�S�I�N�G �Q�U�A�N�T�U�M �W�E�L�L �W�I�D�T�H�S�� �4�H�R�O�U�G�H �T�H�I�S �A�P�P�R�O�A�C�H�� �T�H�E �%�1�% �R�E�M�A�I�N�E�D �H�I�G�H
��∼�������	 �U�N�D�E�R �A �C�U�R�R�E�N�T �D�E�N�S�I�T�Y �O�F ������ �M�! �C�M� ���� �4�H�E �D�I�F�F�E�R�E�N�C�E �I�N �T�H�E �P�E�R�O�V�S�K�I�T�E�S �U�S�E�D�� �B�U�L�K ���$ �V�E�R�S�U�S
�Q�U�A�S�I�
���$�� �M�I�G�H�T �R�E�S�U�L�T �I�N �T�H�E�S�E �T�W�O �D�I�F�F�E�R�E�N�T �C�O�N�C�L�U�S�I�O�N�S�� �4�H�I�S �W�A�S �P�A�R�T�I�A�L�L�Y �S�U�P�P�O�R�T�E�D �B�Y �T�H�E �W�O�R�K �R�E�P�O�R�T�E�D
�I�N �;�����=�� �W�H�E�R�E �T�H�E �A�U�T�H�O�R�S �O�B�S�E�R�V�E�D �B�U�L�K ���$ �P�E�R�O�V�S�K�I�T�E�S �E�X�H�I�B�I�T�S �M�O�R�E �T�H�A�N ���� �T�I�M�E�S �L�O�W�E�R �!�U�G�E�R
�R�E�C�O�M�B�I�N�A�T�I�O�N �R�A�T�E �C�O�M�P�A�R�E�D �T�O �T�H�A�T �O�F �Q�U�A�S�I�
���$ �P�E�R�O�V�S�K�I�T�E�S�� �L�E�A�D�I�N�G �T�O �H�I�G�H�E�R �E�L�E�C�T�R�O�L�U�M�I�N�E�S�C�E�N�C�E ���%�,�	
�A�N�D �%�1�% �A�T �H�I�G�HJ ��>�� �! �C�M� ���	 �F�R�O�M �B�U�L�K ���$ �0�E�,�%�$�S�� �)�N �T�H�I�S �W�O�R�K�� �D�I�F�F�E�R�E�N�T �C�O�M�B�I�N�A�T�I�O�N�S �O�F �(�4�,�S �W�E�R�E
�A�L�S�O �E�X�P�E�R�I�M�E�N�T�E�D �T�O �A�C�H�I�E�V�E �A�N �E�N�E�R�G�Y �L�A�D�D�E�R �F�O�R �H�O�L�E�S�� �!�N�O�T�H�E�R �A�P�P�R�O�A�C�H �T�O �B�A�L�A�N�C�I�N�G �C�H�A�R�G�E �I�N�J�E�C�T�I�O�N �I�S
�O�P�T�I�M�I�Z�I�N�G �T�H�E �T�H�I�C�K�N�E�S�S �O�F �C�H�A�R�G�E �T�R�A�N�S�P�O�R�T �L�A�Y�E�R�S �A�N�D �D�O�P�I�N�G �T�H�E �%�4�, �;�������=�� �)�N �B�O�T�H �W�O�R�K�S�� �T�H�E �D�E�V�I�C�E�S
�W�I�T�H �B�A�L�A�N�C�E�D �C�H�A�R�G�E �I�N�J�E�C�T�I�O�N �S�H�O�W�E�D �S�I�G�N�I�F�I�C�A�N�T�L�Y �L�E�S�S �%�1�% �R�O�L�L�
�O�F�F�� �)�N �T�H�E �D�I�R�E�C�T�I�O�N �O�F �M�I�T�I�G�A�T�I�N�G �*�O�U�L�E
�H�E�A�T�I�N�G�� �A �S�T�R�A�T�E�G�Y �O�F �A�P�P�L�Y�I�N�G �A �S�M�A�L�L �C�U�R�R�E�N�T �I�N�J�E�C�T�I�O�N �A�P�E�R�T�U�R�E �W�A�S �S�H�O�W�N �T�O �E�F�F�E�C�T�I�V�E�L�Y �D�I�F�F�U�S�E �T�H�E �H�E�A�T �T�O
�T�H�E �S�U�R�R�O�U�N�D�I�N�G �R�E�G�I�O�N�� �4�H�E �D�E�V�I�C�E�S �W�E�R�E �A�L�S�O �D�R�I�V�E�N �B�Y �P�U�L�S�E�D �C�U�R�R�E�N�T ����µ�S �P�U�L�S�E �W�I�D�T�H �A�N�D �������� �D�U�T�Y
�C�Y�C�L�E�	 �T�O �F�U�R�T�H�E�R �R�E�D�U�C�E �*�O�U�L�E �H�E�A�T�I�N�G �A�N�D �I�O�N �M�I�G�R�A�T�I�O�N �;�����=�� �7�I�T�H ������ �N�M�
�D�I�A�M�E�T�E�R �A�P�E�R�T�U�R�E�S�� �T�H�E �0�E�,�%�$
�C�O�U�L�D �B�E �O�P�E�R�A�T�E�D �U�P �T�O∼�� �K�! �C�M� �� �W�I�T�H�O�U�T �F�A�I�L�U�R�E �A�N�D �A �L�U�M�I�N�A�N�C�E �O�F ������ �-�C�D �M� �� �W�A�S �A�C�H�I�E�V�E�D �A�T
J∼ ���� �! �C�M� ���� �"�Y �A�T�T�A�C�H�I�N�G �H�E�A�T �S�P�R�E�A�D�E�R �A�N�D �H�E�A�T �S�I�N�K �A�S �W�E�L�L �A�S �D�E�F�I�N�I�N�G �A �N�A�R�R�O�W �L�I�N�E�
�S�H�A�P�E �D�E�V�I�C�E
�G�E�O�M�E�T�R�Y�� �A �M�A�X�I�M�U�M �O�P�E�R�A�T�I�N�G �C�U�R�R�E�N�T �D�E�N�S�I�T�Y �O�F ������ �K�! �C�M� �� �W�A�S �O�B�T�A�I�N�E�D �U�N�D�E�R �P�U�L�S�E�D �D�R�I�V�I�N�G �;�����=��
�4�H�R�O�U�G�H �O�P�T�I�M�I�Z�I�N�G �T�H�E �D�E�V�I�C�E �S�T�R�U�C�T�U�R�E �F�O�R �H�I�G�H�
�S�P�E�E�D �O�P�E�R�A�T�I�O�N�� �A �R�A�D�I�A�N�C�E∼������ �K�7 �S�R� �� �M� �� �W�A�S
�A�C�H�I�E�V�E�D �A�T ������ �K�! �C�M� �� �U�S�I�N�G �E�L�E�C�T�R�I�C�A�L �P�U�L�S�E�S �W�I�T�H ������ �N�S �R�I�S�E �T�I�M�E �;�������=��
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Figure 18.�%�X�A�M�P�L�E �S�T�R�A�T�E�G�I�E�S �F�O�R �I�M�P�R�O�V�I�N�G �0�E�,�%�$ �L�U�M�I�N�A�N�C�E�� ���A�	 �$�E�S�I�G�N �(�4�,�S �T�O �F�A�C�I�L�I�T�A�T�E �H�O�L�E �I�N�J�E�C�T�I�O�N�� ���B�	 �)�N�C�O�R�P�O�R�A�T�E
�C�U�R�R�E�N�T �I�N�J�E�C�T�I�O�N �A�P�E�R�T�U�R�E�S �A�N�D �P�U�L�S�E�D �D�R�I�V�I�N�G�� ���C�	 �%�M�P�L�O�Y �H�E�A�T �S�P�R�E�A�D�E�R �A�N�D �H�E�A�T �S�I�N�K �I�N �T�H�E �D�E�V�I�C�E �S�T�R�U�C�T�U�R�E�� ���A�	�� ���B�	 �2�E�P�R�I�N�T�E�D
�W�I�T�H �P�E�R�M�I�S�S�I�O�N �F�R�O�M �;�����=�� �#�O�P�Y�R�I�G�H�T �����������	 �!�M�E�R�I�C�A�N �#�H�E�M�I�C�A�L �3�O�C�I�E�T�Y�� ���C�	 �;�����= �*�O�H�N �7�I�L�E�Y �� �3�O�N�S���Ç �������� �7�)�,�%�9�
�6�#�(
�6�E�R�L�A�G �'�M�B�( �� �#�O�� �+�'�A�!�� �7�E�I�N�H�E�I�M��

Concluding remarks
�)�N �L�E�S�S �T�H�A�N �A �D�E�C�A�D�E�� �0�E�,�%�$�S �H�A�V�E �M�A�D�E �I�M�P�R�E�S�S�I�V�E �P�R�O�G�R�E�S�S �I�N �T�H�E�I�R �E�F�F�I�C�I�E�N�C�I�E�S �A�N�D �L�U�M�I�N�A�N�C�E�� �4�H�I�S �H�A�S
�B�E�E�N �E�N�A�B�L�E�D �B�Y �M�A�N�Y �R�E�S�E�A�R�C�H �E�F�F�O�R�T�S �A�I�M�I�N�G �A�T �I�M�P�R�O�V�I�N�G �T�H�E �P�E�R�O�V�S�K�I�T�E �M�A�T�E�R�I�A�L�S �A�N�D �D�E�V�I�C�E �S�T�R�U�C�T�U�R�E�S�� �A�S
�W�E�L�L �A�S �E�X�P�L�O�R�I�N�G �V�A�R�I�O�U�S �O�P�E�R�A�T�I�N�G �C�O�N�D�I�T�I�O�N�S�� �4�H�E �D�E�M�O�N�S�T�R�A�T�E�D �R�E�S�U�L�T�S �S�H�O�W �T�H�E �P�R�O�M�I�S�I�N�G �P�R�O�S�P�E�C�T �O�F
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13. Perovskite-based hybrid light-emitting diodes
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Figure 21.�!�D�V�A�N�C�E�S �I�N �S�C�I�E�N�C�E �A�N�D �T�E�C�H�N�O�L�O�G�Y �T�O �M�E�E�T �C�H�A�L�L�E�N�G�E�S��
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15. Display based on perovskite light-emitting diodes
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17. Electrically pumped lasing based on perovskite light-emitting diodes
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�;�������=�,�I�A�N�G �(et al�������� �(�I�G�H �C�O�L�O�R �P�U�R�I�T�Y �L�E�A�D�
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�F�R�E�E �S�T�A�B�L�E �#�S�3�N�8�� ���8= �#�L��

�"�R�� �A�N�D �)�	 �P�E�R�O�V�S�K�I�T�E �N�A�N�O�C�R�Y�S�T�A�L�SAngew. Chem., Int. Ed.133 �������n��
�;�������=�.�A�J�A�R�I�A�N �-et al�������� �(�O�M�O�M�E�R�I�C �C�H�A�I�N�S �O�F �I�N�T�E�R�M�O�L�E�C�U�L�A�R �B�O�N�D�S �S�C�A�F�F�O�L�D �O�C�T�A�H�E�D�R�A�L �G�E�R�M�A�N�I�U�M �P�E�R�O�V�S�K�I�T�E�SNature 620 �������n����
�;�������=�3�I�M �+�� �*�U�N �4�� �"�A�N�G �*�� �+�A�M�I�O�K�A �(�� �+�I�M �*�� �(�I�R�A�M�A�T�S�U �( �A�N�D �(�O�S�O�N�O �( �������� �0�E�R�F�O�R�M�A�N�C�E �B�O�O�S�T�I�N�G �S�T�R�A�T�E�G�Y �F�O�R �P�E�R�O�V�S�K�I�T�E

�L�I�G�H�T�
�E�M�I�T�T�I�N�G �D�I�O�D�E�SAppl. Phys. Rev.6 ������������
�;�������=�+�I�M �(�� �:�H�A�O �,�� �0�R�I�C�E �* �3�� �'�R�E�D�E �! �*�� �2�O�H �+�� �"�R�I�G�E�M�A�N �! �.�� �,�O�P�E�Z �-�� �2�A�N�D �" �0 �A�N�D �'�I�E�B�I�N�K �. �# �������� �(�Y�B�R�I�D �P�E�R�O�V�S�K�I�T�E �L�I�G�H�T

�E�M�I�T�T�I�N�G �D�I�O�D�E�S �U�N�D�E�R �I�N�T�E�N�S�E �E�L�E�C�T�R�I�C�A�L �E�X�C�I�T�A�T�I�O�NNat. Commun. 9 ��������
�;�������=�&�A�K�H�A�R�U�D�D�I�N �!et al�������� �2�E�D�U�C�E�D �E�F�F�I�C�I�E�N�C�Y �R�O�L�L�
�O�F�F �A�N�D �I�M�P�R�O�V�E�D �S�T�A�B�I�L�I�T�Y �O�F �M�I�X�E�D ���$�����$ �P�E�R�O�V�S�K�I�T�E �L�I�G�H�T �E�M�I�T�T�I�N�G �D�I�O�D�E�S �B�Y

�B�A�L�A�N�C�I�N�G �C�H�A�R�G�E �I�N�J�E�C�T�I�O�NAdv. Funct. Mater.29 ��������������
�;�������=�0�I�M�P�U�T�K�A�R �3�� �3�P�E�C�K �* �3�� �$�E�N�"�A�A�R�S �3 �0 �A�N�D �.�A�K�A�M�U�R�A �3 �������� �0�R�O�S�P�E�C�T�S �F�O�R �,�%�$ �L�I�G�H�T�I�N�GNat. Photon.3 �������n��
�;�������=�8�I�A�N�G �(�� �7�A�N�G �2�� �#�H�E�N �*�� �,�I �& �A�N�D �:�E�N�G �( �������� �2�E�S�E�A�R�C�H �P�R�O�G�R�E�S�S �O�F �F�U�L�L �E�L�E�C�T�R�O�L�U�M�I�N�E�S�C�E�N�T �W�H�I�T�E �L�I�G�H�T�
�E�M�I�T�T�I�N�G �D�I�O�D�E�S �B�A�S�E�D

�O�N �A �S�I�N�G�L�E �E�M�I�S�S�I�V�E �L�A�Y�E�RLight Sci. Appl.10 ������
�;�������=�#�H�E�N �*�� �8�I�A�N�G �(�� �7�A�N�G �*�� �7�A�N�G �2�� �,�I �9�� �3�H�A�N �1�� �8�U �8�� �$�O�N�G �9�� �7�E�I �# �A�N�D �:�E�N�G �( �������� �0�E�R�O�V�S�K�I�T�E �W�H�I�T�E �L�I�G�H�T �E�M�I�T�T�I�N�G �D�I�O�D�E�S��

�P�R�O�G�R�E�S�S�� �C�H�A�L�L�E�N�G�E�S�� �A�N�D �O�P�P�O�R�T�U�N�I�T�I�E�SACS Nano 15 �����������n����
�;�������=�-�A�O �*�� �,�I�N �(�� �9�E �&�� �1�I�N �-�� �"�U�R�K�H�A�R�T�S�M�E�Y�E�R �* �-�� �:�H�A�N�G �(�� �,�U �8�� �7�O�N�G �+ �3 �A�N�D �#�H�O�Y �7 �# �( �������� �!�L�L�
�P�E�R�O�V�S�K�I�T�E �E�M�I�S�S�I�O�N

�A�R�C�H�I�T�E�C�T�U�R�E �F�O�R �W�H�I�T�E �L�I�G�H�T�
�E�M�I�T�T�I�N�G �D�I�O�D�E�SACS Nano 12 �����������n����
�;�������=�7�A�N�G �2�� �8�I�A�N�G �(�� �,�I �9�� �:�H�O�U �9�� �3�H�A�N �1�� �3�U �9�� �,�I �:�� �7�A�N�G �9 �A�N�D �:�E�N�G �( �������� �-�I�N�I�M�I�Z�I�N�G �E�N�E�R�G�Y �B�A�R�R�I�E�R �I�N �I�N�T�E�R�M�E�D�I�A�T�E

�C�O�N�N�E�C�T�I�O�N �L�A�Y�E�R �F�O�R �M�O�N�O�L�I�T�H�I�C �T�A�N�D�E�M �7�0�E�,�%�$�S �W�I�T�H �W�I�D�E �C�O�L�O�R �G�A�M�U�TAdv. Funct. Mater.33 ��������������
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�E�M�I�S�S�I�V�E�
�L�A�Y�E�R �A�L�L�
�P�E�R�O�V�S�K�I�T�E �W�H�I�T�E �L�I�G�H�T�
�E�M�I�T�T�I�N�G �D�I�O�D�E�S

�E�M�P�L�O�Y�I�N�G �S�E�G�R�E�G�A�T�E�D �M�I�X�E�D �H�A�L�I�D�E �P�E�R�O�V�S�K�I�T�E �C�R�Y�S�T�A�L�SChem. Sci.11 �����������n����
�;�������=�#�H�E�N �(�� �8�I�A�N�G �(�� �:�O�U �9�� �:�H�A�N�G �3�� �#�A�I �"�� �:�H�A�N�G �*�� �(�O�U �, �A�N�D �:�E�N�G �( �������� �0�E�R�S�P�E�C�T�I�V�E �O�N �M�E�T�A�L �H�A�L�I�D�E�S �W�I�T�H �S�E�L�F�
�T�R�A�P�P�E�D �E�X�C�I�T�O�N

�T�O�W�A�R�D �W�H�I�T�E �L�I�G�H�T�
�E�M�I�T�T�I�N�G �D�I�O�D�E�SAdv. Opt. Mater.10 ��������������
�;�������=�$�O�H�N�E�R �% �2�� �*�A�F�F�E �!�� �"�R�A�D�S�H�A�W �, �2 �A�N�D �+�A�R�U�N�A�D�A�S�A �( �) �������� �)�N�T�R�I�N�S�I�C �W�H�I�T�E�
�L�I�G�H�T �E�M�I�S�S�I�O�N �F�R�O�M �L�A�Y�E�R�E�D �H�Y�B�R�I�D �P�E�R�O�V�S�K�I�T�E�SJ. Am.

Chem. Soc.136 �����������n��
�;�������=�#�H�E�N �*et al�������� �%�F�F�I�C�I�E�N�T �A�N�D �B�R�I�G�H�T �W�H�I�T�E �L�I�G�H�T�
�E�M�I�T�T�I�N�G �D�I�O�D�E�S �B�A�S�E�D �O�N �S�I�N�G�L�E�
�L�A�Y�E�R �H�E�T�E�R�O�P�H�A�S�E �H�A�L�I�D�E �P�E�R�O�V�S�K�I�T�E�SNat.

Photon.15 �������n����
�;�������=�-�A �:et al�������� �(�I�G�H �C�O�L�O�R�
�R�E�N�D�E�R�I�N�G �I�N�D�E�X �A�N�D �S�T�A�B�L�E �W�H�I�T�E �L�I�G�H�T�
�E�M�I�T�T�I�N�G �D�I�O�D�E�S �B�Y �A�S�S�E�M�B�L�I�N�G �T�W�O �B�R�O�A�D�B�A�N�D �E�M�I�S�S�I�V�E

�S�E�L�F�
�T�R�A�P�P�E�D �E�X�C�I�T�O�N�SAdv. Mater.33 ��������������
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�L�I�G�H�T�
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�S�T�R�E�N�G�T�H�E�N�I�N�G �M�E�T�A�L�
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�;�������=�*�I�N�G�W�E�I �(et al�������� �,�I�Q�U�I�D�
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�O�R�G�A�N�I�C �F�R�A�M�E�W�O�R�K �G�L�A�S�S�E�SScience374 �������n��
�;�������=�8�U�A�N �4�� �'�U�O �3�� �"�A�I �7�� �:�H�O�U �4�� �7�A�N�G �, �A�N�D �8�I�E �2�
�* �������� �5�L�T�R�A�S�T�A�B�L�E �A�N�D �H�I�G�H�L�Y �E�F�F�I�C�I�E�N�T �G�R�E�E�N�
�E�M�I�T�T�I�N�G �P�E�R�O�V�S�K�I�T�E �Q�U�A�N�T�U�M �D�O�T

�C�O�M�P�O�S�I�T�E�S �F�O�R �-�I�N�I�
�,�%�$ �D�I�S�P�L�A�Y�S �O�R �B�A�C�K�L�I�G�H�T�SNano Energy 95 ������������
�;�������=�7�A�N�G �7�� �'�U�O �2�� �8�I�O�N�G �8�� �,�I�U �(�� �#�H�E�N �7�� �(�U �3�� �!�M�A�D�O�R �%�� �#�H�E�N �"�� �:�H�A�N�G �8 �A�N�D �7�A�N�G �, �������� �)�M�P�R�O�V�E�D �S�T�A�B�I�L�I�T�Y �A�N�D �E�F�F�I�C�I�E�N�C�Y

�O�F �P�E�R�O�V�S�K�I�T�E �V�I�A �A �S�I�M�P�L�E �S�O�L�I�D �D�I�F�F�U�S�I�O�N �M�E�T�H�O�DMater. Today Phys.18 ������������
�;�������=�*�A�N�G �*et al�������� �%�X�T�R�E�M�E�L�Y �S�T�A�B�L�E �L�U�M�I�N�E�S�C�E�N�T �C�R�O�S�S�L�I�N�K�E�D �P�E�R�O�V�S�K�I�T�E �N�A�N�O�P�A�R�T�I�C�L�E�S �U�N�D�E�R �H�A�R�S�H �E�N�V�I�R�O�N�M�E�N�T�S �O�V�E�R ������ �Y�E�A�R�SAdv.
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�;�������=�3�H�E�N �9�� �,�I �- �.�� �,�I �9�� �8�I�E �& �-�� �7�U �( �9�� �:�H�A�N�G �' �(�� �#�H�E�N �,�� �,�E�E �3 �4 �A�N�D �4�A�N�G �* �8 �������� �2�A�T�I�O�N�A�L �I�N�T�E�R�F�A�C�E �E�N�G�I�N�E�E�R�I�N�G �F�O�R �E�F�F�I�C�I�E�N�T

�F�L�E�X�I�B�L�E �P�E�R�O�V�S�K�I�T�E �L�I�G�H�T�
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�;�������=�-�A�T�S�U�S�H�I�M�A �4�� �"�E�N�C�H�E�I�K�H �&�� �+�O�M�I�N�O �4�� �,�E�Y�D�E�N �-�� �3�A�N�D�A�N�A�Y�A�K�A �!�� �1�I�N �# �A�N�D �!�D�A�C�H�I �# �������� �(�I�G�H �P�E�R�F�O�R�M�A�N�C�E �F�R�O�M

�E�X�T�R�A�O�R�D�I�N�A�R�I�L�Y �T�H�I�C�K �O�R�G�A�N�I�C �L�I�G�H�T�
�E�M�I�T�T�I�N�G �D�I�O�D�E�SNature 572 �������n��
�;�������=�,�I �:�
�4et al�������� �0�E�R�O�V�S�K�I�T�E�
�G�A�L�L�I�U�M �N�I�T�R�I�D�E �T�A�N�D�E�M �L�I�G�H�T�
�E�M�I�T�T�I�N�G �D�I�O�D�E�S �W�I�T�H �I�M�P�R�O�V�E�D �L�U�M�I�N�A�N�C�E �A�N�D �C�O�L�O�R �T�E�N�A�B�I�L�I�T�YAdv. Sci.

9 ��������������
�;�������=�9�A�O �% �0�� �9�A�N�G �: �,�� �-�E�N�G �,�� �3�U�N �0 �9�� �$�O�N�G �3 �1�� �9�A�N�G �9 �A�N�D �9�A�N�G �9 �������� �(�I�G�H�
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�;�������=�*�A�M�A�L�U�D�I�N �. �&�� �9�A�N�T�A�R�A �.�� �'�I�O�V�A�N�N�I �$�� �&�E�B�R�I�A�N�S�Y�A�H �"�� �4�A�Y �9 �"�� �3�A�L�I�M �4�� �3�U�M �4 �#�� �-�H�A�I�S�A�L�K�A�R �3 �A�N�D �-�A�T�H�E�W�S �. �������� �7�H�I�T�E

�E�L�E�C�T�R�O�L�U�M�I�N�E�S�C�E�N�C�E �F�R�O�M �P�E�R�O�V�S�K�I�T�E−�O�R�G�A�N�I�C �H�E�T�E�R�O�J�U�N�C�T�I�O�NACS Energy Lett.5 ���������n��
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