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CHAPTER 1
Introduction

1.1 Background
�q�?�B�i�2 �H�B�;�?�i�@�2�K�B�i�i�B�M�; �/�B�Q�/�2�b �U�G�1�.�b�V�- �r�B�i�? �+�Q�M�b�i���M�i�H�v �B�K�T�`�Q�p�2�/ �`�Q�#�m�b�i�M�2�b�b ���M�/ �H�m�K�B�@
�M�2�b�+�2�M�+�2 �2�{�+���+�v�- �?���p�2 �#�2�2�M �2�t�i�2�M�b�B�p�2�H�v �B�K�T�H�2�K�2�M�i�2�/ �B�M ���H�K�Q�b�i ���H�H �B�M�/�m�b�i�`�B���H �b�2�+�i�Q�`�b
���b �r�2�H�H ���b ���H�H ���b�T�2�+�i�b �Q�7 �T�2�`�b�Q�M���H �H�B�p�2�b�X �*�Q�K�T���`�2�/ �i�Q �i�`���/�B�i�B�Q�M���H �r�?�B�i�2 �H�B�;�?�i �b�Q�H�m�i�B�Q�M�b
�U�2�X�;�X�- �B�M�+���M�/�2�b�+�2�M�i �H�B�;�?�i �#�m�H�#�b�V�- �r�?�B�i�2�G�1�.�b �?���p�2 �b�2�p�2�`���H ���/�p���M�i���;�2�b�- �7�Q�` �B�M�b�i���M�+�2�-
�i�?�2�v ���`�2 �K�Q�`�2 �2�M�2�`�;�v �2�{�+�B�2�M�i�- �2�M�p�B�`�Q�M�K�2�M�i���H�H�v �7�`�B�2�M�/�H�v �U�M�Q �K�2�`�+�m�`�v �Q�` �Q�i�?�2�` �?���x�@
���`�/�Q�m�b �2�H�2�K�2�M�i�b �B�M�+�H�m�/�2�/�V�- ���b �r�2�H�H ���b �/�Q �M�Q�i �`�2�[�m�B�`�2 �r���`�K�@�m�T �T�2�`�B�Q�/�X �>�Q�r�2�p�2�`�- �i�?�2�`�2
�B�b �� �/�B�H�2�K�K�� �`�2�;���`�/�B�M�; �i�?�2 �/�2�b�B�;�M �Q�7 �r�?�B�i�2�G�1�.�b�X �h�?�2 �?�B�;�?�2�`�+�Q�H�Q�` �`�2�M�/�2�`�B�M�; �B�M�/�2�t
�U�*�_�A�V �+���M �#�2 ���+�?�B�2�p�2�/ �#�v �m�b�B�M�; ���M�2���` �m�H�i�`���p�B�Q�H�2�i�U�L�l�o �V�G�1�. �i�Q �T�m�K�T �i�?�2 �i�?�`�2�2�@
�+�Q�H�Q�` �T�?�Q�b�T�?�Q�`�b �U�`�2�/�- �;�`�2�2�M�- ���M�/ �#�H�m�2�V�-�B�X�2�X�-�L�l�o �G�1�. �Y �_�:�" �T�?�Q�b�T�?�Q�`�b �b�Q�H�m�i�B�Q�M�-
�?�Q�r�2�p�2�`�- �i�?�2 �2�{�+�B�2�M�+�v �Q�7 �i�?�2 �`�2�/ �T�?�Q�b�T�?�Q�` �B�b �[�m�B�i�2 �H�Q�r�2�` �+�Q�K�T���`�2�/ �i�Q �i�?�2 �Q�i�?�2�` �i�r�Q
�T�?�Q�b�T�?�Q�`�b�(�R�)�X �P�M �i�?�2 �Q�i�?�2�` �?���M�/�- �i�?�2 �K�Q�b�i �T�`�2�p���B�H�B�M�; �r�?�B�i�2�G�1�.�b�Q�H�m�i�B�Q�M �+�Q�m�H�/ �Q�M�H�v
�B�M�/�m�+�2 �H�Q�r�2�`�*�_�A�X �h�?�B�b �b�Q�H�m�i�B�Q�M �+�Q�K�#�B�M�2�b �� �M�B�i�`�B�/�2�@�#���b�2�/ �#�H�m�2�@�G�1�.�+�?�B�T �+�Q���i�2�/ �r�B�i�?
�� �v�2�H�H�Q�r �T�?�Q�b�T�?�Q�` �H���v�2�`�-�B�X�2�X�- �#�H�m�2�G�1�.�Y �v�2�H�H�Q�r �T�?�Q�b�T�?�Q�` �b�Q�H�m�i�B�Q�M�- �r�?�2�`�2 �Q�M�2 �Q�7 �i�?�2
�K�Q�b�i �+�Q�K�K�Q�M�H�v �m�b�2�/ �v�2�H�H�Q�r �T�?�Q�b�T�?�Q�`�b �B�b �K���/�2 �Q�7 �+�2�`�B�m�K�@�/�Q�T�2�/ �v�i�i�`�B�m�K ���H�m�K�B�M�m�K
�;���`�M�2�i�-�B�X�2�X�- �U�u���:�V�,�*�2�(�R�)�X �A�M �7���+�i�- �i�?�2 �H�Q�r�*�_�A���b �r�2�H�H ���b �H�Q�r �H�m�K�B�M�2�b�+�2�M�+�2 �2�{�+���+�v
�+�Q�`�`�2�b�T�Q�M�/�B�M�; �i�Q �i�?�2 �#�H�m�2�G�1�. �Y �v�2�H�H�Q�r �T�?�Q�b�T�?�Q�` �b�Q�H�m�i�B�Q�M �B�b �/�m�2 �i�Q �i�?�2 �/�2�;�`���/���@
�i�B�Q�M �B�b�b�m�2 �Q�7 �i�?�2 �v�2�H�H�Q�r �T�?�Q�b�T�?�Q�`�(�k���8�)�X �"�2�b�B�/�2�b�- �i�?�2 �`�2�b�2���`�+�? ���M�/ �/�2�p�2�H�Q�T�K�2�M�i �+�Q�b�i�b
���`�2 �[�m�B�i�2 �?�B�;�?�(�k�- �j�) �B�M �Q�`�/�2�` �i�Q ���+�?�B�2�p�2 �m�M�B�7�Q�`�K �+�Q���i�B�M�; �Q�7 �v�2�H�H�Q�r �T�?�Q�b�T�?�Q�` �Q�M �#�H�m�2
�G�1�.�+�?�B�T�- �H�2�i ���H�Q�M�2 �i�?�2 �B�b�b�m�2�b �`�2�;���`�/�B�M�; �i�?�2 �+�Q�b�i ���M�/ �b�m�T�T�H�v �Q�7 �i�?�2�`���`�2 �2���`�i�?�U�_�1�V
�2�H�2�K�2�M�i�b �B�M �v�2�H�H�Q�r �T�?�Q�b�T�?�Q�`�b�-�2�X�;�X�- �+�2�`�B�m�K �B�M �U�u���:�V�,�*�2�X �>�2�M�+�2 �� �#�`�2���F�i�?�`�Q�m�;�? �`�2�@
�;���`�/�B�M�; �7�m�`�i�?�2�` �B�K�T�`�Q�p�2�K�2�M�i �Q�7 �i�?�2 �2�{�+�B�2�M�+�v ���M�/ �`�Q�#�m�b�i�M�2�b�b �Q�7 �v�2�H�H�Q�r �T�?�Q�b�T�?�Q�` �B�b
�2�t�T�2�+�i�2�/ �B�7 �Q�M�2 �b�i�B�H�H �r�Q�m�H�/ �H�B�F�2 �i�Q ���/�?�2�`�2 �i�?�2 �/�2�p�2�H�Q�T�K�2�M�i �Q�M �i�?�2 �#�H�m�2�G�1�.�Y �v�2�H�H�Q�r
�T�?�Q�b�T�?�Q�` �b�Q�H�m�i�B�Q�M�X �6�Q�`�i�m�M���i�2�H�v�- �� �M�2�r �i�v�T�2 �Q�7 �B�M�Q�`�;���M�B�+ �v�2�H�H�Q�r �T�?�Q�b�T�?�Q�` �;�`�Q�r�M �#�v
�E���K�B�v���K���2�i ���H�X�(�k�)�-�B�X�2�X�- �i�?�2 �/�Q�M�Q�` ���M�/ ���+�+�2�T�i�Q�` �+�Q�@�/�Q�T�2�/�~�m�Q�`�2�b�+�2�M�i �b�B�H�B�+�Q�M �+���`�#�B�/�2
�U�7�@�a�B�*�V�- �+�Q�M�i���B�M�b �M�Q�_�1 �2�H�2�K�2�M�i�b ���M�/ �?���b �M�Q �/�2�;�`���/���i�B�Q�M �B�b�b�m�2�b �K���F�B�M�; �B�i �#�2�+�Q�K�2
�[�m�B�i�2 �T�`�Q�K�B�b�B�M�; �7�Q�` �`�2�T�H���+�B�M�; �U�u���:�V�,�*�2 �B�M �7�m�i�m�`�2 �r�?�B�i�2�G�1�.�b�X �"�v �;�2�i�i�B�M�; �?�2���p�B�H�v
�M�B�i�`�Q�;�2�M�@�#�Q�`�Q�M�U�L�@�"�V �+�Q�@�/�Q�T�2�/�-�7�@�a�B�*�+���M �#�2 ���T�T�H�B�2�/ ���b �� �T���b�b�B�p�2 �r���p�2�H�2�M�;�i�? �+�Q�M�@
�p�2�`�b�B�Q�M �K�2�/�B�m�K�- �r�?�2�`�2 �b�i�`�Q�M�; �Q�`���M�;�2�@�v�2�H�H�Q�r�B�b�? �H�B�;�?�i �2�K�B�b�b�B�Q�M �r�B�i�? �H���`�;�2�7�m�H�H �r�B�/�i�?
���i �?���H�7 �K���t�B�K�m�K�U�6�q�>�J �V �+���M �#�2 �;�2�M�2�`���i�2�/ �#�v �Q�T�i�B�+���H�H�v �T�m�K�T�B�M�;�7�@�a�B�*�p�B���L�l�o
�H�B�;�?�i �b�Q�m�`�+�2 �U�2�X�;�X�- �� �M�B�i�`�B�/�2�@�#���b�2�/�L�l�o �G�1�.�+�?�B�T�V�X �A�i �B�b ���H�b�Q �r�Q�`�i�?�v �i�Q �M�Q�i�B�+�2 �i�?���i�-
�a�B�* �B�b �`�2�;���`�/�2�/ ���b �� �#�2�i�i�2�` �T�H���i�7�Q�`�K �7�Q�` �i�?�2 �B�M�i�2�;�`���i�B�Q�M �Q�7 �M�B�i�`�B�/�2�@�#���b�2�/�L�l�o �G�1�.
�+�?�B�T �+�Q�K�T���`�2�/ �i�Q �i�?�2 �T�`�2�p���H�2�M�i �b���T�T�?�B�`�2 �b�m�#�b�i�`���i�2�X �A�M ���/�/�B�i�B�Q�M�- ���M�Q�i�?�2�` �i�v�T�2 �Q�7�7�@
�a�B�*�r�?�B�+�? �B�b�L�@���H�+�Q�@�/�Q�T�2�/ �B�b ���M�i�B�+�B�T���i�2�/ �i�Q �2�K�B�i �#�H�m�2�@�;�`�2�2�M�B�b�? �H�B�;�?�i �#�v�L�l�o �H�B�;�?�i
�b�Q�m�`�+�2 �T�m�K�T�B�M�;�(�j�)�X �A�i �r���b �i�?�2�M �T�`�Q�T�Q�b�2�/ �#�v �E���K�B�v���K���2�i ���H�X�(�9�) �i�?���i �� �M�2�r �i�v�T�2



2 1 Introduction

�Q�7 �r�?�B�i�2�G�1�. �r�B�i�? �?�B�;�?�*�_�A�r�?�B�i�2 �H�B�;�?�i �2�K�B�b�b�B�Q�M �+���M �#�2 ���+�?�B�2�p�2�/ �#�v �;�`�Q�r�B�M�; �i�?�2
�b�i���+�F�B�M�; �b�i�`�m�+�i�m�`�2 �r�?�B�+�? �+�Q�M�i���B�M�b �� �M�B�i�`�B�/�2�@�#���b�2�/�L�l�o �G�1�.�+�?�B�T�- ���L�@�"���b �r�2�H�H ���b ��
�L�@���H�+�Q�@�/�Q�T�2�/�7�@�a�B�*�H���v�2�`�b�X �L�Q�i�2 �i�?���i �b�B�M�+�2�L�@���H�+�Q�@�/�Q�T�2�/ �a�B�* �/�Q�2�b�M�ö�i �b�?�Q�r�S�G���i
�`�Q�Q�K �i�2�K�T�2�`���i�m�`�2 �U�_�h�V�- �B�M �i�?�2 �i�B�K�2 �7�`���K�2 �Q�7 �i�?�B�b �T�`�Q�D�2�+�i�-�7�@�a�B�*�m�b�m���H�H�v �`�2�7�2�`�b �i�Q�L�@�"
�+�Q�@�/�Q�T�2�/ �a�B�*�X �a�B�M�+�2 �a�B�* �B�b ���M �B�M�/�B�`�2�+�i �#���M�/ �;���T �K���i�2�`�B���H�- �i�?�2 �2�{�+�B�2�M�+�v �`�2�;���`�/�B�M�;
�/�Q�M�Q�`�@���+�+�2�T�i�Q�`�@�T���B�`�U�.���S �V �`�2�+�Q�K�#�B�M���i�B�Q�M �B�b �2�t�T�2�+�i�2�/ �i�Q �#�2 �[�m�B�i�2 �H�Q�r�X �h�r�Q �K�2�i�?�Q�/�b
�?���p�2 �#�2�2�M �T�`�Q�T�Q�b�2�/ �i�Q �2�M�?���M�+�2 �i�?�2 �B�M�i�2�M�b�B�i�B�2�b �Q�7 �i�?�2�.���S �`�2�+�Q�K�#�B�M���i�B�Q�M �2�p�2�M�i�b �B�M
�7�@�a�B�*�-�B�X�2�X�- �B�M�+�`�2���b�2 �i�?�2 �/�2�M�b�B�i�v �Q�7�.���S ���M�/ �i�?�2 �b���K�T�H�2 �i�?�B�+�F�M�2�b�b�X �G�m�+�F�B�H�v�- �i�?�2 ���#�Q�p�2�@
�K�2�M�i�B�Q�M�2�/ �i�r�Q �K�2�i�?�Q�/�b �?���p�2 �#�2�2�M �b�m�+�+�2�b�b�7�m�H�H�v �B�K�T�H�2�K�2�M�i�2�/ �B�M �i�?�2 �2�T�B�H���v�2�` �;�`�Q�r�i�?
�Q�7�7�@�a�B�*�i�?���M�F�b �i�Q �i�?�2 ���/�p�2�M�i �Q�7�7���b�i �b�m�#�H�B�K���i�B�Q�M �;�`�Q�r�i�? �T�`�Q�+�2�b�b�U�6�a�:�S�V �K�2�i�?�Q�/
�/�2�p�2�H�Q�T�2�/ �#�v �a�v�p� �D� �`�p�B�2�i ���H�X�(�e�)�- �r�?�B�+�? �K���F�2�b �i�?�2 �+�m�`�`�2�M�i�7�@�a�B�*�?���p�2�L�@�"�+�Q�@�/�Q�T�B�M�;
�#�2�v�Q�M�/1018 �+�K� 3�X �A�M ���/�/�B�i�B�Q�M�- �r�B�i�?�6�a�:�S�K�2�i�?�Q�/�- �B�i �B�b ���H�b�Q �2���b�v �i�Q ���+�?�B�2�p�2 �b�m�{�@
�+�B�2�M�i �2�T�B�H���v�2�` �i�?�B�+�F�M�2�b�b �b�B�M�+�2 �i�?�2 �;�`�Q�r�i�? �`���i�2 �Q�7�6�a�:�S�+���M �#�2 �m�T �i�Q �k�y�y� �K � �?� 1�(�d�)�X
�6�m�`�i�?�2�`�K�Q�`�2�- �i�?�2 �/�2�M�b�B�i�B�2�b �Q�7 �i�?�2 �R�@�. �U�B�X�2�X�- �K�B�+�`�Q�T�B�T�2�V�- �k�@�. �U�B�X�2�X�- �b�i���+�F�B�M�; �7���m�H�i�V ���M�/ �j�@
�.�(�3�) �U�B�X�2�X�T�Q�H�v�i�v�T�2 �b�r�B�i�+�?�- �+���`�#�Q�M �B�M�+�H�m�b�B�Q�M ���M�/ �b�B�H�B�+�Q�M �/�`�Q�T�H�2�i�V �/�2�7�2�+�i�b �B�M�7�@�a�B�*�?���p�2
�#�2�2�M �/�`���b�i�B�+���H�H�v �/�2�+�`�2���b�2�/ �i�Q �i�?�2 �M�2�;�H�B�;�B�#�H�2 �H�2�p�2�H�b�(�e�-�N�) �#�v ���T�T�H�v�B�M�; �i�?�2�6�a�:�S�K�2�i�?�Q�/
�7�Q�` �i�?�2 �;�`�Q�r�i�? �Q�7�7�@�a�B�*�2�T�B�H���v�2�`�b�X �J�2���M�r�?�B�H�2�- �i�?�2 �b�Q�m�`�+�2 �a�B�* �K���i�2�`�B���H �7�Q�`�6�a�:�S�B�b
�T�`�2�T���`�2�/ �p�B�� �i�?�2 �K�Q�/�B�}�2�/ �T�?�v�b�B�+���H �p���T�Q�` �i�`���M�b�T�Q�`�i �U�J�@�S�o�h�V �i�2�+�?�M�B�[�m�2 �/�2�p�2�H�Q�T�2�/
�#�v �q�2�H�H�K���M�M�2�i ���H�X�(�3�-�R�y�-�R�R�)�- �r�?�2�`�2 �i�?�2 �b�i���#�H�2 �M�B�i�`�Q�;�2�M �/�Q�T�B�M�; ���M�/ �H�Q�r �/�B�b�H�Q�+���i�B�Q�M
�/�2�M�b�B�i�B�2�b �B�M �i�?�2 �b�Q�m�`�+�2 �a�B�* �K���i�2�`�B���H �?���p�2 �#�2�2�M �`�2���H�B�x�2�/�X

1.2 Motivation
���H�i�?�Q�m�;�? �i�?�2 �H�m�K�B�M�2�b�+�2�M�+�2 �B�M�i�2�M�b�B�i�v �Q�7�7�@�a�B�*�?���b �#�2�2�M �;�`�2���i�H�v �2�M�?���M�+�2�/ �#�v �i�?�2 �K�B�+�`�Q�@
���M�/ �M���M�Q�@�T�`�Q�+�2�b�b�B�M�;�(�R�k���R�9�) ���b �r�2�H�H ���b �K�m�+�? �2�z�Q�`�i �?���b �#�2�2�M �K���/�2�(�j�-�9�-�R�9�-�R�8�) �i�Q�r���`�/
�i�?�2 �`�2���H�B�x���i�B�Q�M �Q�7�7�@�a�B�*�#���b�2�/ �r�?�B�i�2�G�1�.�- �i�?�2 �`�Q�Q�K �7�Q�` �B�K�T�`�Q�p�2�K�2�M�i �`�2�;���`�/�B�M�; �i�Q �i�?�2
�H�m�K�B�M�2�b�+�2�M�+�2 �2�{�+���+�v �Q�7�7�@�a�B�*�B�b �H�B�K�B�i�i�2�/ �#�v �B�i�b �B�M�i�2�`�M���H �[�m���M�i�m�K �2�{�+�B�2�M�+�v �U�A�Z�1�V�-
�r�?�B�+�? �B�b �/�Q�K�B�M���i�2�/ �#�v �i�?�2 �2�{�+�B�2�M�+�v �Q�7�.���S �`�2�+�Q�K�#�B�M���i�B�Q�M �B�M�7�@�a�B�*�X �>�Q�r�2�p�2�`�- �i�?�2
�+���T���+�B�i�B�2�b ���#�Q�m�i �?�Q�r �i�?�2 �L�@�B�M�/�m�+�2�/ �/�Q�M�Q�`�b ���M�/ �"�@�B�M�/�m�+�2�/ ���+�+�2�T�i�Q�`�b ���`�2 ���#�H�2 �i�Q �2�M�`�Q�H�H
�B�M �i�?�2 �`���/�B���i�B�p�2 �`�2�+�Q�K�#�B�M���i�B�Q�M �b�2�T���`���i�2�H�v ���`�2 �b�i�B�H�H �M�Q�i �+�H�2���` �v�2�i�X �P�M �i�?�2 �Q�i�?�2�` �?���M�/�-
�B�M �b�T�B�i�2 �i�?���i �i�?�2 �+�`�v�b�i���H �[�m���H�B�i�v �Q�7�7�@�a�B�*�?���b �#�2�2�M �H���`�;�2�H�v �B�K�T�`�Q�p�2�/ �#�v ���T�T�H�v�B�M�; �i�?�2
�b�m�#�H�B�K���i�B�Q�M �;�`�Q�r�i�? �K�2�i�?�Q�/�b �B�M�+�H�m�/�B�M�;�6�a�:�Sj �J�@�S�o�h�- �B�i �B�b �b�i�B�H�H �B�M�2�p�B�i���#�H�2 �i�Q �7�Q�`�K
�i�?�2 �y�@�. �/�2�7�2�+�i �U�B�X�2�X�- �T�Q�B�M�i �/�2�7�2�+�i�b�V �/�m�`�B�M�; �i�?�2 �b�m�#�H�B�K���i�B�Q�M �;�`�Q�r�i�? �Q�7 �a�B�* �2�b�T�2�+�B���H�H�v
�m�M�/�2�` �?�B�;�? �+�Q�@�/�Q�T�B�M�; �+�Q�M�/�B�i�B�Q�M�(�3�-�R�e�-�R�d�)�X �A�M�7�@�a�B�*�- �i�?�2 �T�Q�B�M�i �/�2�7�2�+�i�b �B�M�+�H�m�/�2 �p���+���M�@
�+�B�2�b�- �B�M�i�2�`�b�i�B�i�B���H�b�- ���M�/ ���M�i�B�b�B�i�2�b �`�2�H���i�2�/ �i�Q �b�B�H�B�+�Q�Mj �+���`�#�Q�M ���i�Q�K�b�- �r�?�B�+�? �+�Q�m�H�/ �B�M�/�m�+�2
�/�2�2�T �H�2�p�2�H�b�(�R�3�) �r�B�i�?�B�M �i�?�2 �#���M�/ �;���T �Q�7 �a�B�*�X �h�?�2�b�2 �/�2�2�T �H�2�p�2�H�b ���`�2 �i�?�2 ���+�i�B�p�2 �+�?���M�M�2�H�b
�7�Q�` �M�Q�M�@�`���/�B���i�B�p�2 �`�2�+�Q�K�#�B�M���i�B�Q�M �r�?�B�+�? �+�Q�K�T�2�i�2�b �r�B�i�?�.���S �/�Q�K�B�M���i�2�/ �`���/�B���i�B�p�2 �`�2�@
�+�Q�K�#�B�M���i�B�Q�M �+�?���M�M�2�H�b �B�M�7�@�a�B�*�(�R�N�)�X �A�M �7���+�i�- �i�?�2�`�2 �b�i�B�H�H �H���+�F�b �Q�7 �i�?�2 �i�?�2�Q�`�2�i�B�+���H �b�i�m�/�v
���#�Q�m�i �?�Q�r �i�?�2 �+���`�`�B�2�`�b �i�`���T�T�B�M�; �T�`�Q�+�2�b�b�2�b �+�Q�`�`�2�b�T�Q�M�/�B�M�; �i�Q �i�?�2 �T�Q�B�M�i �/�2�7�2�+�i�b �B�M�/�m�+�2�/
�M�Q�M�@�`���/�B���i�B�p�2 �+�2�M�i�2�`�b �r�Q�m�H�/ ���z�2�+�i �i�?�2�.���S �`�2�+�Q�K�#�B�M���i�B�Q�M �B�M�7�@�a�B�*�X �A�M ���/�/�B�i�B�Q�M�- �7�Q�`
�i�?�2 �/�2�p�B�+�2 �7���#�`�B�+���i�B�Q�M �Q�7 �i�?�2 �r�?�B�i�2�G�1�.�#���b�2�/ �Q�M�7�@�a�B�*�- �i�?�2 �B�M�p�2�b�i�B�;���i�B�Q�M ���#�Q�m�i �Q�7 �?�Q�r
�i�?�2 �T�m�K�T�B�M�; �T�Q�r�2�` �Q�7�L�l�o �G�1�.���M�/ �i�?�2 �i�?�B�+�F�M�2�b�b �Q�7�7�@�a�B�*�2�T�B�H���v�2�` �r�Q�m�H�/ �B�M�~�m�2�M�+�2
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CHAPTER 2
General properties of SiC and

growth of 6H f-SiC
�a�B�H�B�+�Q�M �+���`�#�B�/�2 �U�a�B�*�V �B�b �� �r�B�/�2�@�#���M�/�;���T �b�2�K�B�+�Q�M�/�m�+�i�Q�` �K���i�2�`�B���H �r�?�2�`�2 �B�i�b �m�M�B�i �+�2�H�H
�B�b �+�Q�K�T�Q�b�2�/ �Q�7 �b�B�H�B�+�Q�M�@���M�/�@�+���`�#�Q�M �#�B�H���v�2�`�b�X �A�i �B�b �2�b�b�2�M�i�B���H �i�Q �m�M�/�2�`�b�i���M�/ �i�?�2 �#���b�B�b
�Q�7 �B�i�b �+�`�v�b�i���H �b�i�`�m�+�i�m�`�2 ���b �r�2�H�H ���b �7�m�M�/���K�2�M�i���H �2�H�2�+�i�`�B�+���Hj �Q�T�i�B�+���H �T�`�Q�T�2�`�i�B�2�b�- �b�B�M�+�2
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�#���b�B�+ �F�M�Q�r�H�2�/�;�2 �`�2�H���i�2�/ �i�Q �i�?�2 �+�`�v�b�i���H �b�i�`�m�+�i�m�`�2�- �2�H�2�+�i�`�B�+���H ���M�/ �Q�T�i�B�+���H �T�`�Q�T�2�`�i�B�2�b �Q�7
�a�B�* ���`�2 �b�m�K�K���`�B�x�2�/�X �h�?�2 �;�`�Q�r�i�? �i�2�+�?�M�B�[�m�2�b �+�Q�`�`�2�b�T�Q�M�/�B�M�; �i�Q �e�> �~�m�Q�`�2�b�+�2�M�i �b�B�H�B�+�Q�M
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2.2 Electrical and optical properties
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�i�?�2 �T�`�Q�#���#�B�H�B�i�v �Q�7 �8�y�W ���i �i�?�2�`�K�Q�/�v�M���K�B�+ �2�[�m�B�H�B�#�`�B�m�K�X �6�Q�` �i�?�2 �B�M�i�`�B�M�b�B�+ �b�2�K�B�+�Q�M�/�m�+�@
�i�Q�`�- �i�?�2 �B�M�i�`�B�M�b�B�+ �6�2�`�K�B �2�M�2�`�;�v �UE i �V �+���M �#�2 �2�t�T�`�2�b�b�2�/ �#�v �1�[�X �U�k�X�9�V �r�?�2�`�2Ec ���M�/Ev

���`�2 �i�?�2 �2�M�2�`�;�v �H�2�p�2�H �Q�7 �i�?�2 �+�Q�M�/�m�+�i�B�Q�M �#���M�/ �K�B�M�B�K�m�K ���M�/ �p���H�2�M�+�2 �#���M�/ �K���t�B�K�m�K�-
�`�2�b�T�2�+�i�B�p�2�H�v�X

E i =
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+

1
2
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�

Nv
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�
�U�k�X�9�V
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�.�Q�T�2�/ �b�2�K�B�+�Q�M�/�m�+�i�Q�` �+�Q�M�i���B�M�b �B�K�T�m�`�B�i�B�2�b�-�B�X�2�X�- �i�?�2 �7�Q�`�2�B�;�M ���i�Q�K�b �#�2�B�M�; �B�K�T�H���M�i�2�/
�B�M�i�Q �i�?�2 �B�M�i�`�B�M�b�B�+ �+�`�v�b�i���H �b�i�`�m�+�i�m�`�2 �B�M�i�2�M�i�B�Q�M���H�H�v �Q�` �m�M�B�M�i�2�M�i�B�Q�M���H�H�v�X �h�?�2 �2�M�2�`�;�v �H�2�p�2�H�U�b�V
�B�M�/�m�+�2�/ �#�v �i�?�2 �B�K�T�m�`�B�i�B�2�b �M�Q�`�K���H�H�v �b�i���v �B�M�b�B�/�2 �i�?�2 �#���M�/ �;���T�X �A�7 �i�?�2 �B�K�T�m�`�B�i�B�2�b �;�B�p�2
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���+�+�2�T�i�Q�`�b�r�?�2�M �;�B�p�B�M�; �Q�zh+ �i�Q �i�?�2 �p���H�2�M�+�2 �#���M�/�X �h�?�2 �/�Q�M�Q�` �2�M�2�`�;�v �H�2�p�2�H �B�b �}�H�H�2�/
�r�B�i�?e� ���M�/ �b�i���v �M�2�m�i�`���H �T�`�B�Q�` �i�Q �#�2�B�M�; �B�Q�M�B�x�2�/�X �h�?�2 �B�Q�M�B�x���i�B�Q�M �Q�7 �i�?�2 �/�Q�M�Q�` �+���m�b�2�b
�i�?�2 �/�Q�M�Q�` �H�2�p�2�H �i�Q �`�2�H�2���b�2 �i�?�2e� �B�M�i�Q �i�?�2 �+�Q�M�/�m�+�i�B�Q�M �#���M�/ �r�?�2�`�2 �i�?�2 �/�Q�M�Q�` �H�2�p�2�H �B�b
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h+ �T�`�B�Q�` �i�Q �#�2�B�M�; �B�Q�M�B�x�2�/�X �h�?�2 �B�Q�M�B�x���i�B�Q�M �Q�7 �i�?�2 ���+�+�2�T�i�Q�` �+���m�b�2�b �i�?�2 ���+�+�2�T�i�Q�` �H�2�p�2�H �i�Q
�`�2�H�2���b�2 �i�?�2h+ �B�M�i�Q �i�?�2 �p���H�2�M�+�2 �#���M�/�X �h�?�2 ���+�+�2�T�i�Q�` �H�2�p�2�H �B�b �M�2�;���i�B�p�2 �+�?���`�;�2�/ �M�Q�r ���M�/
�2�[�m�B�p���H�2�M�i �i�Q ���+�+�2�T�i�B�M�; ���Me� �7�`�Q�K �i�?�2 �p���H�2�M�+�2 �#���M�/�- �i�?�2�`�2�7�Q�`�2 �B�i �B�b �+���H�H�2�/ ���+�+�2�T�i�Q�`�X
�A�7 �i�?�2 �K���D�Q�`�B�i�v �+���`�`�B�2�`�b ���`�2 �+�Q�M�i�`�B�#�m�i�2�/ �#�v �/�Q�M�Q�` �B�K�T�m�`�B�i�B�2�b�- �i�?�2 �b�2�K�B�+�Q�M�/�m�+�i�Q�` �B�b
�M�@�i�v�T�2 ���M�/e� �#�2�+�Q�K�2�b �i�?�2 �K���D�Q�`�B�i�v �+���`�`�B�2�`�X �P�i�?�2�`�r�B�b�2�- �i�?�2 �b�2�K�B�+�Q�M�/�m�+�i�Q�` �B�b�T�@�i�v�T�2
���M�/h+ �#�2�+�Q�K�2�b �i�?�2 �K���D�Q�`�B�i�v �+���`�`�B�2�` �B�7 ���+�+�2�T�i�Q�` �B�K�T�m�`�B�i�B�2�b �+�Q�M�i�`�B�#�m�i�2 �K�Q�b�i �Q�7 �i�?�2
�7�`�2�2 �+���`�`�B�2�`�b�X �A�i �B�b �M�Q�i�B�+�2�/ �i�?���i �i�?�2 �6�2�`�K�B �2�M�2�`�;�v �H�2�p�2�H �UEF �V �#�2�+�Q�K�2�b �/�B�z�2�`�2�M�i �7�`�Q�K
E i �r�?�2�M �i�?�2 �b�2�K�B�+�Q�M�/�m�+�i�Q�` �B�b �/�Q�T�2�/�- �r�?�2�`�2EF �+���M �#�2 �2�t�T�`�2�b�b�2�/ �#�v �1�[�X �U�k�X�e�V ���M�/
�1�[�X �U�k�X�d�V �7�Q�` �i�?�2 �+���b�2 �Q�7�M�@�i�v�T�2 ���M�/�T�@�i�v�T�2 �b�2�K�B�+�Q�M�/�m�+�i�Q�`�b�- �`�2�b�T�2�+�i�B�p�2�H�v�X

EF = E i + kbT ln
�

n0

ni

�
= Ec + kbT ln

�
n0

Nc

�
�U�k�X�e�V

EF = E i � kbT ln
�

p0

ni

�
= Ev � kbT ln

�
p0

Nv

�
�U�k�X�d�V

�>�2�`�2 �r�2 �b�B�K�T�H�B�7�v �i�?�2 �+�Q�M�/�B�i�B�Q�M �r�?�2�`�2 �Q�M�H�v �Q�M�2 �/�Q�M�Q�` �H�2�p�2�H ���M�/ ���+�+�2�T�i�Q�` �H�2�p�2�H ���`�2
�i���F�2�M �B�M�i�Q �+�Q�M�b�B�/�2�`���i�B�Q�M �7�Q�` �� �/�Q�T�2�/ �b�2�K�B�+�Q�M�/�m�+�i�Q�`�X �*�Q�M�b�B�/�2�`�B�M�; �i�?�2 �#���H���M�+�2 �Q�7 �i�?�2
�i�Q�i���H �+�?���`�;�2 �/�2�M�b�B�i�v�- �Q�M�2 �+���M �?���p�2�,

p0 + N +
d = n0 + N �

a �U�k�X�3�V

�q�?�2�`�2Nd �B�b �i�?�2 �+�Q�M�+�2�M�i�`���i�B�Q�M �Q�7 �i�?�2 �/�Q�M�Q�` �B�K�T�m�`�B�i�v�- ���M�/N +
d �B�b �i�?�2 �/�2�M�b�B�i�v �Q�7

�i�?�2 �T�Q�b�B�i�B�p�2�H�v �+�?���`�;�2�/ �/�Q�M�Q�`�b�X ���M�/Na �B�b �i�?�2 �+�Q�M�+�2�M�i�`���i�B�Q�M �Q�7 �i�?�2 ���+�+�2�T�i�Q�` �B�K�T�m�`�B�i�v�-
���M�/N �

a �B�b �i�?�2 �/�2�M�b�B�i�v �Q�7 �i�?�2 �M�2�;���i�B�p�2�H�v �+�?���`�;�2�/ ���+�+�2�T�i�Q�`�b�X �6�Q�` �� �M�Q�M�@�/�2�;�2�M�2�`���i�2
�b�2�K�B�+�Q�M�/�m�+�i�Q�` �r�?�2�`�2 �B�i�bEF �B�b �#�2�B�M�; �b�2�T���`���i�2�/ �#�v ���i �H�2���b�i3kbT ���r���v �7�`�Q�K �2�B�i�?�2�` �i�?�2
�+�Q�M�/�m�+�i�B�Q�M �#���M�/ �K�B�M�B�K�m�K �Q�` �i�?�2 �p���H�2�M�+�2 �#���M�/ �K���t�B�K�m�K�- �Q�M�2 �+���M ���T�T�H�v�6�2�`�K�B�@�.�B� �̀��+
�/�B�b�i�`�B�#�m�i�B�Q�M �7�m�M�+�i�B�Q�M �i�Q �`�2�r�`�B�i�2 �1�[�X �U�k�X�3�V �B�M�i�Q �1�[�X �U�k�X�N�V ���b �b�?�Q�r�M �#�2�H�Q�r�X
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p0 +
Nd

1 + gD exp

 
EF � Ed

kbT

! = n0 +
Na

1 + gA exp

 
Ea � EF

kbT

! �U�k�X�N�V

�q�?�2�`�2Ed ���M�/Ea ���`�2 �i�?�2 �2�M�2�`�;�v �H�2�p�2�H �Q�7 �i�?�2 �/�Q�M�Q�` ���M�/ �i�?�2 ���+�+�2�T�i�Q�`�- �`�2�b�T�2�+�i�B�p�2�H�v�X
gD ���M�/gA ���`�2 �i�?�2 �/�2�;�2�M�2�`���+�v �7���+�i�Q�` �Q�7 �i�?�2 �/�Q�M�Q�` ���M�/ �i�?�2 ���+�+�2�T�i�Q�`�- �b�2�T���`���i�2�H�v�X �6�Q�`�M�@
�i�v�T�2 �b�2�K�B�+�Q�M�/�m�+�i�Q�` �r�?�2�`�2Nd > N a �- �i�?�2 �?�Q�H�2 �/�2�M�b�B�i�vp0 �B�b �M�2�;�H�B�;�B�#�H�2 ���M�/ �i�?�2 ���+�+�2�T�i�Q�`�b
���`�2 �+�Q�M�b�B�/�2�`�2�/ �i�Q �#�2 �7�m�H�H�v �B�Q�M�B�x�2�/ �b�B�M�+�2EF �B�b �2�t�T�2�+�i�2�/ �i�Q �#�2 ���#�Q�p�2 �i�?�2 �2�M�2�`�;�v �H�2�p�2�H�b �Q�7
���H�H �i�?�2 ���+�+�2�T�i�Q�`�b�X �>�2�M�+�2 �#�v �;�B�p�B�M�;�,p0 � 0 ���M�/N �

a � Na �- �1�[�X �U�k�X�N�V �+���M �#�2 �b�B�K�T�H�B�}�2�/
�i�Q �i�?�2 �7�Q�`�K �Q�7 �1�[�X �U�k�X�R�y�V �7�Q�`�M�@�i�v�T�2 �b�2�K�B�+�Q�M�/�m�+�i�Q�`�X

Nd

1 + gD exp

 
EF � Ed
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! = n0 + Na �U�k�X�R�y�V

�"�v �`�2�7�2�`�`�B�M�; �i�?�2 �b�2�+�Q�M�/ �?���H�7 �Q�7 �1�[�X �U�k�X�e�V�- �Q�M�2 �+���M �`�2�r�`�B�i�2 �1�[�X �U�k�X�R�y�V �r�B�i�?�Q�m�iEF

�#�v �+�Q�M�b�B�/�2�`�B�M�; �i�?�2 �/�2�`�B�p���i�B�Q�M �b�?�Q�r�M �B�M �1�[�X �U�k�X�R�R�V�X
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�U�k�X�R�R�V

�q�?�2�`�2 �i�?�2 �H���b�i �H�B�M�2 �Q�7 �1�[�X �U�k�X�R�R�V �+���M �#�2 �7�m�`�i�?�2�` �b�B�K�T�H�B�}�2�/ �#�v �+�Q�M�b�B�/�2�`�B�M�; ���M
���m�t�B�H�B���`�v �p���`�B���#�H�2N �

n �2�t�T�`�2�b�b�2�/ �#�v �1�[�X �U�k�X�R�k�V�X

N �
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Nc
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exp
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�U�k�X�R�k�V

���b �� �+�Q�M�b�2�[�m�2�M�+�2�- �1�[�X �U�k�X�R�y�V �B�b �+�?���M�;�2�/ �i�Q �i�?�2 �7�Q�`�K �Q�7 �1�[�X �U�k�X�R�j�V�X
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1 +
n0

N �
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= n0 + Na �U�k�X�R�j�V

�a�B�K�B�H���`�H�v�- �7�Q�`�T�@�i�v�T�2 �b�2�K�B�+�Q�M�/�m�+�i�Q�` �r�?�2�`�2Na > N d �- �B�i �B�b �`�2���b�Q�M���#�H�2 �i�Q ���b�b�m�K�2
�i�?���in0 � 0 ���M�/N +

d � Nd �b�B�M�+�2EF �B�b �2�t�T�2�+�i�2�/ �i�Q �b�i���v �#�2�H�Q�r �i�?�2 �2�M�2�`�;�v �H�2�p�2�H�b �Q�7 ���H�H
�/�Q�M�Q�`�b�X �h�?�2�`�2�7�Q�`�2 �1�[�X �U�k�X�N�V �+���M �#�2 �b�B�K�T�H�B�}�2�/ �i�Q �i�?�2 �7�Q�`�K �Q�7 �1�[�X �U�k�X�R�9�V�X



14 2 General properties of SiC and growth of 6H f-SiC

Na

1 + gA exp

 
Ea � EF

kbT

! = p0 + Nd �U�k�X�R�9�V

�>�2�`�2 �r�2 �i���F�2 �i�?�2 �`�2�H���i�B�Q�M �b�?�Q�r�M �B�M �i�?�2 �b�2�+�Q�M�/ �?���H�7 �Q�7 �1�[�X �U�k�X�d�V �B�M�i�Q �+�Q�M�b�B�/�2�`���i�B�Q�M�-
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N �
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�h�?�2 �b�Q�H�m�i�B�Q�M�b �7�Q�` �1�[�X �U�k�X�R�j�V ���M�/ �1�[�X �U�k�X�R�d�V ���`�2 �;�B�p�2�M �#�v �1�[�X �U�k�X�R�3�V ���M�/ �1�[�X �U�k�X�R�N�V�-
�`�2�b�T�2�+�i�B�p�2�H�v�X

n0 = �
N �

n + Na

2
+

s
(N �

n + Na)2

4
+ N �

n (Nd � Na) �U�k�X�R�3�V

p0 = �
N �

p + Nd

2
+

s
(N �

p + Nd)2

4
� N �

p (Nd � Na) �U�k�X�R�N�V

2.2.2 Band gap narrowing
�q�?�2�M �/�2�i�2�`�K�B�M�B�M�;Eg �Q�7 �� �b�T�2�+�B�}�+ �a�B�* �b���K�T�H�2�- �i�?�2 �M���`�`�Q�r�B�M�; �Q�7 �i�?�2 �#���M�/ �;���T �M�2�2�/�b
�i�Q �#�2 �i���F�2�M �B�M�i�Q ���+�+�Q�m�M�i �B�7 �i�?�2 �a�B�* �b���K�T�H�2 �B�b �?�2���p�B�H�v �/�Q�T�2�/�X �S�2�`�b�b�Q�M�2�i ���H�X�(�j�d�) �?���p�2
�/�2�p�2�H�Q�T�2�/ �� �K�Q�/�2�H �i�Q �+���H�+�m�H���i�2 �i�?�2 �#���M�/ �;���T �M���`�`�Q�r�B�M�; �Q�7 �#�Q�i�?�M�@ ���M�/�T�@�i�v�T�2 �a�B�*�X
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�h�?�2 �K�Q�/�2�H �B�b �T�`�2�b�2�M�i�2�/ ���b �i�?�2 �7�m�M�+�i�B�Q�M �Q�7 �B�Q�M�B�x�2�/ �B�K�T�m�`�B�i�v �+�Q�M�+�2�M�i�`���i�B�Q�M �r�?�2�`�2 �i�?�2
�K�2�i�?�Q�/�Q�H�Q�;�v �7�Q�` �i�?�2 �K�Q�/�2�H �/�2�p�2�H�Q�T�K�2�M�i �B�b �#���b�2�/ �Q�M �� �x�2�`�Q�@�i�2�K�T�2�`���i�m�`�2 �:�`�2�2�M�ö�b �7�m�M�+�@
�i�B�Q�M �7�Q�`�K���H�B�b�K�X �h�?�2 �2�M�2�`�;�v �b�?�B�7�i �Q�7 �i�?�2 �+�Q�M�/�m�+�i�B�Q�M �#���M�/ �K�B�M�B�K�m�K �U� Ec�V ���M�/ �i�?�2
�p���H�2�M�+�2 �#���M�/ �K���t�B�K�m�K �U� Ev �V �Q�7 �i�?�2�M�@�i�v�T�2 �a�B�* ���`�2 �2�t�T�`�2�b�b�2�/ �#�v �1�[�X �U�k�X�k�y�V ���M�/
�1�[�X �U�k�X�k�R�V�- �`�2�b�T�2�+�i�B�p�2�H�v�X �h�?�2 �p���H�m�2�b �Q�7 �i�?�2 �T���`���K�2�i�2�`�b �B�M �1�[�X �U�k�X�k�y�V ���M�/ �1�[�X �U�k�X�k�R�V
�7�Q�` �j�*�@�- �9�>�@ ���M�/ �e�>�@�a�B�* ���`�2 �b�m�K�K���`�B�x�2�/ �B�M �h���#�X�k�X�9�X

� Ec = An;c

�
N +

d

1018

� 1=3

+ Bn;c

�
N +

d

1018

� 1=2

�U�k�X�k�y�V

� Ev = An;v

�
N +

d

1018

� 1=4

+ Bn;v

�
N +

d

1018

� 1=2

�U�k�X�k�R�V

�7�Q�`�M�@�i�v�T�2 �U�K�2�o�V �j�*�@�a�B�* �9�>�@�a�B�* �e�>�@�a�B�*
An;c �@�R�d�X�k�k �@�R�d�X�N�R �@�k�j�X�j�R
Bn;c �@�k�X�8�d �@�k�X�k�y �k�X�k�e
An;v �k�8�X�y�8 �k�3�X�k�j �k�e�X�8�d
Bn;v �3�X�y�R �e�X�k�9 �y�X�9�j

�h���#�H�2 �k�X�9�,�S���`���K�2�i�2�`�b�(�j�d�) �7�Q�` �i�?�2 �+���H�+�m�H���i�B�Q�M �Q�7� Ec ���M�/� Ev �Q�7�M�@�i�v�T�2 �j�*�@�- �9�>�@
���M�/ �e�>�@�a�B�* �m�b�B�M�; �1�[�X �U�k�X�k�y�V ���M�/ �1�[�X �U�k�X�k�R�V�X

�q�?�2�`�2���b �i�?�2 �2�M�2�`�;�v �b�?�B�7�i �Q�7 �i�?�2 �+�Q�M�/�m�+�i�B�Q�M �#���M�/ �K�B�M�B�K�m�K �U� Ec�V ���M�/ �i�?�2 �p���H�2�M�+�2
�#���M�/ �K���t�B�K�m�K �U� Ev �V �Q�7 �i�?�2�T�@�i�v�T�2 �a�B�* ���`�2 �2�t�T�`�2�b�b�2�/ �#�v �1�[�X �U�k�X�k�k�V ���M�/ �1�[�X �U�k�X�k�j�V�-
�`�2�b�T�2�+�i�B�p�2�H�v�X �h�?�2 �p���H�m�2�b �Q�7 �i�?�2 �T���`���K�2�i�2�`�b �B�M �1�[�X �U�k�X�k�k�V ���M�/ �1�[�X �U�k�X�k�j�V �7�Q�` �j�*�@�- �9�>�@
���M�/ �e�>�@�a�B�* ���`�2 �b�m�K�K���`�B�x�2�/ �B�M �h���#�X�k�X�8�X �L�Q�i�2 �i�?���i �� �i�?�B�`�/ �}�i�i�B�M�; �T���`���K�2�i�2�` �B�b ���/�/�2�/
�B�M �1�[�X �U�k�X�k�j�V �7�Q�` �9�>�@ ���M�/ �e�>�@�a�B�* �7�Q�` �T�`�2�+�B�b�B�Q�M �B�K�T�`�Q�p�2�K�2�M�i�X

� Ec = Ap;c

�
N �

a

1018

� 1=4

+ Bp;c

�
N �

a

1018

� 1=2

�U�k�X�k�k�V

� Ev = Ap;v

�
N �

a

1018

� 1=3

+ Bp;v

�
N �

a

1018

� 1=2

+ Cp;v

�
N �

a

1018

� 1=4

�U�k�X�k�j�V

�h�?�2 ���7�Q�`�2�K�2�M�i�B�Q�M�2�/ �+���H�+�m�H���i�B�Q�M �K�2�i�?�Q�/ �B�b ���T�T�H�B�2�/ �7�Q�` �i�?�2 �2�b�i�B�K���i�B�Q�M �Q�7 �i�?�2 �#���M�/
�;���T �M���`�`�Q�r�B�M�; ���i ���#�b�Q�H�m�i�2 �x�2�`�Q �U�y �E�V �r�?�2�`�2 �i�?�2 �`�2�b�m�H�i�2�/ �M���`�`�Q�r�2�/ �#���M�/ �;���T ���i �y �E
�UEg0�V �/�m�2 �i�Q �B�K�T�m�`�B�i�B�2�b �/�Q�T�B�M�; �+���M �#�2 �2�t�T�`�2�b�b�2�/ �#�v �1�[�X �U�k�X�k�9�V�X

Eg0 = E I
g0 + (� Ec � � Ev ) �U�k�X�k�9�V

�q�?�2�`�2E I
g0 �B�b �i�?�2 �#���M�/ �;���T �Q�7 �B�M�i�`�B�M�b�B�+ �a�B�* ���i �y �E ���M�/ �2�[�m���H�b �i�Q �k�X�9�y �2�o�- �j�X�k�N

�2�o ���M�/ �j�X�R�y �2�o �7�Q�` �j�*�@�- �9�>�@ ���M�/ �e�>�@�a�B�*�- �`�2�b�T�2�+�i�B�p�2�H�v�X �h�?�2 �#���M�/ �;���T �7�m�`�i�?�2�` �/�2�@
�+�`�2���b�2�b �r�B�i�? �`�B�b�B�M�; �i�2�K�T�2�`���i�m�`�2 �/�m�2 �i�Q �i�?�2�`�K���H �2�t�T���M�b�B�Q�M�- �r�?�2�`�2 �i�?�2 �#���M�/ �;���T ���i
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�7�Q�`�T�@�i�v�T�2 �U�K�2�o�V �j�*�@�a�B�* �9�>�@�a�B�* �e�>�@�a�B�*
Ap;c �@�R�e�X�R�3 �@�R�e�X�R�8 �@�k�R�X�d�d
Bp;c �@�y�X�8�k �@�R�X�y�d �y�X�R�y
Ap;v �k�e�X�j�e �@�j�8�X�y�d �@�k�d�X�3�3
Bp;v �@�9�X�k�3 �e�X�d�9 �9�X�e�y
Cp;v �@ �8�e�X�N�e �8�y�X�R�j

�h���#�H�2 �k�X�8�,�S���`���K�2�i�2�`�b�(�j�d�) �7�Q�` �i�?�2 �+���H�+�m�H���i�B�Q�M �Q�7� Ec ���M�/� Ev �Q�7�T�@�i�v�T�2 �j�*�@�- �9�>�@
���M�/ �e�>�@�a�B�* �m�b�B�M�; �1�[�X �U�k�X�k�k�V ���M�/ �1�[�X �U�k�X�k�j�V�X

�2�H�2�p���i�2�/ �i�2�K�T�2�`���i�m�`�2 �UEg(T)�V �B�b �;�B�p�2�M �#�v �i�?�2 �2�K�T�B�`�B�+���H �o���`�b�?�M�B �`�2�H���i�B�Q�M�(�j�3�) ���b �b�?�Q�r�M
�B�M �1�[�X �U�k�X�k�8�V�X

Eg(T) = Eg0 �
aT2

T + b
�U�k�X�k�8�V

�q�?�2�`�2 �i�?�2 �}�i�i�B�M�; �T���`���K�2�i�2�`�ba ���M�/b �7�Q�` ���H�H �a�B�* �T�Q�H�v�i�v�T�2�b ���`�2�(�k�8�) �Ua = 8 :2� 10� 4

�2�o:�E� 1 ���M�/b = 1 :8 � 103 �E�V�X

2.2.3 Absorption coefficient of 6H-SiC
���#�b�Q�`�T�i�B�Q�M �+�Q�2�{�+�B�2�M�i �U� �V �Q�7 �� �K���i�2�`�B���H �B�b �m�b�2�/ �i�Q �[�m���M�i�B�7�v �?�Q�r �[�m�B�+�F�H�v ���M �B�M�+�B�/�2�M�i
�H�B�;�?�i �#�2���K �;�2�i�b ���i�i�2�M�m���i�2�/ ���b �B�i �T�2�M�2�i�`���i�2�b �i�?�`�Q�m�;�? �i�?�2 �b���K�T�H�2�X �h�?�2 �T�2�M�2�i�`���i�B�Q�M
�/�2�T�i�?�-�B�X�2�X�- �i�?�2 �/�2�T�i�? �r�?�2�`�2 �i�?�2 �B�M�i�2�M�b�B�i�v �Q�7 �i�?�2 �H�B�;�?�i �#�2���K �/�2�+���v�b �i�Q1=e �Q�7 �B�i�b �p���H�m�2
���i �i�?�2 �B�M�+�B�/�2�M�i �b�m�`�7���+�2�- �B�b ���+�i�m���H�H�v �2�[�m���H�b �i�Q1=� �X �a�B�M�+�2� �B�b ���M �2�b�b�2�M�i�B���H �T���`���K�2�i�2�` �7�Q�`
�i�?�2 �/�2�i�2�`�K�B�M���i�B�Q�M �Q�7 �i�?�2 �B�M�D�2�+�i�B�Q�M �H�2�p�2�H �Ug�V �r�?�B�+�? �B�b �+�`�m�+�B���H �7�Q�` �i�?�2 �`�2�b�2���`�+�? �`�2�H���i�2�/
�i�Q �i�?�2 �H�B�7�2�i�B�K�2�b �Q�7 �i�?�2�.���S �`�2�+�Q�K�#�B�M���i�B�Q�M �U�*�?���T�i�2�`�9�V ���M�/ �+���`�`�B�2�`�b �i�`���T�T�B�M�; �#�v �i�?�2
�M�2�;���i�B�p�2�@�l �+�2�M�i�2�`�b �U�*�?���T�i�2�`�8�V�X �A�i �B�b �B�K�T�Q�`�i���M�i �i�Q �F�M�Q�r �i�?�2 �p���H�m�2 �Q�7 �i�?�2 �B�M�i�2�`�#���M�/
���#�b�Q�`�T�i�B�Q�M �+�Q�2�{�+�B�2�M�i �Q�7 �e�>�@�a�B�* �r�B�i�?E ? c �+�Q�M�}�;�m�`���i�B�Q�M �r�?�B�+�? �B�b �i�?�2 �+�Q�M�/�B�i�B�Q�M �Q�7
�i�?�2 �H���b�2�` �2�t�+�B�i���i�B�Q�M �B�M �Q�m�` �H���#�X �a�`�B�/�?���`���2�i ���H�X�(�j�N�) �?���p�2 �K�2���b�m�`�2�/ �i�?�2 �i�2�K�T�2�`���i�m�`�2�@
�/�2�T�2�M�/�2�M�i ���#�b�Q�`�T�i�B�Q�M �+�Q�2�{�+�B�2�M�i�b �7�Q�` �j�*�@�- �9�>�@ ���M�/ �e�>�@�a�B�* �i�?�B�+�F �}�H�K�b�X �h�?�2 �`�2�H���i�2�/
�2�t�T�2�`�B�K�2�M�i���H �b�2�i�m�T �+�Q�M�b�B�b�i�b �Q�7 �� �?�Q�K�2�K���/�2 �/�m���H �#�2���K ���#�b�Q�`�T�i�B�Q�M ���T�T���`���i�m�b �b�v�b�i�2�K
�r�B�i�? �b�2�p�2�`���H �i�v�T�2�b �Q�7 �T�m�K�T�B�M�; �H���b�2�`�b �r�?�2�`�2 �i�?�2E ? c �+�Q�M�}�;�m�`���i�B�Q�M �r���b ���T�T�H�B�2�/�X �h�?�2
�r���p�2�H�2�M�;�i�? �`���M�;�2 �Q�7 �i�?�2 �K�2���b�m�`�2�K�2�M�i�b �B�b �7�`�Q�K �j�N�y�y �³ �U� �j�X�R�d�N �2�o�V �i�Q �k�N�e�3 �³ �U� �9�X�R�d�d
�2�o�V�X �h�?�2 �B�M�i�`���#���M�/ ���#�b�Q�`�T�i�B�Q�M �+�Q�2�{�+�B�2�M�i�b �Q�7 �e�>�@�a�B�* �r�2�`�2 �K�2���b�m�`�2�/ �#�v �.�m�#�`�Q�p�b�F�B�B
�2�i ���H�X�(�9�y�)�X �h�?�2�`�2�B�M�- ���M ���#�b�Q�`�T�i�B�Q�M �#���M�/ �Q�7�M�@�i�v�T�2 �e�>�@�a�B�* �m�M�/�2�`E ? c �+�Q�M�/�B�i�B�Q�M �r���b
�7�Q�m�M�/ �i�Q �T�2���F ���i ���`�Q�m�M�/ �k�X�y �2�o�X �a�B�K�B�H���`�H�v�- �r�2 ���H�b�Q �7�Q�m�M�/ �i�?�2 �T�2���F �Q�7 �i�?�2 ���#�b�Q�`�#���M�+�2
���i �M�2���`�H�v �i�?�2 �b���K�2 �T�?�Q�i�Q�M �2�M�2�`�;�v �U� �R�X�N�d �2�o�V �Q�M �i�r�Q �b�i�`�Q�M�;�M�@�i�v�T�2 �e�>�7�@�a�B�*�b���K�T�H�2�b�-
�B�X�2�X�- �a�L�@�R ���M�/ �a�L�@�k�U�i�?�2 �/�2�i���B�H�2�/ �T���`���K�2�i�2�`�b �`�2�H���i�2�/ �i�Q �i�?�Q�b�2 �i�r�Q �b���K�T�H�2�b �r�B�H�H �#�2
�B�M�i�`�Q�/�m�+�2�/ �H���i�i�2�` �B�M �i�?�B�b �+�?���T�i�2�`�V�- ���b �b�?�Q�r�M �B�M �6�B�;�X�k�X�e�X �h�?�2 ���#�b�Q�`�T�i�B�Q�M �b�T�2�+�i�`��
�r�2�`�2 �K�2���b�m�`�2�/ �#�v ���M �B�M�i�2�;�`���i�B�M�; �b�T�?�2�`�2 �U�i�?�2 �/�2�i���B�H�2�/ �2�t�T�2�`�B�K�2�M�i���H �b�2�i�m�T �#�v ���T�T�H�v�B�M�;
�i�?�2 �B�M�i�2�;�`���i�B�M�; �b�T�?�2�`�2 �r�B�H�H �#�2 �B�M�i�`�Q�/�m�+�2�/ �B�M �*�?���T�i�2�`�j�V�X �P�M�2 �2�t�T�H���M���i�B�Q�M �7�Q�` �i�?�B�b
���#�b�Q�`�T�i�B�Q�M �T�2���F �B�b �T�`�Q�p�B�/�2�/ �#�v �G�B�K�T�B�D�m�K�M�Q�M�;�2�i ���H�X�(�9�R�)�X �"�v ���T�T�H�v�B�M�;�}�`�b�i�@�T�`�B�M�+�B�T�H�2�b
�+���H�+�m�H���i�B�Q�M�b�- �i�?�2�v �T�`�Q�p�2�/ �i�?���i �i�?�2 �T�2���F ���`�Q�m�M�/ �k�X�y �2�o �Q�7 �i�?�2 �Q�T�i�B�+���H�@���#�b�Q�`�T�i�B�Q�M �#���M�/
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2.3 Growth of f-SiC

2.3.1 Growth of f-SiC epilayer by FSGP technique
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2.3.2 Growth of source material by M-PVT technique
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�6�B�;�m�`�2 �k�X�R�y�,�h�?�2 �+���H�+�m�H���i�2�/ �i�2�K�T�2�`���i�m�`�2�@�/�2�T�2�M�/�2�M�i �7�`�2�2 �+���`�`�B�2�`�b �+�Q�M�+�2�M�i�`���i�B�Q�M�b
�Un0 �Q�p̀0�V�- �#���M�/ �;���T�b �UEg �V ���M�/ �T�Q�b�B�i�B�Q�M �Q�7 �6�2�`�K�B �H�2�p�2�H�b �UEF �V �Q�7 ���H�H �b�2�p�2�M �e�>�7�@�a�B�*
�b���K�T�H�2�b�X



CHAPTER 3
Experimental techniques

�h�?�2�`�2 ���`�2 �p���`�B�Q�m�b �B�M�b�i�`�m�K�2�M�i���i�B�Q�M �b�v�b�i�2�K�b �r�?�B�+�? �+���M �#�2 ���T�T�H�B�2�/ �i�Q �+�?���`���+�i�2�`�B�x�2 �/�B�7�@
�7�2�`�2�M�i ���b�T�2�+�i�b �Q�7 �i�?�2 �T�`�Q�T�2�`�i�B�2�b �Q�7 �a�B�* �K���i�2�`�B���H�X �A�M �i�?�B�b �+�?���T�i�2�`�- �r�2 �K���B�M�H�v �b�m�K�@
�K���`�B�x�2 �i�?�2 �2�t�T�2�`�B�K�2�M�i���H �i�2�+�?�M�B�[�m�2�b �2�K�T�H�Q�v�2�/ �B�M �Q�m�` �`�2�b�2���`�+�? �Q�M�7�@�a�B�*�B�M�+�H�m�/�B�M�;�,
���V �h�2�K�T�2�`���i�m�`�2�@�/�2�T�2�M�/�2�M�i �K�B�+�`�Q�@�S�G�b�v�b�i�2�K�c �#�V �h�?�2�`�K���H�H�v �b�i�B�K�m�H���i�2�/ �H�m�K�B�M�2�b�+�2�M�+�2
�U�h�a�G�V �K�2���b�m�`�2�K�2�M�i �b�v�b�i�2�K�c �+�V �h�B�K�2�@�`�2�b�Q�H�p�2�/ �T�?�Q�i�Q�H�m�K�B�M�2�b�+�2�M�+�2 �U�h�_�S�G�V �K�2���b�m�`�2�@
�K�2�M�i �b�v�b�i�2�K �#���b�2�/ �Q�M �i�B�K�2�@�+�Q�`�`�2�H���i�2�/ �b�B�M�;�H�2 �T�?�Q�i�Q�M �+�Q�m�M�i�B�M�; �b�Q�H�m�i�B�Q�M�c �/�V �A�M�i�2�;�`���i�B�M�;
�b�T�?�2�`�2 �#���b�2�/ �T�?�Q�i�Q�H�m�K�B�M�2�b�+�2�M�+�2 �[�m���M�i�m�K �v�B�2�H�/ �U�S�G�@�Z�u�V �K�2���b�m�`�2�K�2�M�i �b�v�b�i�2�K�X

3.1 Thermally stimulated luminescence measurement
system

�A�M �i�?�B�b �`�2�b�2���`�+�?�- �i�?�2 ���B�K �Q�7 �T�2�`�7�Q�`�K�B�M�; �i�?�2 �i�?�2�`�K���H�H�v �b�i�B�K�m�H���i�2�/ �H�m�K�B�M�2�b�+�2�M�+�2 �U�h�a�G�V
�K�2���b�m�`�2�K�2�M�i�b �Q�M�7�@�a�B�*�B�b �i�Q �b�i�m�/�v �i�?�2 �`���/�B���i�B�p�2 �`�2�+�Q�K�#�B�M���i�B�Q�M ���M�/ �i�?�2 �+���`�`�B�2�`�b �Ue� �V
�`�2�i�`���T�T�B�M�; �T�`�Q�+�2�b�b �`�2�H���i�2�/ �i�Q �i�?�2 �M�Q�M�@�2�[�m�B�H�B�#�`�B�m�K �K���D�Q�`�B�i�v �+���`�`�B�2�`�b �#�2�B�M�; �+���T�i�m�`�2�/ �Q�M
�i�?�2 �b�?���H�H�Q�r �i�`���T�T�B�M�; �+�2�M�i�2�`�b�- �r�?�2�`�2 �i�?�2 �b�?���H�H�Q�r �i�`���T�T�B�M�; �+�2�M�i�2�`�b ���`�2 �M�Q�`�K���H�H�v �B�M�/�m�+�2�/
�#�v �/�Q�T�2�/ �B�K�T�m�`�B�i�B�2�b�X �h�?�2 �/�2�i���B�H�b �Q�7 �i�?�2 �`�2�b�2���`�+�? �r�B�H�H �#�2 �B�M�i�`�Q�/�m�+�2�/ �B�M �*�?���T�i�2�`�9�X

3.1.1 Introduction to TSL
�h�Q �+�H���`�B�7�v �i�?�2 �2�t�B�b�i�2�M�+�2 �Q�7 �b�?���H�H�Q�r �i�`���T�b �7�Q�` �i�?�2 �K���D�Q�`�B�i�v �+���`�`�B�2�`�b �r�?�B�+�? ���`�2 �2�B�i�?�2�` �#�2�H�Q�r
�i�?�2 �+�Q�M�/�m�+�i�B�Q�M �#���M�/ �K�B�M�B�K�m�K �Q�` ���#�Q�p�2 �i�?�2 �p���H�2�M�+�2 �#���M�/ �K���t�B�K�m�K ���M�/ �?�Q�r �i�?�2�v
�+�Q�m�H�/ ���z�2�+�i �i�?�2 �H�m�K�B�M�2�b�+�2�M�+�2 �T�`�Q�T�2�`�i�B�2�b �Q�7 �e�>�7�@�a�B�*�- �i�?�2 �b�v�b�i�2�K���i�B�+ �2�t���K�B�M���i�B�Q�M�b �Q�7
�i�?�2�B�` �2�M�2�`�;�v �H�2�p�2�H�b �r�B�i�?�B�M �i�?�2 �#���M�/ �;���T ���M�/ �i�2�K�T�2�`���i�m�`�2 �/�2�T�2�M�/�2�M�+�B�2�b ���`�2 �M�2�+�2�b�b���`�v�X
�h�2�K�T�2�`���i�m�`�2 �/�2�T�2�M�/�2�M�i �?���H�H �K�2���b�m�`�2�K�2�M�i�b �+�Q�m�H�/ �`�2�p�2���H �2�M�2�`�;�v �H�2�p�2�H�b �#�m�i �/�Q �M�Q�i
�/�B�z�2�`�2�M�i�B���i�2 �#�2�i�r�2�2�M �/�B�z�2�`�2�M�i �/�Q�M�Q�` ���M�/ ���+�+�2�T�i�Q�` �H�2�p�2�H�b ���M�/ �/�2�;�`�2�2 �Q�7 �+�Q�K�T�2�M�b���i�B�Q�M�X
���M�Q�i�?�2�` �/�B�b���/�p���M�i���;�2 �B�b �i�?���i �+�Q�M�i���+�i �T�`�2�T���`���i�B�Q�M �B�b �M�2�+�2�b�b���`�v�- �r�?�B�+�? �7�Q�`�7�@�a�B�*�B�b
�i�B�K�2 �+�Q�M�b�m�K�B�M�;�X �h�?�B�b �B�b ���H�b�Q �i�?�2 �+���b�2 �7�Q�` �Q�i�?�2�` �K�2�i�?�Q�/�b �H�B�F�2 �/�2�2�T �H�2�p�2�H �i�`���M�b�B�2�M�i
�b�T�2�+�i�`�Q�b�+�Q�T�v �U�.�G�h�a�V�- ���/�K�B�i�i���M�+�2 �b�T�2�+�i�`�Q�b�+�Q�T�v ���M�/ �+���T���+�B�i���M�+�2�b�p�Q�H�i���;�2 �T�`�Q�}�H�B�M�;�X �P�M
�i�?�2 �Q�i�?�2�` �?���M�/�- �i�?�2 �K�2���b�m�`�2�K�2�M�i �Q�7 �i�?�2�`�K���H�H�v �b�i�B�K�m�H���i�2�/ �H�m�K�B�M�2�b�+�2�M�+�2 �U�h�a�G�V �B�b
�M�Q�M�/�2�b�i�`�m�+�i�B�p�2 ���M�/ �`�2�[�m�B�`�2�b �Q�M�H�v �i�?�2�`�K���H �+�Q�M�/�m�+�i�B�p�B�i�v�X

�h�?�2 �T�`�B�M�+�B�T�H�2 ���M�/ �#���b�B�+�b �Q�7�h�a�G�B�b �b�m�K�K���`�B�x�2�/ �B�M �6�B�;�X�j�X�R�- �r�?�2�`�2 �r�2 �i���F�2 �i�?�2�h�a�G
�K�2���b�m�`�2�K�2�M�i �Q�7 ���M�M�@�i�v�T�2 �b�2�K�B�+�Q�M�/�m�+�i�Q�` �K���i�2�`�B���H ���b ���M �2�t���K�T�H�2�X �A�M �i�?�2 �#�2�;�B�M�M�B�M�;�-
�i�?�2 �b���K�T�H�2 ���i �� �H�Q�r �i�2�K�T�2�`���i�m�`�2 �U�2�X�;�X�- �B�M �Q�m�` �+���b�2�- �i�?�2�7�@�a�B�*�b���K�T�H�2 �B�b �F�2�T�i ���i �k�8
�E ���i �i�?�2 �B�M�B�i�B���H �b�i���;�2�V �B�b �2�t�+�B�i�2�/ �#�v �s�@�`���v �b�Q�m�`�+�2�- �b�i�B�K�m�H���i�B�M�; �i�?�2e� �i�Q �i�`���M�b�B�i �7�`�Q�K
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�i�?�2 �i�Q�T �Q�7 �i�?�2 �p���H�2�M�+�2 �#���M�/ �B�M�i�Q �i�?�2 �+�Q�M�/�m�+�i�B�Q�M �#���M�/ ���M�/ �;�2�M�2�`���i�B�M�; ���+�i�B�p�2h+ ���i
�i�?�2 �i�Q�T �Q�7 �i�?�2 �p���H�2�M�+�2 �#���M�/�X �S���`�i�B�+�m�H���`�H�v�- �B�M �i�?�2 �?�B�;�?�H�v �+�Q�@�/�Q�T�2�/ �b���K�T�H�2�b �b�m�+�? ���b
�e�>�7�@�a�B�*�- �K�Q�b�i �Q�7 �i�?�2 �M�Q�M�@�2�[�m�B�H�B�#�`�B�m�Ke� ���M�/h+ ���`�2 �+���T�i�m�`�2�/ �#�v �i�?�2 �2�t�B�b�i�B�M�; �/�Q�M�Q�`
���M�/ ���+�+�2�T�i�Q�` �H�2�p�2�H�b �r�?�2�`�2 �i�?�2 �b�T�Q�M�i���M�2�Q�m�b �2�K�B�b�b�B�Q�M �r�B�H�H �#�2 �B�K�K�2�/�B���i�2�H�v �Q�#�b�2�`�p�2�/ ���b
�i�?�2�.���S �`�2�+�Q�K�#�B�M���i�B�Q�M �T�?�Q�i�Q�H�m�K�B�M�2�b�+�2�M�+�2�X �q�?�2�`�2���b �i�?�2 �`�2�K���B�M�2�/ �M�Q�M�@�2�[�m�B�H�B�#�`�B�m�K
�K���D�Q�`�B�i�v �+���`�`�B�2�`�b �U�B�X�2�X�- e� �V ���`�2 �i�`���T�T�2�/ �Q�M �i�?�2 �b�?���H�H�Q�r �i�`���T�T�B�M�; �+�2�M�i�2�` �K�2���M�r�?�B�H�2
�H�2���p�B�M�; �i�?�2 �H�2�7�i�Q�p�2�` �M�Q�M�@�2�[�m�B�H�B�#�`�B�m�K �K�B�M�Q�`�B�i�v �+���`�`�B�2�`�b �U�B�X�2�X�-h+ �V �Q�M �i�?�2 �`�2�+�Q�K�#�B�M���i�B�Q�M
�+�2�M�i�2�` ���b �b�?�Q�r�M �B�M �i�?�2 �U���V �Q�7 �6�B�;�X�j�X�R�X �.�m�`�B�M�; �i�?�2 �b���K�T�H�2 �#�2�B�M�; �?�2���i�2�/ �m�T �r�B�i�? ��
�+�Q�M�b�i���M�i �?�2���i�B�M�; �`���i�2�- �i�?�2 �i�`���T�T�2�/e� �B�b �i�?�2�`�K���H�H�v �b�i�B�K�m�H���i�2�/ ���M�/ �i�`���M�b�B�i�2�/ �i�Q�r���`�/�b
�2�B�i�?�2�` �i�?�2 �2�t�+�B�i�2�/ �b�i���i�2 �Q�7 �i�?�2 �i�`���T�T�B�M�; �+�2�M�i�2�` �Q�` �i�?�2 �#�Q�i�i�Q�K �Q�7 �i�?�2 �+�Q�M�/�m�+�i�B�Q�M �#���M�/ ���b
�b�?�Q�r�M �B�M �i�?�2 �U�#�V �Q�7 �6�B�;�X�j�X�R�X �h�?�2 �i�?�2�`�K���H�H�v �b�i�B�K�m�H���i�2�/e� �+���M �#�2 �7�m�`�i�?�2�` �`�2�i�`���T�T�2�/ �#�v
�i�?�2 �;�`�Q�m�M�/ �b�i���i�2 �Q�7 �i�?�2 �i�`���T�T�B�M�; �+�2�M�i�2�` �Q�` �`�2�+�Q�K�#�B�M�2 �r�B�i�? �i�?�2h+ ���i �i�?�2 �`�2�+�Q�K�#�B�M���i�B�Q�M
�+�2�M�i�2�` �`���/�B���i�B�p�2�H�v�- �r�?�2�`�2 �i�?�2 �H�m�K�B�M�2�b�+�2�M�+�2 �+���m�b�2�/ �#�v �i�?�2 �H���i�2�` �T�`�Q�+�2�b�b �B�b �F�M�Q�r�M ���b
�i�?�2�i�?�2�`�K���H�H�v �b�i�B�K�m�H���i�2�/ �H�m�K�B�M�2�b�+�2�M�+�2�U�h�a�G�V�X �L�Q�i�2 �i�?���i �K�Q�`�2 �B�M�7�Q�`�K���i�B�Q�M �b�T�2�+�B�}�+���H�H�v
�`�2�H���i�2�/ �i�Q �i�?�2�h�a�G�K�2���b�m�`�2�K�2�M�i�b �Q�M�7�@�a�B�*�b���K�T�H�2�b �U�2�X�;�X�- ���p���B�H���#�H�2 �i�2�K�T�2�`���i�m�`�2 �`���M�;�2�b�V
�r�B�H�H �#�2 �;�B�p�2�M �B�M �a�2�+�X�9�X�R�X

�6�B�;�m�`�2 �j�X�R�,�U���V �s�@�`���v �2�t�+�B�i���i�B�Q�M �Q�7 �i�?�2 �b���K�T�H�2 ���i �k�8 �E�c �U�#�V �h�r�Q �T���i�?�r���v�b �Q�7�h�a�G
�;�2�M�2�`���i�B�Q�M�- �r�?�2�`�2 �i�?�2 �i�`���T�T�2�/e� �+���M �#�2 �i�?�2�`�K���H�H�v �2�t�+�B�i�2�/ �i�Q �R�V �i�?�2 �2�t�+�B�i�2�/ �b�i���i�2 �Q�7
�i�`���T�T�B�M�; �+�2�M�i�2�` �Q�` �k�V �i�?�2 �+�Q�M�/�m�+�i�B�Q�M �#���M�/ �K�B�M�B�K�m�K �i�?�2�M �`�2�+�Q�K�#�B�M�2 �r�B�i�?h+ ���i �i�?�2
�`�2�+�Q�K�#�B�M���i�B�Q�M �+�2�M�i�2�`�X

3.1.2 Experimental setup of TSL measurement system
�h�?�2 �2�t�T�2�`�B�K�2�M�i���H �b�2�i�m�T �Q�7 �i�?�2�h�a�G�K�2���b�m�`�2�K�2�M�i �B�b �T�`�2�b�2�M�i�2�/ �B�M �6�B�;�X�j�X�k�- �r�?�B�+�? �r���b
�b�2�H�7�@���b�b�2�K�#�H�2�/ �/�m�`�B�M�; �i�?�2 ���m�i�?�Q�`�ö�b �2�t�i�2�`�M���H �b�i���v ���i �l�M�B�p�2�`�b�B�i�v �1�`�H���M�;�2�M�@�L�C�`�M�#�2�`�;�X
�q�2 �+���M �b�2�2 �i�?���i �i�?�2�`�2 ���`�2 �;�2�M�2�`���H�H�v �i�r�Q �b�i�2�T�b �B�M �i�?�2 �+�?���`���+�i�2�`�B�x���i�B�Q�M �#���b�2�/ �Q�M�h�a�G
�K�2���b�m�`�2�K�2�M�i�X �6�B�`�b�i�- �i�?�2 �b���K�T�H�2 �B�b �K�Q�m�M�i�2�/ �Q�M �i�?�2 �+�`�v�Q�b�i���i �U�+�Q�K�T�`�2�b�b�Q�`�, �*�h�A�@
�*�_�u�P�:�1�L�A�*�a �3�j�y�y�- �p���+�m�m�K �T�m�K�T�, �*�P�J�"�A�o���* �*�J �j�R�- �i�2�K�T�2�`���i�m�`�2 �+�Q�M�i�`�Q�H�H�2�`�,
�G���F�2�a�?�Q�`�2 �j�j�y ���m�i�Q�i�m�M�B�M�;�V �m�b�B�M�; �b�B�H�p�2�` �T���b�i�2�X �h�?�2 �b���K�T�H�2 �?���b �i�Q �#�2 �+�Q�Q�H�2�/ �/�Q�r�M �i�Q
�k�8 �E �B�M �� �p���+�m�m�K �+�?���K�#�2�`�X �q�?�2�M �i�?�2 �i�2�K�T�2�`���i�m�`�2 �Q�7 �i�?�2 �b���K�T�H�2 �`�2���+�?�2�b �i�Q �k�8 �E�-
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�B�i �B�b �2�t�+�B�i�2�/ �#�v �i�?�2 �s�@�`���v �b�Q�m�`�+�2 �U�a�B�2�K�2�M�b �L���L�P�.�P�_ �R�- �b�2�i ���b �d�8 �F�o ���M�/ �R�3 �K���V
�7�Q�` �e �+�v�+�H�2�b �r�B�i�? �j�y �b�2�+ �T�2�` �+�v�+�H�2�X �a�2�+�Q�M�/�- �i�?�2 �+�`�v�Q�b�i���i �b�i���`�i�b �i�Q �#�2 �?�2���i�2�/ �m�T �r�B�i�?
�i�?�2 �T�`�2�b�2�i �?�2���i�B�M�; �`���i�2�- �i�?�2 �?�2���i�B�M�; �`���i�2 �B�b �+�Q�M�i�`�Q�H�H�2�/ �i�Q �#�2 �b�i���#�H�2 �m�b�B�M�; �i�?�2 �i�2�K�T�2�`���@
�i�m�`�2 �+�Q�M�i�`�Q�H�H�2�` �r�B�i�? �i�?�2 �2�K�#�2�/�/�2�/�S�A�.���H�;�Q�`�B�i�?�K�X �h�?�2 �i�?�2�`�K���H�H�v �b�i�B�K�m�H���i�2�/ �T�?�Q�i�Q�M�b
���`�2 �K�Q�/�m�H���i�2�/ �#�v �� �+�?�Q�T�T�2�` �U�J�Q�/�2�H �a�_�8�9�y�- �a�h���L�6�P�_�. �_�1�a�1���_�*�> �a�u�a�h�1�J�a�-
�A�L�*�X�V �B�M �Q�`�/�2�` �i�Q �2�H�B�K�B�M���i�2 �i�?�2 �#���+�F�;�`�Q�m�M�/ �M�Q�B�b�2 �i�?�2�M �+�Q�H�H�2�+�i�2�/ �#�v �� �K�m�H�i�B���H�F���H�B �T�?�Q�@
�i�Q�K�m�H�i�B�T�H�B�2�` �i�m�#�2 �U�S�J�h�- �h�>�P�_�L �1�J�A �1�H�2�+�i�`�Q�M �h�m�#�2�b�V �r�B�i�? �i�?�2 �H�Q�+�F�@�B�M ���K�T�H�B�}�2�`
�U�a�_�8�R�y�- �a�h���L�6�P�_�. �_�1�a�1���_�*�> �a�u�a�h�1�J�a�- �A�L�*�X�V�X ���M ���m�i�Q�K���i�2�/ �/���i�� ���+�[�m�B�b�B�@
�i�B�Q�M ���M�/ �p�B�b�m���H�B�x���i�B�Q�M �T�`�Q�;�`���K �/�2�p�2�H�Q�T�2�/ �#�v �i�?�2 �`�2�b�2���`�+�?�2�`�b �B�M �B�@�J�1�1�h�- �l�M�B�p�2�`�b�B�i�v
�1�`�H���M�;�2�M�@�L�C�`�M�#�2�`�; �b�B�K�T�H�B�}�2�b �i�?�2 �/���i�� �T�`�Q�+�2�b�b�B�M�; �Q�7 �i�?�2�h�a�G�K�2���b�m�`�2�K�2�M�i �`�2�b�m�H�i�b�X

�6�B�;�m�`�2 �j�X�k�,�a�+�?�2�K���i�B�+ �/�B���;�`���K �Q�7 �i�?�2�h�a�G�K�2���b�m�`�2�K�2�M�i �b�v�b�i�2�K �r�?�2�`�2 �i�?�2 �i�r�Q
�b�i�2�T�b �Q�7 �i�?�2 �2�t�T�2�`�B�K�2�M�i���H �Q�T�2�`���i�B�Q�M ���`�2 �B�M�/�B�+���i�2�/�X �A�M ���/�/�B�i�B�Q�M�- �i�r�Q �T�B�+�i�m�`�2�b �b�?�Q�r�B�M�;
�b�Q�K�2 �Q�7 �i�?�2 �+�Q�K�T�Q�M�2�M�i�b �Q�7 �i�?�2 �2�t�T�2�`�B�K�2�M�i���H �b�2�i�m�T ���`�2 �T�H���+�2�/ �B�M �i�?�2 �i�Q�T �`�B�;�?�i �+�Q�`�M�2�`�X

3.2 Temperature-dependent micro-PL system
�h�?�2 �T�m�`�T�Q�b�2 �Q�7 ���T�T�H�v�B�M�; �i�?�2 �i�2�K�T�2�`���i�m�`�2�@�/�2�T�2�M�/�2�M�i �K�B�+�`�Q�@�S�G�K�2���b�m�`�2�K�2�M�i�b �Q�M�7�@�a�B�*
�B�b �i�Q �B�M�p�2�b�i�B�;���i�2 �i�?�2 �/�Q�m�#�H�2�. �@�+�2�M�i�2�` �`�2�H���i�2�/�.���S �2�K�B�b�b�B�Q�M �r�?�B�+�? �r�B�H�H �#�2 �B�M�i�`�Q�/�m�+�2�/
�B�M �*�?���T�i�2�`�9�X

3.2.1 Cryostat system
�h�?�2 �+�`�v�Q�b�i���i �b�v�b�i�2�K �B�b �2�b�b�2�M�i�B���H �7�Q�` �i�?�2 �i�2�K�T�2�`���i�m�`�2 �+�Q�M�i�`�Q�H �Q�7 �i�?�2 �i�2�K�T�2�`���i�m�`�2�@
�/�2�T�2�M�/�2�M�i �K�B�+�`�Q�@�S�G�b�v�b�i�2�K�X �h�?�2 �`�2�H���i�2�/ �b�+�?�2�K���i�B�+ �/�B���;�`���K �B�b �b�?�Q�r�M �B�M �6�B�;�X�j�X�j
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�6�B�;�m�`�2 �j�X�j�,�a�+�?�2�K���i�B�+ �/�B���;�`���K �Q�7 �+�`�v�Q�b�i���i �b�v�b�i�2�K �U�7�`�Q�K�, �P�t�7�Q�`�/ �A�M�b�i�`�m�K�2�M�i�b �T�H�+�V�-
�i�?�2 �T�B�+�i�m�`�2 �Q�7 �i�?�2 �+�`�v�Q�b�i���i �B�b �b�?�Q�r�M �B�M �i�?�2 �#�Q�i�i�Q�K �H�2�7�i �+�Q�`�M�2�`�X

�r�?�2�`�2 �i�?�2 �r�?�Q�H�2 �b�v�b�i�2�K �B�b �T�m�`�+�?���b�2�/ �7�`�Q�K �P�t�7�Q�`�/ �A�M�b�i�`�m�K�2�M�i�b �T�H�+�R�X �h�?�2 �i�2�K�T�2�`���@
�i�m�`�2 �Q�7 �i�?�2 �b���K�T�H�2 �B�K�T�H�2�K�2�M�i�2�/ �B�M �i�?�2 �+�`�v�Q�b�i���i �b�v�b�i�2�K �+���M �#�2 �+�Q�M�i�`�Q�H�H�2�/ �r�B�i�?�B�M �e�8 �E
�i�Q �j�R�y �E �Q�` �r�B�i�?�B�M �k�X�k �E �i�Q �j�R�y �E �r�B�i�? �H�B�[�m�B�/ �M�B�i�`�Q�;�2�M �Q�` �H�B�[�m�B�/ �?�2�H�B�m�K�- �`�2�b�T�2�+�i�B�p�2�H�v�X
�A�M �Q�m�` �`�2�b�2���`�+�?�- �i�?�2 �+�`�v�Q�b�i���i �b�v�b�i�2�K �m�b�2�b �H�B�[�m�B�/ �M�B�i�`�Q�;�2�M�X �h�?�2 �K���B�M �+�Q�K�T�Q�M�2�M�i�b �Q�7 �i�?�2
�b�v�b�i�2�K �b�?�Q�r�M �B�M �6�B�;�X�j�X�j���`�2 �b�m�K�K���`�B�x�2�/ ���b �7�Q�H�H�Q�r�B�M�;�b�, �U���V �*�`�v�Q�b�i���i �U�J�B�+�`�Q�b�i���i�>�2�- �i�?�2
�T�B�+�i�m�`�2 �Q�7 �i�?�2 �`�2���H �T�`�Q�/�m�+�i �B�b �b�?�Q�r�M �B�M �i�?�2 �#�Q�i�i�Q�K �H�2�7�i �+�Q�`�M�2�` �Q�7 �6�B�;�X�j�X�j�V�X �U�#�V �h�2�K�T�2�`�@
���i�m�`�2 �+�Q�M�i�`�Q�H�H�2�` �U�J�2�`�+�m�`�v�B�h�*�- �r�B�i�? �2�K�#�2�/�/�2�/ �T�`�Q�T�Q�`�i�B�Q�M���H���B�M�i�2�;�`���H���/�2�`�B�p���i�B�p�2 �U�S�A�.�V
�+�Q�M�i�`�Q�H�H�2�`�V�X �U�+�V �*�`�v�Q�;�2�M �b�i�Q�`���;�2 �/�2�r���`�- �r�?�2�`�2 �i�?�2 �H�B�[�m�B�/ �M�B�i�`�Q�;�2�M �B�b �b�i�Q�`�2�/�X �U�/�V �o�*�@�l
�~�Q�r �K�2�i�2�` �U�o�*�9�R �?�2�H�B�m�K ���M�/ �M�B�i�`�Q�;�2�M �;���b �~�Q�r �+�Q�M�i�`�Q�H�H�2�`�V�X �U�2�V �:���b �~�Q�r �T�m�K�T �U�1�H�M�Q�`
�J�Q�i�Q�`�b �L�o�V�X �L�Q�i�2 �i�?���i �i�?�2 �+�`�v�Q�b�i���i �K�Q�m�M�i�2�/ �r�B�i�? �i�?�2 �b���K�T�H�2 �M�2�2�/�b �i�Q �#�2 �2�p���+�m���i�2�/
�/�Q�r�M �i�Q �i�?�2 �T�`�2�b�b�m�`�2< 10� 5 �K�#���` �#�2�7�Q�`�2 �i�?�2 �K�2���b�m�`�2�K�2�M�i�X �h�?�2 �p���+�m�m�K �T�m�K�T
�b�v�b�i�2�K ���T�T�H�B�2�/ �7�Q�` �i�?�2 �2�p���+�m���i�B�Q�M �Q�7 �i�?�2 �+�`�v�Q�b�i���i �B�b �T�m�`�+�?���b�2�/ �7�`�Q�K �S�7�2�B�z�2�` �o���+�m�m�K
�a���a�X �6�B�;�X�j�X�9�U���V �b�?�Q�r�b �i�?�2 �i�?�`�2�2 �K���B�M �+�Q�K�T�Q�M�2�M�i�b �Q�7 �i�?�2 �p���+�m�m�K �T�m�K�T �b�v�b�i�2�K�k�X

3.2.2 Micro-PL system
�h�?�2 �i�2�K�T�2�`���i�m�`�2�@�/�2�T�2�M�/�2�M�i�S�G�B�M�i�2�M�b�B�i�B�2�b �Q�7 �i�?�2�7�@�a�B�*�b���K�T�H�2�b ���`�2 �K�2���b�m�`�2�/ �#�v ��
�K�B�+�`�Q�@�S�G�b�v�b�i�2�K �b�?�Q�r�M �B�M �6�B�;�X�j�X�8�X �h�?�2 �K�B�+�`�Q�@�S�G�b�v�b�i�2�K �+�Q�M�b�B�b�i�b �Q�7 �� �+�Q�M�i�B�M�m�Q�m�b
�/�B�Q�/�2 �H���b�2�` �r�B�i�?� = 377 �M�K ���M�/ ���M �Q�T�i�B�+���H �b�T�2�+�i�`�Q�K�2�i�2�` �U�b�?���K�`�Q�+�F �a�_�@�j�y�j�B�@�� �a�T�2�+�@

�R�h�?�2 �Q�`�B�;�B�M���H �}�;�m�`�2 �B�b �7�`�Q�K �i�?�2 �Q�{�+�B���H �#�`�Q�+�?�m�`�2 �Q�7 �J�B�+�`�Q�b�i���i�>�2 ���p���B�H���#�H�2 ���i�,
�?�i�i�T�,�f�f�M���M�Q�b�+�B�2�M�+�2�X�Q�t�B�M�b�i�X�+�Q�K�f���b�b�2�i�b�f�m�T�H�Q���/�b�f�T�`�Q�/�m�+�i�b�f�M���M�Q�b�+�B�2�M�+�2�f�/�Q�+�m�K�2�M�i�b�f�J�B�+�`�Q�b�i���i�@
�7���K�B�H�v�@�Q�7�@�+�`�v�Q�b�i���i�b�X�T�/�7

�k�h�?�2 �}�;�m�`�2 �B�b �7�`�Q�K �i�?�2 �Q�{�+�B���H �K���M�m���H �Q�7 �>�B�*�m�#�2 �3�y �1�+�Q ���p���B�H���#�H�2 ���i�,�?�i�i�T�b�,�f�f�r�r�r�X�B�/�2���H�p���+�X
�+�Q�K�f�7�B�H�2�b�f�J���M�m���H�b�A�A�f�S�7�2�B�7�7�2�`�n�>�B�*�m�#�2�3�y�n�1�+�Q�X�T�/�7

http://nanoscience.oxinst.com/assets/uploads/products/nanoscience/documents/Microstat-family-of-cryostats.pdf
http://nanoscience.oxinst.com/assets/uploads/products/nanoscience/documents/Microstat-family-of-cryostats.pdf
https://www.idealvac.com/files/ManualsII/Pfeiffer_HiCube80_Eco.pdf
https://www.idealvac.com/files/ManualsII/Pfeiffer_HiCube80_Eco.pdf


3.2 Temperature-dependent micro-PL system 27

�U���V �U�#�V

�6�B�;�m�`�2 �j�X�9�,�U���V �S�?�Q�i�Q �Q�7 �i�?�2 �p���+�m�m�K �T�m�K�T �U�7�`�Q�K�, �S�7�2�B�z�2�` �o���+�m�m�K �a���a�V�c �U�#�V
�S�?�Q�i�Q �Q�7 �i�?�2 �b�T�2�+�i�`�Q�K�2�i�2�` �U�7�`�Q�K�, ���M�/�Q�` �h�2�+�?�M�Q�H�Q�;�v �G�i�/�V�X

�6�B�;�m�`�2 �j�X�8�,�a�+�?�2�K���i�B�+ �/�B���;�`���K�b �Q�7 �i�?�2 �}�#�2�`�@�+�Q�m�T�H�2�/ �K�B�+�`�Q�@�S�G�b�2�i�m�T ���M�/ �p���+�m�m�K
�+�?���K�#�2�` �Q�7 �i�?�2 �+�`�v�Q�b�i���i �b�v�b�i�2�K �K�Q�m�M�i�2�/ �r�B�i�?�7�@�a�B�*�b���K�T�H�2�X
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�i�`�Q�;�`���T�?�- ���M�/�Q�` �h�2�+�?�M�Q�H�Q�;�v �G�i�/�V�X �"�Q�i�? �i�?�2 �2�t�+�B�i���i�B�Q�M �H���b�2�` �#�2���K ���M�/ �i�?�2�S�G�2�K�B�b�@
�b�B�Q�M ���`�2 �}�#�2�`�@�+�Q�m�T�H�2�/ �i�Q �� �8�y� �K�B�+�`�Q�b�+�Q�T�2 �H�2�M�b �B�M �� �7�`�Q�M�i�@�2�t�+�B�i���i�B�Q�Mj�7�`�Q�M�i�@�/�2�i�2�+�i�B�Q�M
�+�Q�M�}�;�m�`���i�B�Q�M�X �h�?�2 �T�B�+�i�m�`�2 �Q�7 �i�?�2 �Q�T�i�B�+���H �b�T�2�+�i�`�Q�K�2�i�2�`�j �B�b �b�?�Q�r�M �B�M �U�#�V �Q�7 �6�B�;�X�j�X�9�X
�A�i �B�b �r�Q�`�i�? �i�Q �K�2�M�i�B�Q�M �i�?���i �i�?�2 �b�T�2�+�i�`�Q�K�2�i�2�` �+�Q�m�H�/ �T�`�Q�p�B�/�2 �p�2�`�v �T�`�2�+�B�b�2�S�G�b�B�;�M���H
�K�2���b�m�`�2�K�2�M�i �b�Q�H�m�i�B�Q�M�X �h�Q �#�2 �b�T�2�+�B�}�+�- �r�2 �b�2�i �i�?�2 �b�T�2�+�i�`�Q�K�2�i�2�` �i�Q �+���T�i�m�`�2 �i�?�2 �b�B�;�M���H
�9�y �i�B�K�2�b �T�2�` �b�2�+�Q�M�/ �U�B�X�2�X�- �r�B�i�? �� �9�y �>�x �7�`�2�[�m�2�M�+�v�V �r�B�i�? �d�X�8 �b�2�+�Q�M�/�b �B�M �i�Q�i���H�- �i�?�2�M �i�?�2
�}�M���H�S�G�b�T�2�+�i�`�m�K �B�b �Q�#�i���B�M�2�/ �#�v �i���F�B�M�; �i�?�2 ���p�2�`���;�2 �Q�7 �i�?�2 �+���T�i�m�`�2�/ �j�y�y�S�G�b�T�2�+�i�`��
�r�?�2�`�2 �i�?�2 �B�M�i�2�`�7�2�`�2�M�+�2 �7�`�Q�K �i�?�2 ���K�#�B�2�M�i �M�Q�B�b�2 �+���M �#�2 �K�B�M�B�K�B�x�2�/�X

3.3 Time-resolved photoluminescence measurement
based on time-correlated single photon counting
solution

�h�?�2 �T�m�`�T�Q�b�2 �Q�7 �i�?�2 �2�K�T�H�Q�v�B�M�; �i�?�2�h�_�S�G�K�2���b�m�`�2�K�2�M�i�b �Q�M�7�@�a�B�*���i �_�h�B�M �Q�m�` �`�2�b�2���`�+�?
�B�b �i�Q �2�t�i�`���+�i �i�?�2 �B�M�7�Q�`�K���i�B�Q�M �`�2�H���i�2�/ �i�Q �i�?�2 �+���`�`�B�2�` �H�B�7�2�i�B�K�2�b �Q�7 �/�B�z�2�`�2�M�i �`�2�+�Q�K�#�B�M���i�B�Q�M
�+�?���M�M�2�H�b �B�M�7�@�a�B�*�r�?�B�+�? �r�B�H�H �#�2 �/�B�b�+�m�b�b�2�/ �B�M �/�2�i���B�H �B�M �*�?���T�i�2�`�8�X

3.3.1 Basics of the principle of TCSPC
�h�v�T�B�+���H �~�m�Q�`�2�b�+�2�M�+�2 �/�2�+���v �+�m�`�p�2 �+�Q�M�b�B�b�i�b �Q�7 �K�m�H�i�B�T�H�2 �2�t�T�Q�M�2�M�i�B���H �/�2�+���v �+�?���M�M�2�H�b�- �B�M
�r�?�B�+�? �i�?�2 �H�B�7�2�i�B�K�2 �Q�7 �i�?�2 �7���b�i�2�b�i �/�2�+���v �+�?���M�M�2�H �B�b �M�Q�`�K���H�H�v �?�m�M�/�`�2�/�b �Q�7 �T�B�+�Q�b�2�+�Q�M�/�b �i�Q
�b�2�p�2�`���H �M���M�Q�b�2�+�Q�M�/�b�X �h�B�K�2�@�+�Q�`�`�2�H���i�2�/ �b�B�M�;�H�2 �T�?�Q�i�Q�M �+�Q�m�M�i�B�M�; �U�h�*�a�S�*�V �b�v�b�i�2�K �B�b �Q�M�2
�Q�7 �i�?�2 �i���`�;�2�i �b�Q�H�m�i�B�Q�M�b �i�Q �[�m���M�i�B�7�v �i�?�2 �/�2�+���v �+�Q�M�b�i���M�i�b �Q�7 �i�?�2 �~�m�Q�`�2�b�+�2�M�i �/�2�+���v �T�`�Q�}�H�2�b�X
�h�?�2 �#���b�B�+�b �Q�7 �i�?�2 �Q�T�2�`���i�B�Q�M �Q�7�h�*�a�S�*�b�v�b�i�2�K �+���M �#�2 �/�B�p�B�/�2�/ �B�M�i�Q �i�r�Q �b�i�2�T�b�(�9�d�-�9�3�)�,

�R�X�.�m�`�B�M�; �2���+�? �+�v�+�H�2 �Q�7 �i�?�2 �T�m�H�b�2�/ �H���b�2�` �2�t�+�B�i���i�B�Q�M �Q�M �i�?�2 �~�m�Q�`�2�b�+�2�M�i �b���K�T�H�2�- �i�?�2
�i�B�K�2 �B�M�i�2�`�p���H �U� t�V �#�2�i�r�2�2�M �i�?�2 �b�B�M�;�H�2 �H���b�2�` �T�m�H�b�2 �B�M�D�2�+�i�B�Q�M ���M�/ �i�?�2 �2�K�B�b�b�B�Q�M �Q�7
�b�B�M�;�H�2 �T�?�Q�i�Q�M �B�b �`�2�+�Q�`�/�2�/�- ���b �b�?�Q�r�M �B�M �i�?�2 �U���V �Q�7 �6�B�;�X�j�X�e�- �r�?�2�`�2 �i�?�2 �2�H�2�+�i�`�Q�M�B�+�b
�7�Q�` �K�2���b�m�`�B�M�;� t �B�M �i�?�2�h�*�a�S�*�b�v�b�i�2�K ���+�i�b �H�B�F�2 �� �b�i�Q�T�r���i�+�?�c

�k�X�1���+�?� t �B�b ���/�/�2�/ �i�Q �i�?�2 �ô�b�i���+�F�ô �H���#�2�H�2�/ �r�B�i�? �� �`���M�;�2 �Q�7 �ô�i�B�K�2 �#�B�M�b�ô �U�2�X�;�X�-� t �
500 �T�b�V �r�?�2�`�2 �i�?�2 �ô�b�i���+�F�ô �`�2�T�`�2�b�2�M�i�b �i�?�2 �M�m�K�#�2�` �Q�7 �T�?�Q�i�Q�M �+�Q�m�M�i�b�X �1���+�? �b�i���+�F�b
�r�B�i�? �/�B�z�2�`�2�M�i �`���M�;�2�b �Q�7 �ô�i�B�K�2 �#�B�M�b�ô �}�M���H�H�v �+�Q�M�b�i�B�i�m�i�2 �i�?�2�h�*�a�S�*�?�B�b�i�Q�;�`���K
�b�?�Q�r�M �B�M �i�?�2 �U�#�V �Q�7 �6�B�;�X�j�X�e�X �L�Q�i�2 �i�?���i �i�?�2 �H�Q�r�2�` �H�B�K�B�i �Q�7 �i�?�2 �ô�i�B�K�2 �#�B�M�b�ô
�B�b ���z�2�+�i�2�/ �#�v �i�?�2 �`�2�b�Q�H�m�i�B�Q�M �Q�7 �i�?�2 �b�i�Q�T�r���i�+�?�@�#�2�?���p�2�/ �2�H�2�+�i�`�Q�M�B�+�b �B�M�h�*�a�S�*
�b�v�b�i�2�K�X

�P�M�2 �Q�7 �i�?�2 �2�b�b�2�M�i�B���H �T�Q�B�M�i�b �B�b �i�?���i �Q�M�2 �K�m�b�i �F�2�2�T �i�?�2 �T�`�Q�#���#�B�H�B�i�v �Q�7 �/�2�i�2�+�i�B�M�; �K�Q�`�2
�i�?���M �Q�M�2 �T�?�Q�i�Q�M �T�2�` �+�v�+�H�2 �B�b �H�Q�r�X �h�?�2 �T�`�2�+�Q�M�/�B�i�B�Q�M �Q�7 �K���B�M�i���B�M�B�M�; �b�B�M�;�H�2 �T�?�Q�i�Q�M

�j �h�?�2 �T�B�+�i�m�`�2 �B�b �7�`�Q�K �i�?�2 �m�b�2�`�b �;�m�B�/�2 �Q�7 �a�?���K�`�Q�+�F �a�_�@�j�y�j�B ���p���B�H���#�H�2 ���i�,�?�i�i�T�,�f�f�r�r�r�X�i�Q�F�v�Q�B�M�b�i�X
�+�Q�X�D�T�f�2�M�f�T�`�Q�/�m�+�i�n�7�B�H�2�f�7�B�H�2�f���.�R�y�n�K���M�y�R�n�2�M�X�T�/�7
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�6�B�;�m�`�2 �j�X�e�,�U���V �J�2���b�m�`�2�K�2�M�i �Q�7 �i�?�2 �i�B�K�2 �B�M�i�2�`�p���H �U� t�V �#�2�i�r�2�2�M �i�?�2 �H���b�2�` �T�m�H�b�2
�2�t�+�B�i���i�B�Q�M ���M�/ �i�?�2 �b�B�M�;�H�2 �T�?�Q�i�Q�M �2�K�B�b�b�B�Q�M �p�B���h�*�a�S�*�b�v�b�i�2�K�c �U�#�V �>�B�b�i�Q�;�`���K �Q�7� t
�;�2�M�2�`���i�2�/ �#�v�h�*�a�S�*�b�v�b�i�2�K�X

�/�2�i�2�+�i�B�Q�M �Q�` �2�K�T�i�v �+�v�+�H�2 �U�B�X�2�X�- �M�Q �T�?�Q�i�Q�M �/�2�i�2�+�i�2�/�- ���b �b�?�Q�r�M �B�M �i�?�2 �b�2�+�Q�M�/ �T�m�H�b�2
�b�?�Q�r�M �B�M �i�?�2 �U���V �Q�7 �6�B�;�X�j�X�e�V �B�b �i�Q �b�B�K�T�H�v ���i�i�2�M�m���i�2 �i�?�2 �T�Q�r�2�` �Q�7 �i�?�2 �T�m�H�b�2�/ �H���b�2�`�X
�P�M �i�?�2 �Q�i�?�2�` �?���M�/�- �B�7 �i�?�2 �M�m�K�#�2�` �Q�7 �i�?�2 �Q�+�+�m�`�`�2�M�+�2 �Q�7 �i�?�2 �T�?�Q�i�Q�M �B�b �K�Q�`�2 �i�?���M �Q�M�2
�/�m�`�B�M�; �Q�M�2 �2�t�+�B�i���i�B�Q�M �+�v�+�H�2�- �i�?�2�h�*�a�S�*�b�v�b�i�2�K �r�Q�m�H�/ �Q�M�H�v �`�2�;�B�b�i�2�` �i�?�2 �}�`�b�i �T�?�Q�i�Q�M
�#�m�i �K�B�b�b �i�?�2 �7�Q�H�H�Q�r�B�M�; �Q�M�2�b�X �h�?�B�b �r�Q�m�H�/ �+���m�b�2 �i�?�2 �Q�p�2�`�2�b�i�B�K���i�B�Q�M �Q�7 �i�?�2 �?�B�b�i�Q�;�`���K
�r�B�i�? �b�K���H�H� t�- �r�?�2�`�2 �i�?�2 �`�2�H���i�2�/ �2�z�2�+�i �B�b �+���H�H�2�/ �ô�T�B�H�2�@�m�T�ô�X �A�M ���/�/�B�i�B�Q�M�- �i�?�2 �2�H�2�+�i�`�Q�M�B�+�b
�Q�7 �i�?�2�h�*�a�S�*�b�v�b�i�2�K �M�2�2�/�b �� �ô�#�`�2���F�ô �#�2�i�r�2�2�M �i�?�2 �T�?�Q�i�Q�M �`�2�;�B�b�i�`���i�B�Q�M �2�p�2�M�i�b�- �i�?�2
�i�B�K�2 �T�2�`�B�Q�/ �7�Q�` �i�?�B�b �ô�#�`�2���F�ô �B�b �+���H�H�2�/ �ô�/�2���/ �i�B�K�2�ô�- �r�?�2�`�2 �i�?�2 �T�?�Q�i�Q�M �2�K�B�i�i�2�/ �/�m�`�B�M�;
�i�?�2 �/�2���/ �i�B�K�2 �+���M�M�Q�i �#�2 �`�2�;�B�b�i�2�`�2�/�X �h�?�2 �B�b�b�m�2 �Q�7 �i�?�2 �T�B�H�2�@�m�T ���M�/ �i�?�2 �/�2���/ �i�B�K�2 ���`�2
�/�2�T�B�+�i�2�/ �B�M �6�B�;�X�j�X�d�X �L�Q�`�K���H�H�v�- �i�?�2 �i�B�K�2 �`���M�;�2 �Q�7 �i�?�2�h�_�S�G�/�2�+���v �Q�7�7�@�a�B�*�B�b �M�Q�`�K���H�H�v
�7�2�r �?�m�M�/�`�2�/�b �Q�7� �b�X �A�M �Q�`�/�2�` �i�Q �+���T�i�m�`�2 �i�?�2 �`�2�H���i�2�/ �/�2�+���v �T�`�Q�}�H�2 �r�B�i�?�B�M �H�Q�M�; �2�M�Q�m�;�?
�i�B�K�2 �T�2�`�B�Q�/�- �i�?�2�h�*�a�S�*�b�v�b�i�2�K �?���b �i�Q �#�2 �Q�T�2�`���i�2�/ �B�M �i�?�2 �H�Q�M�;�@�`���M�;�2�@�K�Q�/�2 �r�B�i�? �i�?�2
�i�B�K�2 �`�2�b�Q�H�m�i�B�Q�M �Q�7 �i�?�2 �b�i�Q�T�r���i�+�?�@�#�2�?���p�2�/ �2�H�2�+�i�`�Q�M�B�+�b �K�m�+�? �H�Q�M�;�2�` �i�?���M �i�?�2 �/�2���/ �i�B�K�2
�U�I�k�X�8 �M�b�V�X �h�?�2�`�2�7�Q�`�2�- �i�?�2 �B�b�b�m�2 �`�2�H���i�2�/ �i�Q �i�?�2 �/�2���/ �i�B�K�2 �+���M �#�2 ���p�Q�B�/�2�/�X
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�6�B�;�m�`�2 �j�X�d�,�1�z�2�+�i �Q�7 �T�B�H�2�@�m�T ���M�/ �i�?�2 �/�2���/ �i�B�K�2 �/�m�`�B�M�; �T�?�Q�i�Q�M �`�2�;�B�b�i�`���i�B�Q�M �#�v
�h�*�a�S�*�b�v�b�i�2�K�X

3.3.2 Experimental setup of TRPL
�h�?�2 �/�B���;�`���K �Q�7 �i�?�2 �2�t�T�2�`�B�K�2�M�i���H �b�2�i�m�T �Q�7�h�_�S�G�b�v�b�i�2�K ���M�/ �i�?�2 �T�B�+�i�m�`�2�b �Q�7 �i�?�2 �F�2�v
�+�Q�K�T�Q�M�2�M�i�b ���`�2 �b�?�Q�r�M �B�M �6�B�;�X�j�X�3�X �h�?�2 �7�Q�H�H�Q�r�B�M�; �H�B�b�i �b�m�K�K���`�B�x�2�b �i�?�2 �F�2�v �+�Q�K�T�Q�M�2�M�i�b
�Q�7 �i�?�2�h�_�S�G�b�v�b�i�2�K �T�m�`�+�?���b�2�/ �7�`�Q�K �S�B�+�Q�Z�m���M�i �:�K�#�>�, �U���V �S�B�+�Q�b�2�+�Q�M�/ �H���b�2�` �/�B�Q�/�2
�?�2���/ �U�G�.�>�@�.�@�*�@�j�d�8�V �r�B�i�?� = 375 �M�K�- �r�?�2�`�2 �i�?�2 �H���b�2�` �?�2���/ �+���M �#�2 �}�#�2�` �+�Q�m�T�H�2�/�c
�i�?�2�7�m�H�H �r�B�/�i�? ���i �?���H�7 �K���t�B�K�m�K�U�6�q�>�J �V �Q�7 �i�?�2 �H���b�2�` �T�m�H�b�2 �B�b ���`�Q�m�M�/ �9�9 �T�b�c �i�?�2 �`�2�T�@
�2�i�B�i�B�Q�M �`���i�2 �+���M �#�2 �+�Q�M�i�`�Q�H�H�2�/ �7�`�Q�K �b�B�M�;�H�2 �T�m�H�b�2 �i�Q �3�y �J�>�x�c �U�#�V �*�Q�K�T�m�i�2�` �+�Q�M�i�`�Q�H�H�2�/
�/�B�Q�/�2 �H���b�2�` �/�`�B�p�2�` �U�S�.�G �3�k�3 �ô�a�2�T�B�� �A�A�ô�- �i�r�Q �+�?���M�M�2�H �p�2�`�b�B�Q�M�V�c �U�+�V �>�v�#�`�B�/ �T�?�Q�i�Q�K�m�H�i�B�@
�T�H�B�2�` �/�2�i�2�+�i�Q�` ���b�b�2�K�#�H�v �U�S�J�� �>�v�#�`�B�/ �9�y�V�- �r�?�B�+�? �B�b �� �+�Q�K�T���+�i �b�B�M�;�H�2 �T�?�Q�i�Q�M �/�2�i�2�+�i�Q�`
�+�Q�M�b�B�b�i�B�M�; �Q�7 ���S�J�h �r�B�i�? ���M ���p���H���M�+�?�2 �T�?�Q�i�Q�M �/�B�Q�/�2 �U���S�.�V ���K�T�H�B�}�+���i�B�Q�M �b�i���;�2�X �U�/�V
�h�*�a�S�*�#�Q���`�/ �r�B�i�? �S�*�A�2 �B�M�i�2�`�7���+�2 �U�h�B�K�2�>���`�T �k�e�y �S�A�*�P�V�- �r�?�2�`�2 �i�?�2 �/�B�;�B�i���H �`�2�b�Q�H�m�@
�i�B�Q�M �B�b ���`�Q�m�M�/ �k�8 �T�b�X �A�M �T�`���+�i�B�+�2�- �i�?�2 �/�2�i�2�+�i�B�Q�M �Q�7 �i�?�2 �i�B�K�B�M�; �Q�7 �H���b�2�` �T�m�H�b�2 �B�M�D�2�+�i�B�Q�M
�U�?�2�`�2 �+���H�H�2�/t1�V �B�b �`�2���H�B�x�2�/ �#�v �i�?�2 �B�M�T�m�i �Q�7 �i�?�2 �b�v�M�+�?�`�Q�M�B�x���i�B�Q�M �b�B�;�M���H �/�B�`�2�+�i�H�v �7�`�Q�K
�i�?�2 �H���b�2�` �?�2���/�X �q�?�B�H�2 �i�?�2 �/�2�i�2�+�i�B�Q�M �Q�7 �i�?�2 �i�B�K�B�M�; �Q�7 �T�?�Q�i�Q�M �2�K�B�b�b�B�Q�M �U�?�2�`�2 �+���H�H�2�/
t2�V �B�b ���+�?�B�2�p�2�/ �#�v �i�?�2�S�J�h�- ���M�/ �}�M���H�H�v� t = t2 � t1�X �L�Q�i�2 �i�?���i �#�Q�i�? �i�B�K�B�M�; �b�B�;�@
�M���H�b ���`�2 �/�B�;�B�i�B�x�2�/ �#�v �i�?�2 �7���b�i �2�H�2�+�i�`�Q�M�B�+�b �Q�7�h�*�a�S�*�#�Q���`�/�X �h�?�2 �`�2�b�m�H�i�2�/� t �B�b �m�b�2�/
�i�Q ���/�/�`�2�b�b �i�?�2 �?�B�b�i�Q�;�`���K �K�2�K�Q�`�v �Q�M �i�?�2�h�*�a�S�*�#�Q���`�/ �r�?�2�`�2 �i�?�2 �p���H�m�2 �Q�7 �i�?�2 ���+�@
�+�2�b�b�2�/ �+�2�H�H �K���`�F�2�/ �r�B�i�? �i�?�2 �}�i�i�2�/ �ô�i�B�K�2 �#�B�M�ô �7�Q�`� t �B�M �i�?�2 �?�B�b�i�Q�;�`���K �K�2�K�Q�`�v �r�B�H�H
�#�2 �i�?�2�M �B�M�+�`�2���b�2�/ �#�v �Q�M�2�X �6�Q�` �i�?�2 �B�K�T�H�2�K�2�M�i���i�B�Q�M �Q�7 �i�?�2�h�_�S�G�b�2�i�m�T �i�Q �i�?�2�S�G�/�2�@
�+���v �K�2���b�m�`�2�K�2�M�i�b �Q�7�7�@�a�B�*�b���K�T�H�2�b�(�9�N�)�- �#�Q�i�? �i�?�2 �B�M�D�2�+�i�2�/ �H���b�2�` �T�m�H�b�2 ���M�/ �i�?�2 �2�K�B�i�i�2�/
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3.4 Integrating sphere system for photoluminescence
quantum yield measurement
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3.4.2 Integrating sphere system employed in this research
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CHAPTER 4
Luminescence properties of 6H

f-SiC related to doped impurities
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�K�B�;�?�i �2�t�B�b�i ���M�/ �T���`�i�B�+�B�T���i�2 �B�M�.���S �`�2�+�Q�K�#�B�M���i�B�Q�M ���b �r�2�H�H�X �A�M �i�?�2 �b�2�+�Q�M�/ �T���`�i �Q�7 �i�?�B�b
�+�?���T�i�2�` �U�a�2�+�X�9�X�k�V�- �r�2 �+�Q�K�#�B�M�2 �i�?�2 �i�2�K�T�2�`���i�m�`�2�@�/�2�T�2�M�/�2�M�i �T�?�Q�i�Q�H�m�K�B�M�2�b�+�2�M�+�2 �K�2���@
�b�m�`�2�K�2�M�i�b �Q�M �e�>�7�@�a�B�*�b���K�T�H�2�b �i�Q�;�2�i�?�2�` �r�B�i�? �i�?�2 �T�`�2�p�B�Q�m�b�}�`�b�i�@�T�`�B�M�+�B�T�H�2�b�+���H�+�m�H���i�B�Q�M
�`�2�b�m�H�i�b �`�2�;���`�/�B�M�; �i�Q �i�?�2 �H���i�i�B�+�2 �b�i�`�m�+�i�m�`�2�b �Q�7 �#�Q�`�Q�M�@�B�M�/�m�+�2�/ �+�Q�K�T�H�2�t�2�b �B�M �a�B�*�X �P�m�`
�2�t�T�2�`�B�K�2�M�i���H �`�2�b�m�H�i�b ���M�/ �+�Q�`�`�2�b�T�Q�M�/�B�M�; ���M���H�v�b�2�b �+�Q�M�}�`�K �i�?�2 �2�t�B�b�i�2�M�+�2 �Q�7 �i�?�2 �/�Q�m�#�H�2
�. �@�+�2�M�i�2�` �B�M �e�>�@�a�B�*�X
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4.1 Shallow centers induced by doped impurities

4.1.1 Overview
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�Q�7 �/�Q�M�Q�`�@���+�+�2�T�i�Q�`�@�T���B�`�b �`�2�+�Q�K�#�B�M���i�B�Q�M �+���M �#�2 �/�2�;�`���/�2�/ �B�M �i�?�B�b �r���v�X �A�i �B�b �2�b�b�2�M�i�B���H �i�Q
�+�Q�M�}�`�K �i�?�2 �2�t�B�b�i�2�M�+�2 �Q�7 �i�?�2�b�2 �b�?���H�H�Q�r �i�`���T�b �7�Q�` �7�m�`�i�?�2�` �B�M�p�2�b�i�B�;���i�B�Q�M�b�X �6�Q�` �i�?�2 �+�2�M�i�2�`�b
�r�B�i�?�B�M �i�?�2 �#���M�/ �;���T �Q�7 �e�>�@�a�B�* �B�M�i�`�Q�/�m�+�2�/ �#�v �M�B�i�`�Q�;�2�M �/�Q�T���M�i�- �A�F�2�/���2�i ���H�X�(�8�k�) �?���p�2
�H���m�M�+�?�2�/ �i�?�2 �T�?�Q�i�Q�H�m�K�B�M�2�b�+�2�M�+�2 �K�2���b�m�`�2�K�2�M�i�b �Q�M �i�?�2 �L�@�/�Q�T�2�/ �e�>�@�a�B�* �b���K�T�H�2�b ���i �9
�E�X ���7�i�2�` �i�?���i�- �� �[�m���M�i�m�K �/�2�7�2�+�i �K�Q�/�2�H �r���b ���T�T�H�B�2�/ �i�Q �2�t�i�`���+�i �i�?�2 �B�Q�M�B�x���i�B�Q�M �2�M�2�`�;�B�2�b
�`�2�H���i�2�/ �i�Q �i�?�2 �L�@�/�Q�T���M�i �B�M�/�m�+�2�/ �/�Q�M�Q�`�b �r�?�B�+�? �r�2�`�2 �b�B�i�2�@�/�2�T�2�M�/�2�M�i�X �h�?�2 �B�Q�M�B�x���i�B�Q�M
�2�M�2�`�;�B�2�b �`�2�;���`�/�B�M�; �i�Q �i�?�2 �/�Q�M�Q�` �H�2�p�2�H�b �Q�M �?�2�t���;�Q�M���Hj�+�m�#�B�+ �H���i�i�B�+�2 �b�B�i�2 �r�2�`�2 �2�b�i�B�K���i�2�/
�i�Q �#�2 �R�y�yj�R�8�8 �K�2�o�- �`�2�b�T�2�+�i�B�p�2�H�v�X �G���i�i�2�` �Q�M�- �a�m�i�i�`�Q�T�2�i ���H�X�(�k�d�) �m�b�2�/ �>���H�H �2�z�2�+�i �K�2���b�m�`�2�@
�K�2�M�i�b �Q�M �i�?�2 �L�@�/�Q�T�2�/ �e�>�@�a�B�* �b���K�T�H�2�b ���M�/ �2�t�i�`���+�i�2�/ �i�?�2 �B�Q�M�B�x���i�B�Q�M �2�M�2�`�;�B�2�b �`�2�H���i�2�/
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�i�2�b�i �i�?�2�T�@�i�v�T�2 �"�@�/�Q�T�2�/ �e�>�@�a�B�* �#�m�H�F �b���K�T�H�2�b�- �r�?�2�`�2 �i�?�2�v �2�b�i�B�K���i�2�/ �i�?�2 �B�Q�M�B�x���i�B�Q�M
�2�M�2�`�;�B�2�b �Q�7 �"�@�B�M�/�m�+�2�/ �b�?���H�H�Q�r ���+�+�2�T�i�Q�` �H�2�p�2�H�b �r�?�B�+�? �r�2�`�2 ���#�Q�m�iEv �Y�k�d�y�- �j�R�y ���M�/
�j�3�y �K�2�o �+�Q�`�`�2�b�T�Q�M�/�B�M�; �i�Q �i�?�2h�-k1 ���M�/k2 �b�B�i�2�b�- �`�2�b�T�2�+�i�B�p�2�H�v�X �L�Q�i�2 �i�?���i �i�?�2 �/�2�2�T
�H�2�p�2�H�b �B�M�/�m�+�2�/ �#�v �"�@�/�Q�T�B�M�;�(�9�e�-�8�9�) ���`�2 �#�2�v�Q�M�/ �i�?�2 �b�+�Q�T�2 �Q�7 �i�?�B�b �`�2�b�2���`�+�?�- �r�?�2�`�2 �b�m�+�?
�/�2�2�T �+�2�M�i�2�`�b �r�B�i�? �+���T�i�m�`�2�/ �M�Q�M�@�2�[�m�B�H�B�#�`�B�m�Kh+ ���`�2 ���H�K�Q�b�i �m�M���#�H�2 �i�Q �#�2 �B�Q�M�B�x�2�/ �2�p�2�M
���i �_�h�X ���b �K�2�M�i�B�Q�M�2�/ �B�M �a�2�+�X�j�X�R�- �h�a�G �B�b �� �i�B�K�2�@�2�{�+�B�2�M�i ���M�/ �T�Q�r�2�`�7�m�H �i�2�+�?�M�B�[�m�2 �i�Q
�2�t�i�`���+�i �i�?�2 �B�M�7�Q�`�K���i�B�Q�M �Q�7 �b�?���H�H�Q�r �+�2�M�i�2�`�b �B�M �� �b�2�K�B�+�Q�M�/�m�+�i�Q�` �K���i�2�`�B���H�X �A�M ���/�/�B�i�B�Q�M�-
���b ���M �B�M�/�B�`�2�+�i �r�B�/�2 �#���M�/ �;���T �b�2�K�B�+�Q�M�/�m�+�i�Q�`�- �a�B�* �?���b �7���B�`�H�v �?�B�;�? �T�`�Q�#���#�B�H�B�i�v �i�Q �2�K�B�i
�T�?�Q�i�Q�M�b �r�B�i�?�B�M �p�B�b�B�#�H�2 �b�T�2�+�i�`�m�K �`���M�;�2 �?�2�M�+�2 �B�i �B�b �+�Q�M�b�B�/�2�`�2�/ ���b ���p���B�H���#�H�2 �7�Q�` �h�a�G
�+�?���`���+�i�2�`�B�x���i�B�Q�M�(�8�8�)�X �:�Q�`�#���M ���M�/ �a�m�H�2�B�K���M�Q�p�R �}�`�b�i �`�2�T�Q�`�i�2�/ �i�?�2 �h�a�G �K�2���b�m�`�2�K�2�M�i�b
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�i�?�2 �h�a�G �Q�7�M�@�i�v�T�2 �e�>�@�a�B�* �r�2�`�2 �+���K�2 �Q�m�i�X �>�Q�r�2�p�2�`�- �i�?�2 �e�>�@�a�B�* �b���K�T�H�2�b �2�K�T�H�Q�v�2�/
�B�M �i�?�2�b�2 �`�2�b�2���`�+�?�2�b �r�2�`�2 �M�Q�`�K���H�H�v �;�`�Q�r�M �#�v ���+�?�2�b�Q�M �T�`�Q�+�2�b�b �r�?�2�`�2 �i�?�2 �b���K�T�H�2�b �r�2�`�2
�H�Q�r�@�+�Q�K�T�2�M�b���i�2�/�-�B�X�2�X�- �i�?�2 �/�2�M�b�B�i�v �`���i�B�Q �#�2�i�r�2�2�M �i�?�2 �2�z�2�+�i�B�p�2 �/�Q�M�Q�`�b ���M�/ ���+�+�2�T�i�Q�`�b
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�;�`�Q�r�i�? �T�`�Q�+�2�b�b �Q�7 �a�B�*�- ���M�/ �B�i �?���b �#�2�2�M �`�2�T�Q�`�i�2�/ �i�?���i �h�a�G �B�b �M�Q�i �Q�M�H�v ���M �2�{�+�B�2�M�i �i�Q�Q�H
�i�Q �b�i�m�/�v �b�?���H�H�Q�r �i�`���T�b �#�m�i ���H�b�Q �� �b�2�M�b�B�i�B�p�2 �T�`�Q�#�2�` �7�Q�` �i�?�2 �2�z�2�+�i�B�p�2 �/�Q�T�B�M�; �+�Q�M�/�B�i�B�Q�M�(�8�3�)�X
���+�+�Q�`�/�B�M�;�H�v�- �h�a�G �i�2�+�?�M�B�[�m�2 �B�b ���M�i�B�+�B�T���i�2�/ �i�Q �`�2�p�2���H �b�Q�K�2 �M�2�r �B�M�7�Q�`�K���i�B�Q�M �`�2�;���`�/�B�M�;
�i�Q �i�?�2 �/�Q�T�2�/ �B�K�T�m�`�B�i�B�2�b �B�M �e�>�7�@�a�B�*�X �h�?�2 �/�2�i���B�H�b �Q�7 �i�?�2 �2�t�T�2�`�B�K�2�M�i���H �b�2�i�m�T �Q�7 �i�?�2 �h�a�G
�K�2���b�m�`�2�K�2�M�i ���T�T�H�B�2�/ �B�M �i�?�B�b �`�2�b�2���`�+�? �?���p�2 �#�2�2�M �b�m�K�K���`�B�x�2�/ �B�M �a�m�#�b�2�+�X�j�X�R�X�k�X �>�2�`�2�B�M�-
�}�p�2 �e�>�7�@�a�B�*�b���K�T�H�2�b �r�2�`�2 �2�K�T�H�Q�v�2�/ �B�M �i�?�B�b �`�2�b�2���`�+�?�-�B�X�2�X�- �a�S�@�R�f�j�- ���M�/ �a�L�@�k�f�j�f�9�-
�r�?�2�`�2 �i�?�2 �2�b�b�2�M�i�B���H �T���`���K�2�i�2�`�b �Q�7 �i�?�2�b�2 �b���K�T�H�2�b �`�2�7�2�` �i�Q �h���#�X�k�X�e�X �q�2 �i�`�B�2�/ �i�Q ���T�T�H�v

�R�A�X �a�X �:�Q�`�#���M ���M�/ �J�X �a�m�H�2�B�K���M�Q�p�- �a�Q�p�X �S�?�v�b�X �@ �a�Q�H�B�/ �a�i���i�2�d�- �R�y�j�8 �U�R�N�e�8�V�X
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�i�?�2 �H�Q�r�2�b�i �T�Q�b�b�B�#�H�2 �i�2�K�T�2�`���i�m�`�2 �B�M�+�`�2���b�2 �`���i�2 �/�m�`�B�M�; �i�?�2 �h�a�G �K�2���b�m�`�2�K�2�M�i�b �B�M �Q�`�/�2�`
�i�Q �2�M���#�H�2 �i�?�2 �`�2���H �i�2�K�T�2�`���i�m�`�2 �Q�7 �i�?�2 �b���K�T�H�2 �i�Q �b�v�M�+�?�`�Q�M�B�x�2 �r�B�i�? �i�?���i �Q�7 �i�?�2 �+�`�v�Q�b�i���i�X
�h�?�2 �`���i�2 �Q�7� �R�y �E� �K�B�M� 1 �r���b ���T�T�H�B�2�/ �7�Q�` �b���K�T�H�2 �a�S�@�R�f�j ���M�/ �a�L�@�k�f�j �r�?�2�`�2���b� �R�8
�E� �K�B�M� 1 �r���b ���T�T�H�B�2�/ �7�Q�` �b���K�T�H�2 �a�L�@�9�X

4.1.2 Modelling TSL process by Halperin-Braner’s method

�6�B�;�m�`�2 �9�X�R�,�� �#���M�/ �;���T �/�B���;�`���K �Q�7 �� �b�2�K�B�+�Q�M�/�m�+�i�Q�` �+�`�v�b�i���H �r�?�B�+�? �+�Q�M�i���B�M�b �b�2�p�2�`���H
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�h�a�G �T�`�Q�+�2�b�b �/�2�p�2�H�Q�T�2�/ �#�v �>���H�T�2�`�B�M ���M�/ �"�`���M�2�`�(�8�N�)�X �"�v �`�2�p�2���H�B�M�; �i�?�2 �B�M�~�m�2�M�+�2�b �7�`�Q�K
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���;�`�2�2�b �r�2�H�H �r�B�i�? �i�?�2�h�P�6�@�a�A�J�a�K�2���b�m�`�2�K�2�M�i �/���i�� �b�?�Q�r�M �B�M �h���#�X�k�X�e�r�?�2�`�2 �i�?�2 �`���i�B�Q�b
Nd=Na �Q�7 ���H�H �i�?�2�b�2 �b���K�T�H�2�b ���`�2 �r�B�i�?�B�M �y�X�R �i�Q �R�y�X �q�?���i�ö�b �K�Q�`�2�- �i�?�B�b �i�2�K�T�2�`���i�m�`�2 �`���M�;�2
�r�?�B�+�? �B�M�+�H�m�/�2�b ���H�H �T�2���F �T�Q�b�B�i�B�Q�M�b �Q�7 �i�?�2�b�2 �b���K�T�H�2�b �b�i�`�Q�M�;�H�v �b�m�;�;�2�b�i�b �i�?�2 �T�`�Q�K�B�M�2�M�ie�

�i�`���T�T�B�M�; �`�2�H���i�2�/ �i�Q �i�?�2 �b�?���H�H�Q�r �L�@�B�M�/�m�+�2�/ �/�Q�M�Q�` �H�2�p�2�H�b �Q�M �i�?�2 �?�2�t���;�Q�M���H �b�B�i�2�b�(�8�8�-�e�y�)�-
�r�?�2�`�2 �i�?�2 �}�i�i�B�M�; �`�2�b�m�H�i�b �`�2�;���`�/�B�M�; �i�Q �i�?�2 �K���B�M �;�H�Q�r �T�2���F�b �Q�7 �i�?�2�b�2 �b���K�T�H�2�b �r�B�H�H �#�2
�/�B�b�+�m�b�b�2�/ �H���i�2�`�X �P�M �i�?�2 �Q�i�?�2�` �?���M�/�- �Q�M�2 �b�B�/�2 �;�H�Q�r �T�2���F �r�B�i�? �`�2�H���i�B�p�2�H�v �H�Q�r �B�M�i�2�M�b�B�i�v ���i
���`�Q�m�M�/ �R�R�y �E �i�Q �R�k�y �E �B�b �Q�#�b�2�`�p�2�/ �7�`�Q�K �a�L�@�j�f�9�X ���+�+�Q�`�/�B�M�; �i�Q �>���`�i�m�M�;�2�i ���H�X�(�e�j�)�- �i�?�B�b
�#�`�Q���/ �T�2���F �+���M �#�2 �/�2�`�B�p�2�/ �7�`�Q�K �i�?�2 �L�@�B�M�/�m�+�2�/ �/�Q�M�Q�` �H�2�p�2�H�b ���i �i�?�2 �+�m�#�B�+ �b�B�i�2�b �r�B�i�?
�i�?�2 �B�Q�M�B�x���i�B�Q�M �2�M�2�`�;�B�2�b ���`�Q�m�M�/ �R�9�y �K�2�o�X �>�2�M�+�2 �B�M �a�L�@�j�f�9�- �r�2 �+���M �b�2�2 �i�?���i �� �p�2�`�v
�b�K���H�H �T�Q�`�i�B�Q�M �Q�7 �i�?�2 �/�Q�M�Q�`�b �Q�M �+�m�#�B�+ �b�B�i�2�b �+�Q�m�H�/ �+�Q�M�i�`�B�#�m�i�2 �i�Q �i�?�2 �K���D�Q�`�B�i�v �+���`�`�B�2�`�b
�i�`���T�T�B�M�;�b �Q�i�?�2�` �i�?���M�.���S �`�2�+�Q�K�#�B�M���i�B�Q�M�X �L�Q�`�K���H�H�v�- �� �;�H�Q�r �T�2���F �r�B�i�?�B�M �R�d�8 �E �i�Q
�R�3�8�E �Q�#�b�2�`�p�2�/ �7�`�Q�K �e�>�@�a�B�* �b���K�T�H�2 �B�M�/�B�+���i�2�b �i�?�2 �2�t�B�b�i�2�M�+�2 �Q�7 �i�?�2 ���H�m�K�B�M�m�K�@�B�M�/�m�+�2�/
�b�?���H�H�Q�r ���+�+�2�T�i�Q�` �H�2�p�2�H �U� Ev + 240 �K�2�o�V �(�8�8�- �e�y�- �e�j�- �e�9�)�X ���b �r�2 �?���p�2 �+�Q�M�+�2�`�M�2�/
���#�Q�m�i �r�?�2�i�?�2�` �i�?�2 ���H�m�K�B�M�m�K�@�/�Q�T���M�i �?���b �#�2�2�M �m�M�B�M�i�2�M�i�B�Q�M���H�H�v �B�M�+�H�m�/�2�/ �/�m�`�B�M�; �i�?�2
�;�`�Q�r�i�? �Q�7�7�@�a�B�*�X ���+�+�Q�`�/�B�M�; �i�Q �i�?�2 �K�2���b�m�`�2�/ �h�a�G �;�H�Q�r �+�m�`�p�2�b �B�M �Q�m�` �`�2�b�2���`�+�?�- �B�i �+���M
�#�2 �+�Q�M�+�H�m�/�2�/ �i�?���i �i�?�2�`�2 �B�b �M�Q �`�2�K���`�F���#�H�2 �B�M�+�H�m�b�B�Q�M �`�2�H���i�2�/ �i�Q ���H�m�K�B�M�m�K �B�K�T�m�`�B�i�v
�B�M �Q�m�` �e�>�7�@�a�B�*�b���K�T�H�2�b�X �A�M ���/�/�B�i�B�Q�M�- �i�?�2 �2�t�B�b�i�2�M�+�2 �Q�7 �i�?�2 �#�Q�`�Q�M�@�B�M�/�m�+�2�/ �b�?���H�H�Q�r
���+�+�2�T�i�Q�`�b �U�i�v�T�B�+���H�H�vEv + 330 �K�2�o�V �+�Q�m�H�/ �#�2 �`�2�~�2�+�i�2�/ �#�v �� �;�H�Q�r �T�2���F �r�B�i�? �k�e�y �E �i�Q
�j�y�y �E�(�e�8�- �e�e�)�X �_�2�;���`�/�B�M�; �Q�m�` �h�a�G �K�2���b�m�`�2�K�2�M�i �`�2�b�m�H�i�b�- �B�i �B�b �+�Q�M�}�`�K�2�/ �i�?���i �i�?�2�`�2
�B�b �M�Q �T�`�Q�K�B�M�2�M�i �B�M�p�Q�H�p�2�K�2�M�i �Q�7 �#�Q�`�Q�M�@�B�M�/�m�+�2�/ �b�?���H�H�Q�r ���+�+�2�T�i�Q�`�b �B�M �i�?�2�b�2 �e�>�7�@�a�B�*
�b���K�T�H�2�b�X �A�M ���/�/�B�i�B�Q�M�- ���b �b�2�2�M �B�M �h���#�X�9�X�R�-� g > e � 1 �r�2�`�2 �7�Q�m�M�/ �B�M ���H�H �7�Q�m�` �b���K�T�H�2�b�-
�B�M�/�B�+���i�B�M�; �i�?���i �i�?�2 �h�a�G �T�`�Q�+�2�b�b �B�M �e�>�7�@�a�B�*�+�Q�`�`�2�b�T�Q�M�/�b �i�Q �#�B�K�Q�H�2�+�m�H���` �F�B�M�2�i�B�+�b�(�e�d�)�X
�h�?�B�b �#�B�K�Q�H�2�+�m�H���` �F�B�M�2�i�B�+�b �B�K�T�H�B�2�b �i�?���i �i�?�2 �~�m�Q�`�2�b�+�2�M�+�2 �/�2�+���v �B�M �e�>�7�@�a�B�*���i �i�?�2 �h�a�G�@
���+�i�B�p�2 �i�2�K�T�2�`���i�m�`�2 �`���M�;�2 �U���T�T�`�Q�t�B�K���i�2�H�v �8�y �E �i�Q �R�y�y �E�V �+���M�M�Q�i �#�2 �/�2�b�+�`�B�#�2�/ �#�v �i�?�2
�b�B�M�;�H�2 �2�t�T�Q�M�2�M�i�B���H �/�2�+���v �K�Q�/�2�H�X �A�M�b�i�2���/�- �i�?�2 �+���`�`�B�2�` �/�v�M���K�B�+�b �B�b �K�Q�`�2 �b�m�B�i���#�H�2 �i�Q �#�2
�2�t�T�H���B�M�2�/ �#�v ���T�T�H�v�B�M�; �"�2�+�[�m�2�`�2�H�ö�b �?�v�T�2�`�#�Q�H�B�+ �H���r �r�?�2�`�2I (t) = I 0(1 + At ) � p �r�B�i�?
p � 2 �U�i�?���i�ö�b �r�?�v �B�i �B�b �+���H�H�2�/ �#�B�K�Q�H�2�+�m�H���` �F�B�M�2�i�B�+�b�V�X

4.1.4 Nitrogen-induced shallow trapping center
�h�?�2 �2�z�2�+�i�B�p�2 �T���`�i�b �Q�7 �i�?�2 �;�H�Q�r �T�2���F�b �b�?�Q�r�M �B�M �i�?�2 �B�M�b�2�i�b �Q�7 �U���V �i�Q �U�/�V �B�M �6�B�;�X�9�X�j�r�2�`�2
�M�m�K�2�`�B�+���H�H�v �}�i�i�2�/ �#�v ���T�T�H�v�B�M�; �i�?�2 �K�Q�/�B�}�2�/ �>���H�T�2�`�B�M�@�"�`���M�2�`�ö�b �K�2�i�?�Q�/ ���b �K�2�M�i�B�Q�M�2�/
�B�M �a�m�#�b�2�+�X�9�X�R�X�k�X �h�?�2 �b�B�K�m�H���i�B�Q�M�b �r�2�`�2 �2�t�2�+�m�i�2�/ �#�v �m�b�B�M�; �a�B�K�m�H�B�M�F �U�J���i�?�q�Q�`�F�b�- �A�M�+�X�V
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�;�H�Q�r �+�m�`�p�2�b �B�M �U���V �i�Q �U�/�V�- �`�2�b�T�2�+�i�B�p�2�H�v�X �A�M �U�;�V �Q�7 �6�B�;�X�9�X�j�- �i�?�2�`�2 �B�b �� �#�B�i �K�B�b�K���i�+�?
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�i�?�2 �?�2���i�B�M�; �T�`�Q�+�2�b�b�X ���M�Q�i�?�2�` �K�B�b�K���i�+�? �r���b �Q�#�b�2�`�p�2�/ �B�M �2�B�i�?�2�` �U�;�V �Q�` �U�?�V �Q�7 �6�B�;�X�9�X�j
���i �i�?�2 �/�2�b�+�2�M�/�B�M�; �T���`�i �Q�7 �i�?�2 �;�H�Q�r �T�2���F�X �h�?�2 �`�2�H���i�2�/ �`�2���b�Q�M �B�b ���H�`�2���/�v �;�B�p�2�M �B�M
�a�m�#�b�2�+�X�9�X�R�X�j�X �� �b�K���H�H ���K�Q�m�M�i �Q�7 �L�@�B�M�/�m�+�2�/ �/�Q�M�Q�`�b ���i �i�?�2 �+�m�#�B�+ �b�B�i�2�b �T���`�i�B�+�B�T���i�2
�B�M �i�?�2e� �i�`���T�T�B�M�; �T�`�Q�+�2�b�b �7�Q�`�K�B�M�; �� �#�`�Q���/ �#�m�i �`�2�H���i�B�p�2�H�v �H�Q�r �B�M�i�2�M�b�B�i�v �;�H�Q�r �T�2���F
���`�Q�m�M�/ �R�R�y �E �i�Q �R�k�y �E�X �A�M �i�?�B�b �`�2�b�T�2�+�i�- �i�?�2 �K���B�M �;�H�Q�r �T�2���F�b �Q�7 �b���K�T�H�2 �a�L�@�j�f�9 ���`�2
�M�Q�i �b�i�`�B�+�i�H�v �B�b�Q�H���i�2�/�X

�S���`���K�2�i�2�`�b+ �a�S�@�j �a�L�@�k �a�L�@�j �a�L�@�9
E �U�K�2�o�V �R�y�j �R�y�R �N�3 �R�y�R
� �U= n0=m0�V �R�X�y�3 �R�X�R�y �R�X�y�y �R�X�y�y
� m �U�+�K2�V 1:0 � 10� 14 1:0 � 10� 14 4:0 � 10� 16 4:0 � 10� 16

�h���#�H�2 �9�X�k�,�h�a�G �T���`���K�2�i�2�`�b �Q�#�i���B�M�2�/ �#�v �i�?�2 �}�i�i�B�M�; �Q�7 �i�?�2 �;�H�Q�r �+�m�`�p�2�b �m�b�B�M�; �i�?�2
�K�Q�/�B�}�2�/ �>���H�T�2�`�B�M�@�"�`���M�2�`�ö�b �K�Q�/�2�H�X

�h�?�`�2�2 �}�i�i�B�M�; �T���`���K�2�i�2�`�b �UE �- � = n0=m0 ���M�/� m �V �7�Q�` �i�?�2 �b�B�K�m�H���i�2�/ �h�a�G �;�H�Q�r
�T�2���F�b �Q�7 �i�?�2�b�2 �7�Q�m�` �b���K�T�H�2�b ���`�2 �b�m�K�K���`�B�x�2�/ �B�M �h���#�X�9�X�k�X ���b �r�2 �+���M �b�2�2 �i�?���i �i�?�2 �}�i�i�2�/
�B�Q�M�B�x���i�B�Q�M �2�M�2�`�;�B�2�b �Q�7 �i�?�2 �M�B�i�`�Q�;�2�M�@�B�M�/�m�+�2�/ �b�?���H�H�Q�r �/�Q�M�Q�`�b ���i �i�?�2 �?�2�t���;�Q�M���H �b�B�i�2�b �7�Q�`
���H�H �7�Q�m�` �b���K�T�H�2�b ���`�2 ���H�K�Q�b�i �B�/�2�M�i�B�+���H�- �r�?�2�`�2 �i�?�2 �p���H�m�2 �Q�7� �R�y�y �K�2�o ���;�`�2�2�b �r�B�i�? �i�?�2
�Q�M�2 �`�2�T�Q�`�i�2�/ �#�v �A�F�2�/���2�i ���H�X�(�8�k�)�X �h�?�2 �2�t�i�`���+�i�2�/ �/�2�M�b�B�i�v �`���i�B�Q�b� �#�2�i�r�2�2�M �i�?�2 �+�?���`�;�2�/
�i�`���T�T�B�M�; �+�2�M�i�2�`�b �Un0�V ���M�/ �i�?�2 �+�?���`�;�2�/ �`�2�+�Q�K�#�B�M���i�B�Q�M �+�2�M�i�2�`�b �Um0�V ���i �i�?�2 �B�M�B�i�B���H �b�i���;�2
�7�Q�` ���H�H �b���K�T�H�2�b ���`�2 �7�Q�m�M�/ �i�Q �#�2 �+�H�Q�b�2 �i�Q �m�M�B�i�v�X �h�?�B�b �`�2�b�m�H�i ���;�`�2�2�b �r�2�H�H �r�B�i�? �i�?�2 �i�`�2�M�/
�b�?�Q�r�M �B�M �6�A�: �9 �Q�7 �_�2�7�X �(�8�N�)�X �h�Q �#�2 �b�T�2�+�B�}�+�- �B�M �i�?�2 �b�B�i�m���i�B�Q�M �Q�7 �i�?�2 �b���K�T�H�2 �#�2�B�M�;
���H�K�Q�b�i �i�?�Q�`�Q�m�;�?�H�v �2�t�+�B�i�2�/ �UN � n0�V �B�M �i�?�2 �H�B�;�?�i �b�Q�m�`�+�2 ���+�i�B�p�2 �H���v�2�`�- �i�?�2 �`�2�H���i�B�Q�M
�#�2�i�r�2�2�M� ���M�/� g �B�b �T�`�2�7�2�`���#�H�2 �i�Q �#�2 �/�2�b�+�`�B�#�2�/ �#�v �+�m�`�p�2�@�# �B�M �6�A�: �9 �Q�7 �_�2�7�X �(�8�N�)�- �r�?�2�`�2
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�`�2�+�Q�K�#�B�M���i�B�Q�M �U�B�X�2�X�- �i�?�2 �h�a�G �T�`�Q�+�2�b�b�V �r�B�i�? �i�?�2 �b���K�2 �T�`�Q�#���#�B�H�B�i�v �Q�7 �#�2�B�M�; �`�2�@�i�`���T�T�2�/�X
�6�B�;�X�9�X�e�b�?�Q�r�b �i�?�2 �`���r �2�t�T�2�`�B�K�2�M�i���H �h�a�G �;�H�Q�r �+�m�`�p�2�b �Q�7 ���H�H �7�Q�m�` �b���K�T�H�2�b�- �r�2 �+���M �b�2�2
�i�?���i �i�?�2 �+�Q�K�T���`�B�b�Q�M �Q�7 ���#�b�Q�H�m�i�2 �?�2�B�;�?�i�b �Q�7 �i�?�2 �;�H�Q�r �T�2���F�b �+�Q�`�`�2�H���i�2�b �r�B�i�? �i�?�2 �`���M�F �Q�7
�Q�m�` �+���H�+�m�H���i�2�/nc�X

4.2 Identification of double �/ -center in 6H f-SiC

4.2.1 Overview
�A�M �L�@�" �+�Q�@�/�Q�T�2�/ �e�>�@�a�B�* ���i�_�h�- �r�2 ���H�`�2���/�v �F�M�Q�r �i�?���i �i�?�2 �T�?�Q�M�Q�M �`�2�T�H�B�+���b �Q�7�.���S
�`�2�+�Q�K�#�B�M���i�B�Q�M�(�9�e�) �+���m�b�2 �i�?�2 �#�`�Q���/ �2�K�B�b�b�B�Q�M �r�B�i�?� �T�2���F� 580 �M�K �U� �k�X�R�9 �2�o�V ���M�/
�6�q�>�J �U�M�K�V2 [110; 120]�(�k�-�8�R�)�- �r�?�2�`�2 �L�@�/�Q�T���M�i �B�M�i�`�Q�/�m�+�2�b �i�?�`�2�2 �b�?���H�H�Q�r �/�Q�M�Q�` �H�2�p�@
�2�H�b �Q�M �i�r�Q �[�m���b�B�@�+�m�#�B�+ �Uk1�- k2�V ���M�/ �Q�M�2 �?�2�t���;�Q�M���H �Uh�V �H���i�i�B�+�2 �b�B�i�2�b ���M�/ �"�@�/�Q�T���M�i
�B�M�i�`�Q�/�m�+�2�b �i�?�2 �/�2�2�T ���+�+�2�T�i�Q�` �H�2�p�2�H�-�B�X�2�X�-�. �@�+�2�M�i�2�`�(�9�e�)�X �6�Q�` �e�>�7�@�a�B�*���i �_�h�- �?�Q�r�2�p�2�`�-
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�6�B�;�m�`�2 �9�X�e�,�h�a�G �;�H�Q�r �+�m�`�p�2�b �Q�7 ���H�H �b���K�T�H�2�b �r�B�i�? ���#�b�Q�H�m�i�2 �H�B�M�2���` �v�@���t�2�b�X �L�Q�i�2 �i�?���i
�i�?�2 �?�Q�`�B�x�Q�M�i���H �/���b�?�2�/ �H�B�M�2 �B�M�/�B�+���i�2�b �i�?�2 �x�2�`�Q �H�2�p�2�H �Q�7 �i�?�2 �/�2�i�2�+�i�2�/ �h�a�G �B�M�i�2�M�b�B�i�v�X

�`�2�b�2���`�+�?�2�`�b�(�d�-�e�N�) �?���p�2 �Q�#�b�2�`�p�2�/ �i�?���i �B�i�b �2�K�B�b�b�B�Q�M �b�T�2�+�i�`�m�K �+�Q�M�i���B�M�b ���M�Q�i�?�2�` �2�K�B�b�b�B�Q�M
�T�2���F �r�B�i�?� �T�2���F� 640�M�K ���M�/ �i�?�2 �Q�`�B�;�B�M �Q�7 �i�?�B�b �2�t�i�`�� �2�K�B�b�b�B�Q�M �B�b �b�i�B�H�H �m�M�F�M�Q�r�M�X �A�M�i�2�`�@
�2�b�i�B�M�;�H�v�- ���M �2�t�i�`�� �`�2�+�Q�K�#�B�M���i�B�Q�M �+�2�M�i�2�`�(�d�y�) �U�M���K�2�/ ���bD 0�@�+�2�M�i�2�`�V �?���b �#�2�2�M �Q�#�b�2�`�p�2�/
�7�`�Q�K �i�?�2�S�?�Q�i�Q�H�m�K�B�M�2�b�+�2�M�+�2�@�/�2�i�2�+�i�2�/ �1�H�2�+�i�`�Q�M �S���`���K���;�M�2�i�B�+ �_�2�b�Q�M���M�+�2�U�S�G�@�1�S�_�V
�K�2���b�m�`�2�K�2�M�i �Q�M �"�@�/�Q�T�2�/ �e�>�@�a�B�* ���M�/ �7�Q�m�M�/ �i�Q ���b�b�Q�+�B���i�2 �r�B�i�?�. �@�+�2�M�i�2�`�X �>�2�`�2�- �i�?�2D 0�@
�+�2�M�i�2�` �B�b �#�2�H�B�2�p�2�/ �i�Q �b�i���v �Q�M �i�?�`�2�2 �/�B�z�2�`�2�M�i �H���i�i�B�+�2 �b�B�i�2�b �B�M �e�>�@�a�B�* �b�B�M�+�2 �i�?�`�2�2�;�@�7���+�i�Q�`�b
�r�2�`�2 �2�t�i�`���+�i�2�/ �7�`�Q�K �i�?�2 �`�2�H���i�2�/�S�G�@�1�S�_�K�2���b�m�`�2�K�2�M�i �`�2�b�m�H�i�b�X �J�Q�`�2�Q�p�2�`�- �`�2�b�2���`�+�?�2�`�b
���H�b�Q �b�m�;�;�2�b�i�2�/ �i�?���i �i�?�2 �H�Q�r�@�2�M�2�`�;�v �~���M�F �B�M �i�?�2�S�G�b�T�2�+�i�`�m�K �Q�7 �i�?�2 �"�@�/�Q�T�2�/ �e�>�@�a�B�*
�K�B�;�?�i �#�2 ���b�b�Q�+�B���i�2�/ �r�B�i�? �i�?�2D 0�@�+�2�M�i�2�`�X �A�M �i�?�B�b �b�2�+�i�B�Q�M�- �#�v �+�?���`���+�i�2�`�B�x�B�M�; �e�>�7�@�a�B�*
�p�B�� �i�?�2 �i�2�K�T�2�`���i�m�`�2�@�/�2�T�2�M�/�2�M�i�S�G�b�T�2�+�i�`�Q�b�+�Q�T�v�- �� �M�2�r �#�Q�`�Q�M�@�B�M�/�m�+�2�/ ���+�+�2�T�i�Q�` �H�2�p�2�H
�U�?�2�`�2 �+���H�H�2�/D � �@�+�2�M�i�2�`�V �B�b �B�/�2�M�i�B�}�2�/ �r�?�B�+�? �B�b �7�Q�m�M�/ �i�Q �#�2 �/�2�2�T�2�` �i�?���M �i�?�2�. �@�+�2�M�i�2�`
���M�/ �+�Q�`�`�2�b�T�Q�M�/ �i�Q �i�?�2�.���S �`�2�+�Q�K�#�B�M���i�B�Q�M �T�`�Q�+�2�b�b �/�Q�K�B�M���i�B�M�; ���i �H�Q�r �i�2�K�T�2�`���i�m�`�2�b
�r�B�i�? �T�2���F �T�?�Q�i�Q�M �2�M�2�`�;�v ���`�Q�m�M�/ �R�X�N�y �2�o�X �q�2 �T�`�Q�T�Q�b�2 �i�?�2 �H���i�i�B�+�2 �;�2�Q�K�2�i�`�B�2�b �Q�7 �#�Q�i�?
D � �@�+�2�M�i�2�` ���M�/�. �@�+�2�M�i�2�` �U�i�Q�;�2�i�?�2�` �r�2 �+���H�H �i�?�2�K �i�?�2 �/�Q�m�#�H�2�. �@�+�2�M�i�2�`�b�V �#�v �b�m�K�K���`�B�x�@
�B�M�; �i�?�2 �T�`�2�p�B�Q�m�b�}�`�b�i�@�T�`�B�M�+�B�T�H�2�b�+���H�+�m�H���i�B�Q�M�b �`�2�b�m�H�i�b �`�2�;���`�/�B�M�; �a�B�* �H���i�i�B�+�2 �b�i�`�m�+�i�m�`�2�b�X
�J�Q�`�2�Q�p�2�`�- �i�?�2 �/�2�M�b�B�i�B�2�b �Q�7 �i�?�2 �#�Q�`�Q�M�@�B�M�/�m�+�2�/ ���+�+�2�T�i�Q�`�b �B�M�7�@�a�B�*�b���K�T�H�2�b ���`�2 �+�Q�K�T���`�2�/
�#�v �i���F�B�M�; �i�?�2�B�` �/�Q�T�B�M�; �+�Q�M�/�B�i�B�Q�M�b �B�M�i�Q �+�Q�M�b�B�/�2�`���i�B�Q�M�X ���/�/�B�i�B�Q�M���H�H�v�- �� �?�Q�H�2�@�i�`���T�-�B�X�2�X�-
�>�a�k �+�2�M�i�2�`�- �B�b ���b�b�m�K�2�/ �i�Q �2�t�B�b�i ���M�/ �b�i���v �#�2�i�r�2�2�M �i�?�2 �2�M�2�`�;�v �H�2�p�2�H�b �Q�7 �i�?�2 �/�Q�m�#�H�2
�. �@�+�2�M�i�2�`�b �B�M �Q�m�` �e�>�7�@�a�B�*�b���K�T�H�2�b�X �6�B�M���H�H�v�- �� �K�Q�/�2�H �`�2�;���`�/�B�M�; �� �i�r�Q�@�b�i���;�2 �i�?�2�`�K���H
�B�Q�M�B�x���i�B�Q�M �Q�7 �?�Q�H�2 �/�`�B�p�2�M �#�v �i�?�2 �>�a�k �+�2�M�i�2�` �B�b �T�`�Q�T�Q�b�2�/ �i�Q �2�t�T�H���B�M �i�?�2 �i�r�Q �/�B�b�i�B�M�+�i
�i�`�2�M�/�b �+�Q�`�`�2�b�T�Q�M�/�B�M�; �i�Q �i�?�2�S�G�B�M�i�2�M�b�B�i�B�2�b �B�M �Q�m�`�7�@�a�B�*�b���K�T�H�2�b�, �i�?�2�`�K���H �[�m�2�M�+�?�B�M�;
�7�Q�`�T�@�i�v�T�2 ���M�/ �+�Q�M�i�B�M�m�Q�m�b �`�B�b�2 �7�Q�`�M�@�i�v�T�2�X �L�Q�i�2 �i�?���i �i�?�2 �`�2�b�2���`�+�? �`�2�b�m�H�i�b �T�`�2�b�2�M�i�2�/ �B�M
�i�?�B�b �b�2�+�i�B�Q�M ���`�2 �/�2�`�B�p�2�/ �7�`�Q�K �(�d�R�)�X

�h�?�2 �b���K�T�H�2�b �2�K�T�H�Q�v�2�/ �B�M �i�?�B�b �`�2�b�2���`�+�? ���`�2 �a�S�@�k�f�j ���M�/ �a�L�@�R�X �h�?�2 �2�t�T�2�`�B�K�2�M�i���H
�b�2�i�m�T �`�2�H���i�2�/ �i�Q �i�?�2 �i�2�K�T�2�`���i�m�`�2�@�/�2�T�2�M�/�2�M�i�S�G�K�2���b�m�`�2�K�2�M�i�b �`�2�7�2�`�b �i�Q �a�2�+�X�j�X�k�X �h�?�2
�B�M�7�Q�`�K���i�B�Q�M �`�2�H���i�2�/ �i�Q �i�?�2 �+�`�v�b�i���H �;�`�Q�r�i�? ���M�/ �i�?�2�S�G�+�?���`���+�i�2�`�B�x���i�B�Q�M�b �Q�7 �i�?�2 �i�?�`�2�2
�b���K�T�H�2�b ���`�2 �b�?�Q�r�M �B�M �h���#�X�9�X�j�X �h�?�2 �2�b�b�2�M�i�B���H �T�?�v�b�B�+���H �T�`�Q�T�2�`�i�B�2�b �Q�7 �i�?�2�b�2 �i�?�`�2�2 �b���K�T�H�2�b
�`�2�7�2�` �i�Q �h���#�X�k�X�e���M�/ �6�B�;�X�k�X�R�y�X
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�a���K�T�H�2) �a�S�@�k �a�S�@�j �a�L�@�R
�L2 �T�`�2�b�b�m�`�2 �U�K�#���`�V �y�X�R �y�X�k�8 �y�X�d�8
�:�`�Q�r�i�? �`���i�2 �U� �K�X�?� 1�V �N�k �N�e �N�y

�J���t�X�S�G�B�M�i�2�M�b�B�i�v �U� 106 ���`�#�X �m�M�B�i�V
�y�X�d�3 �y�X�N�N �R�X�j�9
�U���i �d�8 �E�V �U���i �k�N�y �E�V

�h���#�H�2 �9�X�j�,�"���b�B�+ �B�M�7�Q�`�K���i�B�Q�M �+�Q�`�`�2�b�T�Q�M�/�B�M�; �i�Q �i�?�2 �+�`�v�b�i���H �;�`�Q�r�i�? ���M�/ �i�?�2�S�G
�+�?���`���+�i�2�`�B�x���i�B�Q�M�b �Q�7 �i�?�2 �i�?�`�2�2 �e�>�7�@�a�B�*�b���K�T�H�2�b�X

4.2.2 Origins of double �/ -centers and hole trap HS2
�6�B�;�b�X�9�X�d���M�/�9�X�3�b�?�Q�r �i�?�2 �M�Q�`�K���H�B�x�2�/ �i�2�K�T�2�`���i�m�`�2�@�/�2�T�2�M�/�2�M�i�S�G�B�M�i�2�M�b�B�i�v �b�T�2�+�i�`��
�Q�7 �i�?�2 �i�?�`�2�2 �b���K�T�H�2�b�X �A�i �B�b �B�M�i�m�B�i�B�p�2 �i�Q �+�Q�M�b�B�/�2�` �i�?���i �i�?�2�`�2 �2�t�B�b�i �i�r�Q �T���`���H�H�2�H�.���S �`�2�@
�+�Q�K�#�B�M���i�B�Q�M �+�?���M�M�2�H�b �B�M ���H�H �b���K�T�H�2�b �r�B�i�? �Q�M�2 �Q�7 �i�?�2�K �#�2�B�M�; �i�?�2 �K���D�Q�` �`�2�+�Q�K�#�B�M���i�B�Q�M
�+�?���M�M�2�H ���i �H�Q�r�2�` �i�2�K�T�2�`���i�m�`�2�b �r�?�B�H�2 �i�?�2 �Q�i�?�2�` �;�`���/�m���H�H�v �#�2�+�Q�K�2�b �i�?�2 �K���D�Q�` �`�2�+�Q�K�#�B�@
�M���i�B�Q�M �+�?���M�M�2�H ���i �`�B�b�B�M�; �i�2�K�T�2�`���i�m�`�2�b�X �A�i �B�b ���H�b�Q �Q�#�p�B�Q�m�b �i�?���i �i�?�Q�b�2 �i�r�Q �`�2�+�Q�K�#�B�M���i�B�Q�M
�+�?���M�M�2�H�b �?���p�2 �+�Q�K�T���`���#�H�2 �+�Q�M�i�`�B�#�m�i�B�Q�M�b �i�Q �i�?�2�S�G�b�T�2�+�i�`�� ���i �B�M�i�2�`�K�2�/�B���i�2 �i�2�K�T�2�`�@
���i�m�`�2�b�X �h�?�2�S�G�2�K�B�b�b�B�Q�M �T�2���F ���`�Q�m�M�/ �R�X�3�N�@�R�X�N�R �2�o ���i�i�`�B�#�m�i�2�/ �i�Q �i�?�2 �K���D�Q�`�.���S
�`�2�+�Q�K�#�B�M���i�B�Q�M �T�`�Q�+�2�b�b �B�M�/�B�+���i�2�b ���M �2�t�i�`�� �#�Q�`�Q�M�@�B�M�/�m�+�2�/ ���+�+�2�T�i�Q�` �H�2�p�2�H �UD � �@�+�2�M�i�2�`�V
�/�2�2�T�2�` �i�?���M �i�?�2�. �@�+�2�M�i�2�`�X ���/�/�B�i�B�Q�M���H�H�v�- �B�i �B�b �#�2�H�B�2�p�2�/ �i�?���i �i�?�2D � �@�+�2�M�i�2�` �+���M �b�i���v
�Q�M �/�B�z�2�`�2�M�i �H���i�i�B�+�2 �b�B�i�2�b �#�v �+�Q�M�b�B�/�2�`�B�M�; �i�?�2 �M�Q�M�@�b�K�Q�Q�i�? �H�B�M�2 �b�?���T�2�b ���i �i�?�2 �H�Q�r�@�2�M�2�`�;�v
�~���M�F�b �Q�7 ���H�H �i�?�2�S�G�b�T�2�+�i�`���- �r�?�2�`�2 �i�?�2 �b�m�T�2�`�T�Q�b�B�i�B�Q�M �Q�7 �/�B�z�2�`�2�M�i �2�K�B�b�b�B�Q�M �b�T�2�+�i�`��
�+�Q�`�`�2�b�T�Q�M�/�B�M�; �i�Q�.���S �`�2�+�Q�K�#�B�M���i�B�Q�M �r�B�i�? �i�?�2D � �@�+�2�M�i�2�`�b �Q�M �/�B�z�2�`�2�M�i �H���i�i�B�+�2 �b�B�i�2�b
�B�b �2�t�T�2�+�i�2�/�X �J�Q�`�2�Q�p�2�`�- �B�i �B�b �Q�#�p�B�Q�m�b �i�?���i �i�?�2�. �@�+�2�M�i�2�` �B�b �`�2�b�T�Q�M�b�B�#�H�2 �7�Q�` �i�?�2�.���S
�`�2�+�Q�K�#�B�M���i�B�Q�M ���i �2�H�2�p���i�2�/ �i�2�K�T�2�`���i�m�`�2�b �r�B�i�? �i�?�2�S�G�2�K�B�b�b�B�Q�M �T�2���F ���`�Q�m�M�/ �k�X�R�y�@�k�X�R�9
�2�o�X

�*�m�`�`�2�M�i�H�v�- �i�?�2 �H���i�i�B�+�2 �;�2�Q�K�2�i�`�B�2�b �Q�7 �#�Q�i�? �i�?�2�. �@�+�2�M�i�2�` ���M�/ �i�?�2D � �@�+�2�M�i�2�` �?���p�2 �M�Q�i
�#�2�2�M �/�B�`�2�+�i�H�v �/�2�i�2�`�K�B�M�2�/ �p�B�� �2�t�T�2�`�B�K�2�M�i���H ���T�T�`�Q���+�?�- �#�2�b�B�/�2�b�- �i�?�2 �2�M�2�`�;�v �H�2�p�2�H �Q�7 �i�?�2
�. �@�+�2�M�i�2�` �B�b �b�i�B�H�H ���K�#�B�;�m�Q�m�b�(�9�e�-�e�k�-�d�k�)�X �6�Q�`�i�m�M���i�2�H�v�- �K���M�v ���i�i�2�K�T�i�b�(�d�j���d�8�) �?���p�2 �#�2�2�M
�K���/�2 �Q�M �i�?�2 �i�?�2�Q�`�2�i�B�+���H �T�`�2�/�B�+�i�B�Q�M �Q�7 �i�?�2 �K�Q�H�2�+�m�H���` �+�Q�M�}�;�m�`���i�B�Q�M�b �Q�7 �i�?�2�. �@�+�2�M�i�2�` �#�v
�m�b�B�M�;�}�`�b�i�@�T�`�B�M�+�B�T�H�2�b�+���H�+�m�H���i�B�Q�M�b�X �A�i �B�b �r�Q�`�i�?�v �i�Q �M�Q�i�2 �i�?���i �i�?�2 �i�?�2�Q�`�2�i�B�+���H�H�v �T�`�2�/�B�+�i�2�/
�T�`�Q�T�2�`�i�B�2�b �Q�7�. �@�+�2�M�i�2�` �+���M �#�2 ���T�T�H�B�2�/ �i�Q ���H�H �i�?�`�2�2 �+�Q�K�K�Q�M �T�Q�H�v�i�v�T�2�b �Q�7 �a�B�*�-�B�X�2�X�-
�j�*�@ �9�>�@ ���M�/ �e�>�@�a�B�*�- ���b �i�?�2 �2�H�2�+�i�`�Q�M�B�+ �b�i�`�m�+�i�m�`�2 �Q�7 �i�?�2�. �@�+�2�M�i�2�` �B�b �B�M�/�2�T�2�M�/�2�M�i �Q�7
�i�?�2�b�2 �T�Q�H�v�i�v�T�2�b�X �A�M �i�?�2 �2���`�H�v �b�i���;�2�- �`�2�b�2���`�+�?�2�`�b�(�9�e�-�d�j�) �7�Q�m�M�/ �i�?���i �� �H���i�i�B�+�2 �;�2�Q�K�2�i�`�v
�+�Q�K�#�B�M�B�M�; �� �"�@���i�Q�K �Q�M �a�B�@�b�m�#�H���i�i�B�+�2 �U�"�a�B�V �r�B�i�? �� �+���`�#�Q�M �p���+���M�+�v �U�o�* �V�-�B�X�2�X�- �� �"�a�B�Y�o�*

�+�Q�K�T�H�2�t�- �K�B�;�?�i �#�2 �i�?�2 �Q�`�B�;�B�M �Q�7�. �@�+�2�M�i�2�` �p�B�� �i�?�2�Q�`�2�i�B�+���H ���T�T�`�Q���+�?�X �G���i�2�` �Q�M�- �?�Q�r�2�p�2�`�-
�i�?�2 ���7�Q�`�2�K�2�M�i�B�Q�M�2�/ �?�v�T�Q�i�?�2�b�B�b �r���b �Q�p�2�`�i�m�`�M�2�/ �#�v ���`���/�B�2�i ���H�X�(�d�9�)�- �r�?�2�`�2 �i�?�2�B�`���#
�B�M�B�i�B�Q�+���H�+�m�H���i�B�Q�M �`�2�b�m�H�i�b �B�M�/�B�+���i�2 �i�?�2 �2�M�2�`�;�v �H�2�p�2�H �Q�7 �i�?�2 �"�a�B�Y�o�* �b�i�`�m�+�i�m�`�2 �i�Q �#�2 �R�X�N �2�o
���#�Q�p�2 �i�?�2 �p���H�2�M�+�2 �#���M�/ �K���t�B�K�m�K �UEv �V�-�B�X�2�X�-Ev �Y�R�X�N �2�o�- �K�2���M�B�M�; �i�?�2 �K�Q�`�2 �/�Q�M�Q�`�@�H�B�F�2
�#�2�?���p�B�Q�` �7�Q�` �i�?�B�b �b�i�`�m�+�i�m�`�2�X �"�2�b�B�/�2�b�- ���`���/�B�2�i ���H�X�+�H���B�K�2�/ �i�?���i ���M ���H�i�2�`�M���i�B�p�2 �H���i�i�B�+�2
�;�2�Q�K�2�i�`�v �+�Q�K�#�B�M�B�M�; �� �a�B�@�b�m�#�H���i�i�B�+�2 �Q�+�+�m�T�B�2�/ �#�v �� �"�@���i�Q�K �r�B�i�? �i�?�2 �M�2�B�;�?�#�Q�`�B�M�; �a�B�@
���M�i�B�b�B�i�2 �U�a�B�* �V�-�B�X�2�X�- �i�?�2 �"�a�B+ �a�B�* �+�Q�K�T�H�2�t�- �+�Q�m�H�/ �b�i���M�/ �7�Q�` �i�?�2 �2�H�2�+�i�`�Q�M�B�+ �b�i�`�m�+�i�m�`�2 �Q�7
�. �@�+�2�M�i�2�` �B�M �9�>�@�a�B�*�X �A�M ���/�/�B�i�B�Q�M�- ���`���/�B�2�i ���H�X���H�b�Q �K�2�M�i�B�Q�M�2�/ �i�?���i �i�?�2 ���#�Q�p�2�@�K�2�M�i�B�Q�M�2�/
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�6�B�;�m�`�2 �9�X�d�,�L�Q�`�K���H�B�x�2�/�S�G�B�M�i�2�M�b�B�i�v �b�T�2�+�i�`�� ���i �/�B�z�2�`�2�M�i �i�2�K�T�2�`���i�m�`�2 �`���M�;�2�b �r�?�2�`�2�,
�U���V �d�8�@�R�N�8 �E �7�Q�` �b���K�T�H�2 �a�S�@�k�c �U�#�V �d�8�@�k�8�8 �E �7�Q�` �b���K�T�H�2 �a�S�@�j�X �L�Q�i�2 �i�?���i �i�?�2�S�G
�B�M�i�2�M�b�B�i�B�2�b ���#�Q�p�2 �R�N�8 �E �7�Q�` �a�S�@�k ���M�/ ���#�Q�p�2 �k�8�8 �E �7�Q�` �a�S�@�j �r�2�`�2 �+�Q�K�T���`���#�H�2 �i�Q
���K�#�B�2�M�i �M�Q�B�b�2 �H�2�p�2�H�X �h�?�2 �B�M�b�2�i�b �b�?�Q�r �i�?�2 �i�2�K�T�2�`���i�m�`�2�@�/�2�T�2�M�/�2�M�i �T�2���F �B�M�i�2�M�b�B�i�B�2�b �Q�7
�i�?�2�S�G�b�T�2�+�i�`�� �Q�7 �2���+�? �b���K�T�H�2�X
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�6�B�;�m�`�2 �9�X�3�,�L�Q�`�K���H�B�x�2�/�S�G�B�M�i�2�M�b�B�i�v �b�T�2�+�i�`�� �Q�7 �a�L�@�R �r�B�i�?�B�M �d�8 �E �i�Q �k�N�y �E�X �A�M�b�2�i�,
�i�?�2 �i�2�K�T�2�`���i�m�`�2�@�/�2�T�2�M�/�2�M�i �T�2���F �B�M�i�2�M�b�B�i�B�2�b �Q�7 �i�?�2�S�G�b�T�2�+�i�`�� �Q�7 �a�L�@�R�X

�T�Q�i�2�M�i�B���H �H���i�i�B�+�2 �;�2�Q�K�2�i�`�v �Q�7�. �@�+�2�M�i�2�` �+���M �Q�M�H�v ���b�b�Q�+�B���i�2 �r�B�i�? �+�m�#�B�+ �b�B�i�2�b ���M�/ �?���b �i�Q
�#�2 ���H�B�;�M�2�/ �T���`���H�H�2�H �i�Q �i�?�2�+�@���t�B�b �r�?�B�+�? �`�2�b�m�H�i �B�M ���M ���+�+�2�T�i�Q�` �H�2�p�2�H �Q�7Ev �Y�y�X�8�j �2�o�X
�a�m�`�T�`�B�b�B�M�;�H�v�- �i�?�B�b �i�?�2�Q�`�2�i�B�+���H�H�v �T�`�2�/�B�+�i�2�/ ���+�+�2�T�i�Q�` �H�2�p�2�H ���;�`�2�2�b �r�2�H�H �r�B�i�? �i�?�2 �r�B�/�2�H�v
���+�+�2�T�i�2�/ �p���H�m�2 �#�v �2�t�T�2�`�B�K�2�M�i���H �/�2�i�2�`�K�B�M���i�B�Q�M�-�B�X�2�X�-Ev �Y�y�X�8�3 �2�o�(�9�e�)�X �P�M �i�?�2 �Q�i�?�2�`
�?���M�/�- �"�Q�+�F�b�i�2�/�i�2�2�i ���H�X�(�d�8�) �T�`�2�/�B�+�i�2�/ �i�?���i �i�?�2 �H���i�i�B�+�2 �;�2�Q�K�2�i�`�v �B�M �j�*�@�a�B�* �+�Q�M�b�B�b�i�B�M�;
�Q�7 �� �"�@���i�Q�K �Q�+�+�m�T�v�B�M�; �� �*�@�b�m�#�H���i�i�B�+�2 �U�"�* �V ���M�/ �i�?�2 �M�2�B�;�?�#�Q�`�B�M�; �*�@���M�i�B�b�B�i�2 �U�*�a�B�V�-�B�X�2�X�-
�i�?�2 �"�* �Y�*�a�B�+�Q�K�T�H�2�t�- �+���M �B�M�/�m�+�2 ���M �2�M�2�`�;�v �H�2�p�2�H �Q�7Ev �Y�y�X�d�y �2�o�X �*�Q�M�b�2�[�m�2�M�i�H�v�- �r�2
���i�i�`�B�#�m�i�2 �i�?�2 �"�a�B+ �a�B�* �+�Q�K�T�H�2�t ���M�/ �"�* �Y�*�a�B�i�Q �i�?�2�. �@�+�2�M�i�2�` ���M�/ �i�?�2D � �@�+�2�M�i�2�`�-
�`�2�b�T�2�+�i�B�p�2�H�v�X �J�2���M�r�?�B�H�2�- �r�2 ���H�b�Q �+�Q�M�b�B�/�2�` �i�?�2D � �@�+�2�M�i�2�` �i�Q �#�2 �2�[�m�B�p���H�2�M�i �r�B�i�? �i�?�2
�T�`�2�p�B�Q�m�b�H�v �K�2�M�i�B�Q�M�2�/D 0�@�+�2�M�i�2�` �/�2�i�2�+�i�2�/ �#�v�S�G�@�1�S�_�K�2�i�?�Q�/�(�d�y�)�X �h�?�2�`�2 ���`�2 �i�?�`�2�2
�+�?���`���+�i�2�`�B�b�i�B�+�b �Q�7 �i�?�2D � �@�+�2�M�i�2�` �i�?���i ���`�2 �[�m�B�i�2 �b�B�K�B�H���` �i�Q �i�?�Q�b�2 �Q�7 �i�?�2D 0�@�+�2�M�i�2�`�X �6�B�`�b�i�-
D � �@�+�2�M�i�2�` �B�b �+�Q�`�`�2�H���i�2�/ �i�Q �i�?�2�S�G�2�K�B�b�b�B�Q�M �r�B�i�? �H�Q�r�2�` �T�?�Q�i�Q�M �2�M�2�`�;�B�2�b �+�Q�K�T���`�2�/ �i�Q
�. �@�+�2�M�i�2�`�X �a�2�+�Q�M�/�- �B�i �B�b �#�2�H�B�2�p�2�/ �i�?���i �i�?�2 �H�m�K�B�M�2�b�+�2�M�+�2 �`�2�;�B�K�2 ���b�b�Q�+�B���i�2�/ �r�B�i�?D � �@
�+�2�M�i�2�` �B�b �b�B�i�2�@�/�2�T�2�M�/�2�M�i�- ���b �i�?�2 �H�B�M�2 �b�?���T�2�b �Q�7 �i�?�2�S�G�b�T�2�+�i�`�� �/�Q�K�B�M���i�2�/ �#�vD � �@�+�2�M�i�2�`
�`�2�H���i�2�/�.���S �`�2�+�Q�K�#�B�M���i�B�Q�M �T�`�Q�+�2�b�b ���`�2 �H�2�b�b �b�K�Q�Q�i�?�X �h�?�B�`�/�- �B�i �B�b �`�2�T�Q�`�i�2�/�(�d�y�) �i�?���i
�i�?�2D 0�@�+�2�M�i�2�` ���H�b�Q �?���b ���t�B���H �b�v�K�K�2�i�`�v ���H�Q�M�;�+�@���t�B�b �D�m�b�i �H�B�F�2 �i�?�2D � �@�+�2�M�i�2�` �/�Q�2�b�X �h�?�2
�T�`�Q�T�Q�b�2�/ �H���i�i�B�+�2 �;�2�Q�K�2�i�`�B�2�b �Q�7 �i�?�2D � �@�+�2�M�i�2�` �?���p�2 �#�2�2�M �b�?�Q�r�M �B�M �U���V �Q�7 �6�B�;�X�9�X�N�- �r�?�2�`�2
�i�?�2 �`�2�H���i�2�/ �+�Q�K�T�H�2�t �+�Q�m�H�/ �b�i���v �Q�M �2�B�i�?�2�` �?�2�t���;�Q�M���H �U�?�V �Q�` �+�m�#�B�+ �b�B�i�2�b �Uk1 �Q�k̀2�V �B�M �e�>�@
�a�B�*�X �G�B�F�2�r�B�b�2�- �i�?�2 �T�Q�b�b�B�#�H�2 �H���i�i�B�+�2 �;�2�Q�K�2�i�`�B�2�b �Q�7 �i�?�2�. �@�+�2�M�i�2�` �B�M �e�>�@�a�B�* ���`�2 �T�`�2�b�2�M�i�2�/
�B�M �U�#�V �Q�7 �6�B�;�X�9�X�N�- �r�?�2�`�2 �i�?�2 �`�2�H���i�2�/ �+�Q�K�T�H�2�t �+���M �b�i���v �Q�M �2�B�i�?�2�` �Q�7 �i�?�2 �+�m�#�B�+ �b�B�i�2�b �Uk1�-
k2�V �B�M �e�>�@�a�B�*�X �A�M ���/�/�B�i�B�Q�M�- �i�?�2 �7���+�i �i�?���i �i�?�2 �T�`�2�/�B�+�i�2�/ �2�M�2�`�;�v �H�2�p�2�H �Q�7 �i�?�2D � �@�+�2�M�i�2�`
�#�2�B�M�; �?�B�;�?�2�` �i�?���M �i�?���i �Q�7 �i�?�2�. �@�+�2�M�i�2�` ���H�b�Q ���;�`�2�2�b �r�2�H�H �r�B�i�? �i�?�2 �T�`�2�p�B�Q�m�b �i�?�2�Q�`�v�(�d�8��
�d�d�) �Q�M �i�?�2 �H���i�i�B�+�2 �b�i�`�m�+�i�m�`�2 �Q�7 �a�B�*�- �r�?�2�`�2 �i�?�2 ���+�+�2�T�i�Q�` �H�2�p�2�H �r�B�i�? �B�i�b �H���i�i�B�+�2 �;�2�Q�K�2�i�`�v
���b�b�Q�+�B���i�2�/ �r�B�i�? �"�* �b�?�Q�m�H�/ �#�2 �/�2�2�T�2�` �+�Q�K�T���`�2�/ �i�Q �i�?�2 �H���i�i�B�+�2 �;�2�Q�K�2�i�`�v �B�M�+�H�m�/�B�M�; �"�a�B�X

�h�?�2 �i�2�K�T�2�`���i�m�`�2�@�/�2�T�2�M�/�2�M�i �T�2���F�S�G�B�M�i�2�M�b�B�i�B�2�b �Q�7 �2���+�?�7�@�a�B�*�b���K�T�H�2�b ���`�2 �b�?�Q�r�M �B�M
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�6�B�;�m�`�2 �9�X�N�,�G���i�i�B�+�2 �b�i�`�m�+�i�m�`�2 �Q�7�, �U���V �i�?�2D � �@�+�2�M�i�2�` �UEv �Y�y�X�d�y �2�o�V�- �r�?�B�+�? �B�b ���b�b�Q�+�B�@
���i�2�/ �r�B�i�? �� �*�@�b�m�#�H���i�i�B�+�2 �Q�+�+�m�T�B�2�/ �#�v �#�Q�`�Q�M �U�"�* �V �M�2�t�i �i�Q �� �+���`�#�Q�M ���M�i�B�b�B�i�2 �U�*�a�B�V �Q�M
�2�B�i�?�2�` �+�m�#�B�+ �Q�` �?�2�t���;�Q�M���H �b�B�i�2�c �U�#�V �i�?�2�. �@�+�2�M�i�2�` �UEv �Y�y�X�8�j �2�o�V�- �r�?�B�+�? �B�b ���b�b�Q�+�B���i�2�/
�r�B�i�? �� �a�B�@�b�m�#�H���i�i�B�+�2 �Q�+�+�m�T�B�2�/ �#�v �#�Q�`�Q�M �U�"�a�B�V �M�2�t�i �i�Q �� �b�B�H�B�+�Q�M ���M�i�B�b�B�i�2 �U�a�B�* �V �Q�M �2�B�i�?�2�`
k1 �Q�k̀2 �U�+�m�#�B�+�V �b�B�i�2�c �1�B�i�?�2�` �Q�7 �i�?�2 �T�`�2�b�2�M�i�2�/ �K�Q�H�2�+�m�H���` �K�Q�/�2�H�b �Q�7 �e�>�@�a�B�* �+�Q�M�i���B�M�b
�k� �j �m�M�B�i �+�2�H�H�b�X �L�@���i�Q�K�b �r�?�B�+�? �`�2�T�H���+�2 �i�?�2 �*�@���i�Q�K�b �Q�M ���H�H �+�m�#�B�+ ���M�/ �?�2�t���;�Q�M���H �b�B�i�2�b
���`�2 ���H�b�Q �K���`�F�2�/�X �h�?�2 �b�i�`�m�+�i�m�`�2�b ���`�2 �T�`�2�b�2�M�i�2�/ �B�M �i�?�2(11�20) �T�H���M�2�X

�i�?�2 �B�M�b�2�i�b �Q�7 �6�B�;�X�9�X�d���M�/�9�X�3�- �r�?�2�`�2 �B�i �B�b �Q�#�p�B�Q�m�b �i�Q �}�M�/ �i�?���i �i�?�2 ���#�b�Q�H�m�i�2�S�G�B�M�i�2�M�b�B�i�B�2�b
�Q�7 �#�Q�i�?�T�@�i�v�T�2 �b���K�T�H�2�b �U�a�S�@�k�f�j�V �/�2�+�`�2���b�2 �r�B�i�? �B�M�+�`�2���b�B�M�; �i�2�K�T�2�`���i�m�`�2�X �J�2���M�r�?�B�H�2�-
�m�T �i�B�H �R�N�y �E�- �i�?�2 �T�2���F�S�G�B�M�i�2�M�b�B�i�v �Q�7 �i�?�2 �b�i�`�Q�M�;�M�@�i�v�T�2 �b���K�T�H�2 �a�L�@�R �/�`�Q�T�b �i�Q ���H�K�Q�b�i
�?���H�7 �Q�7 �B�i�b �Q�`�B�;�B�M���H �p���H�m�2 �U���i �d�8 �E�V �i�?�2�M �B�M�+�`�2���b�2�b �+�Q�M�i�B�M�m�Q�m�b�H�v ���i �i�2�K�T�2�`���i�m�`�2�b �?�B�;�?�2�`
�i�?���M �R�N�y �E�X �A�i �B�b �+�Q�M�b�B�/�2�`�2�/ �i�?���i ���M �2�t�i�`�� �?�Q�H�2�@�i�`���T �r�?�B�+�? �B�K�T�2�/�2�b �i�?�2D � �@�+�2�M�i�2�`
�`�2�H���i�2�/�.���S �`�2�+�Q�K�#�B�M���i�B�Q�M �B�b �`�2�b�T�Q�M�b�B�#�H�2 �7�Q�` �i�?�2 �+�Q�M�b�B�b�i�2�M�i �i�`�2�M�/�b �r�?�2�`�2 �i�?�2�S�G
�B�M�i�2�M�b�B�i�v �F�2�2�T�b �/�`�Q�T�T�B�M�; �r�B�i�?�B�M �d�8 �E �m�T �i�Q �R�N�y �E �7�Q�` ���H�H �i�?�`�2�2 �b���K�T�H�2�b�X �h�?�2 �>�a�k
�+�2�M�i�2�` �r�B�i�? �i�?�2 �2�M�2�`�;�v �H�2�p�2�H �Q�7Ev �Y�y�X�e�j �2�o�(�d�3�) �B�b �� �T�`�Q�#���#�H�2 �+���M�/�B�/���i�2 �Q�7 �i�?�B�b �?�Q�H�2�@
�i�`���T�X �a�B�M�+�2 �i�?�2 �7�Q�`�K���i�B�Q�M �Q�7 �>�a�k �Q�M�H�v �`�2�[�m�B�`�2�b �+���`�#�Q�M �/�B�b�T�H���+�2�K�2�M�i �r�?�B�+�? �K�2���M�b �i�?�2
�`�2�H���i�2�/ �7�Q�`�K���i�B�Q�M �2�M�2�`�;�v �B�b �[�m�B�i�2 �H�Q�r�- �>�a�k �B�b �#�2�H�B�2�p�2�/ �i�Q �#�2 �i�?�2 �/�Q�K�B�M���i�2 �?�Q�H�2�@�i�`���T
�B�M �a�B�*�(�d�N�)�X �A�M ���/�/�B�i�B�Q�M�- �`�2�b�2���`�+�?�2�`�b�(�3�y�) �?���b �Q�#�b�2�`�p�2�/ �i�?���i �B�M �9�>�@�a�B�* �i�?�2 �/�2�M�b�B�i�v �Q�7
�i�?�2 �>�a�k �+�2�M�i�2�` �b�i���`�i�b �i�Q �/�2�+�`�2���b�2 �#�v ���T�T�H�v�B�M�; �?�B�;�? �2�M�2�`�;�v �2�H�2�+�i�`�Q�M �B�`�`���/�B���i�B�Q�M �U�=�R�d�y
�F�2�o�V�- �i�?�B�b �B�M�/�B�+���i�2�b �>�a�k �B�b �� �p���+���M�+�v�@�B�M�i�2�`�b�i�B�i�B���H �T���B�`�-�B�X�2�X�- �� �6�`�2�M�F�2�H �T���B�`�X �6�Q�` �i�?�2
�H���i�i�B�+�2 �;�2�Q�K�2�i�`�v �Q�7 �>�a�k �r�?�B�+�? �b�?�Q�m�H�/ �#�2 �`�2�H���i�2�/ �i�Q �� �+���`�#�Q�M �B�M�i�2�`�b�i�B�i�B���H �b�i�`�m�+�i�m�`�2�-



4.2 Identification of double �/ -center in 6H f-SiC 55

�B�i �B�b �K�Q�b�i �H�B�F�2�H�v �i�Q �#�2 �i�?�2 �a�B�@�* �Q�` �*�@�* �/�m�K�#�#�2�H�H�@�H�B�F�2 ���i�Q�K�b �T���B�` �U���H�b�Q �+���H�H�2�/ �b�T�H�B�i
�B�M�i�2�`�b�i�B�i�B���H�V �r�?�B�+�? �B�b ���H�B�;�M�2�/ ���H�Q�M�;h100i �/�B�`�2�+�i�B�Q�M �Q�M �i�?�2 �+���`�#�Q�M �b�B�i�2�-�B�X�2�X�- �*�b�Th100i

�Q�` �*�b�T�a�Bh100i �U�ö�a�S�ö �`�2�7�2�`�b �i�Q �b�T�H�B�i�V�- �`�2�b�T�2�+�i�B�p�2�H�v�X �A�i �B�b �r�Q�`�i�?�v �i�Q �K�2�M�i�B�Q�M �i�?���i �b�B�M�+�2
�* �b�Th100i ���M�/ �*�b�T�a�Bh100i �`�2�[�m�B�`�2 �i�?�2 �H�Q�r�2�b�i �7�Q�`�K���i�B�Q�M �2�M�2�`�;�B�2�b �`�2�;���`�/�H�2�b�b �Q�7 �i�?�2 �/�Q�T�B�M�;
�i�v�T�2�(�3�R�)�- �i�?�2�v ���`�2 �i�?�2 �/�Q�K�B�M���M�i �+���`�#�Q�M �B�M�i�2�`�b�i�B�i�B���H�b �B�M �a�B�*�X �P�M�2 �Q�7 �i�?�2 �b�m�;�;�2�b�i�2�/
�H���i�i�B�+�2 �;�2�Q�K�2�i�`�v �Q�7 �>�a�k �+�2�M�i�2�`�-�B�X�2�X�- �r�B�i�? �*�b�Th100i �Y�o�* �+�Q�K�T�H�2�t�- �B�b �b�?�Q�r�M �B�M �6�B�;�X�9�X�R�y�-
�r�?�2�`�2 ���M�Q�i�?�2�` �T�Q�b�b�B�#�H�2 �;�2�Q�K�2�i�`�v �`�2�H���i�2�/ �i�Q �>�a�k �U�*�b�T�a�Bh100i �Y�o�* �V �+���M �#�2 �Q�#�i���B�M�2�/ �#�v
�`�2�T�H���+�B�M�; �i�?�2 �B�M�i�2�`�b�i�B�i�B���H �+���`�#�Q�M �*�A�r�B�i�? �i�?�2 �B�M�i�2�`�b�i�B�i�B���H �b�B�H�B�+�Q�M �a�B�A�X �J�Q�`�2�Q�p�2�`�- �T�`�2�p�B�Q�m�b
�.�G�h�a�K�2���b�m�`�2�K�2�M�i �`�2�b�m�H�i�b �Q�M �a�B�*�(�d�N�) �?���p�2 �b�?�Q�r�M �i�?���i �i�?�2 �b�B�;�M���H �`�2�T�`�2�b�2�M�i�B�M�; �i�?�2
�. �@�+�2�M�i�2�` �Q�p�2�`�H���T�b �r�B�i�? �i�?���i �Q�7 �i�?�2 �>�a�k �+�2�M�i�2�`�- �B�M�/�B�+���i�B�M�; �i�?���i �>�a�k �+�2�M�i�2�` �B�b �p�2�`�v
�H�B�F�2�H�v �i�Q �T���`�i�B�+�B�T���i�2 �B�M �i�?�2 �/�Q�m�#�H�2�. �@�+�2�M�i�2�`�b �`�2�H���i�2�/�.���S �`�2�+�Q�K�#�B�M���i�B�Q�M�X

�6�B�;�m�`�2 �9�X�R�y�,�G���i�i�B�+�2 �;�2�Q�K�2�i�`�v �Q�7 �i�?�2 �?�Q�H�2�@�i�`���T �>�a�k �UEv �Y�y�X�e�j �2�o�V�- �r�?�B�+�? �+�Q�M�b�B�b�i�b �Q�7
�� �+���`�#�Q�M �b�T�H�B�i �B�M�i�2�`�b�i�B�i�B���H �*�b�Th100i �i�Q�;�2�i�?�2�` �r�B�i�? �+���`�#�Q�M �p���+���M�+�v �U�o�* �V�X �h�?�2 �T�`�2�b�2�M�i�2�/
�K�Q�H�2�+�m�H���` �K�Q�/�2�H �Q�7 �e�>�@�a�B�* �+�Q�M�i���B�M�b �k� �k �m�M�B�i �+�2�H�H�b�X �� �m�M�B�i �+�2�H�H �Q�7 �e�>�@�a�B�* �+�`�v�b�i���H�H�B�M�2
�B�b �K���`�F�2�/ �Q�m�i ���b�b�Q�+�B���i�2�/ �r�B�i�? �i�?�2 �+�Q�`�`�2�b�T�Q�M�/�B�M�; �b�i���+�F�B�M�; �b�2�[�m�2�M�+�2�X �h�?�2 �b�i�`�m�+�i�m�`�2 �B�b
�T�`�2�b�2�M�i�2�/ �B�M �i�?�2(11�20) �T�H���M�2�X

�L�Q�i�2 �i�?���i �B�i �B�b ���H�b�Q �T�Q�b�b�B�#�H�2 �7�Q�` �e�>�7�@�a�B�*�i�Q �7�Q�`�K �i�?�2 �i�?�2 �H���i�i�B�+�2 �b�i�`�m�+�i�m�`�2�b �Q�7 �#�Q�i�?
�. �@�+�2�M�i�2�` ���M�/D � �@�+�2�M�i�2�` �/�m�`�B�M�; �i�?�2 �b�m�#�H�B�K���i�B�Q�M �;�`�Q�r�i�?�X �h�Q �#�2 �T�`�2�+�B�b�2�- �B�i �B�b �2�t�T�2�+�i�2�/
�i�?���i �L�@���i�Q�K�b ���M�/ �"�@���i�Q�K�b �r�Q�m�H�/ �+�Q�K�T�2�i�2 �7�Q�` �i�?�2 �*�@�b�B�i�2 �/�m�`�B�M�; �i�?�2 �+�`�v�b�i���H �;�`�Q�r�i�?�-
���b �i�?�2 �*�@�b�B�i�2 �B�b �T�`�2�7�2�`�`�2�/ �#�v �i�?�2 �L�@�/�Q�T���M�i �Q�M �i�?�2 �a�B�@�7���+�2 �Q�7 �i�?�2 �2�T�B�H���v�2�` ���M�/ �+�Q�m�H�/
�#�2 �Q�+�+�m�T�B�2�/ �#�v �i�?�2 �"�@�/�Q�T���M�i ���b �r�2�H�H�- �r�?�2�`�2 �i�?�2 �"�@�/�Q�T���M�i �+���M �Q�+�+�m�T�v �a�B�@�b�B�i�2�(�3�k�) �B�M
�i�?�2 �K�2���M�i�B�K�2�X �>�2�M�+�2 �i�?�2 �H���i�i�B�+�2 �;�2�Q�K�2�i�`�v �Q�7 �"�a�B�- �r�?�B�+�? �B�b �Q�M�2 �Q�7 �i�?�2 �+�Q�K�T�Q�M�2�M�i�b �Q�7
�i�?�2�. �@�+�2�M�i�2�` �+�Q�K�T�H�2�t�- �B�b �K�Q�`�2 �T�`�Q�#���#�H�2 �i�Q �#�2 �7�Q�`�K�2�/ �r�B�i�? �?�B�;�?�2�` �+�Q�M�+�2�M�i�`���i�B�Q�M �Q�7
�L�@�/�Q�T���M�i�X �A�M ���/�/�B�i�B�Q�M�- �i�?�2 �i�v�T�B�+���H �i�2�K�T�2�`���i�m�`�2 �`���M�;�2 �7�Q�` �i�?�2 �;�`�Q�r�i�? �Q�7�7�@�a�B�*�i�?�`�Q�m�;�?
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�6�a�:�S�K�2�i�?�Q�/�-�B�X�2�X�- �R�e�y�y� �* �i�Q �k�y�y�y� �*�- �r�B�H�H �+���m�b�2 �i�?�2 �a�B�f�* �`���i�B�Q �i�Q �#�2 ���`�Q�m�M�/ �k �i�Q
�j �r�?�B�+�? �B�b �Q�#�p�B�Q�m�b�H�v �i�?�2 �a�B�@�`�B�+�? �+�Q�M�/�B�i�B�Q�M�(�e�-�3�j�)�X �P�M �i�?�2 �Q�i�?�2�` �?���M�/�- �B�i �B�b �T�`�2�/�B�+�i�2�/
�#�v���# �B�M�B�i�B�Q�+���H�+�m�H���i�B�Q�M�b�(�3�9�) �i�?���i �Q�M�2 �Q�7 �i�?�2 �+�Q�K�T�Q�M�2�M�i�b �Q�7�. �@�+�2�M�i�2�` �+�Q�K�T�H�2�t�-�B�X�2�X�-
�i�?�2 �a�B�@���M�i�B�b�B�i�2 �U�a�B�* �V�- �?���b �?�B�;�?�2�` �7�Q�`�K���i�B�Q�M �T�`�Q�#���#�B�H�B�i�v �B�M�M�@�i�v�T�2 �a�B�* �m�M�/�2�` �a�B�@�`�B�+�?
�+�Q�M�/�B�i�B�Q�M�X �h�Q �b�m�K�K���`�B�x�2�- �r�2 �T�`�Q�T�Q�b�2 �� �+�Q�M�i�`���b�i �Q�M �i�?�2 �/�2�M�b�B�i�v �Q�7 �i�?�2�. �@�+�2�M�i�2�` �Q�7
�i�?�2 �i�?�`�2�2 �b���K�T�H�2�b�, �a�S�@�R �= �a�S�@�j �= �a�S�@�k�- �r�?�B�+�? �B�b �/�2�`�B�p�2�/ �7�`�Q�K �i�?�2 �+�`�v�b�i���H �;�`�Q�r�i�?
�+�Q�M�/�B�i�B�Q�M �Q�7 �Q�m�` �e�>�7�@�a�B�*�b���K�T�H�2�b �b�?�Q�r�M �B�M �h���#�H�2�9�X�j�X �6�`�Q�K �i�?�2 �B�M�b�2�i�b �Q�7 �6�B�;�X�9�X�d
���M�/�9�X�3�- �r�2 �+���M �b�2�2 �i�?���i �i�?�2�S�G�B�M�i�2�M�b�B�i�v �Q�7 �a�L�@�R �b�?�Q�r�b �b�m�b�i���B�M���#�H�2 �;�`�Q�r�i�? ���7�i�2�`
�R�N�y �E �r�B�i�? �i�?�2 �#�Q�Q�b�i�B�M�; �Q�7�. �@�+�2�M�i�2�` �`�2�H���i�2�/�.���S �`�2�+�Q�K�#�B�M���i�B�Q�M�X �A�M ���/�/�B�i�B�Q�M�- �i�?�2
�i�2�K�T�2�`���i�m�`�2 �r�?�2�`�2 �i�?�2�S�G�B�M�i�2�M�b�B�i�B�2�b �Q�7 �a�S�@�k �#�2�B�M�; �`�2�/�m�+�2�/ �i�Q ���K�#�B�2�M�i �M�Q�B�b�2 �H�2�p�2�H
�U�R�N�8 �E�V �B�b �H�Q�r�2�` �+�Q�K�T���`�2�/ �i�Q �i�?�2 �b�B�i�m���i�B�Q�M �Q�7 �a�S�@�j �U�k�8�8 �E�V�- �r�?�B�+�? �B�b �#�2�+���m�b�2 �Q�7
�i�?�2 �r�2���F�2�`�. �@�+�2�M�i�2�` �`�2�H���i�2�/ �H�m�K�B�M�2�b�+�2�M�+�2 �B�M �a�S�@�k �+�Q�K�T���`�2�/ �i�Q �a�S�@�j�X �h�?�2�`�2�7�Q�`�2 �B�i �B�b
�+�`�m�+�B���H �i�?���i �� �[�m�B�i�2 �/�B�z�2�`�2�M�+�2 �#�2�i�r�2�2�M �i�?�2 �+�Q�M�+�2�M�i�`���i�B�Q�M�b �Q�7 �i�?�2 �L�@�/�Q�T���M�i ���M�/ �i�?�2
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�T�`�2�/�B�+�i�2�/�(�3�e�) �i�?���i �/�m�`�B�M�; �i�?�2 �;�`�Q�r�i�? �Q�7�T�@�i�v�T�2 �9�>�@�a�B�* �r�B�i�?�B�M �R�9�y�y� �* ���M�/ �R�3�y�y� �*�-
�i�?�2 �"�@���i�Q�K�b ���`�2 �B�M�+�H�B�M�2�/ �i�Q�r���`�/�b �Q�+�+�m�T�v�B�M�; �*�@�b�m�#�H���i�i�B�+�2 �U�"�* �V �`���i�?�2�` �i�?���M �Q�+�+�m�T�v�B�M�;
�a�B�@�b�m�#�H���i�i�B�+�2 �U�"�a�B�V�X �h�?�2�`�2�7�Q�`�2 �B�i �B�b �`�2���b�Q�M���#�H�2 �i�Q �/�2�/�m�+�2 �i�?���i �B�i �B�b �p�2�`�v �H�B�F�2�H�v �i�Q �7�Q�`�K
�� �+�Q�M�b�B�/�2�`���#�H�2 ���K�Q�m�M�i �Q�7 �i�?�2D � �@�+�2�M�i�2�` �`�2�H���i�2�/ �+�Q�K�T�H�2�t �U�"�* �Y�*�a�B�V �B�M �2�B�i�?�2�`�7�@�a�B�*
�b���K�T�H�2�b�X �h�?�2 �`�2�H���i�2�/ �2�p�B�/�2�M�+�2�b �+���M �#�2 �7�Q�m�M�/ �B�M �i�?�2 �B�M�b�2�i�b �Q�7 �6�B�;�X�9�X�d���M�/�9�X�3�- �r�?�2�`�2
�i�?�2 �b�i�`�Q�M�; �H�m�K�B�M�2�b�+�2�M�+�2 �`�2�;���`�/�B�M�; �i�?�2D � �@�+�2�M�i�2�` �/�Q�K�B�M���i�2�/�.���S �`�2�+�Q�K�#�B�M���i�B�Q�M �+���M
�#�2 �7�Q�m�M�/ �B�M ���H�H �i�?�`�2�2�7�@�a�B�*�b���K�T�H�2�b�X

4.2.3 HS2-involved two-step thermal ionization
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�H�m�K�B�M�2�b�+�2�M�+�2 �B�M�i�2�M�b�B�i�v �r�B�H�H �#�2 �r�2���F�2�M�2�/ ���+�+�Q�`�/�B�M�;�H�v�X �P�M�2 �Q�7 �i�?�2 �;�`�2�2�M �/���b�?�2�/ ���`�`�Q�r
�r�?�B�+�? �T�Q�B�M�i�b �i�Q �i�?�2 �2�M�2�`�;�v �H�2�p�2�H �Q�7 �>�a�k �+�2�M�i�2�` �B�M �6�B�;�X�9�X�R�k�?���b �b�?�Q�r�M �i�?�2 ���7�Q�`�2�K�2�M�@
�i�B�Q�M�2�/ �i�?�2�`�K���H �T�`�Q�+�2�b�b�X �J�Q�`�2�Q�p�2�`�- �7�Q�` �b���K�T�H�2 �a�L�@�R�- �B�i �B�b �Q�#�b�2�`�p�2�/ �i�?���i �i�?�2 �B�M�+�`�2���b�B�M�;
�i�2�M�/�2�M�+�v �`�2�;���`�/�B�M�; �i�?�2�. �@�+�2�M�i�2�` �`�2�H���i�2�/ �H�m�K�B�M�2�b�+�2�M�+�2 �r�B�i�?�B�M �i�?�2 �;�`�2�2�M�@�#�H�m�2 �2�K�B�b�b�B�Q�M
�`�2�;�B�Q�M �?���b �+���m�b�2�/ �i�?�2 �2�K�B�b�b�B�Q�M ���i �i�?�2 �H�Q�r �2�M�2�`�;�v �~���M�F �i�Q �b�i�Q�T �/�2�+�`�2���b�B�M�;�X �>�2�`�2�- ���b
�i�?�2 �i�2�K�T�2�`���i�m�`�2 �F�2�2�T�b �B�M�+�`�2���b�B�M�;�- �� �7�m�`�i�?�2�` �i�?�2�`�K���H ���+�i�B�p���i�B�Q�M �B�b �2�t�T�2�+�i�2�/ �r�?�2�`�2 �M�Q�r
�i�?�2 �M�Q�M�@�2�[�m�B�H�B�#�`�B�m�K �?�Q�H�2�b �i�`���T�T�2�/ ���i �i�?�2 �>�a�k �+�2�M�i�2�` �;�2�i �i�?�2 �+�?���M�+�2 �i�Q �#�2 �+���T�i�m�`�2�/ �#�v
�i�?�2�. �@�+�2�M�i�2�`�X ���M�Q�i�?�2�` �/���b�?�2�/ �;�`�2�2�M ���`�`�Q�r �T�Q�B�M�i�B�M�; �i�Q �i�?�2 �2�M�2�`�;�v �H�2�p�2�H �Q�7�. �@�+�2�M�i�2�` ���b
�/�2�T�B�+�i�2�/ �B�M �6�B�;�X�9�X�R�k�?���b �B�M�/�B�+���i�2�/ �i�?�2�. �@�+�2�M�i�2�` �`�2�H���i�2�/ �i�?�2�`�K���H ���+�i�B�p���i�B�Q�M �T�`�Q�+�2�b�b�X �A�i
�B�b �`�2���b�Q�M���#�H�2 �i�Q �/�2�/�m�+�2 �i�?���i �i�?�2 �i�`���T�T�2�/ �?�Q�H�2�b �;�2�i �?�B�;�?�2�` �+�?���M�+�2 �i�Q �#�2 �i�?�2�`�K���H�H�v ���+�i�B�@
�p���i�2�/ �i�Q �i�?�2�. �@�+�2�M�i�2�`�b �B�7 �i�?�2 �/�2�M�b�B�i�v �Q�7 �i�?�2�. �@�+�2�M�i�2�` �B�b �?�B�;�?�2�`�X ���b �r�2 �?���p�2 �+�Q�M�+�H�m�/�2�/
�i�?���i �K�Q�`�2�. �@�+�2�M�i�2�`�b �?���p�2 �#�2�2�M �7�Q�`�K�2�/ �B�M �a�L�@�R �/�m�`�B�M�; �i�?�2 �+�`�v�b�i���H �;�`�Q�r�i�? �+�Q�K�T���`�2�/
�i�Q �i�?�2 �Q�i�?�2�` �i�r�Q�T�@�i�v�T�2�7�@�a�B�*�- �i�?�B�b �+�Q�m�H�/ �2�t�T�H���B�M �r�?�v �i�?�2 �/�Q�K�B�M���i�B�M�; �H�m�K�B�M�2�b�+�2�M�+�2 ���i
�_�h �r�?�B�+�? �B�b �T�Q�r�2�`�2�/ �#�v �i�?�2�. �@�+�2�M�i�2�` �`�2�H���i�2�/�.���S �`�2�+�Q�K�#�B�M���i�B�Q�M�- �B�b �K�m�+�? �b�i�`�Q�M�;�2�`
�B�M �a�L�@�R �i�?���M �B�M �i�?�2 �Q�i�?�2�` �i�r�Q�T�@�i�v�T�2 �b���K�T�H�2�b�X

�A�M �Q�`�/�2�` �i�Q �?���p�2 �� �+�H�2���` �T�B�+�i�m�`�2 �`�2�;���`�/�B�M�; �i�Q �i�?�2 �2�p�Q�H�m�i�B�Q�M �Q�7 �i�?�2D � j�. �@�+�2�M�i�2�`�b
�`�2�H���i�2�/�.���S �`�2�+�Q�K�#�B�M���i�B�Q�M �T�`�Q�+�2�b�b�2�b ���z�2�+�i�2�/ �#�v �i�?�2 �>�a�k�@�B�M�p�Q�H�p�2�/ �i�r�Q�@�b�i�2�T �i�?�2�`�K���H
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�/�B�b�i�`�B�#�m�i�B�Q�M �7�m�M�+�i�B�Q�M �U�B�X�2�X�- �:���m�b�b�B���M �/�B�b�i�`�B�#�m�i�B�Q�M�V �B�b �#�2�+���m�b�2 �Q�7 �i�?�2 ���b�v�K�K�2�i�`�v �/�B�b�i�`�B�@
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�`�2�H���i�2�/ ���+�+�2�T�i�Q�`�b �K�B�;�?�i �#�2 �b�B�i�2�@�/�2�T�2�M�/�2�M�i �B�M �e�>�@�a�B�*�- �?�2�M�+�2 �i�?�2 �}�`�b�i �i�?�`�2�2 �Ui = 1=2=3�-
�`�2�7�2�`�b �i�Q �i�?�2 �M�Q�i���i�B�Q�M�b �b�?�Q�r�M �B�M �1�[�X �U�9�X�3�V�V �T�?���b�2 �b�F�2�r �M�Q�`�K���H �/�B�b�i�`�B�#�m�i�B�Q�M�b �r�2�`�2 ���T�@
�T�H�B�2�/ �7�Q�` �i�?�2�.���S �`�2�+�Q�K�#�B�M���i�B�Q�M �`�2�;���`�/�B�M�; �i�Q �i�?�2D � �@�+�2�M�i�2�`�b �Q�Mh�-k1 ���M�/k2 �b�B�i�2�b�X
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�6�B�;�m�`�2 �9�X�R�k�,���M ���M���H�v�i�B�+���H �b�F�2�i�+�? �b�?�Q�r�B�M�; �i�?�2 �2�p�Q�H�m�i�B�Q�M �Q�7 �/�Q�m�#�H�2�. �@�+�2�M�i�2�`�b �`�2�H���i�2�/
�.���S �`�2�+�Q�K�#�B�M���i�B�Q�M �/�`�B�p�2�M �#�v �>�a�k �+�2�M�i�2�` �`�2�H���i�2�/ �i�`���T�T�B�M�; ���M�/ �i�?�2�`�K���H ���+�i�B�p���i�B�Q�M �Q�7
�?�Q�H�2�b�X �h�?�2 �B�M�b�2�i �T�H�Q�i�b �i�r�Q �M�Q�`�K���H�B�x�2�/�S�G�b�T�2�+�i�`�� �Q�7 �a�L�@�R �`�2�+�Q�`�/�2�/ ���i �d�8 �E ���M�/
�k�N�y �E�- �b�2�T���`���i�2�H�v�- �r�?�2�`�2 �2���+�? �b�T�2�+�i�`�m�K �T�Q�B�M�i�b �i�Q �i�?�2 �T�?�Q�i�Q �Q�7 �i�?�2 �b���K�T�H�2 �b�m�`�7���+�2
�+���T�i�m�`�2�/ ���i �i�?�2 �`�2�b�T�2�+�i�B�p�2 �i�2�K�T�2�`���i�m�`�2 �/�m�`�B�M�; �i�?�2�S�G�2�t�+�B�i���i�B�Q�M�X �h�?�2 �i�r�Q �;�`�2�2�M
�/���b�?�2�/ ���`�`�Q�r�b �B�M�/�B�+���i�2 �i�?�2 �i�?�2�`�K���H �B�Q�M�B�x���i�B�Q�M �T�`�Q�+�2�b�b�2�b �Q�7 �i�?�2 �M�Q�M�@�2�[�m�B�H�B�#�`�B�m�K �?�Q�H�2�b
���i �2�H�2�p���i�2�/ �i�2�K�T�2�`���i�m�`�2�b�X

�A�M ���/�/�B�i�B�Q�M�- �i�?�2 ���K�T�H�B�i�m�/�2 �`���i�B�Q�b �#�2�i�r�2�2�MA1�-A2 ���M�/A3 �r�2�`�2 �F�2�T�i �}�t�2�/ �/�m�`�B�M�; �i�?�2
�S�G�b�T�2�+�i�`�� �}�i�i�B�M�; �7�Q�` �2���+�? �b���K�T�H�2 �i�Q �2�M�b�m�`�2 �i�?�2 �H�B�M�2 �b�?���T�2�b �Q�7 �i�?�2D � �@�+�2�M�i�2�` �`�2�H���i�2�/
�H�m�K�B�M�2�b�+�2�M�+�2 �b�T�2�+�i�`�� �F�2�2�T �m�M�+�?���M�;�2�/�X ���+�+�Q�`�/�B�M�; �i�Q �i�?�2 �i�2�K�T�2�`���i�m�`�2�@�/�2�T�2�M�/�2�M�i �H�m�@
�K�B�M�2�b�+�2�M�+�2 �Q�`�B�;�B�M���i�2�/ �7�`�Q�K �i�?�2�. �@�+�2�M�i�2�` �`�2�H���i�2�/�.���S �`�2�+�Q�K�#�B�M���i�B�Q�M�- �� �b�B�M�;�H�2 �T�?���b�2
�U�i�?�2 �7�Q�m�`�i�?�-�B�X�2�X�-i = 4 �V �b�F�2�r �M�Q�`�K���H �/�B�b�i�`�B�#�m�i�B�Q�M �r���b ���T�T�H�B�2�/�X ���b �b�?�Q�r�M �B�M �i�?�2 �B�M�b�2�i
�Q�7 �6�B�;�X�9�X�R�k�- �i�?�2�S�G�b�T�2�+�i�`�m�K ���i �k�N�y �E �`�2�T�`�2�b�2�M�i�B�M�; �i�?�2�. �@�+�2�M�i�2�` �/�Q�K�B�M���i�2�/�.���S
�`�2�+�Q�K�#�B�M���i�B�Q�M �`�2�;�B�K�2 �+���M �#�2 �i�`�2���i�2�/ ���b �� �T�2�`�7�2�+�i �b�B�M�;�H�2 �b�F�2�r �M�Q�`�K���H �/�B�b�i�`�B�#�m�i�B�Q�M
�+�m�`�p�2�X
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�h�?�2 �`�2�b�m�H�i�b �Q�7 �i�?�2 �M�m�K�2�`�B�+���H �}�i�i�B�M�; �Q�7 �i�?�2 �M�Q�`�K���H�B�x�2�/�S�G�b�T�2�+�i�`�� �m�b�B�M�; �7�Q�m�`�@�T�?���b�2
�b�F�2�r �M�Q�`�K���H �/�B�b�i�`�B�#�m�i�B�Q�M�b �7�m�M�+�i�B�Q�M ���`�2 �b�?�Q�r�M �B�M �6�B�;�X�9�X�R�j�f�9�X�R�9�7�Q�` �a�S�@�k�f�j�- �`�2�b�T�2�+�@
�i�B�p�2�H�v�- ���M�/ �i�?�2 �`�2�b�m�H�i�b �`�2�H���i�2�/ �i�Q �a�L�@�R ���`�2 �b�m�K�K���`�B�x�2�/ �B�M �6�B�;�X�9�X�R�8�X �6�Q�` �i�?�2�S�G�}�i�i�B�M�;
�Q�7 �a�S�@�k �b�?�Q�r�M �B�M �6�B�;�X�9�X�R�j�- �r�2 �+���M �b�2�2 �i�?���i �i�?�2 �`�2�H���i�B�p�2 �B�M�i�2�M�b�B�i�v �Q�7 �i�?�2�. �@�+�2�M�i�2�`
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�6�B�;�m�`�2 �9�X�R�j�,�6�Q�m�`�@�T�?���b�2 �b�F�2�r �M�Q�`�K���H �/�B�b�i�`�B�#�m�i�B�Q�M�b �}�i�i�B�M�; �Q�7 �i�?�2 �M�Q�`�K���H�B�x�2�/
�i�2�K�T�2�`���i�m�`�2�@�/�2�T�2�M�/�2�M�i�S�G�b�T�2�+�i�`�� �Q�7 �a�S�@�k�X

�`�2�H���i�2�/ �H�m�K�B�M�2�b�+�2�M�+�2 �F�2�2�T�b �B�M�+�`�2���b�B�M�; �m�M�i�B�H �R�k�y �E�X �>�Q�r�2�p�2�`�- �i�?�2D � j�. �@�+�2�M�i�2�` �`�2�H���i�2�/
�T�`�Q�+�2�b�b�2�b �K���F�2 �M�Q �/�B�b�i�B�M�+�i �/�B�z�2�`�2�M�+�2�b ���7�i�2�` �R�k�y �E�X �P�M �i�?�2 �Q�i�?�2�` �?���M�/�- �B�i �B�b ���T�T���`�@
�2�M�i �i�Q �b�2�2 �i�?���i �i�?�2 �`�2�H���i�B�p�2 �B�M�i�2�M�b�B�i�B�2�b �Q�7 �i�?�2�. �@�+�2�M�i�2�`�b �`�2�H���i�2�/ �H�m�K�B�M�2�b�+�2�M�+�2 �B�M �a�S�@�j
���M�/ �a�L�@�R �?���p�2 �2�t�+�2�2�/�2�/ �i�?�Q�b�2 �Q�7 �i�?�2 �H�m�K�B�M�2�b�+�2�M�+�2 ���b�b�Q�+�B���i�2�/ �r�B�i�? �i�?�2D � �@�+�2�M�i�2�` ���b
�b�?�Q�r�M �B�M �6�B�;�X�9�X�R�9�7�Q�` �a�S�@�j ���M�/ �6�B�;�X�9�X�R�8�7�Q�` �a�L�@�R�X �h�?�2 �`�2���b�Q�M �i�?���i �i�?�2�. �@�+�2�M�i�2�`�b
�`�2�H���i�2�/�.���S �`�2�;�B�K�2 �b�i�B�H�H �+���M�M�Q�i �#�2�+�Q�K�2 �/�Q�K�B�M���i�2�/ �B�M �a�S�@�k �B�b �#�2�+���m�b�2 �Q�7 �i�?�2 �H�2�b�b
�. �@�+�2�M�i�2�` �/�2�M�b�B�i�v �+�Q�K�T���`�2�/ �i�Q �a�S�@�j ���M�/ �a�L�@�R ���b ���M���H�v�x�2�/ �B�M �a�m�#�b�2�+�X�9�X�k�X�k�X �.�m�2 �i�Q
�i�?�2 �H�B�K�B�i�2�/ �+�Q�M�+�2�M�i�`���i�B�Q�M �Q�7 �i�?�2�. �@�+�2�M�i�2�` �B�M �a�S�@�k�- �B�i�b �+���T���+�B�i�v �Q�7 �+���T�i�m�`�B�M�; �i�?�2 �M�Q�M�@
�2�[�m�B�H�B�#�`�B�m�Kh+ �2�B�i�?�2�` �/�B�`�2�+�i�H�v �7�`�Q�K �p���H�2�M�+�2 �#���M�/ �K���t�B�K�m�K �Q�` �B�M�/�B�`�2�+�i�H�v �7�`�Q�K �i�?�2
�i�?�2�`�K���H �B�Q�M�B�x���i�B�Q�M �T�`�Q�+�2�b�b �/�`�B�p�2�M �#�v �i�?�2 �>�a�k �+�2�M�i�2�` �B�b �i�?�Q�m�;�?�i �i�Q �#�2 �[�m�B�i�2 �r�2���F�X

�h�?�2 ���`�`�?�2�M�B�m�b �T�H�Q�i�b �b�?�Q�r�M �B�M �6�B�;�X�9�X�R�e�b�m�K�K���`�B�x�2 �i�?�2 �i�2�K�T�2�`���i�m�`�2�@�/�2�T�2�M�/�2�M�i
�B�M�i�2�;�`���i�2�/ �H�m�K�B�M�2�b�+�2�M�+�2 �B�M�i�2�M�b�B�i�B�2�b �Q�`�B�;�B�M���i�2�/ �7�`�Q�K �i�?�2 �i�r�Q �/�B�z�2�`�2�M�i �`�2�+�Q�K�#�B�M���i�B�Q�M
�`�2�;�B�K�2�b�X �h�?�2 �/���i�� �T�Q�B�M�i�b �T�`�2�b�2�M�i�2�/ �B�M �i�?�2 �}�;�m�`�2 �r�2�`�2 �+�Q�H�H�2�+�i�2�/ �#�v �+�Q�K�#�B�M�B�M�; �i�?�2
�B�M�7�Q�`�K���i�B�Q�M �`�2�;���`�/�B�M�; �i�Q �i�?�2 �H�B�M�2 �b�?���T�2�b ���M�/ �i�?�2 �`�2�H���i�B�p�2 ���K�T�H�B�i�m�/�2�b �Q�7 �i�?�2 �/�Q�m�#�H�2�. �@
�+�2�M�i�2�`�b �`�2�H���i�2�/ �H�m�K�B�M�2�b�+�2�M�+�2 �b�T�2�+�i�`�� �r�B�i�? �i�?�2 �K�2���b�m�`�2�/ ���#�b�Q�H�m�i�2�S�G�B�M�i�2�M�b�B�i�B�2�b �Q�7 ���H�H
�i�?�`�2�2 �b���K�T�H�2�b�X �A�i �+���M �#�2 �b�2�2�M �i�?���i ���H�i�?�Q�m�;�? �i�?�2�. �@�+�2�M�i�2�` �`�2�H���i�2�/ �T�`�Q�+�2�b�b �B�M �a�S�@�j �?���b
�#�2�+���K�2 �/�Q�K�B�M���i�2�/ ���i �2�H�2�p���i�2�/ �i�2�K�T�2�`���i�m�`�2�b�- �B�i�b ���#�b�Q�H�m�i�2 �B�M�i�2�M�b�B�i�v �B�b �b�i�B�H�H �`�2�/�m�+�B�M�;�X
�*�Q�K�T���`�2�/ �i�Q �i�?�2 �b�B�i�m���i�B�Q�M �Q�7 �a�L�@�R �b�?�Q�r�M �B�M �i�?�2 �U�+�V �Q�7 �6�B�;�X�9�X�R�e�- �B�i �B�b �b�m�;�;�2�b�i�2�/ �i�?���i
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�6�B�;�m�`�2 �9�X�R�9�,�6�Q�m�`�@�T�?���b�2 �b�F�2�r �M�Q�`�K���H �/�B�b�i�`�B�#�m�i�B�Q�M�b �}�i�i�B�M�; �Q�7 �i�?�2 �M�Q�`�K���H�B�x�2�/
�i�2�K�T�2�`���i�m�`�2�@�/�2�T�2�M�/�2�M�i�S�G�b�T�2�+�i�`�� �Q�7 �a�S�@�j�X

�H�2�b�b �/�2�M�b�B�i�v �Q�7 �i�?�2�. �@�+�2�M�i�2�` �B�M �a�S�@�j �+�Q�m�H�/ �`�2�b�m�H�i �B�M �i�?�2 �H�B�K�B�i�2�/ �+���T���+�B�i�v �Q�7 �+���T�i�m�`�B�M�;
�i�?�2 �i�?�2�`�K���H�H�v ���+�i�B�p���i�2�/h+ �7�`�Q�K �i�?�2 �>�a�k �+�2�M�i�2�`�X �_�2�;���`�/�B�M�; �i�Q �i�?�2 �/�2�2�T �H�2�p�2�H ���p���B�H���#�H�2
�7�Q�` �i�?�2 �`���/�B���i�B�p�2 �`�2�+�Q�K�#�B�M���i�B�Q�M �B�M �a�B�*�-�2�X�;�X�- �i�?�2�. �@�+�2�M�i�2�`�- �B�i�b �+���T�i�m�`�2 �T�`�Q�#���#�B�H�B�i�v �Q�7
�i�?�2 �M�Q�M�@�2�[�m�B�H�B�#�`�B�m�Kh+ �/�B�`�2�+�i�H�v �7�`�Q�K �i�?�2 �p���H�2�M�+�2 �#���M�/ �B�b �T�`�Q�T�Q�`�i�B�Q�M���H �i�QT � 1:5 �/�m�2 �i�Q
�i�?�2 �+���b�+���/�2 �+���T�i�m�`�2 �T�`�Q�+�2�b�b ���b�b�B�b�i�2�/ �#�v ���+�Q�m�b�i�B�+ �T�?�Q�M�Q�M�b�(�e�k�-�3�d�)�X �h�?�2�`�2�7�Q�`�2 �r�2 �#�2�H�B�2�p�2
�i�?���i �i�?�2 �#�Q�Q�K�B�M�; �Q�7 �i�?�2 �`���/�B���i�B�p�2 �`�2�+�Q�K�#�B�M���i�B�Q�M �B�M �a�L�@�R �B�b �#�2�+���m�b�2 �Q�7 �i�?�2 �B�M�+�`�2���b�B�M�;
�T�`�Q�#���#�B�H�B�i�v �Q�7 �+���T�i�m�`�B�M�; �i�?�2 �M�Q�M�@�2�[�m�B�H�B�#�`�B�m�Kh+ �7�`�Q�K �i�?�2 �>�a�k �+�2�M�i�2�` �`���i�?�2�` �i�?���M
�7�`�Q�K �i�?�2 �p���H�2�M�+�2 �#���M�/ �K���t�B�K�m�K�X �� �7�m�`�i�?�2�` ���b�b�m�K�T�i�B�Q�M �+�Q�m�H�/ �#�2 �i�?���i �i�?�2�. �@�+�2�M�i�2�`�ö�b
�+���T�i�m�`�2 �T�`�Q�#���#�B�H�B�i�v �Q�7 �i�?�2 �i�?�2�`�K���H�H�v ���+�i�B�p���i�2�/h+ �7�`�Q�K �i�?�2 �>�a�k �+�2�M�i�2�` �K�B�;�?�i �B�M�+�`�2���b�2
�r�B�i�? �B�i�b �B�M�+�`�2���b�B�M�; �/�2�M�b�B�i�v�X �>�Q�r�2�p�2�`�- �i�?�2 �b�v�b�i�2�K���i�B�+ �i�?�2�Q�`�2�i�B�+���H ���M�/ �2�t�T�2�`�B�K�2�M�i���H
�`�2�b�2���`�+�? �r�Q�`�F �B�b �b�i�B�H�H �M�2�2�/�2�/ �i�Q �b�i�m�/�v �i�?�2 �i�?�2�`�K���H �B�Q�M�B�x���i�B�Q�M ���M�/ �+���T�i�m�`�B�M�; �Q�7h+
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CHAPTER 5
Impact from E1=E2 centers on

photoluminescence of 6H f-SiC at
room temperature
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5.1.2 Motivation
���H�#�2�B�iE1=E2 �+�2�M�i�2�`�b ���`�2 ���H�`�2���/�v �r�B�/�2�H�v �Q�#�b�2�`�p�2�/ �#�v�.�G�h�a�Q�M ���b�@�;�`�Q�r�M ���M�/ �B�`�`���/�B���i�2�/
�e�>�@�a�B�*�(�N�y�-�N�j���N�8�-�N�3�-�R�y�9�-�R�y�8�)�- �b�Q �7���`�- �M�Q �2�t�T�2�`�B�K�2�M�i���H �i�2�+�?�M�B�[�m�2 �#���b�2�/ �Q�M�.�G�h�a�B�b
���p���B�H���#�H�2 �7�Q�` �i�?�2 �`�2�H���i�2�/ �+�?���`���+�i�2�`�B�x���i�B�Q�M �Q�M�7�@�a�B�*�X �a�B�M�+�2 �i�?�2 �7���#�`�B�+���i�B�Q�M �Q�7 �i�?�2 �K�2�i���H�@
�B�M�b�m�H���i�Q�`�@�b�2�K�B�+�Q�M�/�m�+�i�Q�` �U�J�A�a�V �b�i�`�m�+�i�m�`�2�/ �a�+�?�Q�i�i�F�v �/�B�Q�/�2 �#���b�2�/ �Q�M�7�@�a�B�*�r�B�i�? �H�Q�r
�H�2���F���;�2 �+�m�`�`�2�M�i �B�b �b�i�B�H�H �M�Q�i ���p���B�H���#�H�2 �/�m�2 �i�Q �i�?�2 �p�2�`�v �?�B�;�? �7�`�2�2 �+���`�`�B�2�` �+�Q�M�+�2�M�i�`���i�B�Q�M�(�e�R�-
�R�y�e�) �B�M�7�@�a�B�*���i �i�?�2�`�K���H �2�[�m�B�H�B�#�`�B�m�K�X �P�M �i�?�2 �Q�i�?�2�` �?���M�/�- �7�Q�` �i�?�2 �B�M�p�2�b�i�B�;���i�B�Q�M ���#�Q�m�i
�?�Q�rE1=E2 �+�Q�m�H�/ �B�M�~�m�2�M�+�2 �i�?�2�A�Z�1�Q�7�7�@�a�B�*�r�?�B�+�? �B�b �K���B�M�H�v �/�2�T�2�M�/�2�M�i �Q�M �i�?�2 �`���@
�/�B���i�B�p�2�.���S �`�2�+�Q�K�#�B�M���i�B�Q�M�- �i�?�2 ���T�T�H�B�+���i�B�Q�M �Q�7 �i�?�2 �M�Q�M�@�/�2�b�i�`�m�+�i�B�p�2 ���M�/ �i�B�K�2�@�2�{�+�B�2�M�i
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5.1.3 Experimental
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�b�T���M �7�Q�` �b���K�T�H�B�M�; �i�?�2 �T�?�Q�i�Q�M �/�2�+���v �/�m�`�B�M�; �i�?�2�h�_�S�G�K�2���b�m�`�2�K�2�M�i�b �r���b �b�2�i �i�Q �k
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68 5 Impact from E1=E2 centers on photoluminescence of 6H f-SiC at room temperature

�Q�7 ���H�H �i�?�`�2�2 �b���K�T�H�2�b�- �i�?�2 �p���H�m�2�b �Q�7Z �2�z ���M�/�; �U���b �/�2�i�2�`�K�B�M�2�/ �B�M �a�m�#�b�2�+�X�j�X�j�X�k�V �7�Q�`
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5.2 E1=E2 related carrier dynamics in 6H f-SiC

5.2.1 Principle of the carriers trapping by E1=E2 centers
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5.2.2 General formulation of the carrier dynamics model
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�2�[�m�B�H�B�#�`�B�m�K �K�B�M�Q�`�B�i�v �+���`�`�B�2�`�b�- �b�Q �r�2 �?���p�2I (t) / �p (t) �B�M �Q�m�` �+���b�2�X ���+�+�Q�`�/�B�M�;�H�v�-
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�Q�M�2 �+���M �i�`�2���i �i�?�2 �H�B�7�2�i�B�K�2 �Q�7 �i�?�2 �M�Q�M�@�2�[�m�B�H�B�#�`�B�m�K �?�Q�H�2�b ���b �#�2�B�M�; �2�[�m�B�p���H�2�M�i �i�Q �i�?�2
�S�G�H�B�7�2�i�B�K�2 �r�?�2�`�2�,� �S�G(t) �= � p(t)�X �1�[�X �U�8�X�R�8�V �b�m�K�K���`�B�x�2�b �i�?�2 �H�B�7�2�i�B�K�2�b �Q�7 �i�?�2 �M�Q�M�@
�2�[�m�B�H�B�#�`�B�m�Kh+ �7�Q�` �i�?�2 �`�2�+�Q�K�#�B�M���i�B�Q�M �+�?���M�M�2�H�b �Q�7 �2���+�?E i �X

5.3 Steady-state DAP recombination lifetime
calculation model

5.3.1 Procedure of steady-state DAP recombination
�h�?�2 �#���M�/ �/�B���;�`���K �B�H�H�m�b�i�`���i�B�M�; �i�?�2 �T�`�B�M�+�B�T�H�2 �Q�7 �i�?�2 �b�i�2���/�v�@�b�i���i�2�.���S �`�2�+�Q�K�#�B�M���i�B�Q�M
�K�Q�/�2�H �B�b �T�`�2�b�2�M�i�2�/ �B�M �6�B�;�X�8�X�k�X �h�?�2 �+�Q�`�2 �Q�7 �i�?�2 �b�i�2���/�v�@�b�i���i�2�.���S �`�2�+�Q�K�#�B�M���i�B�Q�M
�K�Q�/�2�H�(�R�R�y�) �B�b �i�Q �i�`�2���i �i�?�2�.���S ���b �� �b�B�M�;�H�2 �/�2�7�2�+�i�X �h�?�2 �r�?�Q�H�2 �T�`�Q�+�2�/�m�`�2 �Q�7�.���S
�`�2�+�Q�K�#�B�M���i�B�Q�M �B�b �+�Q�M�b�B�b�i�B�M�; �Q�7 �� �b�2�[�m�2�M�+�2 �Q�7 �+�?���`�;�2 �b�i���i�2 �i�`���M�b�B�i�B�Q�M�b�- �r�?�2�`�2 �2���+�? �i�`���M�@
�b�B�i�B�Q�M �B�b ���+�+�Q�K�T���M�B�2�/ �r�B�i�? �+���`�`�B�2�`�b �2�K�B�b�b�B�Q�Mj �+���T�i�m�`�2 �T�`�Q�+�2�b�b�X �h�?�2 �+�?���`�;�2 �b�i���i�2S
�/�2�b�B�;�M���i�2�b �i�?�2 �M�m�K�#�2�` �Q�7 �2�H�2�+�i�`�Q�M�b �Q�+�+�m�T�B�2�/ �#�v �Q�M�2 �b�2�i �Q�7�.���S �(�R�R�8�)�X �A�M �i�?�B�b �`�2�b�2���`�+�?�-
�b�B�M�+�2 �r�2 �7�Q�+�m�b �Q�M �b�i�`�Q�M�;�M�@�i�v�T�2 �b���K�T�H�2�b�- �i�?�2 �+�?���`�;�2 �b�i���i�2S �B�b �H�B�K�B�i�2�/ �i�Q�R�-10�- ���M�/�k
���M�/ �Q�M�H�v �i�?�2 �+�?���`�;�2 �b�i���i�2 �i�`���M�b�B�i�B�Q�M�b �/�2�M�Q�i�2�/ �#�v �i�?�2 �/���b�?�2�/ ���`�`�Q�r�b �b�?�Q�r�M �B�M �6�B�;�X�8�X�k
�r�2�`�2 �B�M�+�H�m�/�2�/ �B�M �Q�m�` �K�Q�/�2�H�B�M�;�X �a�T�2�+�B�}�+���H�H�v�- �i�?�2 �+�?���`�;�2 �b�i���i�210 �b�i���M�/�b �7�Q�` �i�?�2 �2�t�+�B�i�2�/
�b�i���i�2 �`�2���/�v �7�Q�` �2�H�2�+�i�`�Q�M�@�?�Q�H�2 �`�2�+�Q�K�#�B�M���i�B�Q�M �p�B���.���S �- �r�?�2�`�2�.���S �`�2�+�Q�K�#�B�M���i�B�Q�M �Q�+�@
�+�m�`�b �/�m�`�B�M�; �i�?�210 ! �R�i�`���M�b�B�i�B�Q�M�X �h�?�2 �i�`���M�b�B�2�M�i�.���S �`�2�+�Q�K�#�B�M���i�B�Q�M �T�`�Q�+�2�/�m�`�2 �B�M ���M
�M�@�i�v�T�2 �b�2�K�B�+�Q�M�/�m�+�i�Q�` �+���M �#�2 �/�2�b�+�`�B�#�2�/ �B�M �� �b�B�K�T�H�2 �K���M�M�2�`�, ���7�i�2�` �+���`�`�B�2�`�b �B�M�D�2�+�i�B�Q�M�-
�i�?�2 �K�B�M�Q�`�B�i�v �+���`�`�B�2�`�b �Uh+ �V �+���b�+���/�2 �7�`�Q�K �p���H�2�M�+�2 �#���M�/ �i�Q �+�Q�M�/�m�+�i�B�Q�M �#���M�/ �r�?�2�`�2 �i�?�2
�+�?���`�;�2 �b�i���i�2S �m�M�/�2�`�;�Q�2�b �i�?�2 �+�B�`�+�m�H���i�B�Q�M �Q�7�,�k! 10 ! �R! �k�X �A�i �B�b �r�Q�`�i�?�v �i�Q �K�2�M�i�B�Q�M
�i�?���i �i�?�B�b �+�B�`�+�m�H���i�B�Q�M �B�b �`�2�p�2�`�b�B�#�H�2�- �r�?�2�`�2 �i�?�2 �i�`���M�b�B�i�B�Q�M �#�2�i�r�2�2�M �i�r�Q �+�2�`�i���B�M �+�?���`�;�2
�b�i���i�2�b �B�b �`�2���H�B�x�2�/ �#�v �i�?�2 �+���T�i�m�`�2 �Q�` �2�K�B�b�b�B�Q�M �Q�7 �i�?�2 �b���K�2 �i�v�T�2 �Q�7 �+���`�`�B�2�`�b �Ue� �Q�h̀+ �V
���b �B�M�/�B�+���i�2�/ �#�v �i�?�2 �T���B�` �Q�7 �Q�T�T�Q�b�B�i�2 ���`�`�Q�r�b �#�2�i�r�2�2�M �2���+�? �i�r�Q �+�?���`�;�2 �b�i���i�2�b �B�M �6�B�;�X�8�X�k�X
�6�Q�` �B�M�b�i���M�+�2�-n0N j

1 C j
n 1 �/�2�M�Q�i�2�b �i�?�2 �2�H�2�+�i�`�Q�M �+���T�i�m�`�2 �`���i�2 �Q�7 �b�i���i�2�R�U�7�Q�` �+�?���`�;�2 �b�i���i�2

�i�`���M�b�B�i�B�Q�M�,�R! �k�V�- �r�?�2�`�2N j
1 �B�M�/�B�+���i�2�b �i�?�2 �/�2�M�b�B�i�v �Q�7 �i�?�2 �+�?���`�;�2 �b�i���i�2�R�r�B�i�? �i�?�2

�/�Q�M�Q�`�b �b�i���v�B�M�; �Q�M �i�?�2�D�@�b�B�i�2�b ���M�/ ���+�+�Q�`�/�B�M�;�H�vC j
n 1 �`�2�T�`�2�b�2�M�i�b �i�?�2 �`�2�H���i�2�/ �2�H�2�+�i�`�Q�M �+���T�@

�i�m�`�2 �T�`�Q�#���#�B�H�B�i�v�X �*�Q�M�i�`���`�v �i�Q �i�?�2 �+�?���`�;�2 �b�i���i�2 �i�`���M�b�B�i�B�Q�M�R! �k �p�B�� �2�H�2�+�i�`�Q�M �+���T�i�m�`�2�-
�i�?�2 �i�`���M�b�B�i�B�Q�M �7�`�Q�K�k�i�Q�R�B�M�p�Q�H�p�2�b �i�?�2 �2�H�2�+�i�`�Q�M �2�K�B�b�b�B�Q�M �r�B�i�? �i�?�2 �+�Q�`�`�2�b�T�Q�M�/�B�M�; �2�K�B�b�@
�b�B�Q�M �`���i�2 �/�2�M�Q�i�2�/ �#�vN j

2 ej
n 2�- �r�?�2�`�2 �i�?�2 �B�K�T�H�B�+���i�B�Q�M �Q�7N j

2 �B�b �b�B�K�B�H���` �i�Q �i�?���i �Q�7N j
1 ���M�/

ej
n 2 �B�M�/�B�+���i�2�b �i�?�2 �`�2�H���i�2�/ �2�H�2�+�i�`�Q�M �2�K�B�b�b�B�Q�M �T�`�Q�#���#�B�H�B�i�v�X ���i �b�i�2���/�v�@�b�i���i�2�- �7�Q�` �i�?�2 �`�2�@

�p�2�`�b�B�#�H�2 �+�?���`�;�2 �b�i���i�2 �i�`���M�b�B�i�B�Q�M �T�`�Q�+�2�/�m�`�2�,�k*) 10 *) �R*) �k�- �i�?�2 �Q�p�2�`���H�H �i�`���M�b�B�i�B�Q�M �`���i�2
�`�2�;���`�/�B�M�; �i�?�2 �H�2�7�i�@�i�Q�@�`�B�;�?�i �/�B�`�2�+�i�B�Q�M �r�Q�m�H�/ �#�2 �2�[�m���H �i�Q �i�?�2 �Q�p�2�`���H�H �i�`���M�b�B�i�B�Q�M �`���i�2 �7�Q�`
�i�?�2 �`�B�;�?�i�@�i�Q�@�H�2�7�i �/�B�`�2�+�i�B�Q�M�- �i�?���i �B�b�- �� �/�v�M���K�B�+ �#���H���M�+�2 �?���b �#�2�2�M �`�2���+�?�2�/�X �A�M ���/�/�B�i�B�Q�M�-
�i�?�2 �B�Q�M�B�x���i�B�Q�M �2�M�2�`�;�B�2�b �`�2�;���`�/�B�M�; ���H�H �i�?�2 �m�M�T�2�`�i�m�`�#�2�/ �2�M�2�`�;�v �H�2�p�2�H�b ���`�2 �b�m�K�K���`�B�x�2�/
�B�M �h���#�H�2�X�8�X�k�- �r�?�2�`�2 �2���+�? �T���B�` �Q�7 �i�?�2 �T�2�`�i�m�`�#�2�/j �m�M�T�2�`�i�m�`�#�2�/ �2�M�2�`�;�v �H�2�p�2�H�b ���`�2 �b�2�T���@
�`���i�2�/ �#�v �i�?�2 �*�Q�m�H�Q�K�# �B�M�i�2�`���+�i�B�Q�M �2�M�2�`�;�v �UUE �V �Q�7 �� �T���B�` �Q�7 �2�H�2�K�2�M�i���`�v �+�?���`�;�2�b �r�?�2�`�2�,
UE = e2=(4�" 0" r r �/���T) �R �r�B�i�?r �/���T �`�2�T�`�2�b�2�M�i�B�M�; �i�?�2 �/�Q�M�Q�`�@���+�+�2�T�i�Q�` �/�B�b�i���M�+�2�(�R�3�- �R�R�e�)�X

�R" 0 ���M�/" r �/�2�M�Q�i�2 �i�?�2 �p���+�m�m�K �T�2�`�K�B�i�i�B�p�B�i�v ���M�/ �i�?�2 �`�2�H���i�B�p�2 �T�2�`�K�B�i�i�B�p�B�i�v �Q�7 �e�>�@�a�B�*�- �`�2�b�T�2�+�i�B�p�2�H�v�X
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�6�B�;�m�`�2 �8�X�k�,���M ���M���H�v�i�B�+���H �b�F�2�i�+�? �b�?�Q�r�B�M�; �i�?�2 �7�m�H�H �T�`�Q�+�2�b�b �Q�7�.���S �`�2�+�Q�K�#�B�M���i�B�Q�M�X
�h�?�2�`�2 ���`�2 �}�p�2 �+�?���`�;�2 �b�i���i�2�b �Q�7�.���S �r�?�B�+�? ���`�2 �`�2�T�`�2�b�2�M�i�2�/ �#�v�a�X �h�?�2 ���`�`�Q�r�b �`�2�7�2�`
�i�Q �i�?�2 �+���`�`�B�2�`�b �2�K�B�b�b�B�Q�Mj �+���T�i�m�`�2 �T�`�Q�+�2�b�b�2�b �K���`�F�2�/ �r�B�i�? �i�?�2 �`�2�H���i�2�/ �`���i�2�b�- �r�?�2�`�2
�i�?�2 �b�Q�H�B�/j �/���b�?�2�/ ���`�`�Q�r�b �B�M�/�B�+���i�2 �i�?�2 �K���D�Q�` �`�2�+�Q�K�#�B�M���i�B�Q�M �T���i�?�b �7�Q�` �b�i�`�Q�M�;�T�@�i�v�T�2j
�M�@�i�v�T�2 �b���K�T�H�2�- �`�2�b�T�2�+�i�B�p�2�H�v�X �h�?�2 �T�2�`�i�m�`�#�2�/ �/�Q�M�Q�`j ���+�+�2�T�i�Q�` �H�2�p�2�H�U�b�V ���`�2 �/�2�b�B�;�M���i�2�/
�#�vE j

d;p ���M�/Ea;p �- �`�2�b�T�2�+�i�B�p�2�H�v�- �r�?�B�H�2 �i�?�2 �m�M�T�2�`�i�m�`�#�2�/ �/�Q�M�Q�`j ���+�+�2�T�i�Q�` �H�2�p�2�H�U�b�V ���`�2

�/�2�b�B�;�M���i�2�/ �#�vE j
d;u ���M�/Ea;u �- �b�2�T���`���i�2�H�v�X �L�Q�i�2 �i�?���i �i�?�2 �b�m�T�2�`�b�+�`�B�T�i�D�B�M�/�B�+���i�2�b �i�?�2

�i�v�T�2 �Q�7 �i�?�2 �H���i�i�B�+�2 �b�B�i�2�b �Uk1�-k2�- ���M�/h�V �r�?�2�`�2 �i�?�2 �/�Q�M�Q�`�b �Q�+�+�m�T�v�X
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�L�Q�i�2 �i�?���ir �/���T �B�b �� �+�`�m�+�B���H �T���`���K�2�i�2�` �7�Q�` �2�b�i�B�K���i�B�M�;�.���S �`�2�+�Q�K�#�B�M���i�B�Q�M �H�B�7�2�i�B�K�2�b ���M�/
�r�B�H�H �#�2 �7�m�`�i�?�2�` �m�b�2�/ �B�M �i�?�2 �b�i�2���/�v�@�b�i���i�2�.���S �`�2�+�Q�K�#�B�M���i�B�Q�M �K�Q�/�2�H�X

5.3.2 General model of the steady-state DAP recombination
���b �/�2�T�B�+�i�2�/ �B�M �6�B�;�X�8�X�k�- �i�?�2 �b�i�2���/�v�@�b�i���i�2�.���S �`�2�+�Q�K�#�B�M���i�B�Q�M �`���i�2 �7�Q�` �2���+�? �i�v�T�2 �Q�7
�.���S �U�B�X�2�X�-E j

d;u + Ea;u �r�B�i�?�D! k1�-k2�-h�V �B�b ���+�i�m���H�H�v �2�[�m���H �i�Q �i�?�2 �+�Q�`�`�2�b�T�Q�M�/�B�M�; �M�2�i
�i�`���M�b�B�i�B�Q�M �`���i�2 �Q�7�,10 *) �R�r�?�B�+�? �+���M �#�2 �2�t�T�`�2�b�b�2�/ �#�v �1�[�X �U�8�X�R�e�V�X ���H�i�2�`�M���i�B�p�2�H�v�- �b�B�M�+�2
10 �B�b �i�?�2 �+�?���`�;�2 �b�i���i�2 �`�2���/�v �7�Q�`�.���S �`�2�+�Q�K�#�B�M���i�B�Q�M ���M�/ �i�?�2�`�2 ���`�2 �i�r�Q �T���i�?�b �H�2���/�B�M�;
�i�Q10 �b�i���i�2�-�B�X�2�X�-�y ! 10 ���M�/�k ! 10�- �r�?�2�`�2 �i�?�2 �`�2�H���i�2�/ �i�`���M�b�B�i�B�Q�M �`���i�2�b ���`�2 �/�2�b�B�;�M���i�2�/
�#�vRj

0! 10 ���M�/Rj
2! 10�- �`�2�b�T�2�+�i�B�p�2�H�v�- �i�?�2 �b�i�2���/�v�@�b�i���i�2�.���S �`�2�+�Q�K�#�B�M���i�B�Q�M �`���i�2 �7�Q�` �2���+�?

�i�v�T�2 �Q�7�.���S �+���M �#�2 �`�2�T�`�2�b�2�M�i�2�/ �#�vRj
0! 10 + Rj

2! 10 ���b �b�?�Q�r�M �B�M �1�[�X �U�8�X�R�d�V�X

R�/���T =
X

j

N j
10t0

j � N j
1 t j �U�8�X�R�e�V

R�/���T =
X

j

Rj
0! 10 + Rj

2! 10 �U�8�X�R�d�V

�A�M ���/�/�B�i�B�Q�M�- �i�?�2 �2�t�T�`�2�b�b�B�Q�M�b �7�Q�`Rj
0! 10 ���M�/Rj

2! 10 ���`�2 �b�?�Q�r�M �B�M �1�[�X �U�8�X�R�3�V�- �r�?�2�`�2
Rj

0! 10 j Rj
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5.3.3 The modelling in the case of extrinsic �N-type 6H-SiC
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5.4 Recombination channels in nitrogen-boron
co-doped �N-type 6H-SiC
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�T�Q�`�i�B�Q�M �Q�7g �U�+�Q�K�T���`�2�/ �i�Q �i�?�2 �7�Q�m�`�i�? �/�2�+���v �+�?���M�M�2�H�V �#�2�B�M�; ���H�H�Q�+���i�2�/ ���M�/ ���+�+�Q�`�/�B�M�;�H�v
�i�?�2 �H�Q�M�;�2�` �+���`�`�B�2�` �H�B�7�2�i�B�K�2 �+�Q�K�T���`�2�/ �i�Qt4�- ���b �r�2 �?���p�2 �Q�#�i���B�M�2�/ �i�?�2 �r�2���F�S�G�b�T�2�+�i�`��
�Q�7 �b���K�T�H�2 �"�E �U�r�B�H�H �#�2 �B�M�i�`�Q�/�m�+�2�/ �H���i�i�2�` �B�M �a�2�+�X�8�X�8�V �r�?�2�`�2 �i�?�2�L�@�"�B�M�/�m�+�2�/�.���S
�`�2�+�Q�K�#�B�M���i�B�Q�M �B�b �7�Q�m�M�/ �i�Q �#�2 �i�?�2 �/�Q�K�B�M���M�i �`���/�B���i�B�p�2 �`�2�+�Q�K�#�B�M���i�B�Q�M �`�2�;�B�K�2�X �h�?�2 �/�2�+���v
�T�`�Q�}�H�2 �`�2�H���i�2�/ �i�Q �i�?�2�.���S �`�2�+�Q�K�#�B�M���i�B�Q�M �+�?���M�M�2�H �B�M �"�E �K�B�;�?�i �#�2�+�Q�K�2 �T�`�Q�K�B�M�2�M�i �B�M
�i�?�2 �H�Q�M�;�2�` �i�2�`�K �Q�7 �T�?�Q�i�Q�M �/�2�+���v �r�?�B�+�? �?���b �2�t�+�2�2�/�2�/ �i�?�2 �K���t�B�K�m�K �i�B�K�2 �`���M�;�2 �Q�7 �Q�m�`
�h�_�S�G�b�v�b�i�2�K ���M�/ �i�?�2 �`�2�H���i�2�/�h�_�S�G�B�M�i�2�M�b�B�i�v ���i �i�?�2 �H�Q�M�;�2�` �i�B�K�2 �T�Q�B�M�i�b �K�B�;�?�i �#�2
�Q�#�b�+�m�`�2�/ �#�v �i�?�2 �#���+�F�;�`�Q�m�M�/ �M�Q�B�b�2�X �P�M �i�?�2 �Q�i�?�2�` �?���M�/�- �r�2 �?���p�2 ���H�b�Q �+�Q�M�}�`�K�2�/ �i�?���i
�i�?�2 �/�2�+���v �+�?���M�M�2�H �+���M�M�Q�i �#�2 ���i�i�`�B�#�m�i�2�/ �i�Q �b�m�`�7���+�2 �`�2�+�Q�K�#�B�M���i�B�Q�M�X �h�?�2 �2�t�T�`�2�b�b�B�Q�M �Q�7
�i�?�2 �7�m�M�/���K�2�M�i���H �b�m�`�7���+�2 �`�2�+�Q�K�#�B�M���i�B�Q�M �H�B�7�2�i�B�K�2 �U� s �V�(�R�k�k�) �B�b �;�B�p�2�M ���b�,� s = d2=

�
D� 2

�

�r�B�i�?d �`�2�T�`�2�b�2�M�i�B�M�; �i�?�2 �b���K�T�H�2 �i�?�B�+�F�M�2�b�b�- ���M�/ �r�2 �?���p�2 �i�?�2 �/�B�z�m�b�B�Q�M �+�Q�M�b�i���M�iD = 2 :5
�+�K2:s� 1 �7�Q�` �?�Q�H�2 �/�B�z�m�b�B�Q�M �B�M �e�>�@�a�B�*�(�R�k�j�)�X �>�2�M�+�2 �r�2 �+���M �2�b�i�B�K���i�2 �i�?�2 �b�?�Q�`�i�2�b�i �H�B�7�2�i�B�K�2
�Q�7 �b�m�`�7���+�2 �?�Q�H�2 �/�B�z�m�b�B�Q�M �B�M �e�>�@�a�B�* �i�Q �#�2�,� s � 42:8 � �b�- �r�?�B�+�? �B�b �b�i�B�H�H ���M �Q�`�/�2�` �Q�7
�K���;�M�B�i�m�/�2 �?�B�;�?�2�` �i�?���M �i�?�2t4 �Q�7 �b���K�T�H�2 �"�E�X

5.4.2 Recombination channels corresponding to E1=E2 centers
�6�Q�` �i�?�2 �B�K�T�H�2�K�2�M�i���i�B�Q�M �Q�7 �i�?�2 �M�2�;���i�B�p�2�@�l �+�2�M�i�2�`�b �`�2�H���i�2�/ �+���`�`�B�2�` �/�v�M���K�B�+�b�- �r�2 �m�b�2
�a�B�K�m�H�B�M�F �U�J���i�?�q�Q�`�F�b�- �A�M�+�X�V �7�Q�` �i�?�2 �2�t�2�+�m�i�B�Q�M �Q�7 �i�?�2 �b�B�K�m�H���i�B�Q�M�b�X ���H�H �i�?�2 �T���`���K�2�i�2�`�b
�2�b�b�2�M�i�B���H �7�Q�` �i�`�B�;�;�2�`�B�M�; �i�?�2 �+���`�`�B�2�` �/�v�M���K�B�+�b �b�B�K�m�H���i�B�Q�M �B�M �a�B�K�m�H�B�M�F �r�2�`�2 �B�M�T�m�i�i�2�/ �B�M
�� �J���i�H���# �b�Q�m�`�+�2 �+�Q�/�2 �}�H�2 �U�b�2�2 �G�B�b�i�B�M�;�" �B�M ���T�T�t�X�" �X �h�?�2 �Q�`�B�;�B�M���H �a�B�K�m�H�B�M�F �#�H�Q�+�F
�/�B���;�`���K �7�Q�` �i�?�2 �b�B�K�m�H���i�B�Q�M �B�b �b�?�Q�r�M �B�M �6�B�;�X�"�X�R�U�B�M�+�H�m�/�2�/ �B�M ���T�T�t�X�" �V�X �A�M �Q�`�/�2�`
�i�Q �?���p�2 �� �K�Q�`�2 �B�M�i�m�B�i�B�p�2 �B�M�i�2�`�T�`�2�i���i�B�Q�M �`�2�;���`�/�B�M�; �i�?�2 �+���`�`�B�2�` �/�v�M���K�B�+�b �b�B�K�m�H���i�B�Q�M
�p�B�� �a�B�K�m�H�B�M�F�- ���M ���/�/�B�i�B�Q�M���H �#�H�Q�+�F �/�B���;�`���K ���#�b�i�`���+�i�2�/ �7�`�Q�K �6�B�;�X�"�X�R�B�b ���H�b�Q �B�M�+�H�m�/�2�/
�r�?�B�+�? �B�b �b�?�Q�r�M �B�M �6�B�;�X�8�X�8�X �6�`�Q�K �6�B�;�X�8�X�8�- �r�2 �+���M �b�2�2 �i�?���i �i�?�2 �M�2�;���i�B�p�2�@�l �+�2�M�i�2�`�b
�`�2�H���i�2�/ �+���`�`�B�2�` �/�v�M���K�B�+�b �b�v�b�i�2�K �B�M �e�>�@�a�B�* �B�b �b�T�H�B�i �B�M�i�Q �i�?�`�2�2 �T���`�i�b �r�?�B�+�? �+�Q�`�`�2�b�T�Q�M�/
�i�Q �2���+�?E i �/�2�7�2�+�i�b�X �h�?�2 �/���K�T�B�M�; �Q�7 �i�?�2 �M�Q�M�@�2�[�m�B�H�B�#�`�B�m�K �2�H�2�+�i�`�Q�M�b�n i (t) ���M�/ �?�Q�H�2�b
�p i (t) ���b �r�2�H�H ���b �i�?�2 �+�?���M�;�B�M�; �`�2�;���`�/�B�M�; �i�?�2�;� �̀Q�m�M�/ �b�i���i�2�Q�7E i �U�B�X�2�X�-�N �

i (t)�- �r�?�B�+�?
�B�b �`�2�@�2�t�T�`�2�b�b�2�/ ���b�N i (t) �B�M �6�B�;�X�8�X�8�7�Q�` �b�B�K�T�H�B�+�B�i�v�V �+���M �#�2 �b�B�K�m�H���i�2�/ �B�M �`�2���H �i�B�K�2�X �"�v
�+�Q�K�#�B�M�B�M�; �1�[�X �U�8�X�R�j�V ���M�/ �1�[�X �U�8�X�R�9�V�- ���M �B�i�2�`���i�B�p�2 �b�v�b�i�2�K �+���M �#�2 �#�m�B�H�i �7�Q�` �2���+�?E i
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�6�B�;�m�`�2 �8�X�9�,�� �b�2�i �Q�7 �+���H�+�m�H���i�2�/� �/���T �r�B�i�? �`�2�;���`�/ �i�Q �/�B�z�2�`�2�M�ir �/���T �7�Q�` �b���K�T�H�2 �"�E�-
�r�?�2�`�2 �i�?�2 �R�W�- �8�W�- ���M�/ �R�y�W �i�Q �R�y�y�W �U�r�B�i�? �R�y�W �B�M�i�2�`�p���H�V �Q�7 �i�?�2 �B�M�D�2�+�i�B�Q�M �H�2�p�2�Hg ���`�2
���H�H�Q�+���i�2�/ �i�Q �i�?�2�.���S �`�2�+�Q�K�#�B�M���i�B�Q�M �+�?���M�M�2�H �B�M �b���K�T�H�2 �"�E�X

�`�2�H���i�2�/ �+���`�`�B�2�` �/�v�M���K�B�+�b�X �h�?�2�`�2 ���`�2 �i�r�Q �B�M�T�m�i�b �2�b�b�2�M�i�B���H �7�Q�` �i�?�2 �B�M�B�i�B���H�B�x���i�B�Q�M �Q�7 �i�?�2
�K�Q�/�2�H�-�B�X�2�X�- �i�?�2 �/�2�M�b�B�i�B�2�b �Q�7 �2���+�?E i �+�2�M�i�2�`�b �U�B�X�2�X�-Nu;i �- �b�2�2 �1�[�X �U�8�X�9�V�V ���M�/ �i�?�2 �B�M�B�i�B���H
�/�2�M�b�B�i�B�2�b �Q�7 �i�?�2 �M�Q�M�@�2�[�m�B�H�B�#�`�B�m�K �+���`�`�B�2�`�b ���H�H�Q�+���i�2�/ �7�Q�` �i�?�2 �+�Q�`�`�2�b�T�Q�M�/�B�M�; �`�2�+�Q�K�#�B�M���i�B�Q�M
�+�?���M�M�2�H�b �U�n i (0)�-�p i (0)�V�X �h�?�2 �K�Q�/�2�H �r���b �M�m�K�2�`�B�+���H�H�v �b�Q�H�p�2�/ �#�v ���T�T�H�v�B�M�; �i�?�2 �#�m�B�H�i�@�B�M
�"�Q�;���+�F�B�@�a�?���K�T�B�M�2 �K�2�i�?�Q�/�(�R�k�9�)�U�}�t�2�/ �i�B�K�2 �b�i�2�T �K�Q�/�2�- �R�y �T�b �T�2�` �b�i�2�T�V�X
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�_�2�;���`�/�B�M�; �i�?�2 �K�m�H�i�B�@�2�t�T�Q�M�2�M�i�B���H �}�i�i�B�M�;�b �Q�7 �i�?�2 �K�2���b�m�`�2�/�h�_�S�G�/�2�+���v �+�m�`�p�2�b �Q�7
�b���K�T�H�2 �"�E ���M�/ �a�L�@�R�f�k �b�?�Q�r�M �B�M �6�B�;�X�8�X�j�- �r�2 �#�2�H�B�2�p�2 �i�?���i �i�?�2�`�2 ���`�2 �i�r�Q �Q�7 �`�2�+�Q�K�@
�#�B�M���i�B�Q�M �+�?���M�M�2�H�b �7�Q�` �2���+�? �b���K�T�H�2 �+�Q�`�`�2�b�T�Q�M�/�B�M�; �i�Q �i�?�2 �M�2�;���i�B�p�2�@�l �+�2�M�i�2�`�b �`�2�H���i�2�/
�+���`�`�B�2�` �/�v�M���K�B�+�b�- �r�?�2�`�2 �Q�M�2 �Q�7 �i�?�2 �`�2�+�Q�K�#�B�M���i�B�Q�M �+�?���M�M�2�H �B�b �7�Q�` �i�?�2 �+���`�`�B�2�`�b �i�`���T�@
�T�B�M�; �#�vE1 �+�2�M�i�2�`�b �U�?�2�t���;�Q�M���H�V �r�?�B�H�2 �i�?�2 �Q�i�?�2�` �+�?���M�M�2�H �B�b �7�Q�` �b���K�2 �T�`�Q�+�2�b�b �Q�ME2L

�Q�È2H �+�2�M�i�2�` �U�+�m�#�B�+�V�X ���b �T�Q�B�M�i�2�/ �Q�m�i �#�v �A�F�2�/���2�i ���H�X�(�8�9�) �i�?���i �B�M �e�>�@�a�B�* �i�?�2 �`���i�B�Q
�#�2�i�r�2�2�M �i�?�2 �/�2�M�b�B�i�B�2�b �Q�7 �M�B�i�`�Q�;�2�M�@�B�M�/�m�+�2�/ �/�Q�M�Q�`�b �Q�M �?�2�t���;�Q�M���H�@ ���M�/ �+�m�#�B�+�@�b�B�i�2�b �K�B�;�?�i
�#�2 �2�[�m�B�p���H�2�M�i �i�Q �i�?�2 �`���i�B�Q �Q�7 �#�2�i�r�2�2�M �i�?�2 �i�Q�i���H �/�2�M�b�B�i�B�2�b �Q�7 �?�2�t���;�Q�M���H�@ ���M�/ �+�m�#�B�+�@ �H���i�@
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�i�?���M �i�?���i �Q�7E1�X �h�?�2�`�2�7�Q�`�2�- �7�Q�` �i�?�Q�b�2 �i�r�Q �+�?���M�M�2�H�b �+�Q�`�`�2�b�T�Q�M�/�B�M�; �i�Q �+���`�`�B�2�`�b �i�`���T�T�B�M�;
�Q�ME1=E2 �+�2�M�i�2�`�b�- �r�2 �b�m�;�;�2�b�i �i�?���i �i�?�2 �+�?���M�M�2�H �r�B�i�? �H���`�;�2�` ���K�T�H�B�i�m�/�2�- �r�?�B�+�? �B�M�/�B�@
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���M�/E2H �+�2�M�i�2�`�X �6�m�`�i�?�2�`�K�Q�`�2�- �B�i �B�b ���H�b�Q ���b�b�m�K�2�/ �i�?���iE2L ���M�/E2H �b�?���H�H �i���F�2 �Q�p�2�`
�i�?�2 �b���K�2 ���K�Q�m�M�i �Q�7 �M�Q�M�@�2�[�m�B�H�B�#�`�B�m�K �+���`�`�B�2�`�b �7�Q�` �b�B�K�T�H�B�+�B�i�v�- �i�?�2�`�2�7�Q�`�2 �i�?�2 �2�t�T�`�2�b�b�B�Q�M
�7�Q�` �i�?�2 �2�b�i�B�K���i�B�Q�M �Q�7E2L ���M�/E2H �b�?�Q�m�H�/ �#�2 �b�H�B�;�?�i�H�v �/�B�z�2�`�2�M�i �7�`�Q�K �1�[�X �U�8�X�9�V ���M�/ �r�2
�?���p�2�,Nu; 2L ; Nu; 2H = 2=[(� 2L;h + � 2H;h ) h� th;h i � 2]�- �r�?�2�`�2� 2 �/�2�M�Q�i�2�b �i�?�2 �i�B�K�2 �+�Q�M�@
�b�i���M�i �Q�7E2 �`�2�H���i�2�/ �`�2�+�Q�K�#�B�M���i�B�Q�M �+�?���M�M�2�H �2�t�i�`���+�i�2�/ �7�`�Q�K �2�t�T�2�`�B�K�2�M�i���H�h�_�S�G�`�2�b�m�H�i�X
�6�Q�` �b���K�T�H�2 �"�E�- �r�2 �#�2�H�B�2�p�2 �B�i�b �b�2�+�Q�M�/ ���M�/ �i�?�B�`�/ �/�2�+���v �+�?���M�M�2�H�b ���`�2 ���b�b�Q�+�B���i�2�/ �r�B�i�?
�M�2�;���i�B�p�2�@�l �+�2�M�i�2�`�b �`�2�H���i�2�/ �+���`�`�B�2�`�b �i�`���T�T�B�M�;�X �P�M �i�?�2 �Q�i�?�2�` �?���M�/�- �i�?�2�`�2 ���`�2 �i�?�`�2�2 �/�2�@
�+���v �+�?���M�M�2�H�b ���i�i�`�B�#�m�i�2�/ �i�Q �2�B�i�?�2�` �Q�7 �i�?�2 �i�r�Q�7�@�a�B�*�b���K�T�H�2�b �a�L�@�R�f�k�- �r�?�2�`�2 �i�?�2 �}�`�b�i
���M�/ �b�2�+�Q�M�/ �+�?���M�M�2�H�b �7�Q�` �2�B�i�?�2�` �a�L�@�R�f�k ���`�2 �`�2�H���i�2�/ �i�Q �i�?�2 �+���`�`�B�2�` �/�v�M���K�B�+�b �Q�7E1=E2

�+�2�M�i�2�`�b�X �A�M ���/�/�B�i�B�Q�M�- �i�?�2 �i�?�B�`�/ �/�2�+���v �+�?���M�M�2�H�b �B�M �a�L�@�R�f�k �r�2�`�2 �+�Q�`�`�2�H���i�2�/ �i�Q �i�?�2�.���S
�`�2�+�Q�K�#�B�M���i�B�Q�M�X �A�i �B�b �r�Q�`�i�?�v �i�Q �K�2�M�i�B�Q�M �i�?���i �r�2 �/�B�/ �M�Q�i ���i�i�`�B�#�m�i�2 ���M�v �Q�7 �i�?�2 �`�2�+�Q�K�#�B�@
�M���i�B�Q�M �+�?���M�M�2�H�b �B�M �a�L�@�R�f�k �i�Q �b�m�`�7���+�2 �`�2�+�Q�K�#�B�M���i�B�Q�M �T�`�Q�+�2�b�b�X �a�B�M�+�2 �`�2�b�2���`�+�?�2�`�b�(�R�k�8��
�R�k�d�) �?���p�2 �7�Q�m�M�/ �i�?���i �7�Q�`�7�@�a�B�*�b���K�T�H�2�b�- �m�M�/�2�` �H�Q�r �B�M�D�2�+�i�B�Q�M �H�2�p�2�H�b �Ug � Na �V�- �i�?�2 �M�Q�M�@
�2�[�m�B�H�B�#�`�B�m�K �+���`�`�B�2�`�b �r�Q�m�H�/ �#�2 �?�B�M�/�2�`�2�/ �#�v �i�?�2 �b�T���+�2 �+�?���`�;�2 �}�2�H�/ �B�M�/�m�+�2�/ �#�v ���+�+�2�T�i�Q�`�b
�r�?�B�+�? �7�m�`�i�?�2�` �K���F�2�b �i�?�2 �/�B�z�m�b�B�Q�M �+�Q�2�{�+�B�2�M�i �i�Q �#�2 �M�2�;�H�B�;�B�#�H�2�X �>�2�M�+�2 �i�?�2 �7�m�M�/���K�2�M�i���H
�b�m�`�7���+�2 �`�2�+�Q�K�#�B�M���i�B�Q�M �H�B�7�2�i�B�K�2�b�(�R�k�k�) �7�Q�` �Q�m�`�7�@�a�B�*�b���K�T�H�2�b �b�?���H�H �#�2 �K�m�+�? �H�Q�M�;�2�` �i�?���M
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�/�2�M�b�B�i�B�2�b�n i (0) j �p i (0) ���H�H�Q�+���i�2�/ �i�QE i �@�`�2�H���i�2�/ �`�2�+�Q�K�#�B�M���i�B�Q�M �+�?���M�M�2�H�- �Q�M�2 �+���M �i�`�B�;�;�2�`
�i�?�2 �b�B�K�m�H���i�B�Q�M �b�v�b�i�2�K �Q�7 �M�2�;���i�B�p�2�@�l �+�2�M�i�2�`�b �`�2�H���i�2�/ �+���`�`�B�2�` �/�v�M���K�B�+�b �/�2�T�B�+�i�2�/ �B�M
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i (t) ���b �r�2�H�H ���b �i�?�2�B�` �/�B�z�2�`�2�M�i�B���H
�p���H�m�2�b�X �A�M ���/�/�B�i�B�Q�M�- �i�?�2 �i�B�K�2�@�/�2�T�2�M�/�2�M�i �K�B�M�Q�`�B�i�v �+���`�`�B�2�` �H�B�7�2�i�B�K�2�b� p; i (t) �+���M �#�2
�2�t�i�`���+�i�2�/ ���b �r�2�H�H �#�v �m�b�B�M�; �1�[�X �U�8�X�R�8�V�X �h�?�2 �b�B�K�m�H���i�2�/�p i (t) �7�Q�` �2���+�?E i ���`�2 �b�m�K�K���`�B�x�2�/
�B�M �6�B�;�X�8�X�e�i�Q�;�2�i�?�2�` �r�B�i�? �i�?�2 �2�t�T�2�`�B�K�2�M�i���H �/�2�+���v �T�`�Q�}�H�2�b �`�2�H���i�2�/ �i�QE1=E2 �+���`�`�B�2�`
�/�v�M���K�B�+�b�- ���M�/ �6�B�;�X�8�X�d�b�?�Q�r�b ���H�H �i�?�2 �+���H�+�m�H���i�2�/ �K�B�M�Q�`�B�i�v �+���`�`�B�2�` �H�B�7�2�i�B�K�2�b�X �_�2�+���T�T�B�M�;
�r�?���i �r�2 �?���p�2 �K�2�M�i�B�Q�M�2�/ �B�M �a�m�#�b�2�+�X�8�X�k�X�j�i�?���i ���i �H�Q�r �B�M�D�2�+�i�B�Q�M �H�2�p�2�H�- �i�?�2 �K�B�M�Q�`�B�i�v
�+���`�`�B�2�`�b �/�2�M�b�B�i�v �B�b �T�`�Q�T�Q�`�i�B�Q�M���H �i�Q �i�?�2�h�_�S�G�B�M�i�2�M�b�B�i�v�-�B�X�2�X�- I (t) / �p (t)�- �?�2�M�+�2 �7�Q�`
�i�?�2 �`�2�+�Q�K�#�B�M���i�B�Q�M �+�?���M�M�2�H �/�Q�K�B�M���i�2�/ �#�vE1=E2 �+���`�`�B�2�` �/�v�M���K�B�+�b�- �i�?�2 �`�2�H���i�2�/�h�_�S�G
�/�2�+���v �T�`�Q�}�H�2 �2�t�i�`���+�i�2�/ �7�`�Q�K �i�?�2 �K�m�H�i�B�@�2�t�T�Q�M�2�M�i�B���H �}�i�i�B�M�; �b�?�Q�m�H�/ �?���p�2 �i�?�2 �b���K�2 �H�B�M�2
�b�?���T�2 ���b �i�?���i �Q�7 �i�?�2 �b�B�K�m�H���i�2�/ �/���K�T�B�M�; �Q�7 �M�Q�M�@�2�[�m�B�H�B�#�`�B�m�K �?�Q�H�2�b �Q�ME1=E2 �+�2�M�i�2�`�b�X
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�6�B�;�X�8�X�j�X �h�?�2 �i�?�`�2�2 �+�m�`�p�2�b �7�Q�` �2���+�? �b���K�T�H�2 �`�2�T�`�2�b�2�M�i �i�?�2 �b�B�K�m�H���i�2�/ �i�B�K�2�@�/�2�T�2�M�/�2�M�i
�M�Q�M�@�2�[�m�B�H�B�#�`�B�m�K �?�Q�H�2 �/�2�M�b�B�i�B�2�b �+�Q�`�`�2�b�T�Q�M�/�B�M�; �i�QE1�@�-E2�@�- ���M�/ �i�?�2 �Q�p�2�`���H�HE1=E2�@
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�6�`�Q�K �6�B�;�X�8�X�e�r�2 �+���M �b�2�2 �i�?���i �Q�m�` �+���H�+�m�H���i�2�/ �K�B�M�Q�`�B�i�v �+���`�`�B�2�`�b �/���K�T�B�M�; �7�Q�` �2���+�?
�b���K�T�H�2 �K���i�+�?�2�b �[�m�B�i�2 �r�2�H�H �i�Q �i�?�2 �`�2�b�T�2�+�i�B�p�2 �2�t�T�2�`�B�K�2�M�i���H�h�_�S�G�/�2�+���v �T�`�Q�}�H�2�b�X �>�2�M�+�2
�i�?�2 �`�2�b�m�H�i�b �b�?�Q�r�M �B�M �6�B�;�X�8�X�e�+�Q�M�}�`�K �i�?���iE1=E2 �`�2�H���i�2�/ �+���`�`�B�2�` �/�v�M���K�B�+�b �B�M �i�?�2�b�2
�e�>�@�a�B�* �b���K�T�H�2�b �B�b �B�M�/�2�2�/ �`�2�b�T�Q�M�b�B�#�H�2 �7�Q�` �i�?�2 �+���`�`�B�2�`�b �i�`���T�T�B�M�; �Q�7 �i�?�2 �`�2�H���i�2�/ �7���b�i
�/�2�+���v �+�?���M�M�2�H�b�-�B�X�2�X�- �i�?�22�M�/ ���M�/3�`�/ �+�?���M�M�2�H �B�M �"�E ���M�/ �i�?�21�b�i ���M�/2�M�/ �+�?���M�M�2�H �B�M
�a�L�@�R�f�k�X �P�M �i�?�2 �Q�i�?�2�` �?���M�/�- �i�?�2 �K�B�M�Q�`�B�i�v �+���`�`�B�2�`�b �/���K�T�B�M�; �r���b �T�`�2�/�B�+�i�2�/ �i�Q �#�2 ��
�#�B�i �b�H�Q�r�2�` �+�Q�K�T���`�2�/ �i�Q �i�?�2 �+�Q�`�`�2�b�T�Q�M�/�B�M�; �}�i�i�B�M�; �+�m�`�p�2 �7�Q�` �b���K�T�H�2 �"�E�- �i�?�B�b �K�B�;�?�i �#�2
�+���m�b�2�/ �#�v �i�?�2 �m�M�+�Q�M�}�`�K�2�/ �/�2�7�2�+�i�b �B�M �"�E �r�?�2�`�2 �i�?�2�v �+�Q�m�H�/ �#�2 �K�B�/�;���T �+�2�M�i�2�`�b�(�R�k�3�) �7�Q�`
�B�M�b�i���M�+�2�X �6�Q�` �i�?�2 �+���H�+�m�H���i�2�/ �H�B�7�2�i�B�K�2�b �Q�7 �i�?�2 �M�Q�M�@�2�[�m�B�H�B�#�`�B�m�K �?�Q�H�2�b �`�2�H���i�2�/ �i�Q �/�B�z�2�`�2�M�i
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5.5 Static PL intensity affected by E1=E2 centers

5.5.1 Comparison between f-SiC and bulk 6H-SiC
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5.6 Post-analysis of the 6H-SiC samples
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5.6.1 Investigation of additional impurities
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CHAPTER 6
Photoluminescence quantum

yield of 6H f-SiC
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�[�m���M�i�m�K �v�B�2�H�/ �U�S�G�@�Z�u�V�-�B�X�2�X�- �i�?�2 �`���i�B�Q �Q�7 �i�?�2 �2�K�B�i�i�2�/ �T�?�Q�i�Q�M�b �i�Q �i�?�2 �B�M�+�B�/�2�M�i �T�?�Q�i�Q�M�b�-
�Q�7 �i�?�2 �`�2�b�T�2�+�i�B�p�2 �a�B�* �b�B�M�;�H�2 �H���v�2�`�X ���b �i�?�2�L�@���H�+�Q�@�/�Q�T�2�/ �a�B�* �B�b �b�i�B�H�H �m�M�/�2�` �/�2�p�2�H�Q�T�K�2�M�i�-
�B�i �B�b �2�b�b�2�M�i�B���H �i�Q �/�2�i�2�`�K�B�M�2 �i�?�2�S�G�@�Z�u�Q�7�7�@�a�B�*�- �r�?�2�`�2 �i�?�2�S�G�@�Z�u�Q�7�L�@���H�+�Q�@�/�Q�T�2�/
�a�B�* �H���v�2�` �M�2�2�/�b �i�Q �K���i�+�? �i�?�2 �7�Q�`�K�2�` �B�M �i�m�`�M�b �Q�7 �i�?�2 �#�B�H���v�2�` �b�i���+�F�B�M�; �b�2�[�m�2�M�+�2 ���b �r�2�H�H
���b �i�?�2 �i�?�B�+�F�M�2�b�b �Q�7 �2�B�i�?�2�` �b�B�M�;�H�2 �H���v�2�`�X �P�M �i�?�2 �Q�i�?�2�` �?���M�/�- �B�7 �r�2 ���b�b�B�;�M� �L�l�o �- � �L�@���H

���M�/� �L�@�"���b �i�?�2�1�Z�1�Q�7 �i�?�2 �M�B�i�`�B�/�2�@�#���b�2�/�L�l�o �G�1�.�-�L�@���H�+�Q�@�/�Q�T�2�/ �a�B�* ���M�/�7�@�a�B�*�-
�`�2�b�T�2�+�i�B�p�2�H�v�- �i�?�2�1�Z�1 �Q�7 �i�?�2 �/�2�p�B�+�2 �B�b �i�?�2 �T�`�Q�/�m�+�i �Q�7 �i�?�Q�b�2 �i�?�`�2�2 �2�{�+�B�2�M�+�B�2�b�-�B�X�2�X�-
� �/�2�p�B�+�2= � �L�l�o � q1 � � �L�@���H� q2 � � �L�@�"�X �L�Q�i�2 �i�?���iq1 j q2 �B�M�/�B�+���i�2�b �i�?�2 �T�Q�`�i�B�Q�M�b �Q�7
�L�l�o �H�B�;�?�i ���#�b�Q�`�#�2�/ �#�v �2���+�? �a�B�* �H���v�2�`�b�X �>�2�`�2�- �i�?�2�1�Z�1�Q�7�7�@�a�B�*�U� �L�@�"�V �B�b ���+�i�m���H�H�v
�`�2�T�`�2�b�2�M�i�2�/ �#�v �B�i�b�S�G�@�Z�u�b�B�M�+�2�7�@�a�B�*�B�b �i�?�2 �H�B�;�?�i �b�Q�m�`�+�2 �r�?�B�+�? �M�2�2�/�b �Q�T�i�B�+���H �T�m�K�T�B�M�;�X
�h�?�2�`�2�7�Q�`�2 �F�M�Q�r�B�M�; �i�?�2�S�G�@�Z�u�Q�7�7�@�a�B�*�B�b �Q�7 �;�`�2���i �B�K�T�Q�`�i���M�+�2 �7�Q�` �i�?�2 �2�p���H�m���i�B�Q�M �Q�7
�i�?�2 �m�T�T�2�` �H�B�K�B�i �Q�7 �i�?�2�1�Z�1 �Q�7 �i�?�2 �2�M�i�B�`�2 �r�?�B�i�2�G�1�. �/�2�p�B�+�2�X �A�M �i�?�B�b �+�?���T�i�2�`�- �r�2
�/�2�K�Q�M�b�i�`���i�2 �i�?�2 �2�t�T�2�`�B�K�2�M�i���H �K�2�i�?�Q�/�Q�H�Q�;�v �`�2�;���`�/�B�M�; �i�Q �i�?�2 �/�2�i�2�`�K�B�M���i�B�Q�M �Q�7 �i�?�2
�S�G�@�Z�u�Q�M�M�@�i�v�T�2�7�@�a�B�*�b���K�T�H�2�b�X �A�M ���/�/�B�i�B�Q�M�- �r�2 ���H�b�Q �;�B�p�2 �i�?�2 �2�t�T�H���M���i�B�Q�M �7�Q�` �i�?�2
�T�?�v�b�B�+���H �K�2�+�?���M�B�b�K �+�Q�`�`�2�b�T�Q�M�/�B�M�; �i�Q �i�?�2 �B�M�+�B�/�2�M�i �T�Q�r�2�` �/�2�T�2�M�/�2�M�i�S�G�@�Z�u�Q�7�7�@�a�B�*�X

6.1 Overview

6.1.1 Determine PL-QY by integrating sphere
�h�?�2�`�2 ���`�2 �i�r�Q �+���i�2�;�Q�`�B�2�b �7�Q�` �i�?�2�S�G�@�Z�u�K�2���b�m�`�2�K�2�M�i �Q�M �� �~�m�Q�`�2�b�+�2�M�i �K���i�2�`�B���H�-�B�X�2�X�-
�i�?�2 �`�2�H���i�B�p�2 ���M�/ ���#�b�Q�H�m�i�2 �i�2�+�?�M�B�[�m�2�b�(�R�9�j�)�X �6�Q�` �i�?�2 �`�2�H���i�B�p�2 �i�2�+�?�M�B�[�m�2�- �� �b�i���M�/���`�/�7�@�a�B�*
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�b���K�T�H�2 �B�b �M�2�2�/�2�/ �r�?�2�`�2 �B�i�b�S�G�@�Z�u�B�b ���H�`�2���/�v �F�M�Q�r�M�X �A�i �B�b �`�2�[�m�B�`�2�/ �i�?���i �i�?�2 �b�i���M�/���`�/
�7�@�a�B�*�b�?�Q�m�H�/ �?���p�2 �b�B�K�B�H���` �2�t�+�B�i���i�B�Q�M�- ���#�b�Q�`�T�i�B�Q�M ���M�/ �2�K�B�b�b�B�Q�M �T�`�Q�T�2�`�i�B�2�b ���b �i�?�2 �b���K�T�H�2
�i�Q �#�2 �K�2���b�m�`�2�/�X �a�B�M�+�2 �B�i �B�b �/�B�{�+�m�H�i �i�Q �7�m�H�H�v �/�m�T�H�B�+���i�2 �i�?�2 �2�t�T�2�`�B�K�2�M�i���H �+�Q�M�/�B�i�B�Q�M �r�?�2�`�2
�i�?�2 �`�2�7�2�`�2�M�+�2 �b�T�2�+�i�`�� �Q�7 �i�?�2 �b�i���M�/���`�/�7�@�a�B�*���`�2 �K�2���b�m�`�2�/ �B�M �Q�m�` �H���#�- �B�M �i�?�B�b �`�2�b�2���`�+�?�-
�r�2 ���/�Q�T�i �i�?�2 ���#�b�Q�H�m�i�2 �i�2�+�?�M�B�[�m�2�b �7�Q�` �i�?�2�S�G�@�Z�u�K�2���b�m�`�2�K�2�M�i�b�X ���b�7�@�a�B�*�B�b �� �b�Q�H�B�/
�i�?�B�M �}�H�K �b���K�T�H�2 �r�B�i�? �?�B�;�? �`�2�7�`���+�i�B�p�2 �B�M�/�2�t�- �i�?�2 �B�b�b�m�2�b �Q�7 ���M�B�b�Q�i�`�Q�T�B�+ �H�B�;�?�i �2�K�B�b�b�B�Q�M
���M�/ �r���p�2�@�;�m�B�/�B�M�; �2�z�2�+�i�b�(�R�9�9�) �+�Q�m�H�/ �;�`�2���i�H�v ���z�2�+�i �i�?�2 ���+�+�m�`���+�v �Q�7 �i�?�2 �`�2�b�m�H�i�b �Q�7�S�G�@�Z�u
�K�2���b�m�`�2�K�2�M�i�X �� �/�B�`�2�+�i �b�Q�H�m�i�B�Q�M �K�B�;�?�i �#�2 �K���T�T�B�M�; �i�?�2 �H�B�;�?�i �2�K�B�b�b�B�Q�M �i�Q �i�?�2 �b�Q�H�B�/ ���M�;�H�2
�/�B�b�i�`�B�#�m�i�B�Q�M �r�?�2�`�2 �i�?�2 �`���i�B�Q �Q�7 �i�?�2 �/�2�i�2�+�i�2�/�S�G�2�K�B�b�b�B�Q�M �i�Q �i�?�2 �r�?�Q�H�2�S�G�2�K�B�b�b�B�Q�M
�+���M �#�2 �/�2�i�2�`�K�B�M�2�/ �#�v �`�2�7�2�`�`�B�M�; �i�?�2 �2�t�T�2�`�B�K�2�M�i���H �+�Q�M�/�B�i�B�Q�M�b �`�2�H���i�2�/ �i�Q�S�G�2�t�+�B�i���i�B�Q�Mj
�/�2�i�2�+�i�B�Q�M�X �>�Q�r�2�p�2�`�- �i�?�B�b �b�Q�H�m�i�B�Q�M �B�b �[�m�B�i�2 �+�m�K�#�2�`�b�Q�K�2 ���M�/ �M�Q�i �b�Q �p�B���#�H�2 �r�?�2�`�2 �?�2���p�v
�r�Q�`�F�H�Q���/ �B�b �`�2�[�m�B�`�2�/ ���M�/ �i�?�2 �B�M�i�2�`�p���H �Q�7 �i�?�2 �b�Q�H�B�/ ���M�;�H�2 �M�2�2�/�b �i�Q �#�2 �+���`�2�7�m�H�H�v �+�?�Q�b�2�M�X
�P�M �i�?�2 �Q�i�?�2�` �?���M�/�- �B�M�i�2�;�`���i�B�M�; �b�T�?�2�`�2 �?���b �#�2�2�M �`�2�+�Q�;�M�B�x�2�/ ���b �i�?�2 �b�i���M�/���`�/ �2�[�m�B�T�K�2�M�i
�7�Q�` �K�2���b�m�`�B�M�; �i�?�2�S�G�@�Z�u�Q�7 �b�Q�H�B�/ �i�?�B�M �}�H�K�b�(�R�9�8�-�R�9�e�)�X �"�v �B�K�T�H�2�K�2�M�i�B�M�; �B�M�i�2�;�`���i�B�M�;
�b�T�?�2�`�2 �B�M�i�Q�S�G�@�Z�u�K�2���b�m�`�2�K�2�M�i�b�- ���H�H �i�?�2 �`�2�~�2�+�i�2�/ ���M�/ �2�K�B�i�i�2�/ �H�B�;�?�i �+���M �#�2 �+�Q�H�H�2�+�i�2�/
�r�?�2�`�2 �i�?�2 �+�Q�M�+�2�`�M �`�2�;���`�/�B�M�; �i�Q �i�?�2 ���M�;�m�H���` �/�2�T�2�M�/�2�M�+�2 �Q�7 �i�?�2�S�G�2�K�B�b�b�B�Q�M �B�b �M�Q �H�Q�M�;�2�`
�M�2�2�/�2�/�X �h�?�2�`�2�7�Q�`�2�- �i�?�2 �B�M�i�2�;�`���i�B�M�; �b�T�?�2�`�2 �#���b�2�/ �K�2���b�m�`�2�K�2�M�i �b�v�b�i�2�K �?���b �#�2�2�M �r�B�/�2�H�v
���T�T�H�B�2�/ �B�M �i�?�2 �/�2�i�2�`�K�B�M���i�B�Q�M �Q�7�S�G�@�Z�u�Q�7 �b�Q�H�B�/ �i�?�B�M �}�H�K�b�(�R�9�9�-�R�9�e���R�9�N�)�X �h�?�2 �#���b�B�+
�i�?�2�Q�`�v �Q�7 �B�M�i�2�;�`���i�B�M�; �b�T�?�2�`�2 �?���b �#�2�2�M �B�M�i�`�Q�/�m�+�2�/ �B�M �a�m�#�b�2�+�X�j�X�9�X�R�X

6.1.2 Two-measurements approach
�h�?�2�`�2 ���`�2 �i�r�Q �i�v�T�2�b �Q�7 �K�2�i�?�Q�/�Q�H�Q�;�v �#���b�2�/ �Q�M �B�M�i�2�;�`���i�B�M�; �b�T�?�2�`�2 �b�v�b�i�2�K �7�Q�` ���#�b�Q�@
�H�m�i�2 �/�2�i�2�`�K�B�M���i�B�Q�M �Q�7�S�G�@�Z�u�(�R�8�y�)�-�B�X�2�X�- �i�?�`�2�2�@�K�2���b�m�`�2�K�2�M�i�b�(�R�9�9�- �R�9�d�- �R�8�R�) ���M�/ �i�r�Q�@
�K�2���b�m�`�2�K�2�M�i�b�(�R�9�3�- �R�8�k�- �R�8�j�) ���T�T�`�Q���+�?�2�b�X �A�M �7���+�i�- �i�?�2 �i�r�Q�@�K�2���b�m�`�2�K�2�M�i�b ���T�T�`�Q���+�?
�T�`�Q�T�Q�b�2�/ �#�v �C�Q�?�M�b�Q�M�2�i ���H�X�(�R�9�3�) �r���b �/�2�`�B�p�2�/ �7�`�Q�K �i�?�2 �i�?�`�2�2�@�K�2���b�m�`�2�K�2�M�i�b �/�2�p�2�H�Q�T�2�/
�#�v �/�2 �J�2�H�H�Q�2�i ���H�X�(�R�9�9�)�X �h�?�2 �b�+�?�2�K���i�B�+ �/�B���;�`���K �Q�7 �i�?�2 �i�r�Q�@�K�2���b�m�`�2�K�2�M�i�b ���T�T�`�Q���+�? �B�b
�b�?�Q�r�M �B�M �i�?�2 �U���V �� �U�#�V �Q�7 �6�B�;�X�e�X�R�X �A�i �B�M�p�Q�H�p�2�b �i�r�Q �b�2�i�b �Q�7 �+�?���`���+�i�2�`�B�x���i�B�Q�M�b�-�B�X�2�X�- �U���V
�r�B�i�?�Q�m�i �~�m�Q�`�2�b�+�2�M�i �b���K�T�H�2 ���M�/ �U�#�V �r�B�i�? �~�m�Q�`�2�b�+�2�M�i �b���K�T�H�2 �#�2�B�M�; �Q�T�i�B�+���H�H�v �T�m�K�T�2�/�X
�q�?�B�H�2 �i�?�2 �Q�M�H�v �/�B�z�2�`�2�M�+�2 �#�2�i�r�2�2�M �i�?�2 �i�r�Q�@�K�2���b�m�`�2�K�2�M�i�b ���M�/ �i�?�`�2�2�@�K�2���b�m�`�2�K�2�M�i�b �B�b
�i�?���i �i�?�2 �H���i�i�2�` ���T�T�`�Q���+�? �+�Q�M�i���B�M�b �Q�M�2 �K�Q�`�2 �b�2�i �Q�7 �+�?���`���+�i�2�`�B�x���i�B�Q�M�-�B�X�2�X�- �i�?�2 �B�M�+�B�/�2�M�i
�H�B�;�?�i �#�2�B�M�; �Q�z �i�?�2 �/�B�`�2�+�i�B�Q�M �i�Q�r���`�/�b �i�?�2 �~�m�Q�`�2�b�+�2�M�i �b���K�T�H�2 ���b �b�?�Q�r�M �B�M �6�B�;�X �R�U�#�V �Q�7
�_�2�7�X �(�R�9�9�)�X �G�2�v�`�2�2�i ���H�X�(�R�8�y�) �?���p�2 �i�?�2�Q�`�2�i�B�+���H�H�v �T�`�Q�p�2�/ �i�?���i �i�?�2 �p���H�m�2�b �Q�7 �i�?�2�S�G�@�Z�u
�/�2�i�2�`�K�B�M�2�/ �#�v �i�?�Q�b�2 �i�r�Q ���T�T�`�Q���+�?�2�b ���`�2 �B�/�2�M�i�B�+���H�X �A�M �i�?�2 �U�+�V �Q�7 �6�B�;�X�e�X�R�- ���b�b�m�K�B�M�;
�M�Q �Q�p�2�`�H���T �#�2�i�r�2�2�M �i�?�2 �2�t�+�B�i���i�B�Q�M ���M�/ �2�K�B�b�b�B�Q�M �b�T�2�+�i�`�m�K�-L a j L c �/�2�b�B�;�M���i�2 �i�?�2 �B�M�i�2�@
�;�`���i�2�/ �H�m�K�B�M�2�b�+�2�M�+�2 �B�M�i�2�M�b�B�i�v �Q�7 �i�?�2 �B�M�+�B�/�2�M�i �2�t�+�B�i���i�B�Q�M �#�2���K �`�2�+�Q�`�/�2�/ �r�B�i�?j�r�B�i�?�Q�m�i
�i�?�2 �~�m�Q�`�2�b�+�2�M�i �b���K�T�H�2 �#�2�B�M�; �T�H���+�2�/ �B�M�b�B�/�2 �i�?�2 �B�M�i�2�;�`���i�B�M�; �b�T�?�2�`�2�- �`�2�b�T�2�+�i�B�p�2�H�v�- ���M�/Pc

�`�2�T�`�2�b�2�M�i�b �i�?�2 �B�M�i�2�;�`���i�2�/�S�G�B�M�i�2�M�b�B�i�v �Q�7 �i�?�2 �~�m�Q�`�2�b�+�2�M�i �b���K�T�H�2�X �L�Q�i�2 �i�?���i �i�?�2 ���#�Q�p�2
�K�2�M�i�B�Q�M�2�/ �M�Q�i���i�B�Q�M�b �Q�7 �i�?�2 �B�M�i�2�;�`���i�2�/ �H�m�K�B�M�2�b�+�2�M�+�2 �B�M�i�2�M�b�B�i�B�2�b ���`�2 ���/�Q�T�i�2�/ �7�`�Q�K �/�2
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���T�T�`�Q���+�? �B�b �7�Q�`�K�m�H���i�2�/ �#�v �1�[�X �U�e�X�R�V�X �A�M ���/�/�B�i�B�Q�M�- �i�?�2 �2�p���H�m���i�B�Q�M �Q�7 �i�?�2 �`�2�H���i�B�p�2 �m�M�+�2�`�@
�i���B�M�i�v �Q�7 �i�?�2 �i�r�Q�@�K�2���b�m�`�2�K�2�M�i�b ���T�T�`�Q���+�? �B�b �;�B�p�2�M �#�v �1�[�X �U�e�X�k�V�- �r�?�2�`�2UL a �-UL c ���M�/
UPc �`�2�T�`�2�b�2�M�i �i�?�2 �`�2�H���i�B�p�2 �m�M�+�2�`�i���B�M�i�v �Q�7L a �-L c ���M�/Pc�- �`�2�b�T�2�+�i�B�p�2�H�v�X
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�6�B�;�m�`�2 �e�X�R�,�U���V �r�B�i�?�Q�m�i �b���K�T�H�2 ���M�/ �U�#�V �r�B�i�? �b���K�T�H�2 �K�Q�m�M�i�2�/�- �r�?�2�`�2 �i�?�2 �b���K�T�H�2
�B�b �T�H���+�2�/ �B�M �i�?�2 �+�2�M�i�2�` �Q�7 �i�?�2 �B�M�i�2�;�`���i�B�M�; �b�T�?�2�`�2�X �U�+�V�, �i�?�`�2�2 �2�b�b�2�M�i�B���H �b�T�2�+�i�`�� �Q�#�i���B�M�2�/
�7�`�Q�K �i�?�2�S�G�@�Z�u�K�2���b�m�`�2�K�2�M�i �r�?�B�+�? ���`�2�, �i�?�2 �b�T�2�+�i�`�m�K �Q�7 �H���b�2�` �b�Q�m�`�+�2 �m�M�/�2�` �i�?�2
�2�t�T�2�`�B�K�2�M�i���H �+�Q�M�}�;�m�`���i�B�Q�M �b�?�Q�r�M �B�M �U���V�- �r�?�2�`�2L a �/�2�b�B�;�M���i�2�b �B�i�b �B�M�i�2�;�`���i�2�/ �H�m�K�B�M�2�b�@
�+�2�M�+�2 �B�M�i�2�M�b�B�i�v�c �i�?�2 �b�T�2�+�i�`�m�K �Q�7 �H���b�2�` �b�Q�m�`�+�2 �m�b�B�M�; �i�?�2 �i�2�b�i �b�+�?�2�K�2 �b�?�Q�r�M �B�M �U�#�V�- �r�?�2�`�2
�i�?�2 �`�2�H���i�2�/ �B�M�i�2�;�`���i�2�/ �H�m�K�B�M�2�b�+�2�M�+�2 �B�M�i�2�M�b�B�i�v �B�b �`�2�T�`�2�b�2�M�i�2�/ �#�vL c�c �i�?�2�S�G�b�T�2�+�i�`�m�K
�Q�7 �i�?�2 �b���K�T�H�2 �r�B�i�? �i�?�2 �B�M�i�2�;�`���i�2�/�S�G�B�M�i�2�M�b�B�i�v �H���#�2�H�H�2�/ ���bPc�X �L�Q�i�2 �i�?���i �i�?�2 �H���i�i�2�`
�i�r�Q �b�T�2�+�i�`�� ���`�2 �`�2�+�Q�`�/�2�/ �b�B�K�m�H�i���M�2�Q�m�b�H�v�X �h�?�2 �?�Q�`�B�x�Q�M�i���H �/���b�?�2�/ �H�B�M�2 �b�?�Q�r�M �B�M �U�+�V
�B�M�/�B�+���i�2�b �i�?�2 �x�2�`�Q �H�2�p�2�H �Q�7�S�G�B�M�i�2�M�b�B�i�v�X
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�h�?�2 �b�T�2�+�B�}�+���i�B�Q�M�b �`�2�H���i�2�/ �i�Q �i�?�2 �P�G �d�y�y�@�d�R �e�@�B�M�+�? �/�B���K�2�i�2�` �B�M�i�2�;�`���i�B�M�; �b�T�?�2�`�2
�2�K�T�H�Q�v�2�/ �B�M �i�?�B�b �`�2�b�2���`�+�? �7�Q�` �i�?�2 �/�2�i�2�`�K�B�M���i�B�Q�M �Q�7 �i�?�2�S�G�@�Z�u�Q�7 �i�?�2�7�@�a�B�*�b���K�T�H�2�b
�?���p�2 �#�2�2�M �B�M�i�`�Q�/�m�+�2�/ �B�M �a�m�#�b�2�+�X�j�X�9�X�k�- �i�?�2 �b���K�T�H�2 �?���b �i�Q �#�2 �T�H���+�2�/ �i�Q�r���`�/�b �i�?�2 �b���K�T�H�2
�T�Q�`�i �Q�M �i�?�2 �2�/�;�2 �Q�7 �i�?�2 �B�M�i�2�;�`���i�B�M�; �b�T�?�2�`�2�X ���b �� �K���i�i�2�` �Q�7 �7���+�i�- �G�2�v�`�2�2�i ���H�X�(�R�8�y�)
�b�m�;�;�2�b�i�2�/ �i�?���i �i�?�2 �i�r�Q�@�K�2���b�m�`�2�K�2�M�i�b ���T�T�`�Q���+�? �B�b �T�`�2�7�2�`�`�2�/ �B�7 �~�m�Q�`�2�b�+�2�M�i �b���K�T�H�2 �B�b
�#�2�B�M�; �T�H���+�2�/ ���i �i�?�2 �2�/�;�2 �Q�7 �B�M�i�2�;�`���i�B�M�; �b�T�?�2�`�2�X �A�i �B�b �#�2�H�B�2�p�2�/ �i�?���i �7�Q�` �i�?�2 �2�t�i�`��
�+�?���`���+�i�2�`�B�x���i�B�Q�M �Q�7 �i�?�2 �i�?�`�2�2�@�K�2���b�m�`�2�K�2�M�i�b ���T�T�`�Q���+�?�- �r�?�2�`�2 �i�?�2 �B�M�i�2�;�`���i�2�/ �b�Q�m�`�+�2j�S�G
�B�M�i�2�M�b�B�i�B�2�b ���`�2 �/�2�b�B�;�M���i�2�/ �#�vL b ���M�/Pb�- �`�2�b�T�2�+�i�B�p�2�H�v�- �i�?�2Pb �/�2�`�B�p�2�/ �7�`�Q�K �b�Q�H�B�/ �i�?�B�M
�}�H�K �b���K�T�H�2 �+���M �#�2 �M�2�;�H�B�;�B�#�H�2 �B�7 �i�?�2 �7�Q�H�H�Q�r�B�M�; �i�r�Q �7���+�i�Q�`�b ���`�2 �7�m�H�}�H�H�2�/�X �P�M�2 �7���+�i�Q�` �B�b
�i�?���i �i�?�2 �b���K�T�H�2 �B�b �T�H���+�2�/ ���i �i�?�2 �2�/�;�2 �Q�7 �i�?�2 �B�M�i�2�;�`���i�B�M�; �b�T�?�2�`�2 �r�?�2�`�2 �Q�M�H�v �Q�M�2 �b�B�/�2
�Q�7 �i�?�2 �b���K�T�H�2 �+���M �#�2 �2�t�+�B�i�2�/ �#�v �i�?�2 �/�B�z�m�b�2�/ �2�t�+�B�i���i�B�Q�M �b�Q�m�`�+�2 �B�M�b�i�2���/ �Q�7 �i�?�2 �/�B�`�2�+�i
�Q�T�i�B�+���H �T�m�K�T�B�M�;�X �h�?�2 �Q�i�?�2�` �7���+�i�Q�` �B�b �i�?���i �i�?�2 ���`�2�� �Q�7 �i�?�2 �b���K�T�H�2 �T�Q�`�i�- �r�?�B�+�? �H�B�K�B�i�b
�i�?�2 �2�z�2�+�i�B�p�2 ���`�2�� �Q�7 �i�?�2 �b���K�T�H�2 �+���T���#�H�2 �Q�7 �#�2�B�M�; �2�t�+�B�i�2�/�- �B�b �[�m�B�i�2 �b�K���H�H �+�Q�K�T���`�2�/ �i�Q
�i�?�2 ���`�2�� �Q�7 �i�?�2 �2�M�i�B�`�2 �/�B�z�m�b�2 �r���H�H�X �_�2�;���`�/�B�M�; �Q�m�`�S�G�@�Z�u�K�2���b�m�`�2�K�2�M�i �b�2�i�m�T�- �i�?�2
�b���K�T�H�2 �B�b �K�Q�m�M�i�2�/ �Q�M �i�?�2 �2�/�;�2 �Q�7 �i�?�2 �B�M�i�2�;�`���i�B�M�; �b�T�?�2�`�2�X �h�?�2 �2�z�2�+�i�B�p�2 ���`�2�� �Q�7 �i�?�2
�b���K�T�H�2 �i�Q �#�2 �+�?���`���+�i�2�`�B�x�2�/ �B�b �H�B�K�B�i�2�/ �#�v �i�?�2 ���`�2�� �Q�7 �i�?�2 �T�Q�`�i �Q�7 �i�?�2 �b���K�T�H�2 �?�Q�H�/�2�`�-
�r�?�2�`�2 �i�?�2 �/�B���K�2�i�2�` �Q�7 �i�?�2 �T�Q�`�i �B�b �Q�M�H�v �8 �K�K �U� �y�X�k�ô�V�X �h�?�2�`�2�7�Q�`�2�- �r�2 �/�2�+�B�/�2�/ �i�Q ���/�Q�T�i
�i�r�Q�@�K�2���b�m�`�2�K�2�M�i�b ���T�T�`�Q���+�? �B�M �i�?�B�b �`�2�b�2���`�+�?�X

6.2 A solution for PL-QY determination of f-SiC

6.2.1 Experimental design
���b �i�?�2 �B�M�i�2�;�`���i�B�M�; �b�T�?�2�`�2 ���T�T�H�B�2�/ �B�M �Q�m�`�S�G�@�Z�u�K�2���b�m�`�2�K�2�M�i�b �B�b �/�B�z�2�`�2�M�i �7�`�Q�K �i�?�2
�Q�`�B�;�B�M���H �Q�M�2 �b�?�Q�r�M �B�M �i�?�2 �U���V �� �U�#�V �Q�7 �6�B�;�X�e�X�R�- �r�2 �?���p�2 �/�2�p�2�H�Q�T�2�/ �� �M�2�r �2�t�T�2�`�B�@
�K�2�M�i���H �/�2�b�B�;�M �#���b�2�/ �Q�M �i�?�2 �i�r�Q�@�K�2���b�m�`�2�K�2�M�i�b ���T�T�`�Q���+�? �r�?�2�`�2 �b�Q�K�2 �K�Q�/�B�}�+���i�B�Q�M�b
�?���p�2 �#�2�2�M �K���/�2�X �A�M �7���+�i�- �i�?�2�S�G�2�K�B�b�b�B�Q�M �7�`�Q�K ���M �~�m�Q�`�2�b�+�2�M�i �b���K�T�H�2 �+�Q�H�H�2�+�i�2�/
�#�v ���M �B�M�i�2�;�`���i�B�M�; �b�T�?�2�`�2�- �r�?�2�`�2 �i�?�2 �b���K�T�H�2 �B�b �T�H���+�2�/ ���i �i�?�2 �+�2�M�i�2�` �Q�7 �i�?�2 �b�T�?�2�`�2�-
�+���M �#�2 �/�B�p�B�/�2�/ �B�M�i�Q �7�Q�m�` ���b�T�2�+�i�b �/�2�T�2�M�/�B�M�; �Q�M �i�?�2 �+�Q�M�/�B�i�B�Q�M �`�2�H���i�2�/ �i�Q �2�t�+�B�i���i�B�Q�M
���M�/ �/�2�i�2�+�i�B�Q�M�X �h�?�2�S�G�2�K�B�b�b�B�Q�M �B�b �+�Q�M�b�B�/�2�`�2�/ �i�Q �#�2 �+�Q�H�H�2�+�i�2�/ �m�M�/�2�` �7�Q�m�` �+�Q�M�/�B�@
�i�B�Q�M�b�-�B�X�2�X�- �7�`�Q�M�i�@�2�t�+�B�i���i�B�Q�M�@�7�`�Q�M�i�@�/�2�i�2�+�i�B�Q�M �U�6�1�6�.�V�- �7�`�Q�M�i�@�2�t�+�B�i���i�B�Q�M�@�#���+�F�@�/�2�i�2�+�i�B�Q�M
�U�6�1�"�.�V�- �#���+�F�@�2�t�+�B�i���i�B�Q�M�@�7�`�Q�M�i�@�/�2�i�2�+�i�B�Q�M �U�"�1�6�.�V ���M�/ �#���+�F�@�2�t�+�B�i���i�B�Q�M�@�#���+�F�@�/�2�i�2�+�i�B�Q�M
�U�"�1�"�.�V ���b �b�?�Q�r�M �B�M �6�B�;�X�e�X�k�X �L�Q�i�2 �i�?���i �r�2 �i�`�2���i�7�@�a�B�*�b���K�T�H�2�-�B�X�2�X�- �7�@�a�B�*�2�T�B�H���v�2�`
���M�/ �e�>�@�a�B�* �b�m�#�b�i�`���i�2�- ���b �� �r�?�Q�H�2 �/�m�`�B�M�;�S�G�@�Z�u�/�2�i�2�`�K�B�M���i�B�Q�M�X �h�?�2�`�2�7�Q�`�2 �i�?�2 �K�2���@
�b�m�`�2�/�S�G�@�Z�u�+���M �M�Q�i �`�2�T�`�2�b�2�M�i �i�?�2 �`�2���H�S�G�@�Z�u�Q�7 �i�?�2�7�@�a�B�*�2�T�B�H���v�2�`�- �r�?�2�`�2 �i�?�2
�H���i�i�2�` �B�b �2�t�T�2�+�i�2�/ �i�Q �#�2 �H�Q�r�2�` �i�?���M �i�?�2 �7�Q�`�K�2�` �/�m�2 �i�Q �i�?�2 ���#�b�Q�`�T�i�B�Q�M �Q�7 �2�t�+�B�i���i�B�Q�M
�#�2���Kj �S�G�2�K�B�b�b�B�Q�M �#�v �i�?�2 �b�m�#�b�i�`���i�2�X �L�2�p�2�`�i�?�2�H�2�b�b�- �i�?�2 �2�p�Q�H�m�i�B�Q�M �i�`�2�M�/ �Q�7 �i�?�2 �K�2���@
�b�m�`�2�/�S�G�@�Z�u�+���M �b�i�B�H�H �`�2�T�`�2�b�2�M�i �i�?���i �Q�7 �i�?�2 �2�T�B�H���v�2�`�ö�b ���+�i�m���H�S�G�@�Z�u�-�2�X�;�X�- �i�?�2 �i�`�2�M�/
���H�Q�M�; �r�B�i�? �i�?�2 �p���`�B���i�B�Q�M �Q�7 �i�?�2 �B�M�+�B�/�2�M�i �#�2���K �T�Q�r�2�`�X �"���+�F �i�Q �i�?�2 �7�Q�m�` ���b�T�2�+�i�b �Q�7
�i�?�2 �+�Q�H�H�2�+�i�2�/�S�G�2�K�B�b�b�B�Q�M �b�?�Q�r�M �B�M �6�B�;�X�e�X�k�- �/�m�`�B�M�; �i�?�2�S�G�@�Z�u�/�2�i�2�`�K�B�M���i�B�Q�M �Q�M
�7�@�a�B�*�b���K�T�H�2�b�- �B�i �r���b �7�Q�m�M�/ �i�?���i �i�?�2 �H�m�K�B�M�2�b�+�2�M�+�2 �B�M�i�2�M�b�B�i�v �Q�7 �S�G�"�1�"�. �B�b ���H�K�Q�b�i �m�M�@
�/�2�i�2�+�i���#�H�2�X �h�r�Q �+���m�b�2�b �+�Q�m�H�/ ���+�+�Q�m�M�i �7�Q�` �i�?�B�b�- �Q�M�2 �B�b �i�?�2 �2�t�+�B�i���i�B�Q�M �#�2���K �?���b �#�2�2�M
�H���`�;�2�H�v ���i�i�2�M�m���i�2�/ �r�?�2�M �B�i �`�2���+�?�2�b �i�Q �i�?�2 �B�M�i�2�`�7���+�2 �#�2�i�r�2�2�M�7�@�a�B�*�2�T�B�H���v�2�`j �e�>�@�a�B�*
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�/�2�`�B�p�2�/ �7�`�Q�K �i�?�2�S�G�@�Z�u�/�2�i�2�`�K�B�M���i�B�Q�M �m�b�B�M�; ���M �B�M�i�2�;�`���i�B�M�; �b�T�?�2�`�2 �b�?�Q�r�M �B�M �i�?�2
�6�B�;�m�`�2�X�e�X�R�U�#�V�X ���b �7�Q�` �i�?�2 �b�m�#�b�+�`�B�T�i�b �Q�7 �i�?�2 �M���K�2�b �Q�7�S�G�b�B�;�M���H�b�- �ô�6�ô�- �ô�"�ô�- �ô�1�ô ���M�/
�ô�.�ô �`�2�T�`�2�b�2�M�i �7�`�Q�M�i�- �#���+�F�- �2�t�+�B�i���i�B�Q�M ���M�/ �/�2�i�2�+�i�B�Q�M�- �`�2�b�T�2�+�i�B�p�2�H�v�- �r�?�2�`�2 �i�?�2 �7�`�Q�M�i �b�B�/�2
�Q�7�7�@�a�B�*�b���K�T�H�2 �`�2�7�2�`�b �i�Q �i�?�2 �b�B�/�2 �Q�7 �2�T�B�H���v�2�`�X

�b�m�#�b�i�`���i�2 �7�`�Q�K �#���+�F�b�B�/�2�- �i�?�2 �Q�i�?�2�` �B�b �i�?�2�S�G�2�K�B�b�b�B�Q�M �7�`�Q�K �i�?�2 ���#�Q�p�2 �K�2�M�i�B�Q�M�2�/ �B�M�@
�i�2�`�7���+�2 �?���b �#�2�2�M ���H�b�Q ���i�i�2�M�m���i�2�/ �r�?�2�M �B�i �T�`�Q�T���;���i�2�b �i�?�`�Q�m�;�? �i�?�2 �e�>�@�a�B�* �b�m�#�b�i�`���i�2�X
�>�2�M�+�2 �i�?�2�`�2 ���`�2 ���H�i�Q�;�2�i�?�2�` �}�p�2 �i�v�T�2�b �Q�7 �H�m�K�B�M�2�b�+�2�M�+�2 �b�T�2�+�i�`�m�K �`�2�[�m�B�`�2�/�-�B�X�2�X�- �i�?�2 �b�T�2�+�@
�i�`�� �Q�7 �i�?�2 �Q�`�B�;�B�M���H ���M�/ ���i�i�2�M�m���i�2�/ �2�t�+�B�i���i�B�Q�M �#�2���K �r�B�i�?�Q�m�ij �r�B�i�? �b���K�T�H�2 �T�`�2�b�2�M�i�2�/�-
���M�/ �S�G�6�1�6�. j �S�G�6�1�6�. j �S�G�6�1�6�. �- �B�M �Q�`�/�2�` �i�Q �2�t�i�`���+�i �b���K�T�H�2�ö�b�S�G�@�Z�u�X �6�B�;�X�e�X�j�b�?�Q�r�b
�i�?�2 �2�t�T�2�`�B�K�2�M�i���H �/�2�b�B�;�M �#���b�2�/ �Q�M �i�?�2 �P�G �d�y�y�@�d�R �e�@�B�M�+�? �/�B���K�2�i�2�` �B�M�i�2�;�`���i�B�M�; �b�T�?�2�`�2
�7�Q�` �i�?�2�S�G�@�Z�u�/�2�i�2�`�K�B�M���i�B�Q�M �Q�M�7�@�a�B�*�b���K�T�H�2�b �B�M �i�?�B�b �`�2�b�2���`�+�?�X �L�Q�i�2 �i�?���i ���M �Q�T�i�B�+���H
�b�T�2�+�i�`�Q�K�2�i�2�` �U�*���a �R�9�y�"�- �A�M�b�i�`�m�K�2�M�i �a�v�b�i�2�K�b �:�K�#�>�V �r���b �+�Q�M�M�2�+�i�2�/ �i�Q �i�?�2 �K�2���b�m�`�2�@
�K�2�M�i�6�P�S�7�Q�` �b�T�2�+�i�`�� �`�2�+�Q�`�/�B�M�;�- ���M�/ �� �/�B�Q�/�2 �H���b�2�` �U� = 375 �M�K�- �G�"�s�@�j�d�8 �>�S�1�V �r���b
�m�b�2�/ ���b �i�?�2 �b�Q�m�`�+�2 �Q�7 �i�?�2 �2�t�+�B�i���i�B�Q�M �#�2���K�X �A�i �B�b �r�Q�`�i�?�v �i�Q �K�2�M�i�B�Q�M �i�?���i �i�?�2 �B�M�+�B�/�2�M�i
�#�2���K �T�Q�r�2�` �r���b �+���H�B�#�`���i�2�/ �#�v �K�2���b�m�`�B�M�; �B�i ���i �i�?�2 �b���K�T�H�2 �T�Q�`�i �r�B�i�? �i�?�2 �T�Q�r�2�` �K�2�i�2�`
�U���b �K�2�M�i�B�Q�M�2�/ �B�M �a�m�#�b�2�+�X�j�X�j�X�k�V �#�2�7�Q�`�2 �a�i�2�T �R���9 �B�M �Q�`�/�2�` �i�Q �2�M�b�m�`�2 �i�?�2 �b���K�2 �B�M�+�B�/�2�M�i
�T�Q�r�2�` �7�`�Q�K �i�?�2 �`�2�~�2�+�i���M�+�2j �i�`���M�b�K�B�i�i���M�+�2�6�P�S�X �h�?�2 �b�T�2�+�i�`�� �`�2�+�Q�`�/�2�/ �i�?�`�Q�m�;�? �i�?�2
�}�p�2 �b�i�2�T�b �Q�7 �i�?�2�S�G�@�Z�u�K�2���b�m�`�2�K�2�M�i ���`�2 �b�m�K�K���`�B�x�2�/ �B�M �h���#�X�e�X�R�r�B�i�? �b�T�2�+�B�}�+���i�B�Q�M�b�X
�h���F�B�M�; �i�?�2 �K�2���b�m�`�2�K�2�M�i �`�2�b�m�H�i�b �Q�7 �b���K�T�H�2 �a�L�@�k �r�B�i�? �i�?�2 �B�M�+�B�/�2�M�i �T�Q�r�2�` �Q�7 �8 �K�q
�#���b�2�/ �Q�M �i�?�2 �2�t�T�2�`�B�K�2�M�i���H �b�2�i�m�T �b�?�Q�r�M �B�M �6�B�;�X�e�X�j���b ���M �2�t���K�T�H�2�- �i�?�2 �K�2���b�m�`�2�/
�b�T�2�+�i�`�� �/�2�}�M�2�/ �B�M �h���#�X�e�X�R���`�2 �b�?�Q�r�M �B�M �6�B�;�X�e�X�9�X

6.2.2 Data processing algorithm
�A�M �a�i�2�T �R�- �i�?�2 �_�2�~�2�+�i���M�+�2 �a�i���M�/���`�/ �U�_�2�~�@�a�i�/�- ���b �B�M�i�`�Q�/�m�+�2�/ �B�M �a�m�#�b�2�+�X�j�X�9�X�k�V �r���b �B�M�@
�b�i���H�H�2�/ �Q�M �i�?�2 �b���K�T�H�2 �T�Q�`�i �7�Q�` �K�2���b�m�`�B�M�; �i�?�2 �Q�`�B�;�B�M���H �b�T�2�+�i�`�� �Q�7 �i�?�2 �2�t�+�B�i���i�B�Q�M �#�2���K�-
�r�?�2�`�2 �i�?�2�_�2�~�@�a�i�/�r���b �m�b�2�/ �7�Q�` �T�`�2�p�2�M�i�B�M�; �H�B�;�?�i �H�2���F���;�2 �i�?�`�Q�m�;�? �i�?�2 �b���K�T�H�2 �T�Q�`�i�X
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�6�B�;�m�`�2 �e�X�j�,�.�B���;�`���K �Q�7 �i�?�2 �K�Q�/�B�}�2�/ �2�t�T�2�`�B�K�2�M�i���H �T�`�Q�+�2�/�m�`�2 �Q�7�S�G�@�Z�u�K�2���b�m�`�2�@
�K�2�M�i�b �Q�M�7�@�a�B�*�b���K�T�H�2�b�X �U���V �a�i�2�T �R�, �i�?�2 �K�2���b�m�`�2�K�2�M�i �Q�7L a �X �U�#�V �i�?�2 �i�Q�T �p�B�2�r �Q�7 �i�?�2
�B�M�i�2�;�`���i�B�M�; �b�T�?�2�`�2 �/�m�`�B�M�; �a�i�2�T �R�X �U�+�V �a�i�2�T �k���j�, �i�?�2 �K�2���b�m�`�2�K�2�M�i �Q�7L c ���M�/ �S�G�6�1�6�. �-
�r�?�2�`�2 �i�?�2 �#�2���K �r���b �/�B�`�2�+�i�2�/ �i�Q �i�?�2 �p�B�+�B�M�B�i�v �Q�7 �i�?�2 �b���K�T�H�2 �T�Q�`�i �U�B�X�2�X�- �+�Q�K�T���`�B�b�Q�M
�K�Q�/�2�V �7�Q�` �a�i�2�T �k�c�X �U�/�V �a�i�2�T �9�, �i�?�2 �K�2���b�m�`�2�K�2�M�i �Q�7 �S�G�"�1�6�. �c �a�i�2�T �8�, �i�?�2 �K�2���b�m�`�2�@
�K�2�M�i �Q�7 �S�G�6�1�"�. �- �r�?�2�`�2 �i�?�2 �#�2���K �b�r�B�i�+�? �F�M�Q�# �r���b �b�2�i �i�Q �+�Q�K�T���`�B�b�Q�M �K�Q�/�2 �7�Q�` �#�Q�i�?
�b�i�2�T�b�X
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�6�B�;�m�`�2 �e�X�9�,�P�M�2 �b�2�i �Q�7 �b�T�2�+�i�`�� �7�Q�` �i�?�2 �2�t�i�`���+�i�B�Q�M �Q�7 �i�?�2�S�G�@�Z�u���i �+�2�`�i���B�M �B�M�+�B�/�2�M�i
�T�Q�r�2�` �U�?�2�`�2 �i���F�B�M�; �i�?�2 �K�2���b�m�`�2�K�2�M�i �`�2�b�m�H�i�b �+�Q�`�`�2�b�T�Q�M�/�B�M�; �i�Q �b���K�T�H�2 �a�L�@�k ���i �B�M�+�B�/�2�M�i
�T�Q�r�2�` �Q�7 �8 �K�q ���b ���M �2�t���K�T�H�2�V�X ���+�+�Q�`�/�B�M�; �i�Q �i�?�2 �T�`�Q�+�2�/�m�`�2 �Q�7�S�G�@�Z�u�K�2���b�m�`�2�K�2�M�i
�b�m�K�K���`�B�x�2�/ �B�M �h���#�X�e�X�R�- �i�?�2 �b�T�2�+�i�`�� �`�2�+�Q�`�/�2�/ �B�M �a�i�2�T �R�@�j ���`�2 �T�`�2�b�2�M�i�2�/ �B�M �U���V�- �r�?�2�`�2���b
�i�?�2 �b�T�2�+�i�`�� �`�2�+�Q�`�/�2�/ �B�M �a�i�2�T �9�@�8 ���`�2 �T�`�2�b�2�M�i�2�/ �B�M �U�#�V�X �L�Q�i�2 �i�?���i �i�?�2 �x�Q�Q�K�2�/ �b�T�2�+�i�`�� �B�M
�U���V ���i �i�?�2 �T�`�2�/�2�}�M�2�/ �M���`�`�Q�r �r���p�2�H�2�M�;�i�? �`���M�;�2�-�B�X�2�X�- �j�N�y�@�d�3�9 �M�K�- ���`�2 �T�`�2�b�2�M�i�2�/ �B�M �i�?�2
�B�M�b�2�i �U���@�B�V�- �r�?�2�`�2 �i�?�2 �`�2�b�T�2�+�i�B�p�2 �M�Q�`�K���H�B�x�2�/ �b�T�2�+�i�`�� ���`�2 �b�?�Q�r�M �B�M �i�?�2 �B�M�b�2�i �U���@�B�B�V�X �h�?�2
�B�M�b�2�i �U�#�@�B�Vj �U�#�@�B�B�V �b�?�Q�r �i�?�2 �x�Q�Q�K�2�/ �i�r�Q �b�T�2�+�i�`�� ���i �j�e�y�@�9�8�y �M�K �`���M�;�2 ���M�/I �"�1�6�. (� )
���i �9�N�y�@�d�3�9 �M�K �`���M�;�2�- �`�2�b�T�2�+�i�B�p�2�H�v�X
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�a�i�2�T �a�T�2�+�i�`�m�K �h�Q�r���`�/�b �_���M�;�2 �*�Q�M�M�2�+�i�2�/ �"�2���K
�M�Q�X �M���K�2 �b���K�T�H�2 �T�Q�`�i �Q�7� �6�P�S �a�r�B�i�+�?

�R
I �a�_�*�-�q (� )

�_�2�~�@�a�i�/
�r�B�/�2

�_�2�~�X �a���K�T�X
I �a�_�*�-�L(� ) �M���`�`�Q�r

�k I �6�1�6�.�-�L�-�B�M�/(� ) �b���K�T�H�2 �?�Q�H�/�2�` �M���`�`�Q�r �_�2�~�X �*�Q�K�T�X

�j
I �6�1�6�.�-�L�-�/�B�`(� )

�7�@�a�B�*�7�`�Q�M�i
�M���`�`�Q�r

�_�2�~�X �a���K�T�X
I �6�1�6�.�-�q�-�/�B�(̀� ) �r�B�/�2

�9 I �"�1�6�. (� ) �7�@�a�B�*�7�`�Q�M�i
�r�B�/�2 �h�`���M�X �*�Q�K�T�X

�8 I �6�1�"�. (� ) �7�@�a�B�*�#���+�F

�h���#�H�2 �e�X�R�,�h�?�2 �T�`�Q�+�2�/�m�`�2 �Q�7 �`�2�+�Q�`�/�B�M�; �Q�M�2 �b�2�i �Q�7 �b�T�2�+�i�`�� �7�Q�` �i�?�2�S�G�@�Z�u�/�2�i�2�`�@
�K�B�M���i�B�Q�M �Q�M�7�@�a�B�*�b���K�T�H�2 �m�b�B�M�; �i�?�2 �2�t�T�2�`�B�K�2�M�i���H �+�Q�M�}�;�m�`���i�B�Q�M �b�?�Q�r�M �B�M �6�B�;�X�e�X�j�X
�L�Q�i�2 �i�?���i �i�?�2 �ô�r�B�/�2�ô ���M�/ �ô�M���`�`�Q�r�ô �K�Q�/�2�b �m�M�/�2�` �ô�_���M�;�2 �Q�7� �ô �`�2�7�2�` �i�Q �j�8�y�@�d�3�9 �M�K
���M�/ �j�N�y�@�d�3�9 �M�K�- �`�2�b�T�2�+�i�B�p�2�H�v�X �ô�q�ô ���M�/ �ô�L�ô �B�M �b�m�#�b�+�`�B�T�i�b �Q�7 �b�T�2�+�i�`���H �M���K�2 ���`�2 ���H�b�Q
�`�2�H���i�2�/ �i�Q �i�?�2 �ô�r�B�/�2�ô ���M�/ �ô�M���`�`�Q�r�ô �K�Q�/�2�b �b�2�T���`���i�2�H�v�X �ô�B�M�/�ô ���M�/ �ô�/�B�`�ô �`�2�7�2�` �i�Q �i�?�2
�B�M�/�B�`�2�+�i ���M�/ �/�B�`�2�+�i �B�M�+�B�/�2�M�+�2 �Q�7 �i�?�2 �2�t�+�B�i���i�B�Q�M �#�2���K �Q�M �i�?�2 �b���K�T�H�2 �T�Q�`�i �r�B�i�? �i�?�2 �b���K�@
�T�H�2 �?�Q�H�/�2�` �K�Q�m�M�i�2�/ �r�?�B�+�? �+�Q�`�`�2�b�T�Q�M�/ �i�Q �i�?�2 �+�Q�K�T���`�B�b�Q�M �K�Q�/�2 �U�+�Q�K�T�X�V ���M�/ �b���K�T�H�2
�K�Q�/�2 �U�b���K�T�X�V�- �`�2�b�T�2�+�i�B�p�2�H�v�X �A�M ���/�/�B�i�B�Q�M�-I �a�_�*�-�q (� ) j I �6�1�6�.�-�q (� ) �r�2�`�2 �`�2�+�Q�`�/�2�/ �m�b�B�M�;
�i�?�2 �b���K�2 �T���`���K�2�i�2�` �b�2�i�i�B�M�;�-�B�X�2�X�- �B�M�i�2�;�`���i�B�Q�M �i�B�K�2�- �i�B�K�2�b �Q�7 �+�Q�H�H�2�+�i�B�Q�M ���M�/ �+�?�Q�Q�b�B�M�;
�P�.�@�}�H�i�2�`�Q�` �M�Q�i�- ���M�/ �b�Q �r�2�`�2I �a�_�*�-�L(� ) j I �6�1�6�.�-�L�-�B�M�/(� ) j I �6�1�6�.�-�L�-�/�B�`(� )�X

I �a�_�*�-�q j I �a�_�*�-�L ���`�2 �i�?�2 �i�r�Q �b�T�2�+�i�`�� �`�2�H���i�2�/ �i�Q �i�?�2 �Q�`�B�;�B�M���H �b�Q�m�`�+�2 �#�2���K �K�2���b�m�`�2�/ �B�M
�/�B�z�2�`�2�M�i �r���p�2�H�2�M�;�i�? �`���M�;�2�b�-�B�X�2�X�- �i�?�2 �r�B�/�2 �K�Q�/�2 �U�j�8�y�@�d�3�9 �M�K�V ���M�/ �i�?�2 �M���`�`�Q�r �K�Q�/�2
�U�j�N�y�@�d�3�9 �M�K�V�- �`�2�b�T�2�+�i�B�p�2�H�v�X �L�Q�`�K���H�H�v�- ���M �Q�T�i�B�+���H �/�2�M�b�B�i�v �}�H�i�2�` �U�P�.�@�}�H�i�2�`�V �r���b �m�b�2�/
�r�?�2�M �K�2���b�m�`�B�M�;I �a�_�*�-�q �B�M �Q�`�/�2�` �i�Q �T�`�2�p�2�M�i �i�?�2 ���#�b�Q�H�m�i�2 �B�M�i�2�M�b�B�i�v �Q�7 �B�i�b �K���B�M �T�2���F �+�2�M�@
�i�2�`�2�/ ���i �j�d�8 �M�K �7�`�Q�K �2�t�+�2�2�/�B�M�; �i�?�2 �m�T�T�2�` �/�2�i�2�+�i�B�Q�M �H�B�K�B�i �Q�7 �i�?�2 �Q�T�i�B�+���H �b�T�2�+�i�`�Q�K�2�i�2�`�X
�>�2�`�2 �r�2 �;�Q�i �i�?�2 �2�t�T�`�2�b�b�B�Q�M �Q�7 �i�?�2 �B�M�i�2�;�`���i�2�/ �B�M�i�2�M�b�B�i�v �Q�7 �i�?�2 �Q�`�B�;�B�M���H �2�t�+�B�i���i�B�Q�M �b�T�2�+�@
�i�`�m�K �UL a �V �b�?�Q�r�M �B�M �1�[�X �U�e�X�j�V�- �r�?�2�`�2 �_�2�~�@�a�i�/(� ) �`�2�7�2�`�b �i�Q �i�?�2 �`�2�~�2�+�i���M�+�2 �b�T�2�+�i�`�m�K
�Q�7 �i�?�2�_�2�~�@�a�i�/�X
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I �a�_�*�-�q (� )
�_�2�~�@�a�i�/(� )

�/� �U�e�X�j�V

�A�M �i�?�2 �U���V �Q�7 �6�B�;�X�e�X�9�- �i�?�2 �b�T�2�+�i�`�m�K �Q�7I �6�1�6�.�-�q�-�/�B�`�r�?�B�+�? �B�M�+�H�m�/�2�b �i�?�2 �b�T�2�+�i�`�m�K
�Q�7 �S�G�6�1�6�. �r���b ���H�b�Q �K�2���b�m�`�2�/ �r�B�i�? �i�?�2�P�.�@�}�H�i�2�`�X �6�`�Q�K �i�?�2 �M�Q�`�K���H�B�x�2�/ �b�T�2�+�i�`�m�K �Q�7
I �6�1�6�.�-�q�-�/�B�`�b�?�Q�r�M �B�M �i�?�2 �U���@�B�B�V �Q�7 �6�B�;�X�e�X�9�- �r�2 �+���M �b�2�2 �i�?���i �#�v ���/�/�B�M�; �i�?�2�P�.�@�}�H�i�2�`�-
�i�?�2 �H�B�M�2 �b�?���T�2 �Q�7I �6�1�6�.�-�q�-�/�B� �̀B�b ���z�2�+�i�2�/ �#�v ���K�#�B�2�M�i �M�Q�B�b�2 �/�m�2 �i�Q �B�i�b �r�2���F �B�M�i�2�M�b�B�i�v�X �A�M
���/�/�B�i�B�Q�M�- �i�?�2 �i�r�Q �b�T�2�+�i�`�� �T�`�2�b�2�M�i�2�/ �B�M �i�?�2 �U�#�V �Q�7 �6�B�;�X�e�X�9�-�B�X�2�X�-I �6�1�"�. j I �"�1�6�. �- �r�?�B�+�?
�`�2�~�2�+�i �i�?�2 �B�M�7�Q�`�K���i�B�Q�M �Q�7 �i�?�2 �H�B�M�2 �b�?���T�2�b �`�2�H���i�2�/ �i�Q �S�G�6�1�"�. j �S�G�"�1�6�. �- �`�2�b�T�2�+�i�B�p�2�H�v�-
�r�2�`�2 �K�2���b�m�`�2�/ �r�B�i�?�Q�m�i �i�?�2�P�.�@�}�H�i�2�`�X �A�i �+���M �#�2 �2�t�T�2�+�i�2�/ �i�?���i �B�7 �i�?�2�P�.�@�}�H�i�2�`�r���b
���/�/�2�/ �/�m�`�B�M�; �i�?�2 �K�2���b�m�`�2�K�2�M�i�b �Q�7 �i�?�2 ���#�Q�p�2 �K�2�M�i�B�Q�M�2�/ �i�r�Q �b�T�2�+�i�`���- �i�?�2 �b�T�2�+�i�`�m�K
�K�2���b�m�`�2�/ �B�M �6�1�"�. �+�Q�M�}�;�m�`���i�B�Q�M �r�Q�m�H�/ �#�2 ���H�b�Q ���z�2�+�i�2�/ �#�v �i�?�2 ���K�#�B�2�M�i �M�Q�B�b�2 �r�?�B�H�2
�i�?�2 �b�T�2�+�i�`�m�K �K�2���b�m�`�2�/ �B�M �"�1�6�. �+�Q�M�}�;�m�`���i�B�Q�M �r�Q�m�H�/ �#�2 �T�`�Q�#���#�H�v �#�2�M�2���i�? �i�?�2 �H�Q�r�2�`
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�/�2�i�2�+�i�B�Q�M �H�B�K�B�i �Q�7 �i�?�2 �Q�T�i�B�+���H �b�T�2�+�i�`�Q�K�2�i�2�`�X ���b �� �+�Q�M�b�2�[�m�2�M�+�2�- �r�2 �/�2�+�B�/�2�/ �i�Q �K�2���b�m�`�2
�i�?�2 �b�T�2�+�i�`�� �r�?�B�+�? �r�2�`�2 �m�b�2�/ �7�Q�` �2�t�i�`���+�i�B�M�; �i�?�2�S�G�2�K�B�b�b�B�Q�M �b�T�2�+�i�`�� �r�B�i�?�Q�m�i ���/�/�B�M�;
�i�?�2�P�.�@�}�H�i�2�`�X �A�M �Q�`�/�2�` �i�Q �2�b�i���#�H�B�b�? �i�?�2 �+�Q�`�`�2�H���i�B�Q�M �#�2�i�r�2�2�M �i�?�2 �b�T�2�+�i�`�� �K�2���b�m�`�2�/
�r�B�i�?j�r�B�i�?�Q�m�i �i�?�2�P�.�@�}�H�i�2�`�- �� �b�+���H�B�M�; �`���i�B�Q �U�a�*�_�V �2�t�T�`�2�b�b�2�/ �#�v �1�[�X �U�e�X�9�V �B�b �M�2�2�/�2�/�X
�L�Q�i�2 �i�?���i �i�?�2 �p���H�m�2�b �Q�7 �#�Q�i�? �+�Q�K�T�Q�M�2�M�i�b �B�M �1�[�X �U�e�X�9�V �b�?�Q�m�H�/ �#�2 �b�B�K�B�H���` �b�B�M�+�2 �i�?�2 �/�2�;�`�2�2
�Q�7 ���i�i�2�M�m���i�B�Q�M �`�2�b�m�H�i�2�/ �#�v �i�?�2�P�.�@�}�H�i�2�`�B�b �� �+�Q�M�b�i���M�i�X ���+�+�Q�`�/�B�M�;�H�v�- �i�?�2 �2�t�i�`���+�i�2�/
�S�G�b�T�2�+�i�`�� �`�2�H���i�2�/ �i�Q �i�?�2 �6�1�6�.j �6�1�"�. j �"�1�6�. �+�Q�M�}�;�m�`���i�B�Q�M �?���p�2 �i�Q �#�2 �b�+���H�2�/
�/�Q�r�M �#�v �� �7���+�i�Q�` �Q�7 �a�*�_ �B�M �Q�`�/�2�` �i�Q �+���H�+�m�H���i�2�S�G�@�Z�u�X �h�?�2 �K�Q�/�B�}�2�/ �2�t�T�`�2�b�b�B�Q�M �7�Q�`
�S�G�@�Z�u�B�b �b�?�Q�r�M �B�M �1�[�X �U�e�X�8�V �r�?�2�`�2 �i�?�2 �p���H�m�2 �Q�7�S�G�@�Z�u�B�b �/�2�M�Q�i�2�/ �#�v� �S�G�- ���M�/
Pc;�6�1�"�. j Pc;�6�1�6�. j Pc;�"�1�6�. �`�2�7�2�` �i�Q �i�?�2 �B�M�i�2�;�`���i�2�/�S�G�B�M�i�2�M�b�B�i�B�2�b �Q�7 �S�G�6�1�6�. (� ) j
�S�G�6�1�"�. (� ) j �S�G�6�1�6�. (� )�- �`�2�b�T�2�+�i�B�p�2�H�v�X
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L a � L c

�U�e�X�8�V

�6�`�Q�K �i�?�2 �B�M�b�2�i �U���@�B�B�V �Q�7 �6�B�;�X�e�X�9�r�2 �+���M �b�2�2 �i�?���i �i�?�2 �H�B�M�2 �b�?���T�2�b �Q�7 �i�?�2 �b�T�2�+�i�`��
�Q�7 �i�?�2 �2�t�+�B�i���i�B�Q�M �#�2���K �K�2���b�m�`�2�/ �r�B�i�?j �r�B�i�?�Q�m�i �i�?�2�P�.�@�}�H�i�2�`�U�B�X�2�X�-I �a�_�*�-�q j I �a�_�*�-�L�-
�`�2�b�T�2�+�i�B�p�2�H�v�V ���`�2 �B�/�2�M�i�B�+���H�- ���M�/ �b�Q ���`�2 �i�?�2 �i�r�Q �b�T�2�+�i�`�� �Q�7 �i�?�2�S�G�2�K�B�b�b�B�Q�M �r�B�i�? �6�1�6�.
�+�Q�M�}�;�m�`���i�B�Q�M �UI �6�1�6�.�-�q�-�/�B� j̀ I �6�1�6�.�-�L�-�/�B�`�V�X �A�i �B�b �+�Q�M�}�`�K�2�/ �i�?���i �b�T�2�+�i�`�� ���`�2 �b�+���H�2�/ �/�Q�r�M
�#�v �i�?�2�P�.�@�}�H�i�2�`�`�2�;���`�/�H�2�b�b �Q�7 �r���p�2�H�2�M�;�i�?�- �?�2�M�+�2 �B�i �B�b �`�2���b�Q�M���#�H�2 �i�Q ���T�T�H�v �a�*�_ �7�Q�`
�S�G�@�Z�u�+���H�+�m�H���i�B�Q�M�X �h�?�2 �m�T�T�2�` �H�B�K�B�i �Q�7 �i�?�2 �/�2�i�2�+�i���#�H�2 �r���p�2�H�2�M�;�i�? �U�B�X�2�X�- �d�3�9 �M�K�V
�r�?�B�+�? �B�b ���H�b�Q �b�?�Q�r�M �B�M �1�[�X �U�e�X�9�V�@�U�e�X�8�V�- �B�b ���+�i�m���H�H�v �+���m�b�2�/ �#�v �i�?�2 �H�B�K�B�i���i�B�Q�M �Q�7 �i�?�2
�Q�T�i�B�+���H �b�T�2�+�i�`�Q�K�2�i�2�`�X �A�i �B�b �#�2�H�B�2�p�2�/ �i�?���i �i�?�2�S�G�B�M�i�2�M�b�B�i�v �Q�7 �i�?�2�7�@�a�B�*�b���K�T�H�2�b �r�B�i�?
�r���p�2�H�2�M�;�i�? �b�?�Q�`�i�2�` �i�?���M �i�?�2 �H�Q�r�2�` �H�B�K�B�i�b �Q�7 �i�?�2 �B�M�i�2�;�`���H�b �B�M �1�[�X �U�e�X�8�V �U�B�X�2�X�- �9�8�y �M�K�V
�+���M �#�2 �M�2�;�H�B�;�B�#�H�2�X �A�M �i�?�2 �B�M�b�2�i �U���@�B�V �Q�7 �6�B�;�X�e�X�9�- �B�i �B�b �+�H�2���` �i�Q �b�2�2 �i�?���i �i�?�2 �b�T�2�+�i�`�m�K
�Q�7 �i�?�2 �2�t�+�B�i���i�B�Q�M �#�2���K �?���b �� �i���B�H �T���`�i �r�?�B�+�? �+�Q�M�b�B�b�i�b �Q�7 �i�r�Q �b�?���`�T �T�2���F�b ���i� �9�y�e�X�9
�M�K ���M�/� �d�8�d�X�9 �M�K ���M�/ �i�r�Q �#�`�Q���/ �T�2���F�b ���i� �9�9�y �M�K ���M�/� �9�d�y �M�K�X �h�?�B�b �i���B�H
�T���`�i �B�b �b�i�B�H�H �/�B�b�i�B�M�;�m�B�b�?���#�H�2 �Q�M �i�?�2 �b�T�2�+�i�`�m�K �Q�7I �6�1�6�.�-�L�-�/�B��̀+�Q�`�`�2�b�T�Q�M�/�B�M�; �i�Q �i�?�2�S�G
�2�K�B�b�b�B�Q�M �2�t�+�B�i�2�/ �#�v �6�1�6�. �+�Q�M�}�;�m�`���i�B�Q�M�X �>�2�M�+�2 �B�i �B�b �2�b�b�2�M�i�B���H �i�Q �b�T�H�B�i �S�G�6�1�6�. (� )
�7�`�Q�KI �6�1�6�.�-�L�-�/�B�`�X �G���i�2�` �r�2 �r�B�H�H �b�?�Q�r �i�?���i �S�G�6�1�6�. (� ) �+���M �#�2 �`�2�+�Q�p�2�`�2�/ �#�v �S�G�6�1�"�. (� )�X
�a�B�M�+�2 �S�G�6�1�6�. (� ) ���M�/ �S�G�6�1�"�. (� ) ���`�2 �B�M�/�m�+�2�/ �m�M�/�2�` �i�?�2 �b���K�2 �2�t�+�B�i���i�B�Q�M �+�Q�M�/�B�i�B�Q�M
�r�B�i�? �i�?�2 �b�Q�m�`�+�2 �#�2���K �B�M�+�B�/�2�M�+�2 ���i ���B�`j �7�@�a�B�*�2�T�B�H���v�2�` �B�M�i�2�`�7���+�2�- �i�?�2 �H�B�M�2 �b�?���T�2�b �Q�7
�i�?�Q�b�2 �i�r�Q �b�T�2�+�i�`�� �b�?�Q�m�H�/ �#�2 �B�/�2�M�i�B�+���H�X �A�M �a�i�2�T �k�- �i�?�2 �b���K�T�H�2 �?�Q�H�/�2�` �r�?�B�+�? �B�b �m�b�2�/
�7�Q�` �}�t�B�M�;�7�@�a�B�*�b���K�T�H�2 �r���b �B�M�b�i���H�H�2�/ �Q�M �i�?�2 �b���K�T�H�2 �T�Q�`�i�- �r�?�2�`�2 �i�?�2 �H�B�M�2 �b�?���T�2 �Q�7 �i�?�2
�K�2���b�m�`�2�/ �b�T�2�+�i�`�m�K �B�M �i�?�B�b �b�i�2�T �UI �6�1�6�.�-�L�-�B�M�/�V �B�b �+�Q�M�b�B�/�2�`�2�/ �i�Q �`�2�T�`�2�b�2�M�i �i�?�2 �H�B�M�2 �b�?���T�2
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�Q�7 �i�?�2 �i���B�H �T���`�i �Q�7 �i�?�2 �2�t�+�B�i���i�B�Q�M �#�2���K�X �J�Q�`�2�Q�p�2�`�- ���H�i�?�Q�m�;�?I �a�_�*�-�L ���H�b�Q �`�2�T�`�2�b�2�M�i�b �i�?�2
�i���B�H �T���`�i �Q�7 �i�?�2 �2�t�+�B�i���i�B�Q�M �#�2���K�- �i�?�2 �H�B�M�2 �b�?���T�2�b �Q�7I �a�_�*�-�L ���M�/I �6�1�6�.�-�L�-�B�M�/���`�2 �b�H�B�;�?�i�H�v
�/�B�z�2�`�2�M�i ���b �b�?�Q�r�M �B�M �i�?�2 �B�M�b�2�i �U���@�B�B�V �Q�7 �6�B�;�X�e�X�9�X �>�2�`�2 �r�2 �#�2�H�B�2�p�2 �i�?���i �i�?�2 �H�B�M�2 �b�?���T�2
�Q�7I �6�1�6�.�-�L�-�B�M�/�B�b �K�Q�`�2 �`�2�T�`�2�b�2�M�i���i�B�p�2 �Q�7 �i�?�2 �i���B�H �T���`�i �Q�7 �i�?�2 �2�t�+�B�i���i�B�Q�M �#�2���K �2�M�+�H�Q�b�2�/
�B�MI �6�1�6�.�-�L�-�/�B�`�X �A�M �a�i�2�T �j�- ���M�7�@�a�B�*�b���K�T�H�2 �r���b �K�Q�m�M�i�2�/ �Q�M �i�?�2 �b���K�T�H�2 �?�Q�H�/�2�` �r�B�i�?
�i�?�2 �2�T�B�H���v�2�` �b�B�/�2 �7���+�B�M�; �i�Q�r���`�/�b �i�?�2 �b���K�T�H�2 �T�Q�`�i�X �6�Q�`I �6�1�6�.�-�L�-�/�B�`�- �r�2 �?���p�2 �B�M�i�`�Q�/�m�+�2�/
�i�?���i �i�?�B�b �b�T�2�+�i�`�m�K �+�Q�M�i���B�M�b �S�G�6�1�6�. (� ) �r�?�B�+�? �r���b �K�2���b�m�`�2�/ �r�B�i�?�Q�m�i ���/�/�B�M�; �i�?�2�P�.�@
�}�H�i�2�`�X �J�2���M�r�?�B�H�2�- �#�v �`�2�+�Q�`�/�B�M�;I �6�1�6�.�-�q�-�/�B�`�r�?�B�+�? �r���b �K�2���b�m�`�2�/ �B�M �r�B�/�2 �K�Q�/�2 �r�B�i�?
�i�?�2�P�.�@�}�H�i�2�`�- �Q�M�2 �+���M �Q�#�i���B�M �i�?�2 �B�M�i�2�;�`���i�2�/ �B�M�i�2�M�b�B�i�v �Q�7 �i�?�2 ���i�i�2�M�m���i�2�/ �b�Q�m�`�+�2 �#�2���K
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L c =

382�M�KZ

369�M�K
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�A�M �a�i�2�T �9���8�- �i�?�2 �B�M�+�B�/�2�M�i �H���b�2�` �#�2���K �r���b �}�#�2�` �+�Q�m�T�H�2�/ �i�Q �i�?�2 �i�`���M�b�K�B�i�i���M�+�2
�6�P�S�r�?�2�`�2 �i�?�2 �#�2���K �b�r�B�i�+�? �F�M�Q�# �r���b �i�m�M�2�/ �i�Q �i�?�2 �+�Q�K�T���`�B�b�Q�M �K�Q�/�2 �7�Q�` �T�`�2�p�2�M�i�B�M�;
�H�B�;�?�i �H�2���F���;�2�X �A�M �i�?�2 �B�M�b�2�i �U�#�@�B�V �Q�7 �6�B�;�X�e�X�9�- �i�?�2 �T�2���F �+�2�M�i�2�`�2�/ ���i� �j�d�8 �M�K �B�M �2�B�i�?�2�`
�b�T�2�+�i�`�m�K �U�B�X�2�X�- I �"�1�6�. j I �6�1�"�. �V �B�b �`�2�H���i�2�/ �i�Q �i�?�2 �K���B�M �T�2���F �Q�7 �i�?�2 �2�t�+�B�i���i�B�Q�M �#�2���K
�r�?�B�+�? �?���b �#�2�2�M �H���`�;�2�H�v ���i�i�2�M�m���i�2�/�X ���b �i�?�2 �H�B�M�2 �b�?���T�2�b ���M�/ �i�?�2 ���#�b�Q�H�m�i�2 �B�M�i�2�M�b�B�i�B�2�b
�Q�7 �i�?�2 �i�r�Q �b�T�2�+�i�`�� ���i �j�e�y�@�9�8�y �M�K �`�2�;�B�Q�M ���`�2 ���H�K�Q�b�i �B�/�2�M�i�B�+���H�- �B�i �+���M �#�2 �+�Q�M�}�`�K�2�/
�i�?���i ���M�Q�i�?�2�` �T�2���F �+�2�M�i�2�`�2�/ ���i� �9�y�9 �M�K �B�b �M�Q�i �i�?�2 �T���`�i �Q�7 �i�?�2�S�G�2�K�B�b�b�B�Q�M �7�`�Q�K�7�@
�a�B�*�2�T�B�H���v�2�`�X �A�M �7���+�i�- �i�?�2 �2�K�2�`�;�2�M�+�2 �Q�7 �i�?�B�b �T�2���F �B�b ���+�i�m���H�H�v �+���m�b�2�/ �#�v �i�?�2 �B�M�i�2�`�#���M�/
���#�b�Q�`�T�i�B�Q�M�(�R�8�9�) �`�2�H���i�2�/ �i�Q�7�@�a�B�*�ö�b �2�M�i�B�`�2 �e�>�@�a�B�* �#���b�2�/ �b�i�`�m�+�i�m�`�2�- �r�?�2�`�2 �i�?�2 �b�i�`�Q�M�;
���#�b�Q�`�T�i�B�Q�M �Q�7 �i�?�2 �H�B�;�?�i �r�B�i�? �T�?�Q�i�Q�M �2�M�2�`�;�v �?�B�;�?�2�` �i�?���M �i�?�2 �#���M�/ �;���T �Q�7 �e�>�@�a�B�* �B�b
�2�t�T�2�+�i�2�/�X �A�M �i�?�2 �B�M�b�2�i �U�#�@�B�B�V �Q�7 �6�B�;�X�e�X�9�b�?�Q�r�b �i�?�2 �H�m�K�B�M�2�b�+�2�M�+�2 �b�T�2�+�i�`�m�K �`�2�H���i�2�/ �i�Q
�S�G�"�1�6�. (� )�X ���b �r�2 �F�M�Q�r �i�?���i �S�G�"�1�6�. (� ) �B�b �B�M�/�m�+�2�/ �#�v �i�?�2 �B�M�+�B�/�2�M�i �#�2���K �2�t�+�B�i���i�B�Q�M
���i �i�?�2 �e�>�@�a�B�* �b�m�#�b�i�`���i�2j �7�@�a�B�*�2�T�B�H���v�2�` �B�M�i�2�`�7���+�2�- �r�?�B�+�? �B�b �/�B�z�2�`�2�M�i �7�`�Q�K �i�?�2 �+�Q�M�/�B�i�B�Q�M
�Q�7 �i�?�2 �7�`�Q�M�i �b�B�/�2 �2�t�+�B�i���i�B�Q�M �r�B�i�? �i�?�2 �b�Q�m�`�+�2 �#�2���K �B�M�+�B�/�2�M�+�2 ���i �i�?�2 ���B�`j �7�@�a�B�*�2�T�B�H���v�2�`
�B�M�i�2�`�7���+�2�X �h�?�2 �H�B�M�2 �b�?���T�2 �Q�7 �S�G�"�1�6�. (� ) �B�b �2�t�T�2�+�i�2�/ �i�Q �/�B�z�2�` �7�`�Q�K �i�?���i �Q�7 �i�?�2 �2�B�i�?�2�`
�S�G�b�T�2�+�i�`�m�K �U�B�X�2�X�- �S�G�6�1�6�. (� ) j �S�G�6�1�"�. (� )�V �r�B�i�? �i�?�2 �7�`�Q�M�i �2�t�+�B�i���i�B�Q�M �+�Q�M�/�B�i�B�Q�M�X
�h�?�2�`�2�7�Q�`�2 �i�?�2 ���7�Q�`�2�K�2�M�i�B�Q�M�2�/ �K�2�i�?�Q�/ �`�2�H���i�2�/ �i�Q �i�?�2 �b�T�2�+�i�`�m�K �b�T�H�B�i�i�B�M�; �Q�7I �6�1�6�.�-�L�-�/�B�`

�B�b �M�Q�i ���T�T�H�B�+���#�H�2 �i�QI �"�1�6�. �X �A�M�b�i�2���/�- �� �i�?�`�2�2�@�b�i�2�T �T�`�Q�+�2�b�b �b�?�Q�r�M �B�M �1�[�X �U�e�X�d�V �r���b
�B�K�T�H�2�K�2�M�i�2�/ �7�Q�` �i�?�2 �2�t�i�`���+�i�B�Q�M �Q�7 �S�G�"�1�6�. (� )�X �6�B�`�b�i�H�v�- �� �a���p�B�i�x�F�v���:�Q�H���v �}�H�i�2�`�(�R�8�8�)
�U�a�: �}�H�i�2�`�V �r���b �m�b�2�/ �7�Q�` �b�K�Q�Q�i�?�B�M�;I �"�1�6�. �r�B�i�?�B�M �i�?�2 �`���M�;�2 �Q�7 �9�N�y�@�d�3�9 �M�K�X �a�2�+�Q�M�/�H�v�-
�i�?�2 �b�K�Q�Q�i�?�2�/ �+�m�`�p�2 �r���b �}�i�i�2�/ �#�v �� �b�B�M�;�H�2 �b�F�2�r �M�Q�`�K���H �/�B�b�i�`�B�#�m�i�B�Q�M �7�m�M�+�i�B�Q�M �U�a�B�M�;�H�2
�a�E�@�L�.�V�X �G���b�i�H�v�- �i�?�2 �}�i�i�B�M�; �T���`���K�2�i�2�` �Q�#�i���B�M�2�/ �7�`�Q�K �i�?�2 �T�`�2�p�B�Q�m�b �}�i�i�B�M�; �T�`�Q�+�2�b�b �r�2�`�2
�B�K�T�H�2�K�2�M�i�2�/ �#���+�F �i�Q �i�?�2 �b�B�M�;�H�2 �b�F�2�r �M�Q�`�K���H �/�B�b�i�`�B�#�m�i�B�Q�M �7�m�M�+�i�B�Q�M �7�Q�` �i�?�2 �`�2�+�Q�p�2�`�v
�Q�7 �S�G�"�1�6�. (� ) ���i �9�8�y�@�d�3�9 �M�K �`���M�;�2�X ���M �2�t���K�T�H�2 �`�2�;���`�/�B�M�; �i�Q �i�?�2 �2�t�i�`���+�i�B�Q�M �Q�7
�S�G�"�1�6�. (� ) �B�b �b�?�Q�r�M �B�M �i�?�2 �U���V �Q�7 �6�B�;�X�e�X�8�X

I �"�1�6�. (� ) j490� 784�M�K�! �a�: �}�H�i�2�`�! �a�B�M�;�H�2 �a�E�@�L�. �}�i
�}�i�i�B�M�; �T���`���K�2�i�2�`�b
�����������!
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�6�B�;�m�`�2 �e�X�8�,�1�t���K�T�H�2�b �Q�7 �i�?�2�S�G�b�T�2�+�i�`�� �2�t�i�`���+�i�B�Q�M�- �?�2�`�2 �i���F�B�M�; �b���K�T�H�2 �a�L�@�k ���i
�i�?�2 �B�M�+�B�/�2�M�i �T�Q�r�2�` �Q�7 �8 �K�q �7�Q�` �2�t���K�T�H�2�X �U���V �1�t�i�`���+�i�B�Q�M �Q�7 �S�G�"�1�6�. (� ) �#���b�2�/ �Q�M
�1�[�X �U�e�X�d�V�c �U�#�V �1�t�i�`���+�i�B�Q�M �Q�7 �S�G�6�1�"�. (� ) �#���b�2�/ �Q�M �1�[�X �U�e�X�3�V�@�U�e�X�R�y�V�c �U�+�V �1�t�i�`���+�i�B�Q�M �Q�7
�S�G�6�1�6�. (� ) �#���b�2�/ �Q�M �1�[�X �U�e�X�R�R�V�@�U�e�X�R�k�V�X

�6�Q�` �a�i�2�T �8�- �i�?�2 �`�2�H���i�2�/ �K�2���b�m�`�2�/ �b�T�2�+�i�`�m�K �UI �6�1�"�. �V ���i �i�?�2 �S�G�@���+�i�B�p�2 �b�T�2�+�i�`���H �`�2�@
�;�B�Q�M�-�B�X�2�X�9�8�y�@�d�3�9 �M�K�- �B�b �+�Q�M�b�B�/�2�`�2�/ ���b �i�?�2�S�G�2�K�B�b�b�B�Q�M �b�T�2�+�i�`�m�K �i�`���M�b�K�B�i�i�2�/ �i�?�Q�m�;�?
�e�>�@�a�B�* �b�m�#�b�i�`���i�2�- �r�?�2�`�2 �i�?�2 �i�`���M�b�K�B�i�i�2�/ �i���B�H �T���`�i �Q�7 �i�?�2 �2�t�+�B�i���i�B�Q�M �#�2���K �+���M �#�2 �M�2�;�@
�H�B�;�B�#�H�2�X �>�2�`�2�- �� �i�?�`�2�2�@�b�i�2�T �T�`�Q�+�2�b�b �r���b �/�2�p�2�H�Q�T�2�/ �7�Q�` �i�?�2 �2�t�i�`���+�i�B�Q�M �Q�7 �S�G�6�1�"�. (� )�X �A�M
�i�?�2 �}�`�b�i ���M�/ �b�2�+�Q�M�/ �b�i�2�T�-I �6�1�"�. ���M�/ �i�?�2 �i�`���M�b�K�B�i�i���M�+�2 �b�T�2�+�i�`�m�K �Q�7 �e�>�@�a�B�* �b�m�#�b�i�`���i�2
�U�B�X�2�X�-T�a�l�" �V �r�2�`�2 �b�K�Q�Q�i�?�2�/ �#�v �i�?�2 �a���p�B�i�x�F�v���:�Q�H���v �}�H�i�2�` ���i �i�?�2 �S�G�@���+�i�B�p�2 �b�T�2�+�i�`���H �`�2�@
�;�B�Q�M ���b �b�?�Q�r�M �B�M �1�[�X �U�e�X�3�V�@�U�e�X�N�V�X �>�2�M�+�2 �S�G�6�1�"�. (� ) �r�?�B�+�? �`�2�T�`�2�b�2�M�i�b �i�?�2�S�G�2�K�B�b�b�B�Q�M
�b�T�2�+�i�`�m�K ���i �i�?�2 �B�M�i�2�`�7���+�2 �Q�7�7�@�a�B�*�2�T�B�H���v�2�`j �e�>�@�a�B�* �b�m�#�b�i�`���i�2 �2�[�m���H�b �i�Q �i�?�2 �[�m�Q�i�B�2�M�i
�#�2�i�r�2�2�M �i�?�2 �b�K�Q�Q�i�?�2�/I �6�1�"�. ���M�/T�a�l�" ���b �b�?�Q�r�M �B�M �1�[�X �U�e�X�R�y�V�X ���M �2�t���K�T�H�2 �Q�7 �i�?�2
�2�t�i�`���+�i�B�Q�M �Q�7 �S�G�6�1�"�. (� ) �B�b �b�?�Q�r�M �B�M �i�?�2 �U�#�V �Q�7 �6�B�;�X�e�X�8�X �h�?�2 �i�`���M�b�K�B�i�i���M�+�2 �b�T�2�+�i�`��
�Q�7 �i�?�2 �e�>�@�a�B�* �b�m�#�b�i�`���i�2 �U�a�B�*�`�v�b�i���H�- �:�K�#�>�V �Q�7 �i�?�2 �i�?�`�2�2�7�@�a�B�*�b���K�T�H�2�b �a�L�@�k ���M�/ �a�L�@
�j�f�9 �2�K�T�H�Q�v�2�/ �B�M �i�?�B�b�S�G�@�Z�u�/�2�i�2�`�K�B�M���i�B�Q�M �2�t�T�2�`�B�K�2�M�i �r�2�`�2 �K�2���b�m�`�2�/�X �h�?�2 �b���K�2
�B�M�i�2�;�`���i�B�M�; �b�T�?�2�`�2 �r���b ���T�T�H�B�2�/ �7�Q�` �i�?�2 �`�2�H���i�2�/ �i�`���M�b�K�B�i�i���M�+�2 �K�2���b�m�`�2�K�2�M�i�b �r�?�2�`�2 �i�?�2
�K�2�i�?�Q�/�Q�H�Q�;�v �b�m�K�K���`�B�x�2�/ �B�M �h���#�X�j�X�R�r���b ���H�b�Q �B�K�T�H�2�K�2�M�i�2�/�X �h�?�2 �`���r ���M�/ �b�K�Q�Q�i�?�2�/
�i�`���M�b�K�B�i�i���M�+�2 �b�T�2�+�i�`�� �Q�7 �i�?�2 �e�>�@�a�B�* �b�m�#�b�i�`���i�2 �Q�7 �a�L�@�k ���M�/ �a�L�@�j�f�9 ���`�2 �b�?�Q�r�M �B�M
�6�B�;�X�e�X�e�X
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�"���+�F �i�Q �i�?�2 �2�t�i�`���+�i�B�Q�M �Q�7 �S�G�6�1�6�. (� )�- �r�2 �?���p�2 �+�Q�M�}�`�K�2�/ �i�?���iI �6�1�6�.�-�L�-�/�B� �̀+���M
�#�2 �b�T�H�B�i�i�2�/ �B�M�i�Q �S�G�6�1�6�. ���M�/ �i�?�2 �i���B�H �T���`�i �Q�7 �i�?�2 �B�M�+�B�/�2�M�i �2�t�+�B�i���i�B�Q�M �b�T�2�+�i�`�m�K�X �6�Q�`
�S�G�6�1�6�. (� )�- �B�i �?���b �#�2�2�M �b�m�;�;�2�b�i�2�/ �i�?���i �S�G�6�1�6�. (� ) / �S�G�6�1�6�. (� ) �b�B�M�+�2 �i�?�2�b�2 �i�r�Q
�b�T�2�+�i�`�� �?���p�2 �i�?�2 �b���K�2 �2�t�+�B�i���i�B�Q�M �+�Q�M�/�B�i�B�Q�M�X �q�?�2�`�2���bI �6�1�6�.�-�L�-�B�M�/�`�2�T�`�2�b�2�M�i�B�M�; �i�?�2 �H�B�M�2
�b�?���T�2 �Q�7 �i�?�2 �i���B�H �T���`�i �Q�7 �i�?�2 �2�t�+�B�i���i�B�Q�M �b�T�2�+�i�`�m�K ���i �6�1�6�. �K�Q�/�2 �?���b �#�2�2�M �K�2���b�m�`�2�/
�B�M �a�i�2�T �k�X �h�?�2�`�2�7�Q�`�2 �r�2 �;�Q�i �i�?�2 ���M���H�v�i�B�+ �2�t�T�`�2�b�b�B�Q�M �Q�7I �6�1�6�.�-�L�-�/�B��̀��i �i�?�2 �S�G�@���+�i�B�p�2
�b�T�2�+�i�`���H �`�2�;�B�Q�M �r�?�B�+�? �+�Q�`�`�2�b�T�Q�M�/�b �i�Q �i�?�2 �H�B�M�2���` �`�2�+�Q�K�#�B�M���i�B�Q�M �Q�7 �S�G�6�1�"�. (� ) ���M�/
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6.2.3 Relative uncertainty
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�b�T�2�+�i�B�p�2�H�v�X �A�M ���/�/�B�i�B�Q�M�-� x jx = �6�1�"�. ;�6�1�6�. ;�"�1�6�. ;L a ;L c ;�a�*�_ �+�Q�`�`�2�b�T�Q�M�/�b �i�Q �i�?�2 �b�i���M�/���`�/
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�7�@�a�B�*�X

�A�M �a�2�+�X�9�X�k�- �i�?�2 �`�2�b�m�H�i�b �Q�7 �i�?�2 �+�?���`���+�i�2�`�B�x���i�B�Q�M�b �Q�M �i�?�`�2�2�7�@�a�B�*�b���K�T�H�2�b �U�a�S�@�k�f�j
���M�/ �a�L�@�R�V �m�b�B�M�; �i�2�K�T�2�`���i�m�`�2�@�/�2�T�2�M�/�2�M�i�S�G�b�T�2�+�i�`�Q�b�+�Q�T�v �`�2�p�2���H �i�?�2 �2�t�B�b�i�2�M�+�2 �Q�7 ��
�/�2�2�T�2�` �#�Q�`�Q�M�@�B�M�/�m�+�2�/ ���+�+�2�T�i�Q�` �?�2�`�2 �+���H�H�2�/D � �@�+�2�M�i�2�` �+�Q�K�T���`�2�/ �i�Q �i�?�2 �r�2�H�H�@�F�M�Q�r�M
�. �@�+�2�M�i�2�`�X �>�2�`�2D � �@�+�2�M�i�2�` ���M�/�. �@�+�2�M�i�2�` �i�Q�;�2�i�?�2�` ���`�2 �+���H�H�2�/ �/�Q�m�#�H�2�. �@�+�2�M�i�2�`�b�X �h�?�2
�2�t�B�b�i�2�M�+�2 �Q�7 �/�Q�m�#�H�2�. �@�+�2�M�i�2�`�b �+�Q�M�}�`�K�b �i�?�2 �T�`�2�p�B�Q�m�b�H�v �`�2�T�Q�`�i�2�/�. �@ ���M�/D 0�@�+�2�M�i�2�` �/�2�@
�i�2�+�i�2�/ �#�v �i�?�2�2�H�2�+�i�`�Q�M �T���`���K���;�M�2�i�B�+ �`�2�b�Q�M���M�+�2�U�1�S�_�V �b�T�2�+�i�`�Q�b�+�Q�T�v�X �h�?�2D � �+�2�M�i�2�`
�B�b �+�Q�`�`�2�H���i�2�/ �i�Q �i�?�2 �/�Q�K�B�M���i�B�M�;�.���S �`�2�+�Q�K�#�B�M���i�B�Q�M ���i �H�Q�r �i�2�K�T�2�`���i�m�`�2�b �r�B�i�? �T�2���F
�T�?�Q�i�Q�M �2�M�2�`�;�v� �R�X�N �2�o �+�Q�K�T���`�2�/ �i�Q �i�?�2�. �@�+�2�M�i�2�` �/�Q�K�B�M���i�2�/�.���S �`�2�+�Q�K�#�B�M���i�B�Q�M ���i
�2�H�2�p���i�2�/ �i�2�K�T�2�`���i�m�`�2�b �T�2���F�2�/ ���i� �k�X�R �2�o�X �A�M ���/�/�B�i�B�Q�M�- �B�i �B�b �7�Q�m�M�/ �i�?���i �i�?�2D � �+�2�M�i�2�`
�`�2�H���i�2�/�.���S �`�2�+�Q�K�#�B�M���i�B�Q�M �B�b �b�B�i�2�@�/�2�T�2�M�/�2�M�i�- �r�?�B�+�? ���H�b�Q ���;�`�2�2�b �r�2�H�H �r�B�i�? �i�?�2 �T�`�2�p�B�@
�Q�m�b �+�?���`���+�i�2�`�B�x���i�B�Q�M �`�2�b�m�H�i�b �Q�M �a�B�* �#�v �m�b�B�M�;�1�S�_�i�2�+�?�M�B�[�m�2�X �"�v �i���F�B�M�; ���+�+�Q�m�M�i �Q�7
�i�?�2 �/�Q�T�B�M�; �+�Q�M�/�B�i�B�Q�M�b �Q�7 �i�?�2 �i�?�`�2�2 �b���K�T�H�2�b�- �B�i �B�b �b�m�;�;�2�b�i�2�/ �i�?���i �L�@�/�Q�T�B�M�; �+�Q�m�H�/ �7���+�B�H�@
�B�i���i�2 �i�?�2 �7�Q�`�K���i�B�Q�M �Q�7�. �@�+�2�M�i�2�` �/�m�`�B�M�; �i�?�2 �2�T�B�H���v�2�` �;�`�Q�r�i�? �#�v�6�a�:�S�K�2�i�?�Q�/�X �h�?�2
�i�?�2�`�K���H �[�m�2�M�+�?�B�M�; �`�2�;���`�/�B�M�; �i�?�2D � �+�2�M�i�2�` �`�2�H���i�2�/�.���S �`�2�+�Q�K�#�B�M���i�B�Q�M ���i �2�H�2�p���i�2�/
�i�2�K�T�2�`���i�m�`�2�b �b�m�;�;�2�b�i�b �i�?�2 �2�t�B�b�i�2�M�+�2 �Q�7 �� �?�Q�H�2�@�i�`���T�-�B�X�2�X�- �i�?�2 �>�a�k �+�2�M�i�2�`�X �"�v �`�2�7�2�`�`�B�M�;
�i�?�2 �T�`�2�p�B�Q�m�b�}�`�b�i�@�T�`�B�M�+�B�T�H�2�b�+���H�+�m�H���i�B�Q�M �`�2�b�m�H�i�b �Q�M �a�B�*�- �i�?�2 ���i�Q�K�B�+ �b�i�`�m�+�i�m�`�2�b ���M�/ �2�M�@
�2�`�;�v �H�2�p�2�H�b �Q�7 �i�?�2 �/�Q�m�#�H�2�. �@�+�2�M�i�2�`�b ���M�/ �>�a�k �+�2�M�i�2�` �?���p�2 �#�2�2�M �`�2�p�2���H�2�/�X �h�?�2 ���i�Q�K�B�+
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�b�i�`�m�+�i�m�`�2�b �Q�7 �i�?�Q�b�2 �i�?�`�2�2 �+�2�M�i�2�`�b ���+�+�Q�`�/ �r�2�H�H �r�B�i�? �i�?�2 �;�`�Q�r�i�? �+�Q�M�/�B�i�B�Q�M�b �Q�7 �i�?�2�7�@�a�B�*
�b���K�T�H�2�b�X �h�?�2 �2�M�2�`�;�v �H�2�p�2�H �Q�7 �i�?�2 �>�a�k �+�2�M�i�2�` �B�b �7�Q�m�M�/ �i�Q �b�i���v �B�M �#�2�i�r�2�2�M �i�?���i �Q�7
�i�?�2 �/�Q�m�#�H�2�. �@�+�2�M�i�2�`�b�ö�X ���+�+�Q�`�/�B�M�;�H�v�- �� �i�r�Q�@�b�i���;�2 �i�?�2�`�K���H ���+�i�B�p���i�B�Q�M �K�Q�/�2�H �Q�7 �i�?�2 �M�Q�M�@
�2�[�m�B�H�B�#�`�B�m�K �?�Q�H�2�b �`�2�H���i�2�/ �i�Q �i�?�2 �>�a�k �+�2�M�i�2�` �B�b �T�`�Q�T�Q�b�2�/ �i�Q �2�t�T�H���B�M �i�?�2 �2�p�Q�H�m�i�B�Q�M �Q�7 �i�?�2
�/�Q�m�#�H�2�. �@�+�2�M�i�2�`�b �`�2�H���i�2�/�.���S �`�2�+�Q�K�#�B�M���i�B�Q�M ���H�Q�M�; �r�B�i�? �i�?�2 �2�H�2�p���i�2�/ �i�2�K�T�2�`���i�m�`�2�b�X
�h�?�2 �#�Q�Q�K�B�M�; �Q�7 �i�?�2 �`���/�B���i�B�p�2 �`�2�+�Q�K�#�B�M���i�B�Q�M �B�M �b�i�`�Q�M�;�M�@�i�v�T�2�7�@�a�B�*�B�b �#�2�+���m�b�2 �Q�7 �i�?�2
�. �@�+�2�M�i�2�`�ö�b �B�M�+�`�2���b�B�M�; �+���T�i�m�`�2 �T�`�Q�#���#�B�H�B�i�v �Q�7 �i�?�2 �?�Q�H�2�b �r�?�B�+�? ���`�2 �i�?�2�`�K���H�H�v ���+�i�B�p���i�2�/
�7�`�Q�K �i�?�2 �>�a�k �+�2�M�i�2�`�X ���M �B�M�i�2�M�b�B�p�2 �b�i�m�/�v �`�2�;���`�/�B�M�; �i�?�2 �T�?�v�b�B�+���H �K�2�+�?���M�B�b�K ���#�Q�m�i �i�?�2
�+���T�i�m�`�B�M�; ���M�/ �i�?�2�`�K���H ���+�i�B�p���i�B�Q�M �Q�7 �M�Q�M�@�2�[�m�B�H�B�#�`�B�m�K �?�Q�H�2�b �#�v �i�?�2 �b�v�b�i�2�K �+�Q�K�T�Q�b�2�/
�Q�7 �i�?�2 �/�Q�m�#�H�2�. �@�+�2�M�i�2�`�b ���M�/ �>�a�k �+�2�M�i�2�` �B�b �M�2�2�/�2�/ �B�M �i�?�2 �7�m�i�m�`�2�X �6�Q�` �B�M�b�i���M�+�2�- �i�?�2
�}�`�b�i �b�i�2�T �r�Q�m�H�/ �#�2 �m�b�B�M�; �i�?�2�1�S�_�i�2�+�?�M�B�[�m�2 ���M�/���#�@�B�M�B�i�B�Q�+���H�+�m�H���i�B�Q�M�b �i�Q �/�2�i�2�`�K�B�M�2
�i�?�2 �?�v�T�2�`�}�M�2 �i�2�M�b�Q�`�b �Q�7 �i�?�2 ���i�Q�K�B�+ �b�i�`�m�+�i�m�`�2�b �Q�7 �i�?�2 �/�Q�m�#�H�2�. �@�+�2�M�i�2�`�b ���M�/ �>�a�k �+�2�M�i�2�`
�B�M�7�@�a�B�*�b���K�T�H�2�b�X ���b �i�?�2 �K�2���b�m�`�2�/ ���M�/ �i�?�2 �+���H�+�m�H���i�2�/ �?�v�T�2�`�}�M�2 �i�2�M�b�Q�`�b �+���M �K���i�+�?�-
�i�?�2 ���i�Q�K�B�+ �b�i�`�m�+�i�m�`�2�b �Q�7 �i�?�Q�b�2 �i�?�`�2�2 �+�2�M�i�2�`�b �B�M�7�@�a�B�*�+���M �#�2 �p�2�`�B�}�2�/ �r�?�B�+�? �H���v�b �i�?�2
�7�Q�m�M�/���i�B�Q�M �7�Q�` �7�m�`�i�?�2�` �B�M�p�2�b�i�B�;���i�B�Q�M�b�X

�A�M �*�?���T�i�2�`�8�- �i�r�Q �b�i�`�Q�M�;�M�@�i�v�T�2�7�@�a�B�*�b���K�T�H�2�b �U�a�L�@�R�f�k�V ���M�/ �Q�M�2 �#�m�H�F�L�@�"�+�Q�@
�/�Q�T�2�/�M�@�i�v�T�2 �e�>�@�a�B�* �b�m�#�b�i�`���i�2 ���`�2 �+�?���`���+�i�2�`�B�x�2�/ �#�v ���T�T�H�v�B�M�;�i�B�K�2�@�`�2�b�Q�H�p�2�/ �T�?�Q�i�Q�H�m�@
�K�B�M�2�b�+�2�M�+�2�U�h�_�S�G�V ���M�/ �b�i���i�B�+�S�G�K�2���b�m�`�2�K�2�M�i�b�X �A�M ���/�/�B�i�B�Q�M�- �i�?�2 �M�2�;���i�B�p�2�@�l �+�2�M�i�2�`�b
�`�2�H���i�2�/ �+���`�`�B�2�` �/�v�M���K�B�+�b ���M�/ �b�i�2���/�v�@�b�i���i�2�.���S �`�2�+�Q�K�#�B�M���i�B�Q�M �K�Q�/�2�H�H�B�M�;�b ���`�2 ���T�T�H�B�2�/
�i�Q �2�t�T�H���B�M �i�?�2 �2�t�T�2�`�B�K�2�M�i���H �`�2�b�m�H�i�b�X �h�?�2 �`�2�b�m�H�i�b �Q�7 �i�?�2 �+���`�`�B�2�` �/�v�M���K�B�+�b �K�Q�/�2�H�H�B�M�;
�`�2�p�2���H �i�?���i �i�?�2 �/�2�M�b�B�i�v �Q�7 �i�?�2E1=E2 �/�2�7�2�+�i�b �B�M �#�m�H�F �e�>�@�a�B�* �B�b �7�Q�m�M�/ �i�Q �#�2 �i�r�Q �Q�`�@
�/�2�`�b �Q�7 �K���;�M�B�i�m�/�2 �?�B�;�?�2�` �i�?���M �i�?���i �Q�7 �2�B�i�?�2�`�7�@�a�B�*�2�T�B�H���v�2�`�X �A�i �B�b �#�2�H�B�2�p�2�/ �i�?���i �i�?�2
�2�t�i�`�� �M�Q�M�@�`���/�B���i�B�p�2 �/�2�+���v �+�?���M�M�2�H ���M�/ �i�?�2 �K�m�+�? �?�B�;�?�2�`E1=E2 �+�Q�M�+�2�M�i�`���i�B�Q�M �B�M �i�?�2
�#�m�H�F �b�m�#�b�i�`���i�2 �+���m�b�2�/ �[�m�B�i�2 �H�Q�r�2�`�S�G�B�M�i�2�M�b�B�i�v ���b �r�2�H�H ���b�B�M�i�2�`�M���H �[�m���M�i�m�K �2�{�+�B�2�M�+�v
�U�A�Z�1�V �i�?���M �i�?�2 �i�r�Q�7�@�a�B�*�b���K�T�H�2�b�X �6�Q�` �i�?�2 �+�Q�K�T���`�B�b�Q�M �#�2�i�r�2�2�M �i�?�2 �i�r�Q�7�@�a�B�*�b���K�@
�T�H�2�b�- �i�?�2 �b���K�T�H�2 �r�B�i�? �?�B�;�?�2�` �/�2�M�b�B�i�v �Q�7E1=E2 �+�2�M�i�2�`�b �?���b �H�Q�r�2�`�A�Z�1�+�Q�K�T���`�2�/ �i�Q
���M�Q�i�?�2�` �b���K�T�H�2�- ���H�i�?�Q�m�;�? �i�?�2 �7�Q�`�K�2�` �?���b �/�2�M�b�2�`�.���S �r�?�B�+�? �B�b �`�2�p�2���H�2�/ �#�v �i�?�2 �`�2�b�m�H�i�b
�/�2�`�B�p�2�/ �7�`�Q�K �i�?�2 �b�i�2���/�v�@�b�i���i�2�.���S �`�2�+�Q�K�#�B�M���i�B�Q�M �K�Q�/�2�H�H�B�M�;�X �>�2�M�+�2 �i�?�2 �2�t�B�b�i�2�M�+�2 �Q�7
�i�?�2E1=E2 �+�2�M�i�2�`�b �B�b �i�?�2 �K���D�Q�` �7���+�i�Q�` �r�?�B�+�? �+���m�b�2�b �i�?�2 �/�2�;�`���/���i�B�Q�M �Q�7 �i�?�2 �2�{�+�B�2�M�+�v
�Q�7�.���S �`�2�+�Q�K�#�B�M���i�B�Q�M �B�M �e�>�7�@�a�B�*�X �h�Q �7�m�`�i�?�2�` �/�2�+�`�2���b�2 �i�?�2 �+�Q�M�+�2�M�i�`���i�B�Q�M �Q�7E1=E2

�+�2�M�i�2�`�b �B�M �e�>�7�@�a�B�*�/�m�`�B�M�; �i�?�2 �2�T�B�H���v�2�` �;�`�Q�r�i�? �#�v�6�a�:�S�K�2�i�?�Q�/�- �B�i �B�b �#�2�H�B�2�p�2�/ �i�?���i
�+�Q�M�i�`�Q�H �Q�7 �i�?�2 �*�f�a�B �`���i�B�Q ���M�/ �i�?�2 �M�B�i�`�Q�;�2�M �/�Q�T�B�M�; �B�b �b�i�B�H�H �`�2�[�m�B�`�2�/ �i�Q �b�2�2�F �7�Q�` �i�?�2 �M�2�r
�#���H���M�+�2 �#�2�i�r�2�2�M �i�?�2 �/�2�M�b�B�i�B�2�b �Q�7 �i�?�2E1=E2 �/�2�7�2�+�i�b ���M�/ �i�?�2�. �@�+�2�M�i�2�`�X

�A�M �*�?���T�i�2�`�e�- �i�?�2 ���#�b�Q�H�m�i�2�T�?�Q�i�Q�H�m�K�B�M�2�b�+�2�M�+�2 �[�m���M�i�m�K �v�B�2�H�/�U�S�G�@�Z�u�V �Q�7 �i�?�`�2�2
�M�@�i�v�T�2�7�@�a�B�*�b���K�T�H�2�b �U�a�L�@�k�f�j�f�9�V �?���p�2 �#�2�2�M �2�t�T�2�`�B�K�2�M�i���H�H�v �/�2�i�2�`�K�B�M�2�/�- �r�?�2�`�2 �i�?�2
�`�2�H���i�2�/ �2�t�T�2�`�B�K�2�M�i���H �b�2�i�m�T �B�b �?�Q�K�2�K���/�2 �#���b�2�/ �Q�M ���M �B�M�i�2�;�`���i�B�M�; �b�T�?�2�`�2�X �h�?�2 �/���i��
�T�`�Q�+�2�b�b�B�M�; ���H�;�Q�`�B�i�?�K �7�Q�` �+���H�+�m�H���i�B�M�; �i�?�2�S�G�@�Z�u�`�2�;���`�/�B�M�; �i�?�2 �K�2���b�m�`�2�K�2�M�i �`�2�b�m�H�i�b
�?���b �#�2�2�M �/�2�p�2�H�Q�T�2�/ ���M�/ �i�?�2 �`�2�H���i�2�/ �m�M�+�2�`�i���B�M�i�v ���M���H�v�b�B�b �?���b �#�2�2�M �H���m�M�+�?�2�/�X �h�?�2
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�b�Q�H�m�i�B�Q�M�b�ô�X �A�M�,���T�T�H�X �a�T�2�+�i� �̀Q�b�+�X�e�9�X�d �U�k�y�R�y�V�- �T�T�X �d�j�j���d�9�R�X�B�b�b�M�, �y�y�y�j�d�y�k�3�X�/�Q�B�,
�R�y�X�R�j�e�e�f�y�y�y�j�d�y�k�R�y�d�N�R�e�e�e�j�N�y�X

�(�R�8�9�)�q�X �*�?�Q�v�F�2�X �ó�P�T�i�B�+���H �T�`�Q�T�2�`�i�B�2�b �Q�7 �T�Q�H�v�i�v�T�2�b �Q�7 �a�B�*�, �B�M�i�2�`�#���M�/ ���#�b�Q�`�T�i�B�Q�M�- ���M�/
�H�m�K�B�M�2�b�+�2�M�+�2 �Q�7 �M�B�i�`�Q�;�2�M�@�2�t�+�B�i�Q�M �+�Q�K�T�H�2�t�2�b�ô�X �A�M�,�a�B�H�B�+�Q�M �*���`�#�B�/�2���R�N�e�3�X �1�/�X �#�v
�>�X �>�2�M�B�b�+�? ���M�/ �_�X �_�Q�v�X �1�H�b�2�p�B�2�`�- �R�N�e�N�- �a�R�9�R���a�R�8�k�X�/�Q�B�,�R�y�X�R�y�R�e�f�"�N�d�3�@�y�@�y�3�@
�y�y�e�d�e�3�@�R�X�8�y�y�R�3�@�3�X

�(�R�8�8�)���X �a���p�B�i�x�F�v ���M�/ �J�X �C�X �1�X �:�Q�H���v�X �ó�a�K�Q�Q�i�?�B�M�; ���M�/ �.�B�z�2�`�2�M�i�B���i�B�Q�M �Q�7 �.���i��
�#�v �a�B�K�T�H�B�}�2�/ �G�2���b�i �a�[�m���`�2�b �S�`�Q�+�2�/�m�`�2�b�X�ô �A�M�,���M���H�X �*�?�2�K�X�j�e�X�3 �U�C�m�H�v �R�N�e�9�V�-
�T�T�X �R�e�k�d���R�e�j�N�X�B�b�b�M�, �y�y�y�j�@�k�d�y�y�X�/�Q�B�,�R�y�X�R�y�k�R�f���+�e�y�k�R�9���y�9�d�X

�(�R�8�e�)�A�X �A�a�P ���M�/ �"�X �P�A�J�G�X �ó�:�m�B�/�2 �i�Q �i�?�2 �1�t�T�`�2�b�b�B�Q�M �Q�7 �l�M�+�2�`�i���B�M�i�v �B�M �J�2���b�m�`�2�K�2�M�i�ô�X
�A�M�,�:�2�M�2�p���- �a�r�B�i�x�2�`�H���M�/�U�R�N�N�8�V�X

�(�R�8�d�)�h�X �>���v���b�?�B �2�i ���H�X �ó�A�K�T���+�i�b �Q�7 �`�2�/�m�+�i�B�Q�M �Q�7 �/�2�2�T �H�2�p�2�H�b ���M�/ �b�m�`�7���+�2 �T���b�b�B�p���i�B�Q�M
�Q�M �+���`�`�B�2�` �H�B�7�2�i�B�K�2�b �B�M �T �@�i�v�T�2 �9�>�@�a�B�* �2�T�B�H���v�2�`�b�ô�X �A�M�,�C�X ���T�T�H�X �S�?�v�b�X�R�y�N�X�R�R �U�C�m�M�2
�k�y�R�R�V�- �T�X �R�R�9�8�y�k�X�B�b�b�M�, �y�y�k�R�@�3�N�d�N�X�/�Q�B�,�R�y�X�R�y�e�j�f�R�X�j�8�3�j�e�8�d�X

�(�R�8�3�)�J�X �h���F�2�b�?�B�K���X �ó�1�z�2�+�i �Q�7 ���m�;�2�` �`�2�+�Q�K�#�B�M���i�B�Q�M �Q�M �H���b�2�` �Q�T�2�`���i�B�Q�M �B�M �:�� �R�• �t
���H �t ���b�ô�X �A�M�,�C�X ���T�T�H�X �S�?�v�b�X�8�3�X�R�y �U�L�Q�p�X �R�N�3�8�V�- �T�T�X �j�3�9�e���j�3�8�y�X�B�b�b�M�, �y�y�k�R�@�3�N�d�N�X
�/�Q�B�,�R�y�X�R�y�e�j�f�R�X�j�j�8�e�y�y�X

�(�R�8�N�)���X �:���H�2�+�F���b �2�i ���H�X �ó�6�`�2�2 �+���`�`�B�2�` ���#�b�Q�`�T�i�B�Q�M ���M�/ �H�B�7�2�i�B�K�2 �K���T�T�B�M�; �B�M �9�> �a�B�*
�2�T�B�H���v�2�`�b�ô�X �A�M�,�C�X ���T�T�H�X �S�?�v�b�X�3�R�X�3 �U���T�`�X �R�N�N�d�V�- �T�T�X �j�8�k�k���j�8�k�8�X�B�b�b�M�, �y�y�k�R�@�3�N�d�N�X
�/�Q�B�,�R�y�X�R�y�e�j�f�R�X�j�e�8�y�8�y�X

�(�R�e�y�)�S�X ���Í���D�2�p �2�i ���H�X �ó�6���b�i ���M�/ �b�H�Q�r �+���`�`�B�2�` �`�2�+�Q�K�#�B�M���i�B�Q�M �i�`���M�b�B�2�M�i�b �B�M �?�B�;�?�H�v �2�t�@
�+�B�i�2�/ �9�>�� ���M�/ �j�*���a�B�* �+�`�v�b�i���H�b ���i �`�Q�Q�K �i�2�K�T�2�`���i�m�`�2�ô�X �A�M�,�C�X ���T�T�H�X �S�?�v�b�X�R�y�3�X�k
�U�C�m�H�v �k�y�R�y�V�- �T�X �y�k�j�d�y�8�X�B�b�b�M�, �y�y�k�R�@�3�N�d�N�X�/�Q�B�,�R�y�X�R�y�e�j�f�R�X�j�9�8�N�3�N�9�X

�(�R�e�R�)�S�X ���Í���D�2�p�X �ó���T�T�H�B�+���i�B�Q�M �Q�7 �2�t�+�B�i�2�@�T�`�Q�#�2 �i�2�+�?�M�B�[�m�2�b �7�Q�` �/�2�i�2�`�K�B�M���i�B�Q�M �Q�7 �b�m�`�7���+�2�-
�#�m�H�F ���M�/ �M�Q�M�H�B�M�2���` �`�2�+�Q�K�#�B�M���i�B�Q�M �`���i�2�b �B�M �+�m�#�B�+ �a�B�*�ô�X �A�M�,�J���i�2�`�X �a�+�B�X �1�M�;�X �"
�R�3�8�X�R �U�C�m�H�v �k�y�R�9�V�- �T�T�X �j�d���9�9�X�B�b�b�M�, �y�N�k�R�8�R�y�d�X�/�Q�B�,�R�y�X�R�y�R�e�f�D�X�K�b�2�#�X�k�y�R�9�X�y�k�X
�y�y�e�X
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APPENDIX A
Python code for calculating the

essential parameters of 6H-SiC

�G�B�b�i�B�M�; ���X�R�,�h�?�2 �b�Q�m�`�+�2 �+�Q�/�2 �r�`�B�i�i�2�M �B�M �S�v�i�?�Q�M �7�Q�` �+���H�+�m�H���i�B�M�; �i�?�2 �i�2�K�T�2�`���i�m�`�2�@
�/�2�T�2�M�/�2�M�in0�- Eg �- ���M�/EF �7�Q�` ���H�H �b�2�p�2�M �e�>�7�@�a�B�*�b���K�T�H�2�b �B�M�+�H�m�/�2�/ �B�M �i�?�B�b �i�?�2�b�B�b�-
�r�?�2�`�2 �i�?�2 �+���H�+�m�H���i�2�/ �p���H�m�2�b �?���p�2 �#�2�2�M �T�`�2�b�2�M�i�2�/ �B�M �6�B�;�X�k�X�R�y�X

1 �B�K�T�Q�`�i�M�m�K�T�v ���b �M�T
2 �B�K�T�Q�`�i�b�i�`�B�M�;
3

4 �O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O
5 �O �a���K�T�H�2�b�T�2�+�B�7�B�+���i�B�Q�M�b
6 �O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O
7

8 �b���K�T�H�2�b �4 �&� �̂1�G�a�R�R�R� �̂, �( �9�X�y�2�R�e �- �3�X�y �2�R�3�)�-
9 � �̂1�G�a�R�R�8� �̂, �( �j�X�k�2�R�3 �- �e�X�N�2�R�3�)�-

10 � �̂1�G�a�R�R�e� �̂, �( �e�X�y�2�R�3 �- �e�X�N�2�R�3�)�-
11 � �̂1�G�a�R�R�d� �̂, �( �N�X�y�2�R�3 �- �9�X�9�2�R�3�)�-
12 � �̂1�G�a�R�R�3� �̂, �( �N�X�k�2�R�3 �- �8�X�k �2�R�3�)�-
13 � �̂1�G�a�8�e�N� �̂, �(�k�X�3�8�2�R�3 �- �R�X�R�2�R�3�)�-
14 � �̂1�G�a�8�d�R� �̂, �(�k�X�8�8�2�R�3 �- �R�X�8�2�R�3�)�'
15

16 �O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O
17 �O �*�Q�M�b�i���M�i�b
18 �O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O
19

20 �O �S�H���M�F�+�Q�M�b�i���M�i�(�K���k�X�F�;�X�b�� �@�R�)
21 �? �4 �e�X�e�j�2�@�j�9
22

23 �O �a�T�2�2�/�Q�7�H�B�;�?�i�(�K�X�b�� �@�R�)
24 �+ �4 �k�N�N�d�N�k�9�8�3
25

26 �O �2�H�2�+�i�`�Q�M�p�Q�H�i�(�C�)
27 �2�o �4 �R�X�e�y�k�2�@�R�N
28

29 �O �"�Q�H�i�x�K���M�M�+�Q�M�b�i���M�i�(�K���k�X�F�;�X�b�� �@�k�X�E�� �@�R�)
30 �F �4 �R�X�j�3�R�2�@�k�j
31

32 �O �b�i���i�B�+�K���b�b�Q�7�2�H�2�+�i�`�Q�M�(�F�;�)
33 �K�n�y �4 �N�X�R�R�2�@�j�R
34

35 �O �o���+�m�m�K�T�2�`�K�B�i�i�B�p�B�i�v�(�6�X�K�� �@�R�)
36 �b�B�;�K���n�y �4 �3�X�3�8�9�k�2�@�R�k
37
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38 �O �#���M�/�;���T�Q�7�e�> �a�B�*
39 �O �7�Q� �̀H�Q�r�i�2�K�T�2�`���i�m�`�2�f �m�M�/�Q�T�2�/�a�B�*
40 �1�n�;�n�Q�`�B�;�B�M���H �4 �j�X�R�y� �2�o
41

42 �O �.�Q�M�Q�`�H�2�p�2�H�U�+�m�#�B�+�b�B�i�2�- �F�R�V
43 �1�n�.�*�R �4 �y�X�R�j�d�e� �2�o
44

45 �O �.�Q�M�Q�`�H�2�p�2�H�U�+�m�#�B�+�b�B�i�2�- �F�k�V
46 �1�n�.�*�k �4 �y�X�R�9�k�9� �2�o
47

48 �O �.�Q�M�Q�`�H�2�p�2�H�U�?�2�t���;�Q�M���H�b�B�i�2�V
49 �1�n�.�> �4 �y�X�y�3�R� �2�o
50

51 �O ���+�+�2�T�i�Q�`�H�2�p�2�H�U�.�@�+�2�M�i�2�`�V
52 �1�n���. �4 �y�X�8�3� �2�o
53 �O�1�n���. �4 �y�X�d�j� �2�o
54

55 �O �1�7�7�2�+�i�B�p�2�K���b�b�Q�7�2�H�2�+�i�`�Q�M�(�F�;�) �U�*�X �S�2�`�b�b�Q�M�2�i ���H�X�- �C���S�R�N�N�d�V
56 �O �G�B�M�F�, �?�i�i�T�,�f�f �r�r�r�X�B�m�2�X�i�m�r�B�2�M�X���+�X���i �f �T�?�/�f ���v���H�2�r�f �M�Q�/�2�e�k�X�?�i�K�H
57 �K�n�2�n�2�7�7 �4 �y�X�d�R� �K�n�y
58

59 �O �1�7�7�2�+�i�B�p�2�K���b�b�Q�7�?�Q�H�2�(�F�;�) �U�L�X�h �a�Q�M�2�i ���H�X�- �S�_�"�k�y�y�y�V
60 �O �G�B�M�F�, �?�i�i�T�,�f�f �r�r�r�X�B�m�2�X�i�m�r�B�2�M�X���+�X���i �f �T�?�/�f ���v���H�2�r�f �M�Q�/�2�e�k�X�?�i�K�H
61 �K�n�?�n�2�7�7 �4 �y�X�N�y� �K�n�y
62

63 �O �_���i�B�Q�Q�7�+�m�#�B�+�b�B�i�2���i �/�Q�M�Q�`�H�2�p�2�H
64 �_�n�.�* �4 �k�f�j
65

66 �O �_���i�B�Q�Q�7�?�2�t���;�Q�M���H�b�B�i�2���i �/�Q�M�Q�`�H�2�p�2�H
67 �_�n�.�> �4 �R�f�j
68

69 �O �_�2�H���i�B�p�2�T�2�`�K�B�i�i�B�p�B�i�v�Q�7�e�> �a�B�*
70 �b�B�;�K���n�` �4 �N�X�e�e
71

72 �O �.�2�;�2�M�2�`���+�v�7���+�i�Q��̀Q�7�.�Q�M�Q�`�b�B�M�e�> �a�B�*
73 �;�n�. �4 �k
74

75 �O �.�2�;�2�M�2�`���+�v�7���+�i�Q��̀Q�7�.�Q�M�Q�`�b�B�M�e�> �a�B�*
76 �;�n�� �4 �9
77

78 �O �L�m�K�#�2�`�Q�7�+�Q�M�/�m�+�i�B�Q�M�#���M�/�K�B�M�B�K��
79 �J�n�* �4 �e
80

81 �O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O
82 �O �*�Q�M�i�`�Q�H�T���`���K�2�i�2�`�b�7�Q� �̀B�i�2�`���i�B�Q�M
83 �O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O�O
84

85 �O �L�m�K�#�2�`�Q�7�i�?�2 �b�i�2�T�7�Q� �̀M�y�+���H�+�m�H���i�B�Q�M
86 �O �U�K�m�b�i�#�2 �� �2�p�2�M�M�m�K�#�2�`�V
87 �M�m�K�n�b�i�2�T �4 �R�y�y�y�y�y�y
88

89 �O �6�m�M�+�i�B�Q�M�7�Q� �̀+���H�+�m�H���i�B�Q�M�� �b�2�`�B�2�b�Q�7
90 �O �i�?�2 �p���H�m�2�Q�7�M�y�`�2�;���`�/�B�M�;�i�Q
91 �O �i�?�2 �p���H�m�2�Q�7�M�4�L�/�@�L�� ���M�/ �i�2�K�T�2�`���i�m�`�2
92 �/�2�7 �7�n�M�y�U�M�- �L�n�. �- �L�n�� �- �i�2�K�T�V�,
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93 �M�y�n�b�2�`�B�2�b�4�H�B�b�i�U�V
94 �7�Q� �̀M�y�B�M�M�T�X���`���M�;�2�U�M�f�M�m�K�n�b�i�2�T �- �M�Y�M�f�M�m�K�n�b�i�2�T �- �M�f �M�m�K�n�b�i�2�T�V�,
95 �O �1�7�7�2�+�i�B�p�2�/�2�M�b�B�i�v�Q�7�b�i���i�2�b�B�M�+�Q�M�/�m�+�i�B�Q�M�#���M�/�(�+�K�� �@�j�)
96 �L�n�+ �4 �k� �J�n�* � �U�k� �M�T�X�T�B� �K�n�2�n�2�7�7� �F� �i�2�K�T�f�?� � �k�V � � �R�X�8�f�R�2�e
97 �O �1�7�7�2�+�i�B�p�2�/�2�M�b�B�i�v�Q�7�b�i���i�2�b�B�M�p���H�2�M�+�2�#���M�/�(�+�K�� �@�j�)
98 �L�n�p �4 �k� �U�k� �M�T�X�T�B� �K�n�?�n�2�7�7� �F� �i�2�K�T�f�?� � �k�V � � �R�X�8�f�R�2�e
99 �L���b�n�+�R �4 �L�n�+�f�k� �M�T�X�2�t�T�U�@�1�n�.�*�R�f�U�F� �i�2�K�T�V�V

100 �L���b�n�+�k �4 �L�n�+�f�k� �M�T�X�2�t�T�U�@�1�n�.�*�k �f�U�F� �i�2�K�T�V�V
101 �L���b�n�? �4 �L�n�+�f�k� �M�T�X�2�t�T�U �@�1�n�.�>�f�U�F� �i�2�K�T�V�V
102 �`�2�b�m�H�i �4 �L�n�. � �L���b�n�+�R�f�U�L���b�n�+�R�Y�M�y�V�Y�L�n�. � �L���b�n�+�k �f�U�L���b�n�+�k�Y�M�y�V�Y�L�n�. � �L���b�n�?�f�U

�L���b�n�?�Y�M�y�V�@�L�n�� �@�M�y
103 �M�y�n�b�2�`�B�2�b�X���T�T�2�M�/ �U�`�2�b�m�H�i �V
104 �`�2�i�m�`�M�M�y�n�b�2�`�B�2�b
105

106 �/�2�7 �7�n�T�y�U�M�- �L�n�. �- �L�n�� �- �i�2�K�T�V�,
107 �T�y�n�b�2�`�B�2�b�4�H�B�b�i�U�V
108 �7�Q� �̀T�y �B�M�M�T�X���`���M�;�2�U�M�f�M�m�K�n�b�i�2�T �- �M�Y�M�f�M�m�K�n�b�i�2�T �- �M�f �M�m�K�n�b�i�2�T�V�,
109 �O �1�7�7�2�+�i�B�p�2�/�2�M�b�B�i�v�Q�7�b�i���i�2�b�B�M�+�Q�M�/�m�+�i�B�Q�M�#���M�/�(�+�K�� �@�j�)
110 �L�n�+ �4 �k� �J�n�* � �U�k� �M�T�X�T�B� �K�n�2�n�2�7�7� �F� �i�2�K�T�f�?� � �k�V � � �R�X�8�f�R�2�e
111 �O �1�7�7�2�+�i�B�p�2�/�2�M�b�B�i�v�Q�7�b�i���i�2�b�B�M�p���H�2�M�+�2�#���M�/�(�+�K�� �@�j�)
112 �L�n�p �4 �k� �U�k� �M�T�X�T�B� �K�n�?�n�2�7�7� �F� �i�2�K�T�f�?� � �k�V � � �R�X�8�f�R�2�e
113 �L�n�b�i���` �4 �L�n�p�f�9� �M�T�X�2�t�T�U�@�1�n���. �f�U�F� �i�2�K�T�V�V
114 �`�2�b�m�H�i �4 �L�n�� � �L�n�b�i���` �f�U�L�n�b�i���` �Y�T�y�V�@�L�n�. �@�T�y
115 �T�y�n�b�2�`�B�2�b�X���T�T�2�M�/ �U�`�2�b�m�H�i �V
116 �`�2�i�m�`�M�T�y�n�b�2�`�B�2�b
117

118 �O �6�m�M�+�i�B�Q�M�7�Q� �̀b�Q�H�p�B�M�;�i�?�2 �M�2�m�i�`���H�B�i�v�2�[�m���i�B�Q�M
119 �/�2�7 �7�B�M�/�n�x�2�`�Q�U�M�y�V�,
120 �7�Q� �̀B�/�t �B�M�`���M�;�2�U�M�m�K�n�b�i�2�T �f�k�V�,
121 �B�7�M�y�(�B�/�t �)� �M�y�(�@�R�@�B�/�t �) �I �y�,�+�Q�M�i�B�M�m�2
122 �2�H�B�7�M�y�(�B�/�t �)� �M�y�(�@�R�@�B�/�t �) �4�4 �y�,
123 �B�7�M�y�(�B�/�t �) �4�4 �y�,
124 �`�2�i�m�`�M�B�/�t
125 �#�`�2���F
126 �2�H�b�2�,
127 �`�2�i�m�`�M�M�m�K�n�b�i�2�T�f�k�@�B�/�t �@�R
128 �#�`�2���F
129 �2�H�b�2�,
130 �B�7�M�y�(�B�/�t �)� �M�y�(�B�/�t �@�R�) �= �y�,
131 �B�7���#�b�U�M�y�(�@�R�@�B�/�t �)�V �=���#�b�U�M�y�(�@�B�/�t �)�V�,
132 �`�2�i�m�`�M�M�m�K�n�b�i�2�T�f�k�@�B�/�t
133 �#�`�2���F
134 �2�H�b�2�,
135 �`�2�i�m�`�M�M�m�K�n�b�i�2�T�f�k�@�B�/�t �@�R
136 �#�`�2���F
137 �2�H�b�2�,
138 �B�7���#�b�U�M�y�(�B�/�t �)�V �=���#�b�U�M�y�(�B�/�t �@�R�)�V�,
139 �`�2�i�m�`�M�B�/�t �@�R
140 �#�`�2���F
141 �2�H�b�2�,
142 �`�2�i�m�`�M�B�/�t
143 �#�`�2���F
144

145 �O �7�m�M�+�i�B�Q�M�7�Q� �̀B�M�i�`�B�M�b�B�+�+���`�`�B�2��̀+�Q�M�+�2�M�i�`���i�B�Q�M
146 �O �7�Q� �̀e�> �a�B�*�r�B�i�?�/�B�7�7�2�`�2�M�i�i�2�K�T�2�`���i�m�`�2
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147 �/�2�7 �M�n�B�U�h�V�,
148 �� �4 �@�3�X�R�3�k�R�9
149 �" �4 �k�R�X�d�y�3�R
150 �`�2�i�m�`�M�R�y� � �U�� � �U�R�y�y�y�f �h�V�Y�"�V
151

152 �O �S���`���K�2�i�2�`�b�7�Q� �̀u���`�b�?�M�B�1�[�m���i�B�Q�M
153 �O �7�Q� �̀#���M�/�;���T�b�?�`�B�M�F�B�M�;�p�b�X �i�2�K�T�2�`���i�m�`�2
154 ���� �4 �3�X�k�2�@�9� �2�o
155 �#�# �4 �R�X�3�2�j
156

157 �O �7�m�M�+�i�B�Q�M�7�Q� �̀2�7�7�2�+�i�B�p�2�1�n�; �+���H�+�m�H���i�B�Q�M�U�M�@�i�v�T�2�V
158 �O �+�Q�M�b�B�/�2�`�i�?�2 �#���M�/�;���T�b�?�`�B�M�F�B�M�;�#���b�2�/�Q�M�,
159 �O �R�V�/�Q�T�B�M�;�c �k�V�i�2�K�T�2�`���i�m�`�2
160 �/�2�7 �1�;�n�M�U�L�n�+ �- �M�n�y �- �L�n�. �- �h�V�,
161 �L�n�b�i���`�n�+�R �4 �L�n�+�f�k� �M�T�X�2�t�T�U�@�1�n�.�*�R�f�U�F� �h�V�V
162 �L�n�b�i���`�n�+�k �4 �L�n�+�f�k� �M�T�X�2�t�T�U�@�1�n�.�*�k �f�U�F� �h�V�V
163 �L�n�b�i���`�n�? �4 �L�n�+�f�k� �M�T�X�2�t�T�U �@�1�n�.�>�f�U�F� �h�V�V
164 �L�n�.�n�T�H�m�b �4 �L�n�. �f�U�R�Y�M�n�y�f �L�n�b�i���`�n�+�R�V�Y�L�n�. �f�U�R�Y�M�n�y�f �L�n�b�i���`�n�+�k�V�Y�L�n�. �f�U�R�Y�M�n�y�f

�L�n�b�i���`�n�?�V
165 �/�2�H�i���n�1�n�+ �4 �@�k�j�X�j�R� �U �L�n�.�n�T�H�m�b�f�R�2�R�3�V� � �y�X�j�j�Y�k�X�k�e� �U �L�n�.�n�T�H�m�b�f�R�2�R�3�V� � �y�X�8�c
166 �/�2�H�i���n�1�n�p �4 �k�e�X�8�d� �U �L�n�.�n�T�H�m�b�f�R�2�R�3�V� � �y�X�k�8 �Y�y�X�9�j� �U �L�n�.�n�T�H�m�b�f�R�2�R�3�V� � �y�X�8�c
167 �/�2�H�i���n�1�n�; �4 �U�/�2�H�i���n�1�n�+ �@�/�2�H�i���n�1�n�p�V�f�R�y�y�y� �2�o�c
168 �#���M�/�;���T �4 �U�1�n�;�n�Q�`�B�;�B�M���H�Y�/�2�H�i���n�1�n�; �V�@���� � �U�h� � �k�V�f�U�h�Y�#�#�V
169 �`�2�i�m�`�M�(�#���M�/�;���T �- �/�2�H�i���n�1�n�+ �f�R�y�y�y� �2�o�- �/�2�H�i���n�1�n�p �f�R�y�y�y� �2�o�)
170

171 �/�2�7 �1�;�n�T�U�L�n�p �- �T�n�y �- �L�n�� �- �h�V�,
172 �L�n�b�i���` �4 �L�n�p�f�9� �M�T�X�2�t�T�U�@�1�n���. �f�U�F� �h�V�V
173 �L�n���n�K�B�M�m�b �4 �L�n�� �f�U�R�Y�T�n�y�f �L�n�b�i���` �V
174 �/�2�H�i���n�1�n�+ �4 �@�k�R�X�d�d� �U �L�n���n�K�B�M�m�b�f�R�2�R�3�V� � �y�X�k�8�Y�y�X�R� �U �L�n���n�K�B�M�m�b�f�R�2�R�3�V� � �y�X�8�c
175 �/�2�H�i���n�1�n�p �4 �@�k�d�X�3�3� �U �L�n���n�K�B�M�m�b�f�R�2�R�3�V� � �y�X�j�j�Y�9�X�e� �U �L�n���n�K�B�M�m�b�f�R�2�R�3�V

� � �y�X�8�Y�8�y�X�R�j� �U �L�n���n�K�B�M�m�b�f�R�2�R�3�V� � �y�X�k�8�c
176 �/�2�H�i���n�1�n�; �4 �U�/�2�H�i���n�1�n�+ �@�/�2�H�i���n�1�n�p�V�f�R�y�y�y� �2�o�c
177 �#���M�/�;���T �4 �U�1�n�;�n�Q�`�B�;�B�M���H�Y�/�2�H�i���n�1�n�; �V�@���� � �U�h� � �k�V�f�U�h�Y�#�#�V
178 �`�2�i�m�`�M�(�#���M�/�;���T �- �/�2�H�i���n�1�n�+ �f�R�y�y�y� �2�o�- �/�2�H�i���n�1�n�p �f�R�y�y�y� �2�o�)
179

180 �O �G�Q�Q�T�, �h�2�K�T�2�`���i�m�`�2�(�E�)
181 �/�2�7 �7�`�2�2�*���`�`�B�2�`���`�` �U�b���K�T�H�2�V�,
182 �O �*�`�2���i�2�i�?�2 �/�B�+�i�Q�7�M�y���i �/�B�7�7�2�`�2�M�i�i�2�K�T�2�`���i�m�`�2
183 �M�y�n�h�4�/�B�+�i�U�V
184 �B�7�b���K�T�H�2 �4�4�] �1�G�a�R�R�d�] �Q�` �$
185 �b���K�T�H�2 �4�4�] �1�G�a�R�R�3�] �Q�` �$
186 �b���K�T�H�2 �4�4�] �1�G�a�8�e�N�] �Q�` �$
187 �b���K�T�H�2 �4�4�] �1�G�a�8�d�R�]�,
188 �M�y�n�B�M�B�i �4 �b���K�T�H�2�b�( �b���K�T�H�2 �)�(�y�) �@ �b���K�T�H�2�b�( �b���K�T�H�2 �)�(�R�)
189 �7�Q� �̀h �B�M�M�T�X���`���M�;�2 �U�k�8�- �j�R�y�- �R�8�V�,
190 �M�n�/�B�7�4�M�y�n�B�M�B�i
191 �r�?�B�H�2�h�`�m�2�,
192 �M�y�n�b�2�` �4�7�n�M�y�U�M�n�/�B�7 �- �b���K�T�H�2�b�( �b���K�T�H�2�)�(�y�) �- �b���K�T�H�2�b�( �b���K�T�H�2�)�(�R�) �- �h

�V
193 �B�7�M�y�n�b�2�` �(�y�)� �M�y�n�b�2�` �( �M�m�K�n�b�i�2�T �f�k �@�R�) �4�4 �y�,
194 �B�7�M�y�n�b�2�` �(�y�) �4�4 �y�,
195 �M�y�n�h�(�b�i� �̀U�h�V�)�4 �M�n�/�B�7�f �M�m�K�n�b�i�2�T
196 �#�`�2���F
197 �2�H�b�2�,
198 �M�y�n�h�(�b�i� �̀U�h�V�)�4 �M�n�/�B�7
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199 �#�`�2���F
200 �2�H�B�7�M�y�n�b�2�` �(�y�)� �M�y�n�b�2�` �( �M�m�K�n�b�i�2�T �f�k �@�R�) �= �y�,
201 �B�7�M�y�n�b�2�` �(�y�) �= �y�,�O �M�n�y�m�M�/�2�`�`���i�2�/
202 �M�n�/�B�7�4�M�n�/�B�7� �8
203 �+�Q�M�i�B�M�m�2
204 �2�H�b�2�, �O �M�n�y�Q�p�2�`�`���i�2�/
205 �M�n�/�B�7�4�M�n�/�B�7 �f�R�y
206 �+�Q�M�i�B�M�m�2
207 �2�H�b�2�,
208 �B�M�/�2�t �4�7�B�M�/�n�x�2�`�Q�U�M�y�n�b�2�` �V
209 �M�y�n�h�(�b�i� �̀U�h�V�)�4�U�B�M�/�2�t �Y�R�V� �M�n�/�B�7�f �M�m�K�n�b�i�2�T
210 �#�`�2���F
211 �`�2�i�m�`�M�M�y�n�h
212 �2�H�B�7�b���K�T�H�2 �4�4�] �1�G�a�R�R�R�] �Q�` �$
213 �b���K�T�H�2 �4�4�] �1�G�a�R�R�8�] �Q�` �$
214 �b���K�T�H�2 �4�4�] �1�G�a�R�R�e�]�,
215 �M�y�n�B�M�B�i �4 �U�b���K�T�H�2�b�( �b���K�T�H�2 �)�(�R�) �@ �b���K�T�H�2�b�( �b���K�T�H�2 �)�(�y�)�V�f�R�2�e
216 �7�Q� �̀h �B�M�M�T�X���`���M�;�2 �U�k�8�- �j�R�y�- �R�8�V�,
217 �M�n�/�B�7�4�M�y�n�B�M�B�i
218 �r�?�B�H�2�h�`�m�2�,
219 �M�y�n�b�2�` �4�7�n�T�y�U�M�n�/�B�7 �- �b���K�T�H�2�b�( �b���K�T�H�2�)�(�y�) �- �b���K�T�H�2�b�( �b���K�T�H�2�)�(�R�) �- �h

�V
220 �B�7�M�y�n�b�2�` �(�y�)� �M�y�n�b�2�` �( �M�m�K�n�b�i�2�T �f�k �@�R�) �4�4 �y�,
221 �B�7�M�y�n�b�2�` �(�y�) �4�4 �y�,
222 �M�y�n�h�(�b�i� �̀U�h�V�)�4 �M�n�/�B�7�f �M�m�K�n�b�i�2�T
223 �#�`�2���F
224 �2�H�b�2�,
225 �M�y�n�h�(�b�i� �̀U�h�V�)�4 �M�n�/�B�7
226 �#�`�2���F
227 �2�H�B�7�M�y�n�b�2�` �(�y�)� �M�y�n�b�2�` �( �M�m�K�n�b�i�2�T �f�k �@�R�) �= �y�,
228 �B�7�M�y�n�b�2�` �(�y�) �= �y�,�O �M�n�y�m�M�/�2�`�`���i�2�/
229 �M�n�/�B�7�4�M�n�/�B�7� �8
230 �+�Q�M�i�B�M�m�2
231 �2�H�b�2�, �O �M�n�y�Q�p�2�`�`���i�2�/
232 �M�n�/�B�7�4�M�n�/�B�7 �f�R�y
233 �+�Q�M�i�B�M�m�2
234 �2�H�b�2�,
235 �B�M�/�2�t �4�7�B�M�/�n�x�2�`�Q�U�M�y�n�b�2�` �V
236 �M�y�n�h�(�b�i� �̀U�h�V�)�4�U�B�M�/�2�t �Y�R�V� �M�n�/�B�7�f �M�m�K�n�b�i�2�T
237 �#�`�2���F
238 �`�2�i�m�`�M�M�y�n�h
239 �2�H�b�2�,
240 �`�2�i�m�`�M�]�L�Q�b�m�+�?�b���K�T�H�2�5�]
241

242 �/�2�7 �T�?�v�b�S�`�Q�T�1�M�i�`�v �U�b���K�T�H�2�V�,
243 �O �T�?�v�b�S�`�Q�T�.�B�+�i�4 �&�]�7�`�2�2�*���`�`�B�2�`�]�, �M�T�X���`�`���v�U�(�M�T�X�x�2�`�Q�b�U�R�e�V�- �M�T�X�x�2�`�Q�b�U�R�e�V�)�V�-
244 �O �] �#���M�/�:���T�]�, �M�T�X���`�`���v�U�(�M�T�X�x�2�`�Q�b�U�R�e�V�- �M�T�X�x�2�`�Q�b�U�R�e�V�)�V�-
245 �O �] �7�2�`�K�B�G�2�p�2�H�]�, �M�T�X���`�`���v�U�(�M�T�X�x�2�`�Q�b�U�R�e�V�- �M�T�X�x�2�`�Q�b�U�R�e�V�)�V�'
246 �T�`�B�M�i�] �>�2�`�2�+�Q�K�2�b�b���K�T�H�2�, �]�Y�b���K�T�H�2
247 �M�y�n�h �4 �7�`�2�2�*���`�`�B�2�`���`�` �U�b���K�T�H�2�V
248 �7�Q� �̀i �B�M�`���M�;�2�U�R�N�V�,
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APPENDIX B
Matlab code & Simulink block

diagram for negative-�mcenters
related carrier dynamics
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