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Résumé 
 

�,�O���H�[�L�V�W�H���X�Q�H���G�H�P�D�Q�G�H���F�U�R�L�V�V�D�Q�W�H���H�Q���F�D�S�W�H�X�U�V���G�H���J�D�]���S�R�U�W�D�E�O�H�V�����p�P�D�Q�D�Q�W���j���O�D���I�R�L�V���G�H�V���V�F�L�H�Q�F�H�V���G�H��

�O�
�H�Q�Y�L�U�R�Q�Q�H�P�H�Q�W�����G�H���O�D���V�D�Q�W�p���D�L�Q�V�L���T�X�H���G�H���O�¶�L�Q�G�X�V�W�U�L�H�����/�H�V���F�D�S�W�H�X�U�V���R�S�W�L�T�X�H�V���U�p�V�R�Q�D�Q�W�V�����H�Q���S�D�U�W�L�F�X�O�L�H�U��

�O�H�V���P�L�F�U�R���U�p�V�R�Q�D�W�H�X�U�V���S�O�D�Q�D�L�U�H�V�����F�R�P�E�L�Q�H�Q�W���I�R�U�W�H���V�H�Q�V�L�E�L�O�L�W�p���H�W���I�D�L�E�O�H�V���G�L�P�H�Q�V�L�R�Q�V�����F�H���T�X�L���H�Q���I�D�L�W���G�H��

�E�R�Q�V���F�D�Q�G�L�G�D�W�V���S�R�X�U���F�H�V���D�S�S�O�L�F�D�W�L�R�Q�V�����/�H���S�U�L�Q�F�L�S�H���G�H���G�p�W�H�F�W�L�R�Q���G�H���F�H�V���F�D�S�W�H�X�U�V���j���F�K�D�P�S���p�Y�D�Q�H�V�F�H�Q�W��

�H�V�W���E�D�V�p���V�X�U���X�Q�H���Y�D�U�L�D�W�L�R�Q���G�H���O�H�X�U���U�p�S�R�Q�V�H���R�S�W�L�T�X�H���O�L�p�H���j�� �X�Q�H���P�R�G�L�I�L�F�D�W�L�R�Q���G�H���O�¶�L�Q�G�L�F�H���H�I�I�H�F�W�L�I���H�Q��

�S�U�p�V�H�Q�F�H���G�H�V���P�R�O�p�F�X�O�H�V���F�L�E�O�H�V�����6�L���G�H���Q�R�P�E�U�H�X�[���W�U�D�Y�D�X�[���P�R�Q�W�U�H�Q�W���O�¶�H�I�I�L�F�D�F�L�W�p���G�H���F�H�W�W�H���D�S�S�U�R�F�K�H�����V�D��

�P�L�V�H���H�Q���°�X�Y�U�H���D�X�[���G�L�P�H�Q�V�L�R�Q�V���V�X�E���P�L�F�U�R�Q�L�T�X�H�V���S�D�V�V�H���S�D�U���O�¶�H�P�S�O�R�L���G�H���E�D�Q�F�V���R�S�W�L�T�X�H�V���F�R�P�S�O�H�[�H�V����

�H�Q�F�R�P�E�U�D�Q�W�V�����H�W���G�L�I�I�L�F�L�O�H�P�H�Q�W���P�L�Q�L�D�W�X�U�L�V�D�E�O�H�V�� 

�1�R�X�V���S�U�R�S�R�V�R�Q�V���L�F�L���X�Q�H���D�S�S�U�R�F�K�H���J�O�R�E�D�O�H���E�D�V�p�H���V�X�U���O�¶�H�Q�V�H�P�E�O�H���G�X���V�\�V�W�q�P�H���G�H���P�H�V�X�U�H�����H�Q���H�[�S�O�R�L�W�D�Q�W��

�G�H�V�� �F�R�P�S�p�W�H�Q�F�H�V���S�O�X�U�L�G�L�V�F�L�S�O�L�Q�D�L�U�H�V�� �V�X�U�����L���� �O�H�V�� �G�L�R�G�H�V�� �j�� �F�D�Y�L�W�p�� �Y�H�U�W�L�F�D�O�H�V�� �p�P�H�W�W�D�Q�W�� �S�D�U�� �O�D�� �V�X�U�I�D�F�H��

���9�&�6�(�/���� �H�W�� �O�D�� �P�L�V�H�� �H�Q�� �I�R�U�P�H�� �G�H�� �O�H�X�U�� �I�D�L�V�F�H�D�X�� ���� ���L�L���� �O�D�� �F�R�Q�F�H�S�W�L�R�Q�� �H�W�� �O�D�� �I�D�E�U�L�F�D�W�L�R�Q�� �G�H���P�L�F�U�R��

�U�p�V�R�Q�D�W�H�X�U�V���R�S�W�L�T�X�H�V�� �S�R�O�\�P�q�U�H�V�� �H�W�� �G�H�� �U�p�V�H�D�X�[�� �G�H�� �F�R�X�S�O�D�J�H�� ���� ���L�L�L���� �O�H�V�� �F�D�S�W�H�X�U�V�� �G�H�� �J�D�]�� �H�W�� �O�D��

�I�R�Q�F�W�L�R�Q�Q�D�O�L�V�D�W�L�R�Q���G�H���V�X�U�I�D�F�H�����/�¶�X�W�L�O�L�V�D�W�L�R�Q���G�¶�X�Q���9�&�6�(�/���D�F�F�R�U�G�D�E�O�H���H�Q���F�R�X�U�D�Q�W���V�X�U�����Q�P�����F�R�P�E�L�Q�p�H��

�j���X�Q�H���P�L�V�H���H�Q���I�R�U�P�H���G�X���I�D�L�V�F�H�D�X���H�W���O�¶�H�P�S�O�R�L���G�H���U�p�V�H�D�X�[���G�H���F�R�X�S�O�D�J�H�����S�H�U�P�H�W���G�
�R�E�W�H�Q�L�U���X�Q�H���P�H�L�O�O�H�X�U�H��

�W�R�O�p�U�D�Q�F�H���D�X���G�p�V�D�O�L�J�Q�H�P�H�Q�W���H�Q�W�U�H���O�D���V�R�X�U�F�H���H�W���O�
�H�Q�W�U�p�H���G�X���J�X�L�G�H���G�
�R�Q�G�H�V�����H�W���V�L�P�S�O�L�I�L�H�U���D�L�Q�V�L���O�
�L�Q�M�H�F�W�L�R�Q��

�G�H�� �O�X�P�L�q�U�H���� �8�Q�� �F�R�X�S�O�D�J�H�� �Y�H�U�W�L�F�D�O�� �G�X�� �P�L�F�U�R���U�p�V�R�Q�D�W�H�X�U�� �H�V�W�� �I�D�Y�R�U�L�V�p�� �S�R�X�U�� �I�D�F�L�O�L�W�H�U�� �O�H�� �G�p�S�{�W�� �G�H�� �O�D��

�F�R�X�F�K�H���V�H�Q�V�L�E�O�H���H�W���L�V�R�O�H�U���O�H�V���U�p�V�H�D�X�[���G�H���F�R�X�S�O�D�J�H���H�W���O�H�V���J�X�L�G�H�V���G�¶�R�Q�G�H�V�����/�D���O�R�Q�J�X�H�X�U���G�¶�R�Q�G�H���G�H����������

�Q�P�� �Q�H�� �S�H�U�P�H�W�W�D�Q�W�� �S�D�V���X�Q�H�� �G�p�W�H�F�W�L�R�Q�� �G�L�U�H�F�W�H�� �G�H�� �O�¶�D�E�V�R�U�S�W�L�R�Q�� �G�H�V�� �P�R�O�p�F�X�O�H�V�� �G�H�� �J�D�]�� �G�¶�L�Q�W�p�U�r�W���� �X�Q�H��

�F�R�X�F�K�H�� �V�H�Q�V�L�E�O�H�� �G�H�� �S�R�O�\�D�Q�L�O�L�Q�H�� ���3�$�1�,���� �H�V�W�� �D�M�R�X�W�p�H�� �D�I�L�Q�� �G�¶�D�S�S�R�U�W�H�U�� �V�p�O�H�F�W�L�Y�L�W�p�� �H�W�� �V�H�Q�V�L�E�L�O�L�W�p�� �j��

�O�¶�D�P�P�R�Q�L�D�F�����1�+���������6�R�Q���H�[�S�R�V�L�W�L�R�Q���D�X���1�+�����H�Q�W�U�D�L�Q�H���X�Q���G�p�G�R�S�D�J�H�����U�p�Y�H�U�V�L�E�O�H���j���W�H�P�S�p�U�D�W�X�U�H���D�P�E�L�D�Q�W�H����

�T�X�L���V�H���W�U�D�G�X�L�W���S�D�U���G�H�V���P�R�G�L�I�L�F�D�W�L�R�Q�V���G�H���V�R�Q���L�Q�G�L�F�H���R�S�W�L�T�X�H���H�W���X�Q�H���Y�D�U�L�D�W�L�R�Q���G�X���V�S�H�F�W�U�H���G�H���U�p�V�R�Q�D�Q�F�H��

�H�Q���V�R�U�W�L�H���G�X���P�L�F�U�R���U�p�V�R�Q�D�W�H�X�U���P�H�V�X�U�D�E�O�H���j���O�¶�D�L�G�H���G�¶�X�Q�H���V�L�P�S�O�H���S�K�R�W�R�G�L�R�G�H���J�U�k�F�H���j���O�¶�D�F�F�R�U�G�D�E�L�O�L�W�p��

�G�H�� �O�D�� �V�R�X�U�F�H���� �/�D�� �F�R�P�S�D�F�L�W�p�� �H�W�� �O�¶�L�Q�W�p�J�U�D�E�L�O�L�W�p�� �G�H�V�� �P�L�F�U�R���U�p�V�R�Q�D�W�H�X�U�V���� �G�H�V�� �V�R�X�U�F�H�V���9�&�6�(�/�V�� �H�W�� �G�H�V��

�S�K�R�W�R�G�p�W�H�F�W�H�X�U�V�� �S�H�U�P�H�W�� �G�¶�H�Q�Y�L�V�D�J�H�U�� �G�H�V�� �P�D�W�U�L�F�H�V�� �G�H�� �P�L�F�U�R���U�p�V�R�Q�D�W�H�X�U�V�� �I�R�Q�F�W�L�R�Q�Q�D�O�L�V�p�V�� �S�R�X�U�� �X�Q�H��

�G�p�W�H�F�W�L�R�Q���P�X�O�W�L���F�L�E�O�H�V�� 

�/�H�� �P�D�Q�X�V�F�U�L�W�� �G�p�E�X�W�H�� �S�D�U�� �X�Q�H�� �S�U�p�V�H�Q�W�D�W�L�R�Q�� �J�O�R�E�D�O�H�� �G�X�� �P�L�F�U�R�V�\�V�W�q�P�H�� �H�W�� �V�R�Q�� �S�R�V�L�W�L�R�Q�Q�H�P�H�Q�W�� �S�D�U��

�U�D�S�S�R�U�W���j���O�
�p�W�D�W���G�H���O�
�D�U�W�����/�
�L�Q�W�p�U�r�W���G�H�V���P�D�W�p�U�L�D�X�[���H�W���W�H�F�K�Q�R�O�R�J�L�H�V���S�R�O�\�P�q�U�H�V���H�V�W���G�L�V�F�X�W�p���S�R�X�U���U�p�D�O�L�V�H�U��

�X�Q���V�\�V�W�q�P�H���©���O�D�E���R�Q���F�K�L�S���ª���j���I�D�L�E�O�H���F�R�€�W�����H�Q���V�H���E�D�V�D�Q�W���V�X�U���Q�R�V���W�U�D�Y�D�X�[���D�Q�W�p�U�L�H�X�U�V���H�W���Q�R�V���F�R�Q�W�U�D�L�Q�W�H�V��

�W�H�F�K�Q�R�O�R�J�L�T�X�H�V�����/�
�L�Q�W�p�J�U�D�W�L�R�Q���G�¶�p�O�p�P�H�Q�W�V���P�L�F�U�R���R�S�W�L�T�X�H�V���S�R�O�\�P�q�U�H�V���V�X�U���9�&�6�(�/���H�V�W���W�K�p�R�U�L�T�X�H�P�H�Q�W��

�H�W���H�[�S�p�U�L�P�H�Q�W�D�O�H�P�H�Q�W���p�W�X�G�L�p�H���S�R�X�U���R�E�W�H�Q�L�U���X�Q�H���F�R�O�O�L�P�D�W�L�R�Q���H�W���X�Q�H���W�D�L�O�O�H���G�H���V�S�R�W���D�S�S�U�R�S�U�L�p�H�V���S�R�X�U���O�D��
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Abstract 
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�S�O�D�W�I�R�U�P���F�R�Q�V�W�U�X�F�W�L�R�Q�����D�Q�G���D�Q�D�O�\�V�L�V���V�R�I�W�Z�D�U�H���G�H�Y�H�O�R�S�P�H�Q�W�����,�¶�Y�H���O�H�D�U�Q�H�G���D���O�R�W���R�I���W�K�L�Q�J�V���Z�L�W�K���K�L�P���L�Q��
�W�K�L�V���D�V�S�H�F�W�� 
 
�,���Z�R�X�O�G���D�O�V�R���H�[�S�U�H�V�V���P�\���D�S�S�U�H�F�L�D�W�L�R�Q���W�R���I�R�U�P�H�U���3�K�'���V�W�X�G�H�Q�W�V���<�X���=�+�$�2�����0�L�J�X�H�O���'�,�(�=���D�Q�G���$�\�P�H�Q��
�6�(�1�'�,���� �W�K�H�L�U�� �Z�R�U�N�� �H�[�S�H�U�L�H�Q�F�H�� �L�Q�� �U�H�O�D�W�H�G�� �S�U�R�M�H�F�W�V�� �K�H�O�S�H�G�� �P�H�� �W�R�� �J�H�W�� �R�Q�� �W�U�D�F�N�� �Y�H�U�\�� �I�D�V�W�� �D�W�� �W�K�H��
�E�H�J�L�Q�Q�L�Q�J���� 
 
�0�\���W�K�D�Q�N�V���D�O�V�R���J�R���W�R���P�\���R�W�K�H�U���F�R�O�O�H�D�J�X�H�V���D�Q�G���I�U�L�H�Q�G�V���Z�K�R���V�W�D�\���Z�L�W�K���P�H���L�Q���W�K�L�V���W�L�P�H�����L�Q���Z�R�U�N�W�L�P�H��
�D�Q�G���Z�H�H�N�H�Q�G�����(�Y�H�Q���W�K�R�X�J�K���,���X�V�X�D�O�O�\���G�R�Q�¶�W���W�D�O�N���W�R�R���P�X�F�K�����E�X�W���,���H�Q�M�R�\���W�K�H���W�L�P�H���V�K�D�U�L�Q�J���Z�L�W�K���\�R�X�����0�\��
�V�L�Q�F�H�U�H���K�H�D�U�W���L�V���V�H�Q�W���W�R���D�O�O���R�I���\�R�X�� 

 
�/�D�V�W���E�X�W���Q�R�W���O�H�D�V�W�����,���D�P���Y�H�U�\���J�U�D�W�H�I�X�O���W�R���P�\���S�D�U�H�Q�W�V�����2�Q�O�\���Z�L�W�K���W�K�H�L�U���V�H�O�I�O�H�V�V���V�X�S�S�R�U�W�����F�R�Q�F�H�U�Q���D�Q�G��
�O�R�Y�H�����F�D�Q���,���R�Y�H�U�F�R�P�H���W�K�R�V�H���G�L�I�I�L�F�X�O�W�L�H�V���D�Q�G���S�X�U�V�X�H���P�\���V�W�X�G�\���W�L�O�O���Q�R�Z�����,���D�P���G�H�H�S�O�\���L�Q�G�H�E�W�H�G���W�R���P�\��
�S�D�U�H�Q�W�V���Z�K�R���D�O�Z�D�\�V���V�X�S�S�R�U�W���P�H���D�Q�G���V�K�D�U�H���Z�L�W�K���P�H���D�O�O���P�\���I�U�X�V�W�U�D�W�L�R�Q�V���D�Q�G���K�D�S�S�L�Q�H�V�V�����Z�K�H�U�H�Y�H�U���,��
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I. General introduction/background 
 
�*�D�V���G�H�W�H�F�W�L�R�Q���L�V���L�Q�Y�R�O�Y�H�G���L�Q���D���Z�L�G�H���U�D�Q�J�H���R�I���D�S�S�O�L�F�D�W�L�R�Q�V���L�Q���W�K�H���H�Q�Y�L�U�R�Q�P�H�Q�W���D�Q�G���K�H�D�O�W�K���I�L�H�O�G�V�����,�W���L�V��
�Q�R�W���R�Q�O�\���X�V�H�G���L�Q�� �D�W�P�R�V�S�K�H�U�L�F�� �V�F�L�H�Q�F�H���� �E�X�W�� �D�O�V�R�� �I�R�U���W�K�H�� �P�R�Q�L�W�R�U�L�Q�J�� �R�I�� �D�L�U�� �T�X�D�O�L�W�\�� �L�Q�� �E�X�L�O�G�L�Q�J�V���R�U��
�Y�H�K�L�F�O�H�V���D�Q�G�� �I�R�U���V�R�P�H���E�U�H�D�W�K�� �G�L�D�J�Q�R�V�W�L�F�V���L�Q�� �K�H�D�O�W�K�� �D�S�S�O�L�F�D�W�L�R�Q�V�����0�D�Q�\���N�L�Q�G�V�� �R�I�� �J�D�V���V�H�Q�V�R�U�V�� �D�U�H��
�H�[�S�O�R�L�W�H�G���W�R�� �P�R�Q�L�W�R�U�� �W�K�H�� �U�D�S�L�G�� �F�K�D�Q�J�H�� �R�I���K�D�]�D�U�G�R�X�V���V�S�H�F�L�H�V�� �L�Q�� �W�K�H���Z�R�U�N�L�Q�J�� �D�U�H�D���R�U�� �G�X�U�L�Q�J�� �D�Q��
�L�Q�G�X�V�W�U�L�D�O���S�U�R�F�H�V�V�����7�K�H�U�H���L�V���D�Q���H�P�H�U�J�L�Q�J���G�H�P�D�Q�G���I�R�U���P�L�Q�L�D�W�X�U�L�]�H�G�����S�R�U�W�D�E�O�H�����D�Q�G���H�I�I�L�F�L�H�Q�W���V�H�Q�V�R�U�V��
�I�R�U���P�D�Q�\���D�S�S�O�L�F�D�W�L�R�Q�V���� �*�H�Q�H�U�D�O�O�\�����W�K�H�� �F�R�P�P�R�Q���G�H�W�H�F�W�L�R�Q���W�D�U�J�H�W�V���L�Q�F�O�X�G�H���J�U�H�H�Q�K�R�X�V�H���J�D�V�H�V�����&�2������
�&�+������ �1�2������ �2�����«������ �F�D�U�E�R�Q�� �P�R�Q�R�[�L�G�H���� �9�R�O�D�W�L�O�H�� �2�U�J�D�Q�L�F�� �&�R�P�S�R�X�Q�G�V�� ���9�2�&������ �D�V�� �Z�H�O�O�� �D�V�� �V�S�H�F�L�I�L�F��
�W�D�U�J�H�W�V�� �O�L�N�H�� �D�P�P�R�Q�L�D�F�� ���1�+�������Z�K�R�V�H���H�P�L�V�V�L�R�Q�V�� �D�U�H�� �P�R�V�W�O�\�� �D�W�W�U�L�E�X�W�H�G�� �W�R�� �R�U�J�D�Q�L�F�� �Z�D�V�W�H�V�� �I�U�R�P��
�E�U�H�H�G�L�Q�J���R�U���I�H�U�W�L�O�L�]�H�U���S�U�R�G�X�F�W�L�R�Q���X�Q�L�W�V�� 
 
�$�P�R�Q�J���F�X�U�U�H�Q�W���G�H�W�H�F�W�L�R�Q���P�H�W�K�R�G�V�����V�H�P�L�F�R�Q�G�X�F�W�R�U���P�H�W�D�O���R�[�L�G�H�����6�0�2���F�R�P�P�R�Q�O�\���Q�D�P�H�G���0�2�6�����J�D�V��
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�U�H�O�L�H�V�� �R�Q���P�D�W�X�U�H���P�D�V�V�� �P�D�Q�X�I�D�F�W�X�U�L�Q�J���G�H�Y�L�F�H���W�H�F�K�Q�R�O�R�J�L�H�V���� �0�R�U�H�R�Y�H�U���� �D�V�� �V�K�R�Z�Q���L�Q���)�L�J�X�U�H���������W�K�L�V��
�U�D�Q�J�H�� �D�Y�R�L�G�V�� �V�R�P�H�� �V�S�H�F�L�I�L�F�� �D�E�V�R�U�S�W�L�R�Q�� �E�D�Q�G�V�� ���F�D�O�O�H�G�� �Z�D�W�H�U�� �E�D�Q�G�V���� �D�Q�G�� �K�D�Y�H�� �D�� �U�H�O�D�W�L�Y�H�O�\�� �V�P�D�O�O��
�V�F�D�W�W�H�U�L�Q�J���U�D�W�H�����7�K�H���S�K�R�W�R�G�H�W�H�F�W�R�U�V���D�W���W�K�H�V�H���Z�D�Y�H�O�H�Q�J�W�K�V���D�U�H���D�O�V�R���F�R�P�P�R�Q�O�\���D�Y�D�L�O�D�E�O�H���L�Q���W�K�H���P�D�U�N�H�W��
�D�Q�G���F�D�Q���S�U�R�Y�L�G�H���D���P�R�U�H���H�F�R�Q�R�P�L�F�D�O���D�Q�G���Z�L�G�H�U���U�D�Q�J�H���R�I���R�S�W�L�R�Q�V�� 
 

Figure 1. a) Schematic of a planar micro-resonator implemented in Silicon On Insulator technology [7] . b)  Illustration of 

high density integration of micro ring resonators on a 1x1 cm chip using the TriPlex technology [8] . 
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�,�Q�� �W�K�L�V�� �Z�R�U�N���� �Z�H�� �V�H�W�� �R�X�U�� �J�R�D�O�� �W�R�� �G�H�V�L�J�Q�� �D�Q�G�� �I�D�E�U�L�F�D�W�H�� �D�� �J�D�V�� �V�H�Q�V�R�U�� �E�D�V�H�G�� �R�Q�� �W�K�H�� �L�Q�W�H�J�U�D�W�L�R�Q�� �R�I��
�W�H�F�K�Q�R�O�R�J�L�H�V���W�K�D�W���Z�H���L�G�H�Q�W�L�I�L�H�G���D�V���V�X�L�W�D�E�O�H���I�R�U���D���F�R�P�S�D�F�W�����D�I�I�R�U�G�D�E�O�H�����D�Q�G���L�Q�W�H�J�U�D�W�H�G���V�\�V�W�H�P�����7�K�H�V�H��
�W�H�F�K�Q�R�O�R�J�L�H�V���L�Q�F�O�X�G�H���� ���L���� �D�Q�� ������ �Q�P���9�&�6�(�/�� ���Y�H�U�W�L�F�D�O���F�D�Y�L�W�\�� �V�X�U�I�D�F�H���H�P�L�W�W�L�Q�J�� �O�D�V�H�U���� �I�R�U�� �W�K�H�� �O�L�J�K�W��
�V�R�X�U�F�H�����Z�K�L�F�K���D�U�H���Y�H�U�\���V�X�L�W�D�E�O�H���I�R�U���D���P�L�Q�L�D�W�X�U�L�]�H�G���V�\�V�W�H�P�����F�R�P�E�L�Q�H�G���Z�L�W�K���D���F�O�D�V�V�L�F���6�L���S�K�R�W�R�G�H�W�H�F�W�R�U����
���L�L�����D���S�R�O�\�P�H�U���E�D�V�H�G���P�L�F�U�R�U�L�Q�J���U�H�V�R�Q�D�W�R�U�����D���5�,���E�D�V�H�G���V�H�Q�V�R�U���W�K�D�W���F�D�Q���D�W�W�D�L�Q���Y�H�U�\���K�L�J�K���V�H�Q�V�L�W�L�Y�L�W�L�H�V��
�L�Q���D���V�P�D�O�O���D�U�H�D�������L�L�L�����D���S�R�O�\�D�Q�L�O�L�Q�H�����3�$�1�,�����V�H�Q�V�L�W�L�Y�H���O�D�\�H�U���W�K�D�W���L�V���N�Q�R�Z�Q���W�R���E�H���Z�H�O�O���V�X�L�W�H�G���W�R���V�H�O�H�F�W�L�Y�H��
�V�H�Q�V�L�Q�J�� �R�I�� �1�+������ �:�K�L�O�H�� �1�+�����K�D�V�� �E�H�H�Q���D�U�E�L�W�U�D�U�\���V�H�O�H�F�W�H�G�� �D�V�� �W�K�H�� �W�D�U�J�H�W�� �L�Q�� �W�K�L�V�� �Z�R�U�N���W�R�� �P�H�H�W��
�D�J�U�L�E�X�V�L�Q�H�V�V���D�Q�G���K�H�D�O�W�K���Q�H�H�G�V�����W�K�H���V�H�O�H�F�W�L�Y�L�W�\���R�I���W�K�L�V���5�,���E�D�V�H�G���S�O�D�W�I�R�U�P���L�V���R�E�W�D�L�Q�H�G���E�\���W�K�H���V�H�Q�V�L�W�L�Y�H��
�O�D�\�H�U�����K�H�Q�F�H���G�L�I�I�H�U�H�Q�W���J�D�V�H�V���F�D�Q���E�H���G�H�W�H�F�W�H�G���Z�L�W�K���V�X�L�W�D�E�O�H���V�H�Q�V�L�W�L�Y�H���O�D�\�H�U���� 
 

�7�K�H�� �Z�R�U�N�� �S�U�H�V�H�Q�W�H�G�� �L�Q�� �W�K�L�V�� �W�K�H�V�L�V�� �Z�D�V�� �F�D�U�U�L�H�G�� �R�X�W�� �Z�L�W�K�L�Q�� �/�$�$�6�� ���/�D�E�R�U�D�W�R�U�\�� �I�R�U���$�Q�D�O�\�V�L�V�� �D�Q�G��
�$�U�F�K�L�W�H�F�W�X�U�H�� �R�I�� �6�\�V�W�H�P�V���±���8�3�5������������ �L�Q���7�R�X�O�R�X�V�H�����D���S�D�U�W�� �R�I���W�K�H�� �)�U�H�Q�F�K�� �1�D�W�L�R�Q�D�O�� �&�H�Q�W�U�H�� �I�R�U��
�6�F�L�H�Q�W�L�I�L�F���5�H�V�H�D�U�F�K�����&�1�5�6�������Z�L�W�K�L�Q���0�,�&�$�����0�L�F�U�R�V�\�V�W�H�P�V���R�I���$�Q�D�O�\�V�L�V�����W�H�D�P�����7�K�L�V���W�H�D�P���K�D�V���E�H�H�Q��
�G�H�Y�H�O�R�S�L�Q�J�� �P�L�F�U�R�V�H�Q�V�R�U�V�� �I�R�U���K�H�D�O�W�K�����H�Q�Y�L�U�R�Q�P�H�Q�W�D�O���� �R�U�� �L�Q�G�X�V�W�U�L�D�O���D�S�S�O�L�F�D�W�L�R�Q�V�� �L�Q�� �O�L�T�X�L�G�� �D�Q�G�� �J�D�V��
�G�H�W�H�F�W�L�R�Q���G�R�P�D�L�Q�V�����5�H�F�H�Q�W�O�\�����W�K�H�V�H���U�H�V�H�D�U�F�K���D�F�W�L�Y�L�W�L�H�V���H�Q�O�D�U�J�H�G���W�R���R�S�W�L�F�D�O���V�H�Q�V�R�U�V�����Z�K�L�F�K���D�U�H���P�R�U�H��
�V�X�L�W�D�E�O�H���I�R�U���G�H�W�H�F�W�L�R�Q���L�Q���K�D�U�V�K���H�Q�Y�L�U�R�Q�P�H�Q�W�V���D�Q�G���W�D�N�L�Q�J���E�H�Q�H�I�L�W�V���R�I���W�K�H���G�H�Y�H�O�R�S�P�H�Q�W���R�I���G�H�G�L�F�D�W�H�G��
�9�&�6�(�/�V���V�R�X�U�F�H�V���I�R�U���R�S�W�L�F�D�O���L�Q�V�W�U�X�P�H�Q�W�D�W�L�R�Q�����>���@ 
���� 
�7�K�L�V���Z�R�U�N���Z�D�V���V�X�S�S�R�U�W�H�G���E�\���/�$�$�6���&�1�5�6���P�L�F�U�R���D�Q�G���Q�D�Q�R�W�H�F�K�Q�R�O�R�J�L�H�V���S�O�D�W�I�R�U�P�����D���P�H�P�E�H�U���R�I���W�K�H��
�5�H�Q�D�W�H�F�K���I�U�H�Q�F�K���Q�D�W�L�R�Q�D�O���Q�H�W�Z�R�U�N�����,�W���R�I�I�H�U�V���D�F�F�H�V�V���W�R���L�W�V���H�T�X�L�S�P�H�Q�W���Z�K�L�F�K���H�Q�D�E�O�H�V���W�K�H���G�H�Y�H�O�R�S�P�H�Q�W����
�V�K�D�S�L�Q�J���D�Q�G���S�U�R�F�H�V�V�L�Q�J���R�I���P�D�W�H�U�L�D�O�V���I�R�U���W�K�H���S�U�R�W�R�W�\�S�L�Q�J���R�I���P�L�F�U�R���D�Q�G���Q�D�Q�R���F�R�P�S�R�Q�H�Q�W�V���L�Q���D���Z�L�G�H��
�Y�D�U�L�H�W�\���R�I���W�H�F�K�Q�R�O�R�J�L�F�D�O���I�L�H�O�G�V�����$�O�O���W�K�H���P�L�F�U�R���F�R�P�S�R�Q�H�Q�W�V���P�H�Q�W�L�R�Q�H�G���L�Q���W�K�H���W�K�H�V�L�V���Z�H�U�H���S�U�H�S�D�U�H�G���L�Q��
�W�K�H���F�O�H�D�Q�U�R�R�P���R�I���/�$�$�6�����Z�K�L�F�K���D�G�K�H�U�H�V���W�R���,�6�2�������V�W�D�Q�G�D�U�G�����L�Q���,�6�2�������������������V�W�D�Q�G�D�U�G�����W�K�H���Q�X�P�E�H�U��
�R�I���P�L�F�U�R���G�X�V�W���O�D�U�J�H�U���W�K�D�Q���������—�P���L�V���O�L�P�L�W�H�G���W�R�������������������S�H�U���F�X�E�L�F���P�H�W�H�U�������$���W�H�F�K�Q�L�F�D�O���D�Q�G���H�T�X�L�S�P�H�Q�W��
�V�H�U�Y�L�F�H���J�U�R�X�S�����7�(�$�0�����Z�R�U�N�V���L�Q���W�K�L�V���F�O�H�D�Q���U�R�R�P���W�R���S�U�R�Y�L�G�H���V�X�S�S�R�U�W���I�R�U���U�H�V�H�D�U�F�K���D�F�W�L�Y�L�W�L�H�V�����R�Q���D�Q��
�L�V�V�X�H���U�H�O�D�W�H�G���W�R���W�K�H�L�U���H�[�S�H�U�W�L�V�H�� 
 
 
 

Figure 2. Schematic diagram of scattering attenuation of light in the air and the absorption attenuation of light in the 

glass fiber in the near infrared range.    
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�7�K�L�V���P�D�Q�X�V�F�U�L�S�W���L�V���R�U�J�D�Q�L�]�H�G���L�Q���I�L�Y�H���P�D�L�Q���S�D�U�W�V�� 
 
�$�E�R�Y�H�� �D�O�O���� �W�K�H�� �R�Y�H�U�D�O�O�� �G�H�V�L�J�Q�� �R�I�� �W�K�H���P�L�F�U�R�V�\�V�W�H�P�� �L�V�� �S�U�H�V�H�Q�W�H�G���� �F�R�Q�V�L�G�H�U�L�Q�J�� �V�W�D�W�H�� �R�I�� �W�K�H�� �D�U�W���� �7�K�H��
�L�Q�W�H�U�H�V�W���R�I�� �S�R�O�\�P�H�U���P�D�W�H�U�L�D�O�V�� �D�Q�G�� �W�H�F�K�Q�R�O�R�J�L�H�V�� �D�U�H�� �G�L�V�F�X�V�V�H�G���W�R���U�H�D�O�L�]�H�� �D�� �O�R�Z�� �F�R�V�W���³�O�D�E���R�Q���F�K�L�S�´��
�V�\�V�W�H�P�����W�D�N�L�Q�J���L�Q�W�R���D�F�F�R�X�Q�W���D���S�U�H�Y�L�R�X�V���Z�R�U�N���G�R�Q�H���L�Q���R�X�U���O�D�E�R�U�D�W�R�U�\���I�R�U���D�Q�R�W�K�H�U���V�S�H�F�W�U�D�O���U�D�Q�J�H�����D�V��
�Z�H�O�O���D�V���R�X�U���W�H�F�K�Q�R�O�R�J�L�F�D�O���O�L�P�L�W�D�W�L�R�Q�V�����$�I�W�H�U�Z�D�U�G�V�����H�D�F�K���N�H�\���F�R�P�S�R�Q�H�Q�W�V���R�I���W�K�L�V���L�Q�W�H�J�U�D�W�H�G���V�\�V�W�H�P��
�D�U�H���S�U�H�V�H�Q�W�H�G���L�Q���G�H�G�L�F�D�W�H�G���F�K�D�S�W�H�U�V�����I�U�R�P���W�K�H���O�L�J�K�W���V�R�X�U�F�H���S�D�U�W�����W�R���W�K�H���J�U�D�W�L�Q�J���F�R�X�S�O�H�U���L�Q�M�H�F�W�L�R�Q���S�D�U�W������
�W�K�H���P�L�F�U�R���U�H�V�R�Q�D�W�R�U���S�D�U�W�����D�Q�G���W�K�H���V�H�Q�V�L�W�L�Y�H���O�D�\�H�U���S�D�U�W�� 
 
�,�Q���F�K�D�S�W�H�U���,�,�����W�K�H���L�Q�W�H�J�U�D�W�L�R�Q���R�I���S�R�O�\�P�H�U���P�L�F�U�R���R�S�W�L�F�V���R�Q���D���V�L�Q�J�O�H���9�&�6�(�/���F�K�L�S���L�V���V�W�X�G�L�H�G���W�R���D�F�K�L�H�Y�H��
�D���V�X�I�I�L�F�L�H�Q�W���O�D�V�H�U���E�H�D�P���F�R�O�O�L�P�D�W�L�R�Q���D�Q�G���E�H�D�P���V�L�]�H���U�H�G�X�F�W�L�R�Q�����'�H�V�S�L�W�H���W�K�H�L�U���Q�X�P�H�U�R�X�V���D�G�Y�D�Q�W�D�J�H�V����
�W�K�H���Q�D�W�X�U�D�O���G�L�Y�H�U�J�H�Q�F�H���R�I���D���9�&�6�(�/���L�V���L�Q�G�H�H�G���W�R�R���O�D�U�J�H���I�R�U���P�R�V�W���D�S�S�O�L�F�D�W�L�R�Q�V�����L�W���K�D�V���W�R���E�H���G�H�F�U�H�D�V�H�G��
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�V�H�Q�V�L�W�L�Y�L�W�\�����7�Z�R���G�L�I�I�H�U�H�Q�W���P�H�W�K�R�G�V���K�D�Y�H���E�H�H�Q���H�[�S�O�R�U�H�G���W�R���L�Q�W�H�J�U�D�W�H���D���S�R�O�\�P�H�U���P�L�F�U�R�O�H�Q�V���R�Q���D���V�L�Q�J�O�H��
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�R�Q���F�K�L�S�´���V�\�V�W�H�P�����L�Q�V�W�H�D�G���R�I���X�V�L�Q�J���H�[�W�H�U�Q�D�O���S�R�Z�H�U���P�H�W�H�U���G�H�W�H�F�W�R�U���� 
 
�&�K�D�S�W�H�U���,�9���G�H�D�O�V���Z�L�W�K���W�K�H���I�D�E�U�L�F�D�W�L�R�Q���D�Q�G���V�X�E�V�H�T�X�H�Q�W���F�K�D�U�D�F�W�H�U�L�]�D�W�L�R�Q���R�I���W�K�H���P�L�F�U�R�U�L�Q�J���U�H�V�R�Q�D�W�R�U����
�L�Q�F�O�X�G�L�Q�J���W�K�H���J�U�D�W�L�Q�J���F�R�X�S�O�H�U�V�����6�H�Y�H�U�D�O���P�H�W�K�R�G�V���D�U�H���L�P�S�O�H�P�H�Q�W�H�G���W�R���F�U�H�D�W�H���W�K�H���G�H�V�L�J�Q�H�G���V�W�U�X�F�W�X�U�H����
�D�O�O���W�K�H���W�H�F�K�Q�L�F�D�O���G�H�W�D�L�O�V���D�U�H���S�U�H�V�H�Q�W�H�G�����$�G�D�S�W�H�G���R�S�W�L�F�D�O���G�H�W�H�F�W�L�R�Q���S�O�D�W�I�R�U�P�V���D�Q�G���D�Q�D�O�\�]�L�Q�J���V�R�I�W�Z�D�U�H�V��
�D�U�H���E�X�L�O�W�����W�R���W�H�V�W���W�K�H���S�H�U�I�R�U�P�D�Q�F�H�� �R�I�� �W�K�H���F�R�U�U�H�V�S�R�Q�G�L�Q�J�� �S�D�U�W�V���� �3�U�H�O�L�P�L�Q�D�U�\�� �U�H�V�X�O�W�V���D�U�H���V�K�R�Z�Q�����D�Q�G��
�Q�H�Z���V�R�O�X�W�L�R�Q�V���W�R���L�P�S�U�R�Y�H���W�K�H���W�H�V�W�L�Q�J���P�H�W�K�R�G���D�U�H���S�U�R�S�R�V�H�G�����7�K�H���D�G�Y�D�Q�W�D�J�H�V���D�Q�G���G�U�D�Z�E�D�F�N�V���R�I���W�K�H�V�H��
�I�D�E�U�L�F�D�W�L�R�Q���P�H�W�K�R�G�V���D�U�H���G�H�V�F�U�L�E�H�G���L�Q���W�K�L�V���V�H�F�W�L�R�Q�� 
 
�,�Q���F�K�D�S�W�H�U���9�����W�K�H���L�Q�W�H�J�U�D�W�L�R�Q���R�I���D���S�R�O�\�D�Q�L�O�L�Q�H���V�H�Q�V�L�W�L�Y�H���O�D�\�H�U���I�R�U���D�P�P�R�Q�L�D�F���J�D�V���V�H�Q�V�L�Q�J���R�Q���W�K�H���V�X�U�I�D�F�H��
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I.1 History and recent achievements  
 
�2�S�W�L�F�D�O���J�D�V���V�H�Q�V�R�U�V���D�U�H���G�H�Y�L�F�H�V���W�K�D�W���W�U�D�Q�V�O�D�W�H�V���W�K�H���Y�D�U�L�D�W�L�R�Q���R�I���R�S�W�L�F�D�O���S�U�R�S�H�U�W�L�H�V���L�Q���S�U�H�V�H�Q�F�H���R�I���W�K�H��
�W�D�U�J�H�W�H�G�� �V�S�H�F�L�H�V�� �W�R�� �D�Q�� �L�Q�W�H�U�S�U�H�W�D�E�O�H�� �V�L�J�Q�D�O�����W�K�H���R�S�W�L�F�D�O�� �V�L�J�Q�D�O�� �Y�D�U�L�D�W�L�R�Q�V���E�H�L�Q�J�� �X�V�H�G���D�V���W�K�H�L�U��
�W�U�D�Q�V�G�X�F�W�L�R�Q���S�U�L�Q�F�L�S�O�H�����7�K�H�L�U�� �R�S�H�U�D�W�L�Q�J�� �S�U�L�Q�F�L�S�O�H�� �F�D�Q���E�H�� �E�D�V�H�G�� �R�Q���V�S�H�F�L�I�L�F�� �R�S�W�L�F�D�O�� �S�U�R�S�H�U�W�L�H�V���O�L�N�H��
�D�E�V�R�U�S�W�L�R�Q���� �I�O�X�R�U�H�V�F�H�Q�F�H���� �O�L�J�K�W�� �V�F�D�W�W�H�U�L�Q�J���� �R�U�� �U�H�I�U�D�F�W�L�Y�H�� �L�Q�G�H�[�� �F�K�D�Q�J�H�V�����7�K�H�\�� �D�U�H�� �H�I�I�H�F�W�L�Y�H�� �L�Q��
�G�H�W�H�F�W�L�Q�J���W�K�H���S�U�H�V�H�Q�F�H���R�I���J�D�V�H�V���R�U���F�K�H�P�L�F�D�O���F�R�P�S�R�X�Q�G�V�����7�K�L�V���W�\�S�H���R�I���G�H�W�H�F�W�L�R�Q���K�D�V���D�Q���D�G�Y�D�Q�W�D�J�H��
�I�R�U���G�D�Q�J�H�U�R�X�V���Z�R�U�N�L�Q�J���H�Q�Y�L�U�R�Q�P�H�Q�W�V���V�X�U�U�R�X�Q�G�H�G���E�\���H�[�S�O�R�V�L�Y�H���R�U���W�R�[�L�F���J�D�V�����D�Q�G���W�K�H�\���K�D�Y�H���O�H�V�V���Q�H�H�G��
�I�R�U���D�G�G�L�Q�J���U�H�D�J�H�Q�W���D�Q�G���P�D�L�Q�W�H�Q�D�Q�F�H���>�����@���� 
 
�$�P�R�Q�J���W�K�H���G�L�I�I�H�U�H�Q�W���W�\�S�H�V���R�I���R�S�W�L�F�D�O���V�H�Q�V�R�U�V�����W�K�H���P�R�V�W���F�R�P�P�R�Q�O�\���H�Q�F�R�X�Q�W�H�U�H�G���R�Q�H�V���D�U�H���E�D�V�H�G���R�Q��
�W�K�H�� �P�H�D�V�X�U�H�P�H�Q�W�� �R�I�� �R�S�W�L�F�D�O�� �D�E�V�R�U�S�W�L�R�Q�� �D�W�� �V�S�H�F�L�I�L�F�� �Z�D�Y�H�O�H�Q�J�W�K�V�� �W�K�D�W�� �G�H�S�H�Q�G�V�� �R�Q�� �W�K�H�� �J�D�V�� �V�S�H�F�L�H�V����
�0�R�V�W���R�I���W�K�H���R�U�J�D�Q�L�F���D�Q�G���L�Q�R�U�J�D�Q�L�F���P�R�O�H�F�X�O�H�V���R�I���L�Q�W�H�U�H�V�W���S�R�V�V�H�V�V���D�E�V�R�U�S�W�L�R�Q���O�L�Q�H�V���L�Q���W�K�H���P�L�G���L�Q�I�U�D�U�H�G��
�D�V���V�K�R�Z�Q���L�Q���)�L�J�X�U�H�������>�����@�����W�K�H�V�H���D�E�V�R�U�S�W�L�R�Q���O�L�Q�H�V���E�H�L�Q�J���O�L�Q�N�H�G���W�R���W�K�H�L�U���Y�L�E�U�D�W�L�R�Q�D�O���D�Q�G���U�R�W�D�W�L�R�Q�D�O��
�H�Q�H�U�J�\�� �W�U�D�Q�V�L�W�L�R�Q�V�����,�Q�� �R�U�G�H�U�� �W�R�� �P�D�N�H�� �O�R�Z���O�R�V�V�� �J�X�L�G�L�Q�J�� �R�S�W�L�F�D�O�� �V�W�U�X�F�W�X�U�H�G�� �L�Q�� �W�K�H�� �P�L�G���L�Q�I�U�D�U�H�G����
�G�L�I�I�H�U�H�Q�W�� �P�D�W�H�U�L�D�O�V�� �F�K�R�L�F�H�V�� �K�D�Y�H�� �E�H�H�Q�� �D�G�R�S�W�H�G�� �L�Q�� �W�K�H�� �O�L�W�H�U�D�W�X�U�H�� ���V�L�O�L�F�R�Q���� �J�H�U�P�D�Q�L�X�P�� �R�U�� �J�D�O�O�L�X�P��
�D�U�V�H�Q�L�G�H�� �W�\�S�L�F�D�O�O�\���� �Z�L�W�K�� �S�U�R�P�L�V�L�Q�J�� �U�H�V�X�O�W�V�� �I�R�U�� �F�K�D�O�F�R�J�H�Q�L�G�H�� �J�O�D�V�V�H�V�� �W�K�D�W�� �F�R�Y�H�U�V�� �D�� �E�U�R�D�G�� �U�D�Q�J�H�� �R�I��
�W�U�D�Q�V�S�D�U�H�Q�F�\���X�S���W�R�������—�P���I�R�U���W�H�O�O�X�U�L�G�H���J�O�D�V�V�H�V���>�����@�������$�O�W�K�R�X�J�K���U�H�F�H�Q�W���D�G�Y�D�Q�F�H�V���K�D�Y�H���E�H�H�Q���P�D�G�H���L�Q��
�W�K�H���I�L�H�O�G���>�����@�����P�L�G���,�5���N�H�\���F�R�P�S�R�Q�H�Q�W�V���U�H�P�D�L�Q���K�D�U�G���W�R���L�Q�W�H�J�U�D�W�H���L�Q�W�R���O�R�Z���F�R�V�W���S�R�U�W�D�E�O�H���G�H�Y�L�F�H�V�����G�X�H��
�W�R���L�V�V�X�H�V���U�H�O�D�W�H�G���W�R���W�K�H�L�U���F�R�V�W�����I�R�U�P���I�D�F�W�R�U���R�U���U�H�O�L�D�E�L�O�L�W�\�� 

 
�2�Q���D�Q�R�W�K�H�U���K�D�Q�G�����D�P�R�Q�J���L�Q�G�L�U�H�F�W���D�E�V�R�U�S�W�L�R�Q���J�D�V���V�H�Q�V�R�U�V���P�H�F�K�D�Q�L�V�P�V�����Z�H���I�R�F�X�V���R�Q���P�L�F�U�R�U�H�V�R�Q�D�W�R�U��
�R�S�W�L�F�D�O�� �J�D�V�� �V�H�Q�V�R�U�V���� �Z�K�L�F�K���D�U�H���Y�H�U�\�� �V�X�L�W�D�E�O�H�� �W�R���F�R�O�O�H�F�W�L�Y�H�� �P�D�Q�X�I�D�F�W�X�U�L�Q�J�� �D�Q�G�� �V�\�V�W�H�P�� �L�Q�W�H�J�U�D�W�L�R�Q����
�Z�L�W�K���D���V�L�P�S�O�H���V�W�U�X�F�W�X�U�H���D�Q�G���D���O�R�Z���F�R�V�W�� 
 
�:�L�W�K���D�Q���R�E�M�H�F�W�L�Y�H���R�I���P�D�N�L�Q�J���³�O�D�E���R�Q���F�K�L�S�´���W�\�S�H���J�D�V���V�H�Q�V�R�U�V�����U�H�V�R�Q�D�Q�W���E�D�V�H�G���P�H�W�K�R�G�V���D�U�H���W�K�H���P�R�V�W��
�V�H�Q�V�L�W�L�Y�H�����$�P�R�Q�J�� �W�K�H�� �G�L�I�I�H�U�H�Q�W�� �R�S�W�L�F�D�O�� �U�H�V�R�Q�D�W�R�U�V�����W�K�H���P�L�F�U�R���U�H�V�R�Q�D�W�R�U���V�H�Q�V�R�U�V�� �R�I�I�H�U�� �W�K�H�� �K�L�J�K�H�V�W��
�T�X�D�O�L�W�\�� �I�D�F�W�R�U�V���� �Z�L�W�K�� �U�H�S�R�U�W�H�G�� �Y�D�O�X�H�V�� �R�I�����î���������L�Q�� �D�L�U���>�����@���� �D�Q�G�� �H�Y�H�Q���H�[�F�H�H�G�L�Q�J�� �����������>�����@�����P�L�F�U�R��

Figure 3. Absorption spectra of common gas molecules. [11]  



16 
 

�U�H�V�R�Q�D�W�R�U���V�H�Q�V�R�U�V���Q�R�W���R�Q�O�\���S�U�R�Y�L�G�H���D���K�L�J�K���T�X�D�O�L�W�\���I�D�F�W�R�U�����4�����>�����@�����E�X�W���D�O�V�R���G�U�D�P�D�W�L�F�D�O�O�\���L�P�S�U�R�Y�H���W�K�H��
�V�H�Q�V�L�W�L�Y�L�W�\���Z�K�H�Q���X�V�H�G���D�V���V�H�Q�V�R�U�V���>�����@���E�\���W�U�D�S�S�L�Q�J���W�K�H���O�L�J�K�W���S�D�W�K���W�R���W�U�D�Y�H�O���P�X�O�W�L�S�O�H���W�L�P�H�V���L�Q�V�L�G�H���W�K�H��
�U�H�V�R�Q�D�W�R�U���� �W�K�X�V���P�D�[�L�P�L�]�L�Q�J�� �W�K�H���O�L�J�K�W���L�Q�W�H�U�D�F�W�L�R�Q���Z�L�W�K���W�K�H�� �V�S�H�F�L�H�V�� �R�I���L�Q�W�H�U�H�V�W�����$�O�O���W�K�H�V�H�� �S�U�R�S�H�U�W�L�H�V��
�K�D�Y�H���S�X�V�K�H�G���P�L�F�U�R���U�H�V�R�Q�D�W�R�U���V�H�Q�V�R�U�V�� �W�R���W�K�H�� �I�R�U�H�I�U�R�Q�W���R�I�� �S�K�R�W�R�Q�L�F�� �V�H�Q�V�R�U�V���L�Q���U�H�F�H�Q�W���G�H�F�D�G�H�V���>�����@��
�>�����@�����$�V���W�K�H���L�Q�W�H�U�D�F�W�L�R�Q���O�H�Q�J�W�K���L�V���X�V�H�G���W�R���D�F�F�X�P�X�O�D�W�H���V�X�I�I�L�F�L�H�Q�W���S�K�D�V�H���V�K�L�I�W���W�R���E�H���G�H�W�H�F�W�H�G�����D���F�R�K�H�U�H�Q�W��
�O�L�J�K�W���V�R�X�U�F�H���O�L�N�H���D���O�D�V�H�U���L�V���S�U�H�I�H�U�U�H�G���P�R�V�W���R�I���W�K�H���W�L�P�H���� 
���������������� 
�7�K�H���I�L�U�V�W���P�L�F�U�R�U�H�V�R�Q�D�W�R�U���V�H�Q�V�R�U���Z�D�V���G�H�Y�H�O�R�S�H�G���E�\���9�R�O�O�P�H�U���D�Q�G���$�U�Q�R�O�G���L�Q�������������I�R�U���G�H�W�H�F�W�L�Q�J���W�K�H��
�S�U�R�W�H�L�Q�V���L�Q���D�T�X�H�R�X�V���H�Q�Y�L�U�R�Q�P�H�Q�W�����E�\���P�R�Q�L�W�R�U�L�Q�J���W�K�H���Z�D�Y�H�I�R�U�P���V�K�L�I�W�����$���P�L�F�U�R�V�S�K�H�U�H���U�H�V�R�Q�D�W�R�U���Z�D�V��
�X�V�H�G���L�Q���W�K�L�V���D�S�S�O�L�F�D�W�L�R�Q���>�����@�����)�X�U�W�K�H�U�P�R�U�H�����P�L�F�U�R�U�H�V�R�Q�D�W�R�U���V�H�Q�V�R�U�V���E�H�J�D�Q���W�R���E�H���D�S�S�O�L�H�G���W�R���F�K�H�P�L�F�D�O��
�V�H�Q�V�L�Q�J�� 
���������������� 
�7�K�H�U�H���D�U�H���V�H�Y�H�U�D�O���N�L�Q�G�V���R�I���P�L�F�U�R���U�H�V�R�Q�D�W�R�U���V�W�U�X�F�W�X�U�H�V�����O�L�N�H���P�L�F�U�R�V�S�K�H�U�H�V�����P�L�F�U�R�W�R�U�R�L�G�V�����D�Q�G���P�L�F�U�R��
�U�L�Q�J�V���>�����@�����7�K�H���K�L�J�K�H�V�W���U�H�S�R�U�W�H�G���4���I�D�F�W�R�U���D�U�H���R�E�W�D�L�Q�H�G���Z�L�W�K���P�L�F�U�R�V�S�K�H�U�H���U�H�V�R�Q�D�W�R�U�V�����E�X�W���W�K�H�L�U�����'��
�V�K�D�S�H�� �O�H�D�G�V�� �W�R�� �D�� �Y�H�U�\�� �F�K�D�O�O�H�Q�J�L�Q�J�� �L�Q�W�H�J�U�D�W�L�R�Q�� �Z�K�L�F�K�� �O�L�P�L�W�V�� �W�K�H�L�U�� �D�S�S�O�L�F�D�W�L�R�Q�� �R�X�W�V�L�G�H�� �R�I�� �U�H�V�H�D�U�F�K��
�O�D�E�R�U�D�W�R�U�L�H�V�����7�K�H���R�S�W�L�F�D�O���P�R�G�H�V���F�R�Q�I�L�Q�H�G���L�Q���P�L�F�U�R�W�R�U�R�L�G�V���U�H�V�R�Q�D�W�R�U�V�� �D�U�H���P�R�U�H���F�R�P�S�D�F�W���W�K�D�Q���L�Q���D��
�P�L�F�U�R�V�S�K�H�U�H���I�R�U���D�Q���H�T�X�D�O���G�L�D�P�H�W�H�U�����E�X�W���L�W���L�V���Q�R�W���V�X�L�W�D�E�O�H���I�R�U���D�Q���H�D�V�L�H�U���L�Q�W�H�J�U�D�W�L�R�Q���Z�L�W�K���R�W�K�H�U���Z�D�I�H�U��
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Figure 4. Two detection modes of microresonator sensors. [28] 
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Figure 5. a) Specific wavelengths trapped by the micro resonator light path circulation. b) The presence of target 

molecules at the surface of the micro resonator will lead to a red shift in the resonance mode. 
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Table 1. Materials involved in various optical waveguide gas sensors  
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I .4 Overview of sensor structure and materials 
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Figure 6. Schematic view of the optical micro-sensor for compact gas sensing 

Figure 7. Image of a VCSEL chip mounted on a TO-46 header. 
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At the beginning of the project, both polymer grating coupler and metal grating coupler were 

considered to fit our design. For the polymer grating coupler case, we majorly considered SU-8 as 

grating coupler material in order to match with the waveguide part. The fabrication process is 

presented in �)�L�J�X�U�H����. 

In the first step, the CYTOP and SU-8 layers are deposited by spin-coating on the Si wafer (a). A 

first exposure is applied on SU-8 layer to form the substrate of the grating coupler part and the 

waveguide structure (b). A second high-resolution photoresist is coated to cover all the structures 

below, and then exposed to form the adapted structure for the grating coupler (c). A plasma O2+SF6 

etching can be used to partially etch the SU-8 layer [43]. Another thin layer of photoresist is 

deposited on the structured surface of SU-8 layer (shown in �)�L�J�X�U�H����-c), the surface planarization 

of the second coating is not ideal. Besides, the partial engraving of SU-8 structure is not easy to 

Figure 8. Chemical structure of amorphous CYTOPTM 
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Figure 9. Schematic diagram of manufacturing process of SU-8 grating coupler by using stepper. 
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implement, if the desired etching depth of grating coupler from calculation is inappropriate to the 

etching speed difference between the photoresist layer and SU-8 layer, the etching process may 

need to be done twice, with each time covering a part of the device.��So, we quickly abandoned this 

idea and turned our attention to metallic materials, which usually has higher coupler efficiency 

compared with polymer grating couplers due to a higher index contrast [44] [45]. 

 

Considering CYTOP is a fluoropolymer that can be considered as highly hydrophobic (DI water 
contact angle > 103°), and as such does not offer good adhesion properties for additional layer 
deposition by spin-coating while working as substrate, therefore some research teams have been 
using various plasma etching recipe to promote adherence.  
 
An oxygen plasma treatment can induce hydrophilic response on silicon surface, because of a 
formation of hydroxide groups [46]. Unfortunately, this method is not suited for our case as shown 
in �)�L�J�X�U�H������-a. We did not observe a significant decrease of contact angle for the CYTOP surface 
after an oxygen plasma. Other plasma-based approaches have also been used, but our previous 
experiments have shown that their reproducibility is not satisfactory. 
 
Among them, we tested successfully the method used by Bjorn Agnarsson et al. [47] that consists 
in coating CYTOP with a thin layer (30nm typ.) of aluminum, followed by wet etching. As shown 
in �)�L�J�X�U�H������-b, this treatment significantly decreases the DI water contact angle of the CYTOP (< 
40°) and gives highly reproducible wetting conditions for further spin-coating of SU-8 waveguide 
layer.  
 

Considering the high reflectance of aluminum, we choose to take advantage of this step to use this 
layer as the material of our grating couplers.  
 

This approach also offers advantage: in the case of a vertical coupling scheme where an upper-

cladding covers the waveguides, an additional technological step is required to avoid covering the 

Figure 10. Contact angle of deionized water on the CYTOP surface. a) Water droplet before Al treatment. b) Water 

droplet after Al treatment. 
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grating area with the upper-cladding material. This would lead to a drastic reduction in the 

refractive index contrast which would be detrimental to the grating coupler efficiency. For a 

polymer grating coupler made of the same material as the waveguide (�)�L�J�X�U�H������ -a), the grating is 

uncovered and thus unprotected from degradations or contaminations during manipulations. 

Having a metallic grating located between the bottom cladding and the waveguide (�)�L�J�X�U�H������ -b) 

solves these issues, as it offers a high refractive index contrast (Al vs SU-8) and a protection by 

both the waveguide and the upper-cladding. 
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Figure 11. a) Polymer grating coupler, needs to etch the upper cladding leaving gratings unprotected. b) Al metallic 

grating coupler, where the grating is protected by both the waveguide and upper cladding. 
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Figure 12. Chemical structure of SU-8. 

Figure 13. General structure of polyaniline. The term y denotes the degree of oxidation of the material. 
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In the experiment shown �)�L�J�X�U�H������, the polyaniline thin film was coated on quartz substrate by 
using electrochemical method; the thickness of the sensing films was over 10µm. In our work, new 
deposition methods should be developed to control the thickness of film at nanometer level to match 
the microresonator dimensions. 
 

I.4.3 Conclusions 

 
�7�R�� �F�R�Q�F�O�X�G�H���� �W�K�H�� �G�H�V�L�J�Q�� �F�K�R�L�F�H�V�� �L�Q�L�W�L�D�O�O�\�� �P�D�G�H�� �I�R�U�� �R�X�U�� �P�L�F�U�R�V�\�V�W�H�P�� �U�H�V�X�O�W�H�G�� �I�U�R�P�� �D�� �W�U�D�G�H���R�I�I��
�E�H�W�Z�H�H�Q���P�D�W�H�U�L�D�O�V���F�R�P�S�D�W�L�E�L�O�L�W�\���D�Q�G���U�H�O�D�W�L�Y�H���H�I�I�L�F�L�H�Q�F�\�����7�K�H�\���D�U�H���U�H�S�R�U�W�H�G���L�Q���W�K�H���W�D�E�O�H���E�H�O�R�Z�� 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 14. Absorption spectra of the polyaniline with (a) and without (b) gaseous ammonia. [57]  
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Table 2. Initial design conception for microsystem. 

 �E�������• ���v�•�Á���Œ�• 
�6�H�Q�V�R�U �x High sensitivity/ compacity 

�x Low cost 
�x Collective technology 

(stepper) 

�x Optical microresonator 
�x Polymer on silicon wafer 
�x NIR Range 

�/�L�J�K�W���V�R�X�U�F�H �x Coherence, compacity 
�x Efficiency, low cost 
�x Tuning over few nm 
�x Working distance few mm and 

small coupling area 

�x VCSEL on PCB 
�x 850nm 
�x Tuning by current 
�x Integrated collimation lens  

�0�L�F�U�R�U�H�V�R�Q�D�W�R�U�� 
 
 
 

�x Transparent in NIR range 
�x Adaptation with microfluidic 

system for further extended 
applications 

�x Suitable for optical injection  

�x SU8 waveguide 
�x CYTOP cladding 
�x Embedded metallic grating 

coupler with a surface suited to 
VCSEL beam size 

 
�6�H�Q�V�L�Q�J���O�D�\�H�U �^���v�•�]�š�]�À�����š�}�����u�u�}�v�]�������]�v���š�Z�����E�/�Z �W���E�/���š�Z�]�v���(�]�o�u�������}�À�����š�Z�����Œ���•�}�v���š�}�Œ 
�'�H�W�H�F�W�L�R�Q �>�}�Á�����}�•�š �^�]�o�]���}�v���‰�Z�}�š�}���]�}�����• 
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II . Design and fabrication of a collimated 850nm 

VCSEL chip  
 

�,�Q���W�K�L�V���F�K�D�S�W�H�U�����D���J�H�Q�H�U�D�O���S�U�H�V�H�Q�W�D�W�L�R�Q���R�I���������Q�P���H�O�H�F�W�U�L�F�D�O�O�\���S�X�P�S�H�G���9�&�6�(�/�V���R�Q���*�D�$�V���L�V���V�W�D�W�H�G�����$��
�E�U�L�H�I���L�Q�W�U�R�G�X�F�W�L�R�Q���R�I���L�W�V���R�S�H�U�D�W�L�Q�J���S�U�L�Q�F�L�S�O�H�����V�W�D�W�H���R�I���W�K�H���D�U�W���D�Q�G���P�D�L�Q�V���D�S�S�O�L�F�D�W�L�R�Q�V���D�U�H���S�U�H�V�H�Q�W�H�G����
�7�K�L�V���N�L�Q�G���R�I�����V�R�X�U�F�H�����L�V���F�K�R�V�H�Q���L�Q���W�K�L�V���Z�R�U�N���E�H�F�D�X�V�H���R�I���L�W�V���F�R�P�S�D�F�W�Q�H�V�V�����O�R�Z���F�R�Q�V�X�P�S�W�L�R�Q�����D�Q�G���L�W�V��
�S�R�V�V�L�E�L�O�L�W�\���W�R���E�H���V�O�L�J�K�W�O�\���W�X�Q�H�G�����Z�L�W�K���W�K�H���D�S�S�O�L�H�G���F�X�U�U�H�Q�W���7�K�H���L�Q�W�H�J�U�D�W�L�R�Q���R�I���S�R�O�\�P�H�U���P�L�F�U�R���R�S�W�L�F�V���R�Q��
�D���9�&�6�(�/���F�K�L�S���L�V���W�K�H�Q���W�K�H�R�U�L�W�L�F�D�O�O�\���D�Q�G���H�[�S�H�U�L�P�H�Q�W�D�O�O�\���V�W�X�G�L�H�G���W�R���D�F�K�L�H�Y�H���D���V�X�I�I�L�F�L�H�Q�W���O�D�V�H�U���E�H�D�P��
�F�R�O�O�L�P�D�W�L�R�Q�����7�Z�R���F�R�P�S�O�H�P�H�Q�W�D�U�\���P�H�W�K�R�G�V���D�U�H���H�[�S�O�R�U�H�G���W�R���L�Q�W�H�J�U�D�W�H���D���S�R�O�\�P�H�U���P�L�F�U�R�O�H�Q�V���R�Q���D���V�L�Q�J�O�H��
�9�&�6�(�/���F�K�L�S���D�W���D���S�R�V�W���S�U�R�F�H�V�V�L�Q�J���V�W�D�J�H�����7�K�H���U�H�V�X�O�W�V���R�I���E�R�W�K���D�S�S�U�R�D�F�K�H�V���D�U�H���G�L�V�F�X�V�V�H�G���D�Q�G���F�R�P�S�D�U�H�G�� 
 

II.1 Principle of operation 
 

�7�K�H�� �W�H�U�P�� �³�O�D�V�H�U�´���F�R�P�H�V�� �I�U�R�P�� �W�K�H���D�F�U�R�Q�\�P�� �I�R�U�� �³�O�L�J�K�W�� �D�P�S�O�L�I�L�F�D�W�L�R�Q�� �E�\�� �V�W�L�P�X�O�D�W�H�G�� �H�P�L�V�V�L�R�Q�� �R�I��
�U�D�G�L�D�W�L�R�Q�´�� �>�����@�����7�K�H�� �O�D�V�H�U�� �H�P�L�V�V�L�R�Q�� �D�U�L�V�H�V�� �I�U�R�P�� �W�K�H�� �L�Q�W�H�U�D�F�W�L�R�Q�� �E�H�W�Z�H�H�Q�� �W�K�H�� �P�D�W�W�H�U�� �D�Q�G��
�H�O�H�F�W�U�R�P�D�J�Q�H�W�L�F���U�D�G�L�D�W�L�R�Q���D�Q�G���W�K�H���H�P�L�W�W�H�G���E�H�D�P���L�V���F�R�K�H�U�H�Q�W�����F�R�Q�Y�H�U�J�H�Q�W�����D�Q�G���P�R�Q�R�F�K�U�R�P�D�W�L�F�� 
 
�$���O�D�V�H�U���L�V���E�D�V�H�G���R�Q���D�Q���D�F�W�L�Y�H���P�D�W�H�U�L�D�O���Z�K�L�F�K���F�D�Q���J�H�Q�H�U�D�W�H���R�S�W�L�F�D�O���J�D�L�Q���D�W���V�S�H�F�L�I�L�F���Z�D�Y�H�O�H�Q�J�W�K�����7�K�L�V��
�P�D�W�H�U�L�D�O���L�V���S�O�D�F�H�G�� �L�Q�� �D�� �)�D�E�U�\���3�H�U�R�W���W�\�S�H�� �U�H�V�R�Q�D�Q�W�� �F�D�Y�L�W�\���� �Z�K�L�F�K�� �F�D�Q�� �E�H�� �G�H�I�L�Q�H�G�� �E�\�� �W�Z�R���S�D�U�D�O�O�H�O��
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II.2 Brief state of the art and main applications of NIR 
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Figure 15. Schematic view of a typical GaAs vertical cavity surface emitting laser (VCSEL) with a short cavity length 

(~1µm) and a small, buried oxide aperture (~4µm) respectively leading to longitudinal and transverse single mode 

confinement and single mode operation. 
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II. 3 VCSEL beam shaping  
 

II .3.1 State of the art and methods  
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II.3.2 Zemax modeling 
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Figure 16. Schematic view of integrated polymer micro lens on VCSEL arrays 
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Table 3. Wavelengths of several major Fraunhofer lines. 
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Figure 17. Dimensions involved in microlens design 
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II.3.3 Collimation r esults 
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Table 4. Optimal lens geometry configurations of different pedestal heights retrieved by 

ZEMAX optimization [9]  
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Figure 18. Illustration of ray tracing for VCSEL beam shaping in ZEMAX.�� 
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I I .4 Lens fabrication on a single VCSEL chip  
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Figure 19. Single 850nm VCSEL chip with shallow etched grating at its surface (Trumpf). 
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Figure 20. Illustration of the two kinds of PCB used in this study: the previous version on the top (green PCB) with a 

conventional thickness of 1.57 mm, and an optimized, thinner version at the bottom (purple PCB) with a lower 

thickness of 0.8 mm to fit the constraints of the Nanoscribe tray. 



42 
 

II.4.1 Characterization of VCSEL chip before lens fabrication 
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Figure 21. Image of the set-up used for VCSEL characterization (L-I-V and spectrum) 
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Figure 22. Measurement of polarization selection of the VCSEL emission as a function of the applied current. 

Figure 23. Measurement of the evolution of the emission spectrum of a typical single mode VCSEL chip 

according to the applied current. 
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II.4.2 Micro -lens fabrication by direct laser writing (DLW) and inkjet  

printing  
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24-a). This adhesive is insoluble in organic solutions as acetone or isopropanol, in order to avoid 
falling off the VCSEL from PCB in the subsequent developing process. The bonding layer needs 
to be thin and uniform, to ensure that the emission angle of the VCSEL beam is perpendicular to 
the PCB plane.  
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Figure 24. Procedure of VCSEL based micro-optical system fabrication. [82]  
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Figure 25. View of the VCSEL chip assembled on a PCB is sandwiched by two elastic films. A sufficient vacuum is 

used to imprint dry film on the non-planar sample. A temperature detector is used to control the temperature in the 

pressure chamber. 
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Figure 26.  Polymer pedestals formed on mounted VCSEL chips on PCB by soft imprint of several DF films and direct 

laser writing. 
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Figure 27. Schematic diagram of the inkjet printing setup [83]  
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Figure 28. Pedestals array for calibration of lens thickness. 
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Figure 29. Measurement of semi-liquid dimension of micro lens by confocal microscope. 

0%

10%

20%

30%

40%

50%

60%

70%

80%

0 50 100 150 200 250

R
ed

uc
tio

n 
ra

te

Baking time (h)

Figure 30. Measurement by confocal microscopy of the reduction rate of heights of micro lens as function of  the 

baking time and number of jetted droplets. 
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Figure 31. Micro lens fabricated by ink jetting on VCSEL chips and general view after wire bonding. 
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Figure 33. Inclined pedestal surface caused by the surface flatness defects under VCSEL chip during assembly. 
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Figure 32. Micro lens fabricated by inkjet of commercial material Prielex SU-8. 



53 
 

�7�K�H���W�K�L�F�N�Q�H�V�V���R�I�������V�W�D�F�N�H�G���O�D�\�H�U�V���R�I���:�%�5�������������I�L�O�P�V���F�D�Q���U�H�D�F�K���������—�P�����Z�K�L�F�K���L�V���V�O�L�J�K�W�O�\���K�L�J�K�H�U��
�W�K�D�Q���W�K�H���W�K�L�F�N�Q�H�V�V�� �R�I���9�&�6�(�/�����������—�P���� �S�O�X�V���W�K�H���R�Q�H���R�I�� �W�K�H���J�O�X�H���O�D�\�H�U���������—�P������ �V�R�� �W�K�L�V�� �S�O�D�Q�H�� �Z�L�O�O��
�V�K�D�U�H���W�K�H���S�U�H�V�V�X�U�H���G�X�U�L�Q�J���V�R�I�W���S�U�L�Q�W���R�I���'�)���I�L�O�P���D�Q�G���S�U�R�W�H�F�W���Z�H�O�O���W�K�H���X�S�S�H�U���V�X�U�I�D�F�H���R�I���S�H�G�H�V�W�D�O���W�R���E�H��
�I�O�D�W�����7�K�H���S�K�R�W�R�O�L�W�K�R�J�U�D�S�K�\���V�W�H�S�� �Z�L�O�O���U�H�P�R�Y�H���:�%�5�� �I�L�O�P�� �L�Q���9�&�6�(�/�� �]�R�Q�H�����D�V���V�K�R�Z�Q���L�Q���)�L�J�X�U�H����������
�$�I�W�H�U���D���V�W�D�Q�G�D�U�G���'�)�� �I�L�O�P�� �G�H�S�R�V�L�W�L�R�Q�� �S�U�R�F�H�V�V�� �G�H�V�F�U�L�E�H�G�� �L�Q���W�K�H���S�U�H�Y�L�R�X�V�� �V�H�F�W�L�R�Q�����D���S�R�V�W���H�[�S�R�V�X�U�H��
�S�U�R�F�H�V�V�����D�Q�G���D���K�D�U�G���E�D�N�L�Q�J���D�W���������� ���I�R�U���������P�L�Q�X�W�H�V���D�U�H���D�S�S�O�L�H�G���R�Q���'�)���S�H�G�H�V�W�D�O�����W�R���V�W�U�H�Q�J�W�K�H�Q���W�K�H��
�E�R�Q�G�L�Q�J���E�H�W�Z�H�H�Q���S�H�G�H�V�W�D�O���D�Q�G���9�&�6�(�/�����7�K�H���:�%�5���O�D�\�H�U�V���F�D�Q���E�H���W�K�H�Q���G�L�V�V�R�O�Y�H�G���E�\���D�F�H�W�R�Q�H�����7�K�H�V�H��
�V�W�H�S�V���D�U�H���R�S�W�L�R�Q�D�O���F�K�R�L�F�H���W�R���S�U�R�P�R�W�H���W�K�H���\�L�H�O�G���R�I���Y�H�U�W�L�F�D�O���S�H�G�H�V�W�D�O���L�I���W�K�H���L�Q�L�W�L�D�O���P�R�X�Q�W�L�Q�J���F�R�Q�G�L�W�L�R�Q��
�L�V���W�R�R���E�D�G���� 
 

 

�,�,���������������&�K�D�U�D�F�W�H�U�L�]�D�W�L�R�Q���R�I���O�H�Q�V�H�G���9�&�6�(�/�V 
 

�D�����/ ���,���F�X�U�Y�H 
 
�$�I�W�H�U���D�O�O���W�K�H�V�H���R�S�W�L�P�L�]�D�W�L�R�Q�V�����V�H�Y�H�U�D�O���9�&�6�(�/�V���F�K�L�S�V���Z�L�W�K���S�H�G�H�V�W�D�O�V���D�Q�G���3�U�L�H�O�H�[���P�L�F�U�R���O�H�Q�V�H�V���Z�H�U�H��
�F�K�D�U�D�F�W�H�U�L�]�H�G�������7�R���I�L�U�V�W���Y�H�U�L�I�\���W�K�H���W�U�D�Q�V�S�D�U�H�Q�F�\���R�I���W�K�L�V���I�D�E�U�L�F�D�W�H�G���S�H�G�H�V�W�D�O���D�Q�G���P�L�F�U�R���O�H�Q�V�����W�K�H���/ ���,��
�F�X�U�Y�H���R�I���W�K�H���9�&�6�(�/���Z�L�W�K���D�Q�G���Z�L�W�K�R�X�W���O�H�Q�V���Z�H�U�H���P�H�D�V�X�U�H�G�����)�L�J�X�U�H���������� 
 

Figure 34. WBR film forming a « protection wall » to ensure the verticality of DF pedestal.  
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Figure 35. L(I) curve of VCSEL with and without collimation micro lens. 
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Figure 36. Measurement set-up of the beam divergence of single mode VCSELs 
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II.4.3 Micro -lens fabrication by 3D laser printing 
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Table 5. Comparison between main additive manufacturing technologies for polymeric materials (adapted from 
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Figure 38. Comparison of one-photon polymerization and two-photon polymerization. 
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Figure 39. Working diagram of the 2-photon polymerization Nanoscribe 3D printing machine. The substrate (here a 

VCSEL mounted onto a PCB) is dipped into the photoresist which is in direct contact with the objective lens. 
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Figure 40. Different sample holders provided by Nanoscribe. 
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Table 6. Comparison of different objects of Nanoscribe. 

�2�E�M�H�F�W�V �î���� �î���� 
�1�X�P�H�U�L�F�D�O���D�S�H�U�W�X�U�H ������ ������ 
�:�R�U�N�L�Q�J���G�L�V�W�D�Q�F�H �������—�P �������—�P 

�0�L�Q�L�P�D�O���û�Q ������ �������� 
�5�H�V�R�O�X�W�L�R�Q���L�Q���;�< �����—�P �������Q�P 

�6�W�D�Q�G�D�U�G���F�R�Q�I�L�J�X�U�D�W�L�R�Q �,�3���6 �,�3���'�L�S 
 
 

�D�����/�H�Q�V���G�H�V�L�J�Q 
 

�'�X�H���W�R���W�K�H���Q�D�W�X�U�H���R�I���W�K�H�����3�3���W�H�F�K�Q�R�O�R�J�\�����W�K�H���S�H�G�H�V�W�D�O���D�Q�G���W�K�H���P�L�F�U�R���O�H�Q�V���F�D�Q���E�H���G�H�V�L�J�Q�H�G���D�V���D���V�L�Q�J�O�H��
�X�Q�L�W�����7�K�L�V���G�H�V�L�J�Q���F�D�Q���E�H���G�R�Q�H���Z�L�W�K���F�R�Q�Y�H�Q�W�L�R�Q�D�O�����'���F�R�P�S�X�W�H�U���D�L�G�H�G���G�H�V�L�J�Q�����&�$�'�����V�R�I�W�Z�D�U�H�����,�Q���R�X�U��
�F�D�V�H�����Z�H���X�V�H�G���)�U�H�H�&�$�'�����D�Q���R�S�H�Q���V�R�X�U�F�H���S�D�U�D�P�H�W�U�L�F�����'���&�$�'���V�R�I�W�Z�D�U�H�����W�R���G�H�V�L�J�Q���W�K�H���S�H�G�H�V�W�D�O���D�Q�G��
�P�L�F�U�R���O�H�Q�V�����7�K�H���R�E�W�D�L�Q�H�G���G�H�V�L�J�Q���L�V���W�K�H�Q���H�[�S�R�U�W�H�G���D�V���D�����6�7�/���I�L�O�H�����Z�K�L�F�K���L�V���D���I�L�O�H���I�R�U�P�D�W���F�R�P�P�R�Q�O�\��
�X�V�H�G���I�R�U�����'���S�U�L�Q�W�L�Q�J�����:�K�L�O�H���W�K�H���Q�D�W�L�Y�H���S�D�U�D�P�H�W�U�L�F�����'���&�$�'���G�H�V�L�J�Q���L�V���F�R�P�S�R�V�H�G���R�I���S�U�L�P�L�W�L�Y�H�V�����L���H����
�D���F�R�P�E�L�Q�D�W�L�R�Q���R�I���V�R�O�L�G�V���O�L�N�H���F�X�E�H�V�����F�\�O�L�Q�G�H�U�V�����V�S�K�H�U�H�V�«�������W�K�H�����6�7�/���I�L�O�H���L�V���D�Q���D�S�S�U�R�[�L�P�D�W�H�G���Y�H�U�V�L�R�Q��
�R�I���W�K�H���S�D�U�D�P�H�W�U�L�F���G�H�V�L�J�Q���Z�K�L�F�K���X�V�H�V���W�U�L�D�Q�J�X�O�D�U���S�O�D�Q�H�V���W�R���U�H�S�U�R�G�X�F�H���W�K�H���V�X�U�I�D�F�H���J�H�R�P�H�W�U�\���R�I���W�K�H�����'��
�P�R�G�H�O�����7�K�H���1�D�Q�R�V�F�U�L�E�H���X�V�H�V���6�7�/���I�L�O�H���I�R�U�P�D�W���D�V���D�Q���L�Q�S�X�W�����D�V���V�X�F�K���W�K�H���V�H�W�W�L�Q�J�V���I�R�U���H�[�S�R�U�W�L�Q�J���W�K�H�����'��
�S�D�U�D�P�H�W�U�L�F���G�H�V�L�J�Q���W�R���D�Q���6�7�/���I�L�O�H���D�U�H���F�U�L�W�L�F�D�O�����F�R�D�U�V�H���V�H�W�W�L�Q�J�V���Z�R�X�O�G���O�H�D�G���W�R���O�D�U�J�H���I�D�F�H�W�V���D�Q�G���Z�R�X�O�G��
�E�H���G�H�W�U�L�P�H�Q�W�D�O���W�R���W�K�H���R�Y�H�U�D�O�O���S�U�L�Q�W���T�X�D�O�L�W�\�����Z�K�L�O�H���K�L�J�K�O�\���U�H�I�L�Q�H�G���V�H�W�W�L�Q�J���Z�R�X�O�G���O�H�D�G���W�R���H�Q�R�U�P�R�X�V���I�L�O�H�V��
�D�Q�G���P�X�F�K���O�R�Q�J�H�U���S�U�R�F�H�V�V�L�Q�J���Z�K�L�O�H���Q�R�W���E�U�L�Q�J�L�Q�J���D�G�G�L�W�L�R�Q�D�O���E�H�Q�H�I�L�W�V���W�R���W�K�H���S�U�L�Q�W���T�X�D�O�L�W�\�����2�X�U���V�H�W�W�L�Q�J�V��
�D�U�H���D���F�R�P�S�U�R�P�L�V�H���E�H�W�Z�H�H�Q���I�L�O�H���V�L�]�H�����������0�E�����D�Q�G���S�U�L�Q�W���T�X�D�O�L�W�\�����Z�L�W�K���D���6�7�/���I�L�O�H���F�R�P�S�U�L�V�L�Q�J��������������
�I�D�F�H�V���D�Q�G���������������Y�H�U�W�L�F�H�V�����7�K�H���G�L�P�H�Q�V�L�R�Q�V���D�Q�G���6�7�/���I�L�O�H�V���R�I���W�K�H���S�H�G�H�V�W�D�O���D�Q�G���P�L�F�U�R���O�H�Q�V���D�U�H���G�H�V�F�U�L�E�H�G��
�L�Q���)�L�J�X�U�H���������D�� 



61 
 

 

�E�����/�H�Q�V���Z�U�L�W�L�Q�J���F�R�Q�G�L�W�L�R�Q�V 
 

�2�Q�F�H���W�K�H���6�7�/���I�L�O�H���L�V���J�H�Q�H�U�D�W�H�G�����W�K�H���I�L�O�H���L�V���L�P�S�R�U�W�H�G���L�Q���W�K�H���1�D�Q�R�V�F�U�L�E�H���V�R�I�W�Z�D�U�H���Q�D�P�H�G���'�H�6�F�U�L�E�H����
�7�K�L�V���V�R�I�W�Z�D�U�H���Z�L�O�O���L�Q�W�H�U�S�U�H�W���W�K�H���6�7�/���I�L�O�H���L�Q���R�U�G�H�U���W�R���S�U�H�S�D�U�H���W�K�H���S�U�L�Q�W���M�R�E�����D�F�F�R�U�G�L�Q�J���W�R���F�X�V�W�R�P�L�]�D�E�O�H��
�U�H�F�L�S�H�V���L�Q�F�O�X�G�L�Q�J���S�D�U�D�P�H�W�H�U�V���O�L�N�H���V�O�L�F�L�Q�J���G�L�V�W�D�Q�F�H�����K�R�U�L�]�R�Q�W�D�O���O�D�\�H�U�V���W�K�L�F�N�Q�H�V�V�������K�D�W�F�K�L�Q�J�����S�D�U�D�O�O�H�O��
�O�L�Q�H�V�� �G�L�V�W�D�Q�F�H������ �V�F�D�Q�� �V�S�H�H�G�� �R�U�� �S�U�L�Q�W�L�Q�J�� �V�W�U�D�W�H�J�L�H�V�����:�U�L�W�L�Q�J�� �V�H�W�W�L�Q�J�V�� �L�Q�� ���3�3�� ���O�L�N�H�� �R�W�K�H�U�� �O�D�V�H�U���E�D�V�H�G��
�D�G�G�L�W�L�Y�H���P�D�Q�X�I�D�F�W�X�U�L�Q�J���W�H�F�K�Q�R�O�R�J�L�H�V�����L�V���D�O�Z�D�\�V���D���F�R�P�S�U�R�P�L�V�H���E�H�W�Z�H�H�Q���W�L�P�H���D�Q�G���U�H�V�R�O�X�W�L�R�Q�����$�V���D�Q��
�L�O�O�X�V�W�U�D�W�L�R�Q�����S�U�L�Q�W�L�Q�J���W�L�P�H���I�R�U���D�Q�������—�P���G�L�D�P�H�W�H�U�������������—�P���K�L�J�K���S�H�G�H�V�W�D�O���Z�L�W�K���D���P�L�F�U�R���O�H�Q�V���F�D�Q���U�D�Q�J�H��
�W�R���V�H�Y�H�U�D�O���P�L�Q�X�W�H�V���W�R���V�H�Y�H�U�D�O���K�R�X�U�V���G�H�S�H�Q�G�L�Q�J���R�Q���W�K�H���Z�U�L�W�L�Q�J���V�H�W�W�L�Q�J�V���� 
���������������� 
�$�V���I�R�U���D�O�O���S�K�R�W�R�O�L�W�K�R�J�U�D�S�K�\���S�U�R�F�H�V�V�H�V�����W�K�H���F�D�O�L�E�U�D�W�L�R�Q���R�I���H�[�S�R�V�X�U�H���S�D�U�D�P�H�W�H�U���L�V���I�L�U�V�W�O�\���Q�H�H�G�H�G�����7�K�H��
�G�R�V�H���R�I���H�[�S�R�V�L�W�L�R�Q���L�V���F�R�Q�W�U�R�O�O�H�G���E�\���W�K�H���Z�U�L�W�L�Q�J���S�R�Z�H�U���D�Q�G���W�K�H���Z�U�L�W�L�Q�J���V�S�H�H�G�����$���K�L�J�K�H�U���Z�U�L�W�L�Q�J���V�S�H�H�G��
�O�H�D�G�V���W�R���D���O�R�Z�H�U���H�[�S�R�V�X�U�H���W�L�P�H�����R�W�K�H�U�Z�L�V�H���V�P�D�O�O���E�X�E�E�O�H�V���D�S�S�H�D�U���D�W���W�K�H���I�R�F�X�V�H�G���S�R�L�Q�W���Z�K�L�O�H���Z�U�L�W�L�Q�J����
�7�K�H�� �V�H�W�W�L�Q�J�� �R�I�� �H�[�S�R�V�X�U�H���L�V�� �D�O�V�R�� �U�H�O�D�W�H�G�� �W�R�� �W�K�H�� �P�D�J�Q�L�I�L�F�D�W�L�R�Q�� �R�I�� �R�E�M�H�F�W�L�Y�H���� �:�K�H�Q�� �X�V�L�Q�J�� �D�� �K�L�J�K�H�U��
�P�D�J�Q�L�I�L�F�D�W�L�R�Q���R�E�M�H�F�W�L�Y�H�����W�K�H���H�[�S�R�V�X�U�H���S�R�Z�H�U���V�K�R�X�O�G���E�H���G�H�F�U�H�D�V�H�G���D�S�S�U�R�S�U�L�D�W�H�O�\�����$�G�G�L�W�L�R�Q�D�O�O�\�����W�K�H��
�R�S�W�L�P�D�O���Y�D�O�X�H���Y�D�U�L�H�V���Z�L�W�K���W�K�H���V�X�U�I�D�F�H���V�W�D�W�H���R�I���V�X�E�V�W�U�D�W�H�����)�R�U���H�[�D�P�S�O�H�����W�K�H���S�R�Z�H�U���H�[�S�R�V�H�G���R�Q���D���P�H�W�D�O��
�V�X�U�I�D�F�H�� �V�K�R�X�O�G�� �E�H�� �P�X�F�K�� �O�R�Z�H�U�� �W�K�D�Q�� �D�� �S�R�O�\�P�H�U�� �V�X�U�I�D�F�H�����R�U�� �H�O�V�H���D�Q�� �R�Y�H�U�� �H�[�S�R�V�X�U�H�� �S�U�R�E�O�H�P�� �Z�L�O�O��
�G�H�I�R�U�P�H�U���W�K�H�����'���S�U�L�Q�W�L�Q�J���V�W�U�X�F�W�X�U�H���� 
 
�$���W�H�V�W���D�U�U�D�\���R�I���P�L�F�U�R���S�H�G�H�V�W�D�O�V���D�Q�G���P�L�F�U�R���O�H�Q�V���Z�D�V���G�H�Y�H�O�R�S�H�G���R�Q���G�L�I�I�H�U�H�Q�W���U�H�V�R�O�X�W�L�R�Q�V�����H�[�S�R�V�X�U�H��
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Figure 41. a). 3D CAD representation of the pedestal and micro lens over a dummy VCSEL die, highlighting the 

dimensions of the micro optical components compared to the VCSEL. b). Illustration of the STL file mesh to be used 

for the Nanoscribe 2PP equipment, comprising 22284 faces and 11414 vertices. 
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Figure 42. Calibration of exposure parameters for Nanoscribe writing. 
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Figure 43. Micro pedestal and micro lens fabricated by 3D printing in three different slice resolutions. 
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Figure 44. View of a VCSEL chip with a 3D printed lens in single step before (a) and after (b) wire bonding. 
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Figure 46. a) L(I) curve of VCSEL with and without 3D printed micro lens.  b) Polarization-resolved L(I) curve of 

VCSEL with 2PP 3D printed micro lens. 
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Figure 45. VCSEL with a 3D printed lens and buried on a PCB with a wiring done before lens fabrication. 
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�W�R���E�H���K�L�J�K�H�U���I�R�U���F�X�U�U�H�Q�W�V���D�E�R�Y�H���������P�$�����7�K�L�V���F�D�Q���E�H���D�F�F�R�X�Q�W�H�G���I�R�U���W�K�H���I�D�F�W���W�K�H���S�R�O�D�U�L�]�D�W�L�R�Q���J�U�D�W�L�Q�J��
�G�L�P�H�Q�V�L�R�Q�V���Z�H�U�H���R�S�W�L�P�L�]�H�G���I�R�U���D�F�K�L�H�Y�L�Q�J���D���V�L�Q�J�O�H���P�R�G�H���H�P�L�V�V�L�R�Q���L�Q���W�K�H���D�L�U���D�Q�G���Q�R�W���L�Q���D���S�R�O�\�P�H�U��
�P�H�G�L�X�P���>�����@�����7�K�L�V�� �L�V�V�X�H�� �F�R�X�O�G�� �E�H���V�R�O�Y�H�G�� �E�\�� �X�V�L�Q�J�� �G�H�G�L�F�D�W�H�G�� �9�&�6�(�/�� �F�K�L�S�V�� �Z�L�W�K�� �D�Q�� �R�S�W�L�P�L�]�H�G��
�J�U�D�W�L�Q�J���I�R�U���D�Q���R�X�W�S�X�W���H�P�L�V�V�L�R�Q���L�Q���W�K�H���S�R�O�\�P�H�U�����1�H�Y�H�U�W�K�H�O�H�V�V�����W�K�H���6�0�6�5���U�H�P�D�L�Q�V���K�L�J�K�H�U���W�K�D�Q�������G�%��
�I�R�U�� �D�S�S�O�L�H�G�� �F�X�U�U�H�Q�W�V�� �X�S�� �W�R�� �������P�$���� �7�K�L�V�� �F�R�U�U�H�V�S�R�Q�G�V�� �W�R�� �D�� �W�X�Q�L�Q�J�� �U�D�Q�J�H�� �R�I�� �a���Q�P���� �Z�K�L�F�K�� �L�V�� �V�W�L�O�O��
�V�X�I�I�L�F�L�H�Q�W���I�R�U���R�X�U���D�S�S�O�L�F�D�W�L�R�Q�� 

 

�)�L�J�X�U�H�����������D�����%�H�D�P���S�U�R�I�L�O�H�V���Z�L�W�K�R�X�W���D�Q�G���Z�L�W�K�R�X�W���P�L�F�U�R�O�H�Q�V���P�H�D�V�X�U�H�G���D�W�����P�$�����E�����'�L�Y�H�U�J�H�Q�F�H���R�I���9�&�6�(�/���Z�L�W�K���R�U��

�Z�L�W�K�R�X�W���P�L�F�U�R���O�H�Q�V���I�D�E�U�L�F�D�W�H�G���E�\�����3�3�����'���S�U�L�Q�W�L�Q�J�� 

reference 

 

with microlens 

 

�D�� �E�� 
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II.5 Conclusions on lensed VCSEL source fabrication   
 
�7�R���F�R�Q�F�O�X�G�H�����W�K�H���H�[�S�H�U�L�P�H�Q�W�D�O���U�H�V�X�O�W�V���R�I���L�Q�N�M�H�W���Z�U�L�W�L�Q�J���P�H�W�K�R�G���D�Q�G�����3�3�����'���S�U�L�Q�W�L�Q�J���P�H�W�K�R�G���V�K�R�Z��
�W�K�D�W���D�O�O���D�E�R�Y�H���P�H�Q�W�L�R�Q�H�G���S�R�O�\�P�H�U���P�D�W�H�U�L�D�O�V���E�H�L�Q�J���X�V�H�G���D�U�H���W�U�D�Q�V�S�D�U�H�Q�W���L�Q���W�K�H���Q�H�D�U���L�Q�I�U�D�U�H�G���E�D�Q�G����
�H�V�S�H�F�L�D�O�O�\���Q�H�D�U���������Q�P�����D�Q�G���D�U�H���V�X�L�W�D�E�O�H���D�Q�G���V�W�D�E�O�H���I�R�U���W�K�H���R�S�H�U�D�W�L�Q�J���S�U�R�F�H�V�V���� 
 
�%�\�� �X�V�L�Q�J���W�Z�R���G�L�I�I�H�U�H�Q�W���P�H�W�K�R�G�V�� �D�Q�G���W�D�U�J�H�W�L�Q�J���W�K�H���S�U�H�Y�L�R�X�V�O�\���P�L�F�U�R���O�H�Q�V���G�H�V�L�J�Q�����Z�H�� �V�X�F�F�H�V�V�I�X�O�O�\��
�P�D�Q�D�J�H�G���W�R���U�H�G�X�F�H���W�K�H���9�&�6�(�/���G�L�Y�H�U�J�H�Q�F�H���W�R���D�E�R�X�W�������G�H�J�U�H�H�V���D�W�������H�������D�V���Q�H�H�G�H�G���I�R�U���R�X�U���P�L�F�U�R�V�H�Q�V�R�U����
�7�K�L�V���F�R�P�S�D�F�W���O�D�V�H�U���V�R�X�U�F�H���H�P�L�W�V���D���V�L�Q�J�O�H���P�R�G�H���*�D�X�V�V�L�D�Q���E�H�D�P���Z�L�W�K���D�Q���R�S�W�L�P�D�O�������—�P���V�L�]�H���D�W�����P�P��
�G�L�V�W�D�Q�F�H���D�Q�G���F�D�Q���E�H���V�S�H�F�W�U�D�O�O�\���W�X�Q�H�G���R�Y�H�U�����Q�P���X�Q�G�H�U���F�X�U�U�H�Q�W���D�G�M�X�V�W�P�H�Q�W���� 
 
�7�D�E�O�H�������O�L�V�W�V���W�K�H���F�R�P�S�D�U�L�V�R�Q���R�I���S�H�U�I�R�U�P�D�Q�F�H�V���E�H�W�Z�H�H�Q���E�R�W�K���P�H�W�K�R�G�V�����&�R�Q�V�L�G�H�U�L�Q�J���D�O�O���W�K�H���I�D�F�W�R�U�V��
�D�E�R�Y�H�����D�V���W�K�H�����'�� �S�U�L�Q�W�L�Q�J���P�H�W�K�R�G���W�K�D�W���Z�D�V���G�H�Y�H�O�R�S�H�G���I�R�U���W�K�H���I�L�U�V�W���W�L�P�H���L�Q���W�K�H���I�U�D�P�H�Z�R�U�N���R�I���W�K�L�V��
�W�K�H�V�L�V���>�����@���S�U�H�V�H�Q�W�V���W�K�H���D�G�Y�D�Q�W�D�J�H�V���R�I���I�D�V�W���P�D�Q�X�I�D�F�W�X�U�L�Q�J���F�\�F�O�H�����E�H�L�Q�J���R�S�H�U�D�W�H�G���D�W���U�R�R�P���W�H�P�S�H�U�D�W�X�U�H��
�Z�L�W�K�R�X�W���K�H�D�W�L�Q�J�����D�Q�G���L�Q���D���V�L�Q�J�O�H���V�W�H�S�����Z�H���V�H�O�H�F�W�H�G���L�W���D�V���D���S�U�H�I�H�U�U�H�G���I�D�E�U�L�F�D�W�L�R�Q���P�H�W�K�R�G���I�R�U���R�X�U���V�\�V�W�H�P����
�$�� �F�R�D�U�V�H�� �U�H�V�R�O�X�W�L�R�Q�� �R�I�� �������—�P���F�D�Q�� �L�Q�G�H�H�G�� �W�R�W�D�O�O�\�� �V�D�W�L�V�I�\�� �R�X�U�� �U�H�T�X�L�U�H�P�H�Q�W�V���� �Z�L�W�K�� �Z�K�L�F�K�� �W�K�H��
�P�L�F�U�R�V�W�U�X�F�W�X�U�H���I�R�U���F�R�O�O�L�P�D�W�L�R�Q���F�D�Q���E�H���S�U�R�F�H�V�V�H�G���L�Q���V�H�Y�H�U�D�O���P�L�Q�X�W�H�V���R�Q���D���S�R�V�W���D�V�V�H�P�E�O�\���9�&�6�(�/���F�K�L�S�� 
 
 

 

Figure 48.  Evolution of the emission spectrum of VCSEL with 3D printing micro lens according to the applied current 
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Table 7. Comparison of performances between both methods. 

 �'�/�:�� �,�Q�N�M�H�W���S�U�L�Q�W�L�Q�J ���'���S�U�L�Q�W�L�Q�J 
�3�U�R�F�H�V�V�L�Q�J���S�H�U�L�R�G �)�H�Z���G�D�\�V �����������P�L�Q�X�W�H�V 

�+�H�D�W�L�Q�J��
�U�H�T�X�L�U�H�P�H�Q�W 

��������  �U�R�R�P���W�H�P�S�H�U�D�W�X�U�H 

�6�X�U�I�D�F�H���U�R�X�J�K�Q�H�V�V��
�R�I���P�L�F�U�R���O�H�Q�V 

�Y�H�U�\���O�R�Z �P�L�G�G�O�H 

�3�H�G�H�V�W�D�O���V�K�D�S�H ���Q�R�W���S�H�U�I�H�F�W���F�\�O�L�Q�G�H�U �D�F�F�X�U�D�W�H 
�5�H�S�H�W�L�W�L�R�Q �P�L�G�G�O�H �Y�H�U�\���K�L�J�K 

�2�S�H�U�D�W�L�R�Q�D�O��
�F�R�P�S�O�H�[�L�W�\ 

�P�L�G�G�O�H �O�R�Z 

�$�F�F�H�S�W�D�E�L�O�L�W�\���I�R�U��
�S�U�H���V�R�O�G�H�U�L�Q�J�� 

�1�R �<�H�V 

�$�O�L�J�Q�P�H�Q�W�� �������Q�P ���—�P 
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�&�K�D�S�W�H�U���,�,�, 

�$�Q�D�O�\�W�L�F�D�O���P�R�G�H�O�V���D�Q�G���V�L�P�X�O�D�W�L�R�Q�V��

�R�I���R�S�W�L�F�D�O���J�D�V���V�H�Q�V�R�U 
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III . Analytical models and simulations of optical gas 

sensor  
 

As illustrated in �)�L�J�X�U�H������, our microresonator is composed of a tapered SU-8 waveguide, two 

aluminum grating couplers for light injection and signal extraction, and a vertically coupled SU-8 

microring that will be furthered functionalized for gas sensing. In this chapter, the size of each part 

will be calculated in detail by analytical models and software simulation.  

 

III .1 Waveguide dimension calculations for single-mode 

transmission 
 

�$���V�L�Q�J�O�H���P�R�G�H���Z�D�Y�H�J�X�L�G�H���L�V���U�H�T�X�L�U�H�G���W�R���D�Y�R�L�G���G�H�W�U�L�P�H�Q�W�D�O���L�Q�W�H�U���P�R�G�H���L�Q�W�H�U�D�F�W�L�R�Q���H�I�I�H�F�W���L�Q���W�K�H���I�L�Q�D�O��
�V�S�H�F�W�U�X�P�����&�R�Q�V�L�G�H�U�L�Q�J���W�K�H���U�H�I�U�D�F�W�L�Y�H���L�Q�G�H�[���R�I���V�H�O�H�F�W�H�G���P�D�W�H�U�L�D�O�V���D�Q�G���W�K�H���R�S�H�U�D�W�L�Q�J���Z�D�Y�H�O�H�Q�J�W�K�����W�K�H��
�U�D�Q�J�H���R�I���G�L�P�H�Q�V�L�R�Q���F�D�Q���E�H���F�D�O�F�X�O�D�W�H�G���Z�L�W�K���W�K�H���P�H�W�K�R�G���E�H�O�R�Z�� 
���������������� 
�7�R���R�E�W�D�L�Q���D���V�L�Q�J�O�H���P�R�G�H���S�U�R�S�D�J�D�W�L�R�Q�����L�W���L�V���Q�H�F�H�V�V�D�U�\���W�R���H�V�W�D�E�O�L�V�K���D�Q�G���V�R�O�Y�H���W�K�H���H�L�J�H�Q�Y�D�O�X�H���H�T�X�D�W�L�R�Q��
�X�Q�G�H�U�� �I�L�[�H�G�� �R�S�W�L�F�D�O���J�H�R�P�H�W�U�L�F�� �F�R�Q�G�L�W�L�R�Q�V���� �7�K�H�� �W�K�H�R�U�H�W�L�F�D�O�� �V�W�X�G�\�� �E�H�J�L�Q�V�� �Z�L�W�K�� �D�� �����O�D�\�H�U�� �S�O�D�Q�D�U��
�V�W�U�X�F�W�X�U�H�������'�������L�Q���R�U�G�H�U���W�R���G�H�W�H�U�P�L�Q�H���W�K�H���L�G�H�D�O���W�K�L�F�N�Q�H�V�V���R�I���W�K�H���6�8�������S�R�O�\�P�H�U���F�R�U�H���L�Q���J�X�L�G�L�Q�J���O�D�\�H�U����
�7�K�H���G�L�D�J�U�D�P���L�V���V�K�R�Z�Q���L�Q���)�L�J�X�U�H�������� 

Figure 49. Schematic of the microresonator, including tapered waveguides, grating couplers and a vertically coupled 

microring. 
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The Helmholtz equation solution in different regions allows us to determine the expression of 
optical modes and the distribution of energy. To simplify the problem, the waveguide is supposed 
to be perfectly homogeneous in the (x2,x3) plane. The waveguide is considered as infinite along x2, 

so the contribution of type 
�ª

�ª�v�.
 and 

�ª�.

�ª�v�.
�. will be zero. The light propagates along x3. The discussion 

starts with the TE mode, the electric field being oriented along the x2 axis. 
 

For a TE polarized optical wave, the components of electric field vector and magnetic field vector 

are ���,�,�&�:�r�á�� �v�. �:�š�5�;�‡
�h�:�©�r�?�’ �v�-�;�á�r�;  and ���,�,�&
k�� �v�- �:�š�5�;�‡

�h�:�©�r�?�’ �v�-�;�á�r�á�� �v�/ �:�š�5�;�‡
�h�:�©�r�?�’ �v�-�;
o���� �Z�L�W�K�� �&�� �W�K�H��

pulsation of wave and �� = k0neff  the projection of propagation along the x3 axis. Then the Helmholtz 

propagation equation in the three different layers (i = 1,2) can be simplified as:  

�! �.

�!�ë�-
�. �' �ë�. �:�T�5�; 
E
k�G�4

�6�J�Ü
�6 
F �Ú�6
o�' �ë�. �:�T�5�; 
L �r        (4) 

 

The continuity of the field TE at the interface CYTOP/SU-8 (at x1 = 0 and x1 = -h) gives the 

solutions of �� �v�.  as: 

�' �ë�. �:�T�5�; 
L �P
�%�A�?�å�ë�- �á���������������������������������������������������������������������������������������������������������������������������������T�5 
R�r���:�Q�L�L�A�N���?�H�=�@�@�E�J�C�;
�%�?�K�O�:�M�T�5�; 
E�-�O�E�J�:�M�T�5�;�á�������������������������������������������������������r 
R�T�5 
R
F�D���:�S�=�R�A�C�Q�E�@�A�;����
�>�%�?�K�O�:�D�M�; 
F �-�O�E�J�:�D�M�;�?
I�A�å�:�ë�-�>�Û�;�á���������������������T�5 
Q
F�D���:�H�K�S�A�N���?�H�=�@�@�E�J�C�;

        (5) 

With q =
¥�:�G�4�J�5�;�6 
F �Ú�6 and r =
¥�Ú�6 
F �:�G�4�J�6�;�6 the wave vectors, C and K being integration 

constants. The field has an oscillating shape in the waveguide (field confinement) and decreases 

exponentially (evanescent field) in the cladding. 

         

�$�F�F�R�U�G�L�Q�J�� �W�R�� �0�D�[�Z�H�O�O�¶�V�� �H�T�X�D�W�L�R�Q�V���� �W�K�H�� �P�D�J�Q�H�W�L�F�� �I�L�H�O�G�� �R�I the TE mode along x3 axis can be 

expressed as: 

Figure 50. The 3-layer planar waveguide and its associated relative wave vectors. 
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�*�ë�/ �:�T�5�; 
L
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�Ý�å�¼

�� �, � 
�A�?�å�ë�- �á���������������������������������������������������������������������������������������������������������������������������������������������������������������T�5 
R�r

�Ý�ä

�� �, � 
�>�%�O�E�J�:�M�T�5�; 
F �-�?�K�O�:�M�T�5�;�?�á���������������������������������������������������������������r 
R�T�5 
R
F�D


F
�Ý�ã

�� �, � 
�>�%�?�K�O�:�D�M�; 
F �-�O�E�J�:�D�M�;�?
I�A�ã�:�ë�-�>�Û�;�á���������������������������������������T�5 
Q
F�D

       (6) 

 

Then these expressions can be used to derive the eigenvalue equation of propagation mode. Using 

the condition of continuity for the magnetic field tangential component at the interfaces (x1 = 0 and 

x1 = -h), the constants C and K are eliminated, the equation being simplified as: 

hq-2arctg(
�å

�ä
) = n�è      (7) 

with n an integer and a quantization number that represents the mode order. 

 

With the same method, the components of electric and magnetic fields for the TM mode (the 

magnetic field being oriented along the x2 axis) are ���,�,�&�:�r�á�� �v�. �:�š�5�;�‡
�h�:�©�r�?�’ �v�-�;�á�r�;  and 

���,�,�&
k�� �v�- �:�š�5�;�‡
�h�:�©�r�?�’ �v�-�;�á�r�á�� �v�/ �:�š�5�;�‡

�h�:�©�r�?�’ �v�-�;
o, so the final equation related to the thickness of the 

waveguide layer will be: 

�D�M
F�t�=�N�?�P�C�@
�á�-

�. �å

�á�.
�. �ä

�A
L �J�è      (8) 

In this equation, n presents the mode order. Therefore, the cut-off thickness, that is the minimum 

thickness of the guiding layer necessary for the propagation of wave of the TEn and TMn modes, 

are:  

�D�Í�¾�á
L
�5

�ä
�>�=�N�?�P�C�@

�å

�ä
�A
E�J�è�?      (9) 

�D�Í�Æ�á
L
�5

�ä
�>�t�=�N�?�P�C�@

�á�-
�. �å

�á�.
�. �ä

�A
E�J�è�?      (10) 

Based on these equations, a Matlab program has been written to plot the dispersion curves of eigen-

modes versus the guiding layer thickness, illustrated �)�L�J�X�U�H������.  

 

�,�Q�� �W�K�L�V�� �W�K�U�H�H���O�D�\�H�U�� �V�W�U�X�F�W�X�U�H���� �W�K�H�� �H�I�I�H�F�W�L�Y�H�� �L�Q�G�L�F�H�V�� �J�U�R�Z�� �Z�L�W�K�� �W�K�H�� �W�K�L�F�N�Q�H�V�V�����$�V�� �K�L�J�K�H�U�� �H�I�I�H�F�W�L�Y�H��
�L�Q�G�L�F�H�V���D�U�H���D�O�Z�D�\�V���D�S�S�U�H�F�L�D�W�H�G���I�R�U���D���E�H�W�W�H�U���V�H�Q�V�L�W�L�Y�L�W�\�����I�R�U���N�H�H�S�L�Q�J���D���K�L�J�K�H�U���V�H�Q�V�L�W�L�Y�L�W�\���E�X�W���V�W�D�\�L�Q�J��
�L�Q���V�L�Q�J�O�H���P�R�G�H���F�R�Q�I�L�J�X�U�D�W�L�R�Q���D�W���W�K�H���V�D�P�H���W�L�P�H�����D���6�8�������Z�D�Y�H�J�X�L�G�H���W�K�L�F�N�Q�H�V�V���O�H�V�V���W�K�D�Q���������Q�P���Z�L�O�O��
�E�H���I�D�Y�R�U�H�G���� 
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�:�L�W�K���W�K�H���V�D�P�H���P�H�W�K�R�G�����Z�H���F�D�Q���X�V�H���D�����'���P�R�G�H�O���W�R���I�L�Q�G���R�X�W���W�K�H���R�S�W�L�P�D�O���Z�L�G�W�K���R�I���W�K�H���Z�D�Y�H�J�X�L�G�H���I�R�U��
�V�L�Q�J�O�H���P�R�G�H���S�U�R�S�D�J�D�W�L�R�Q�� In this case, it is necessary to transform the TE mode and the TM mode 
of the previous case, as shown in the top view of the guiding plane �)�L�J�X�U�H������.  
 

 

The width of the SU-8 waveguide, noted w, works as the thickness h in the previous situation: 

�S�M�ñ
F �t�=�N�?�P�C�@�-
�å�ò

�ä�ò�A
L �I �è      (11) 

with �- 
L �s for TM mode, �- 
L �•�c�d�d
�6���•�6�6  for TE mode. �“�ñ
L 
¥�:�•�4�•�c�d�d�;�6 
F �:�•�4�•�c�d�d�"�;�6���á�”�ñ
L


¥�:�•�4�•�c�d�d�"�;�6 
F�:�•�4�•�6�;�6 , m being the wave mode order and neff�¶�� �W�K�H�� �H�I�I�H�F�W�L�Y�H�� �L�Q�G�H�[�� �L�Q�� �W�K�H�� ���'��

�)�L�J�X�U�H�����������'�L�V�S�H�U�V�L�R�Q���F�X�U�Y�H�V�#�������Q�P���R�I���7�(�Q���D�Q�G���7�0�Q���P�R�G�H�V���L�Q���D���W�K�U�H�H���O�D�\�H�U���V�W�U�X�F�W�X�U�H���&�<�7�2�3���6�8�������&�<�7�2�3���Y�H�U�V�X�V��

�W�K�H���J�X�L�G�L�Q�J���O�D�\�H�U���W�K�L�F�N�Q�H�V�V�� 

Figure 52. Top view of the guiding plane. 
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waveguide. We then calculate the dispersion curves of neff�¶�� � �� �I���Z���� �Z�L�W�K�� �0�D�W�O�D�E using the 
aforementioned method, and obtained the results shown �)�L�J�X�U�H������.  
 

Based on previous experience on the Canon FPA 3000i4, the UV (365nm i-line) projection stepper 
available in the LAAS-CNRS cleanroom, a minimal waveguide width of 1µm has been defined in 
order to obtain waveguides edges and cross-sections of good quality with layer thicknesses below 
800nm. 
 
By considering the dispersion curves above and our technological constraints, we can select a 
suitable range for the waveguide width to guarantee single-mode operation with the aforementioned 
materials. Based on these calculated ranges of width and thickness, �Z�H���W�K�H�Q���S�U�R�F�H�H�G���W�R���D���S�D�U�D�P�H�W�U�L�F��
�D�Q�D�O�\�V�L�V�� �X�V�L�Q�J���D���F�R�P�P�H�U�F�L�D�O���P�R�G�H�O�L�Q�J�� �V�L�P�X�O�D�W�L�R�Q�� �V�R�I�W�Z�D�U�H�� �Q�D�P�H�G�� �/�X�P�H�U�L�F�D�O�� ���0�2�'�(���6�R�O�X�W�L�R�Q�V��
�P�R�G�X�O�H�����W�R���I�L�Q�G���W�K�H���E�H�V�W���F�R�P�S�U�R�P�L�V�H�����7�K�L�V���S�D�U�D�P�H�W�U�L�F���D�Q�D�O�\�V�L�V���K�D�V���I�L�Q�D�O�O�\���O�H�G���W�R���D�����������Q�P���K�L�J�K����
�� �—�P���Z�L�G�H���Z�D�Y�H�J�X�L�G�H�� 
 
In the next paragraphs, we will determine through the use of Lumerical FDTD simulations the 
optimum dimensions for the grating couplers, the tapers, the microring (radius, gap) and the 
CYTOP lower cladding thickness, that will all have an influence of the final performance of the 
sensor. The range of waveguide dimensions that we determined in this section will be used as a 
working basis. 
 

 

III .2 Design of grating coupler 
 
With the idea of a portable, integrated micro-system, we decide to use a VCSEL as the optical 
source for our optical sensor. While recent developments in 3D printed structures [88]  shows some 
promising results for light coupling, these strategies are low-throughput compared to wafer-scale, 

Figure 53. Dispersion curves at 850nm of TExm and TMxn modes in a three-layer structure CYTOP/SU-8/CYTOP. The 

thickness of layer SU-8 is less than 800nm. 
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collective manufacturing techniques. While the VCSEL source, or the photodetector in our system 
can be considered as reliable parts with long lifetime, we furthermore considered that the microring 
resonator should be replaceable, for example in the case of a degradation of the sensitive layer or a 
pollution of the sensor. We therefore choose to use more conventional grating couplers, to obtain 
better tolerance to misalignment between the source and the waveguide input as well as simplify 
the usually complex apparatus required for injecting light into micronic or sub-micronic structures.  
 
For a grating coupler illustrated in �)�L�J�X�U�H�����������6�F�K�H�P�D�W�L�F���G�L�D�J�U�D�P�� �R�I�� �D�� �V�L�P�X�O�D�W�H�G�� �R�X�W�S�X�W�� �J�U�D�W�L�Q�J��

�F�R�X�S�O�H�U�� , we can use the formula �•�‹�•�E
L
�á�Ð�Ñ�Ñ�?�à�� �Ô
W

�á�Î�×�Ì�Ï�Ï�Ô�Ù�Ò
  to obtain a rough estimates of  its geometrical 

�S�D�U�D�P�H�W�H�U�V�����Z�K�H�U�H�������L�V���W�K�H���L�Q�F�L�G�H�Q�W���D�Q�J�O�H���R�I���W�K�H���9�&�6�(�/���E�H�D�P�����Qeff is the effective index, m is the 
�R�U�G�H�U���R�I���G�L�I�I�U�D�F�W�L�R�Q���V�H�U�L�H�V���������L�V���W�K�H���Z�D�Y�H�O�H�Q�J�W�K�����D���L�V���W�K�H���J�U�D�W�L�Q�J���S�H�U�L�R�G���D�Q�G���Qcladding is the refractive 
index of cladding. We take m=1 so that only 1 order is supported. For a given wavelength of the 
excitation source and materials, the design parameters of a grating couplers include period, duty 
cycle, etch depth and thickness of the waveguide layer, which will influence the effective index. 
According to the formula, the optimal incident angle of the excitation source grows with the 
decrease of the grating period. On one hand, we want to make the incident angle as small as possible 
to simplify the injection setup; on the other hand, we are limited by the stepper lithography 
equipment that does not offer sufficiently high resolution to obtain grating periods of 700 nm or 
less. Considered both practical and technological constraints, we considered that a 800 nm period 
�F�R�P�E�L�Q�H�G���Z�L�W�K���D�������R�I���O�H�V�V���W�K�D�Q�������ƒ���U�H�S�U�H�V�H�Q�W���D�S�S�U�R�S�U�L�D�W�H���S�D�U�D�P�H�W�H�U�V�� 

We modelled the structure with two source-detector setups. In the first setup, the light enters the 
waveguide from the left (in-plane butt coupling) and then is diffracted by the grating in a specific 
�D�Q�J�O�H�� ���������� �7�K�L�V�� �I�L�U�V�W�� �V�H�W�X�S�� �K�H�O�S�V�� �X�V�� �W�R�� �I�L�Q�G�� �W�K�H�� �R�S�W�L�P�D�O�� �F�R�Q�I�L�J�X�U�D�W�L�R�Q�� �R�I�� �W�K�H�� �J�U�D�W�L�Q�J�� �F�R�X�S�O�H�U��like 
grating period, duty cycle, etch depth and so on. Then in the second setup, the light enters from the 
top of the grating coupler (vertical coupling) and is then diffracted and guided into the waveguide 
core (SU-8). This model is used to simulate the optimal position and incident angle of the VCSEL 
source beam. The collection of the coupled signal in the waveguide layer along the direction of 
propagation (the direction of propagation of light in the waveguide plane is the same as the 
component of source in the same plane) requires a longer grating period, which is favorable for the 
fabrication, so we focused on this case. 

Figure 54. Schematic diagram of a simulated output grating coupler. 
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�)�R�O�O�R�Z�L�Q�J�� �W�K�H�� �F�R�Q�V�L�G�H�U�D�W�L�R�Q�V�� �D�E�R�Y�H���� �W�K�H�� �V�F�K�H�P�D�W�L�F�� �Y�L�H�Z�� �R�I�� �W�K�H�� �V�W�U�X�F�W�X�U�H�� �V�L�P�X�O�D�W�H�G�� �X�V�L�Q�J�� �/�X�P�H�U�L�F�D�O��

�)�'�7�' ���L�V���J�L�Y�H�Q���L�Q���)�L�J�X�U�H�����������7�K�H���6�L���&�<�7�2�3���6�8�������&�<�7�2�3���V�W�U�X�F�W�X�U�H���L�V���L�Q���W�Z�R���G�L�P�H�Q�V�L�R�Q�V���W�R���V�D�Y�H���W�K�H��

�W�L�P�H���R�I���F�D�O�F�X�O�D�W�L�R�Q���D�Q�G���W�R���H�D�V�H���W�K�H���F�R�P�S�X�W�H�U���P�H�P�R�U�\���S�U�H�V�V�X�U�H�� 

Since the VCSEL surface includes a surface grating, the polarization of the source is stabilized, and 
this maximizes the light entering the grating coupler. The preferred output pattern for the VCSEL 
to maximize the coupled power will be quasi-TE mode. This is also beneficial for the micro ring 
as TE modes always offers a better-quality factor, and by extension better sensitivity (although 
those two are not always directly correlated) according to the simulation results. 
         
In the first configuration representing the output grating coupler, where the Source 1 and Detector 1 
are active, we tried a nested loop structure simulation including the following parameters of the 
grating coupler: period, duty cycle, grating depth and the waveguide thickness. That means each 
parameter will be scanned in a reasonable scale: for example, the duty cycle will take values of 0.2 
to 0.8 with a 0.1 step, while the waveguide thickness varies from 400 nm to 800 nm with a step of 
50 nm, and the grating depth varies from 0 to the thickness of waveguide, with a step of 50 nm. 
The software will try every combination and then gives the optimal match.  
         
�,�I���Z�H���X�V�H���I�R�X�U���Y�D�U�L�D�E�O�H�V�����Z�H���K�D�Y�H���I�R�X�U���O�H�Y�H�O�V���R�I���Q�H�V�W�L�Q�J�����W�K�D�W���F�R�Q�I�L�J�X�U�D�W�L�R�Q���Z�L�O�O���W�D�N�H���D���O�R�W���R�I���W�L�P�H���W�R��
�G�R���W�K�H���V�L�P�X�O�D�W�L�R�Q����To simplify the calculation, we choose to set the thickness of the CYTOP lower 
cladding layer, which lies between the Si wafer and the SU-8 waveguide layer, at a thickness several 
times higher than the 850 nm emission wavelength so it does not influence the coupling efficiency 
of light into the waveguide layer caused by constructive interferences. As the duty cycle of grating 
coupler have a moderate effect on the coupling efficiency compared to the other parameters, while 
also being tricky to control accurately in the manufacturing process which involves in a chemical 
etching processes, its initial value is arbitrarily set as 0.5, while the grating period is fixed at 800 
nm as discussed in the paragraph before due to manufacturing constraints. In that configuration the 
simulation is reduced to two levels of nesting, which reduce a lot the pressure on computer memory 
and lead to more practical simulation times. 

Figure 55. Schematic of the model simulated with Lumerical, showing the two input sources, and the position of the 

two detectors used in the simulation to optimize both output (Source 1 + Detector 1) and input (Source 2 + Detector 2) 

grating couplers. 
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According to the parameter sweep, with a duty cycle of 0.5 and a grating period of 800 nm, an 
optimal waveguide layer thickness around 400 nm gives the best coupling efficiency over the 
VCSEL operating wavelength range shown �)�L�J�X�U�H������. Considering a fabrication tolerance of 
(±50 nm) still guarantee coupling efficiencies above 12%. Besides, the height of the aluminum 
grating coupler from 40 nm to 60 nm does not have too much effect on the coupling efficiency and 
should be relatively easy to guarantee during the fabrication process as it translates to a tolerance 
of roughly 20% on the aluminum layer thickness which is obtained by PVD.�� 

This estimation of coupling efficiency provides us the freedom for choosing the photodetector to 
be used. The emission power for a topical VCSEL can reach 500 µw; even after passing two grating 
couplers as incident port and exit port with a coupling efficiency at 10% for each, the emergent 
power should be about 5 µw. Considering that a standard Si photodiode has a typical responsivity 
above 0.55 to 0.65 A/W @ 850 nm, the power obtained at the output grating coupler will translate 
to a current in the range of a few µA which will be easily converted to an usable voltage using a 
transimpedance amplifier with a 1 M gain. Another advantage of using a 850 nm VCSEL source is 
that Si photodiodes have an optimal responsivity around these wavelengths. As Si photodiodes or 
Si-based photodetectors are ubiquitous, this gives us plenty of options for cost-effective integration 
of the detector in the microsystem. 
 

On the following step, we study how the spot size of the VCSEL excitation light source affect 
coupling efficiency, based on Source 2 and Detector 2 described in �)�L�J�X�U�H������, with an incident 
angle value of 19°. The influence on coupling efficiency caused by the dimension ratio between 
the VCSEL collimated beam size and the grating coupler size is computed in �)�L�J�X�U�H������: a maximal 
coupling efficiency is obtained for a dimension ratio between the beam spot and the grating coupler 
in the range of 0.6 to 0.8. Considering the propagation of the VCSEL source after collimation, the 
optimal diameter of light spot will be under 60 µm at a working distance of 2 mm, so the initial 
size of grating coupler will be 100x100 µm.  
 
 
 

Figure 56. Coupling efficiency of the grating coupler versus waveguide thickness.  
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III.3 Taper waveguide dimensioning 
 

Based on previous experiments and additional calculations with Zemax, the VCSEL will form a 
light spot on the surface of the grating coupler in a shape of a 60 µm diameter circle at a working 
distance of 2 mm. The previous coupling efficiency study shows that a grating coupler area of 
100×100 µm would give a good compromise: this means the width of the grating coupler should 
be much wider than the width of the waveguide which has been fixed at 1 µm. Therefore, a taper 
waveguide is required between the grating coupler and the single-mode waveguide to ensure a 
smooth mode transition. 
 
The taper transmission efficiency depends on its length-to-width ratio: from our simulations shown 
�)�L�J�X�U�H������, we can see that for ratios above 8, transmission efficiency is maximized and reach a 
plateau. Considering the 100 µm width of our grating coupler and the 1 µm width of our single-
mode waveguide, a transition length of 1 mm is chosen, giving a ratio of 10:1, thus guaranteeing 
no additional efficiency losses from the taper waveguide. 
  

Figure 57.  The influence of the dimension ratio between light spot and grating coupler on coupling efficiency. 
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III.4 Calculation of micro -ring radius 
 

�7�K�H�� �U�H�V�R�Q�D�Q�W�� �P�R�G�H�V���W�U�D�S�S�H�G�� �E�\�� �W�K�H�� �P�L�F�U�R���U�H�V�R�Q�D�W�R�U�� �F�L�U�F�X�O�D�W�H�� �D�F�F�R�U�G�L�Q�J�� �W�R�� �W�K�H�� �V�W�D�Q�G�L�Q�J�� �Z�D�Y�H��
�F�R�Q�G�L�W�L�R�Q���� �3� �P�����H�I�I���� �Z�L�W�K���3�� �W�K�H�� �J�H�R�P�H�W�U�L�F�� �S�H�U�L�P�H�W�H�U�� �R�I�� �W�K�H�� �P�L�F�U�R���U�L�Q�J���� �P�� �D�Q�� �L�Q�W�H�J�H�U�� �D�Q�G�����H�I�I���W�K�H��
�H�I�I�H�F�W�L�Y�H���Z�D�Y�H�O�H�Q�J�W�K���R�I���W�K�H���O�L�J�K�W���L�Q���W�K�H���U�H�V�R�Q�D�W�R�U�������,�W���L�V���G�H�I�L�Q�H�G���D�V�����H�I�I��� ���������Q�H�I�I�������Q�H�I�I���E�H�L�Q�J���W�K�H���H�I�I�H�F�W�L�Y�H��
�L�Q�G�H�[���G�H�I�L�Q�H�G���D�V���W�K�H���V�R�O�X�W�L�R�Q���D�V�V�R�F�L�D�W�H�G���W�R���W�K�H���T�X�D�Q�W�L�I�L�H�G���U�H�V�R�Q�D�Q�W���H�L�J�H�Q���P�R�G�H�� 
 
�)�R�U�� �W�Z�R�� �D�G�M�D�F�H�Q�W�� �U�H�V�R�Q�D�Q�W���H�L�J�H�Q�� �P�R�G�H�V���� �W�K�H�\�� �I�R�O�O�R�Z�� �D�� �U�H�O�D�W�L�R�Q���D�V������ �®�•�c�d�d
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�7�K�H�������� �Q�P���9�&�6�(�/���V�R�X�U�F�H���W�\�S�L�F�D�O�O�\���R�I�I�H�U�V���D���P�D�[�L�P�D�O���V�S�H�F�W�U�D�O���W�X�Q�D�E�L�O�L�W�\���R�I���� �Q�P�����7�K�H���H�P�L�V�V�L�R�Q��
�Z�D�Y�H�O�H�Q�J�W�K���F�D�Q���E�H���D�G�M�X�V�W�H�G���Z�L�W�K���W�K�H���W�H�P�S�H�U�D�W�X�U�H������������ �Q�P���ž�&���D�F�F�R�U�G�L�Q�J���W�R���W�K�H���G�D�W�D�V�K�H�H�W�����D�Q�G���F�D�Q��
�D�O�V�R���E�H���W�X�Q�H�G���E�\���D�G�M�X�V�W�L�Q�J���W�K�H���F�X�U�U�H�Q�W���W�R���D���O�H�V�V�H�U���H�[�W�H�Q�W���������� �Q�P���P�$�����>�����@�����,�Q���R�U�G�H�U���W�R���E�H���D�E�O�H���W�R��
�P�R�Q�L�W�R�U���W�K�H���U�H�V�R�Q�D�Q�F�H���S�H�D�N�V�����D�Q�G���E�D�V�H�G���R�Q���D���F�D�O�F�X�O�D�W�H�G���)�6�5�����W�K�H���P�L�F�U�R���U�L�Q�J���U�H�V�R�Q�D�W�R�U���J�H�R�P�H�W�U�L�F��
�S�H�U�L�P�H�W�H�U���3���L�V���F�D�O�F�X�O�D�W�H�G���V�R���W�K�D�W���W�Z�R���S�H�D�N�V���F�D�Q���E�H���F�R�Y�H�U�H�G���E�\���W�K�H���9�&�6�(�/���V�S�H�F�W�U�D�O���W�X�Q�D�E�L�O�L�W�\�����L���H����
�)�6�5 �� ���Q�P�����&�R�Q�V�L�G�H�U�L�Q�J���D�������W�R���� �Q�P���)�6�5�����W�K�L�V���O�H�D�G�V���W�R���D�Q���H�V�W�L�P�D�W�H�G���U�D�G�L�X�V���R�I������ �—�P�����)�L�J�X�U�H��������
�D���������Z�K�L�F�K���V�K�R�X�O�G���E�H���D�G�D�S�W�H�G���W�R���W�K�H���Z�K�R�O�H���V�H�Q�V�L�Q�J���V�\�V�W�H�P�����7�K�L�V���G�L�D�P�H�W�H�U���L�V���U�H�O�D�W�L�Y�H�O�\���W�\�S�L�F�D�O���I�R�U���D��

Figure 58. Taper guide transmission efficiency as a function of the length to width ratio. 
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�P�L�F�U�R���U�L�Q�J���U�H�V�R�Q�D�W�R�U�����E�H�L�Q�J���O�D�U�J�H���H�Q�R�X�J�K���W�R���O�L�P�L�W���S�U�R�S�D�J�D�W�L�R�Q���O�R�V�V�H�V���O�L�Q�N�H�G���W�R���E�H�Q�G���U�D�G�L�X�V�����Z�K�L�O�H��
�V�W�L�O�O���R�I�I�H�U�L�Q�J���D���F�R�P�S�D�F�W���V�L�]�H���I�R�U���E�H�W�W�H�U���L�Q�W�H�J�U�D�W�L�R�Q���� 
 
�$�O�W�K�R�X�J�K���L�W���Z�D�V���O�D�W�H�U���S�U�R�Y�H�G���W�K�D�W���W�K�H���W�X�Q�L�Q�J���U�D�Q�J�H���R�I���O�H�Q�V�H�G���9�&�6�(�/���U�H�G�X�F�H�V���W�R�����Q�P�����Z�H���F�D�Q���D�G�M�X�V�W��
�W�K�H���U�D�G�L�X�V���W�R������ �—�P���W�R���D�G�D�S�W���W�R���W�K�L�V���F�K�D�Q�J�H�����)�L�J�X�U�H���������E������ 

 
�'�X�H���W�R���W�K�H���Y�H�U�W�L�F�D�O���F�R�X�S�O�L�Q�J���V�F�K�H�P�H���F�K�R�V�H�Q���K�H�U�H�����D�Q�G���W�K�H���X�V�H���R�I���V�W�H�S�S�H�U���S�K�R�W�R�O�L�W�K�R�J�U�D�S�K�\�����V�H�Y�H�U�D�O��
�U�L�Q�J�� �G�L�D�P�H�W�H�U�V�� �F�D�Q�� �E�H�� �L�Q�F�R�U�S�R�U�D�W�H�G�� �L�Q���W�K�H�� �S�K�R�W�R�P�D�V�N���Z�L�W�K�R�X�W�� �F�K�D�Q�J�L�Q�J�� �W�K�H�� �G�H�V�L�J�Q�� �R�I�� �W�K�H�� �R�W�K�H�U��
�P�L�F�U�R���U�H�V�R�Q�D�W�R�U���H�O�H�P�H�Q�W�V�����7�K�H���)�6�5���F�D�Q���D�O�V�R���E�H���D�G�M�X�V�W�H�G���L�Q���W�K�H���I�X�W�X�U�H���W�R���E�H���D�G�D�S�W�H�G���W�R���D���G�L�I�I�H�U�H�Q�W��
�H�[�F�L�W�D�W�L�R�Q���V�R�X�U�F�H���Z�L�W�K���V�P�D�O�O�H�U���W�X�Q�D�E�L�O�L�W�\���I�R�U���H�[�D�P�S�O�H�����&�K�D�Q�J�L�Q�J���W�K�H���P�L�F�U�R���U�L�Q�J���G�L�D�P�H�W�H�U���Z�L�O�O���D�I�I�H�F�W��
�W�K�H���Y�H�U�W�L�F�D�O���F�R�X�S�O�L�Q�J�� �Z�L�W�K���W�K�H�� �Z�D�Y�H�J�X�L�G�H���� �E�X�W���W�K�D�Q�N�V���W�R���W�K�H�� �Y�H�U�W�L�F�D�O���F�R�X�S�O�L�Q�J�� �V�F�K�H�P�H���� �W�K�H�� �J�D�S���L�V��
�R�E�W�D�L�Q�H�G�� �E�\�� �H�W�F�K�L�Q�J�� �W�K�H�� �&�<�7�2�3�� �X�S�S�H�U�� �F�O�D�G�G�L�Q�J���� �V�R�� �L�W�� �F�D�Q�� �E�H�� �W�X�Q�H�G�� �Z�L�W�K�R�X�W�� �P�R�G�L�I�\�L�Q�J�� �W�K�H��
�S�K�R�W�R�P�D�V�N���W�R���U�H�F�R�Y�H�U���W�K�H���U�H�T�X�L�U�H�G���F�R�X�S�O�L�Q�J���F�R�Q�G�L�W�L�R�Q�V�� 
 
 

III.5 Calculation of the vertical gap between the waveguide and 

the micro-ring resonator 
 
The gap between the single-mode waveguide and the micro-ring resonator is an important factor to 
consider as it defines the coupling regimes: under-coupling, critical coupling, and over-coupling.  
In a vertical coupling scheme, the gap distance is set by the upper cladding thickness (CYTOP in 
our case). The 2D analysis or the 2.5D analysis mode of Lumerical are not appropriate for the 
vertical coupling configuration; however, due to the heterogeneous dimensions between the 
waveguide length (mm range), the ring diameter (tens of µm) and the gap (nm range), simulating 
the whole device in 3D analysis is not feasible using standard computing power due to the required 
meshing. To overcome this practical limitation, we simulate only the coupling region in 3D. This 

Figure 59. Quantized resonance modes of a conventional micro resonator besides a mono-mode waveguide 
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allows us to estimate the coupling conditions and a range of appropriate gap dimensions between 
the single-mode waveguide and the ring resonator.  
 
�7�K�H���U�D�G�L�X�V���R�I���P�L�F�U�R���U�L�Q�J���L�V���I�L�[�H�G���D�W�������—�P���L�Q���W�K�H���V�L�P�X�O�D�W�L�R�Q���D�V���L�W���S�U�R�Y�L�G�H�V���D���V�X�L�W�D�E�O�H���)�6�5�����D�G�D�S�W�H�G��
�W�R���W�K�H���9�&�6�(�/���V�R�X�U�F�H���W�X�Q�D�E�L�O�L�W�\���D�V���V�H�H�Q���L�Q���W�K�H���S�U�H�Y�L�R�X�V���V�H�F�W�L�R�Q�����(�P�S�L�U�L�F�D�O�O�\�����D���O�D�U�J�H�U���U�D�G�L�X�V���Z�L�O�O��
�J�L�Y�H���D���K�L�J�K�H�U���F�R�Q�W�U�D�V�W���L�Q���W�K�H���R�X�W�S�X�W���V�L�J�Q�D�O�����7�K�H���J�U�H�D�W�H�U���W�K�H���U�D�G�L�X�V���L�V�����W�K�H���E�L�J�J�H�U���W�K�H���R�S�W�L�P�D�O���J�D�S���I�R�U��
�F�U�L�W�L�F�D�O���F�R�X�S�O�L�Q�J���Z�L�O�O���E�H���D�V���L�W���Z�L�O�O���J�H�Q�H�U�D�W�H���P�R�U�H���R�Y�H�U�O�D�S���D�U�H�D���E�H�W�Z�H�H�Q���W�K�H���H�Y�D�Q�H�V�F�H�Q�W���I�L�H�O�G���F�R�P�L�Q�J��
�I�U�R�P���W�K�H���Z�D�Y�H�J�X�L�G�H���D�Q�G���W�K�H���U�L�Q�J���� 
���������������� 
�:�K�H�Q���O�L�J�K�W���S�D�V�V���W�K�U�R�X�J�K���W�K�H���Z�D�Y�H�J�X�L�G�H�����W�K�H���P�L�F�U�R�U�L�Q�J���F�O�R�V�H���W�R���L�W���Z�L�O�O���F�D�S�W�X�U�H���D���I�U�D�F�W�L�R�Q���R�I���W�K�H���V�L�J�Q�D�O��
�W�K�U�R�X�J�K�� �W�K�H�� �H�Y�D�Q�H�V�F�H�Q�W�� �Z�D�Y�H���� �W�K�L�V�� �L�V�� �U�H�I�H�U�U�H�G�� �D�V�� �F�R�X�S�O�L�Q�J�����7�K�H�� �F�R�X�S�O�L�Q�J�� �H�I�I�L�F�L�H�Q�F�\�� �E�H�W�Z�H�H�Q��
�Z�D�Y�H�J�X�L�G�H���D�Q�G���P�L�F�U�R�U�L�Q�J���G�H�S�H�Q�G�V���R�Q���I�R�X�U���I�D�F�W�R�U�V�����W�K�H���U�H�I�U�D�F�W�L�Y�H���L�Q�G�H�[���R�I���P�D�W�H�U�L�D�O�����W�K�H���Z�D�Y�H�J�X�L�G�H��
�G�L�P�H�Q�V�L�R�Q�����W�K�H���J�D�S���G�L�V�W�D�Q�F�H���E�H�W�Z�H�H�Q���Z�D�Y�H�J�X�L�G�H���D�Q�G���P�L�F�U�R�U�L�Q�J�����D�Q�G���W�K�H���J�H�R�P�H�W�U�\�����U�D�G�L�X�V�����R�I���P�L�F�U�R��
�U�H�V�R�Q�D�W�R�U�����:�H�� �V�H�W���W���D�V�� �W�K�H�� �F�R�H�I�I�L�F�L�H�Q�W���R�I�� �V�H�O�I���F�R�X�S�O�L�Q�J���D�P�S�O�L�W�X�G�H���� �N�� �L�V���W�K�H���F�R�H�I�I�L�F�L�H�Q�W���R�I���F�R�X�S�O�L�Q�J��
�D�P�S�O�L�W�X�G�H�����Z�K�L�F�K���Z�L�O�O���G�H�W�H�U�P�L�Q�H���W�K�H���F�R�X�S�O�H�G���H�Q�H�U�J�\���L�Q�W�H�Q�V�L�W�\���L�Q�W�R���P�L�F�U�R�U�L�Q�J�������.���L�V���W�K�H���O�R�V�V���S�H�U���U�R�X�Q�G��
�W�U�L�S���G�X�U�L�Q�J���W�K�H���F�L�U�F�X�O�D�W�L�R�Q���L�Q���W�K�H���P�L�F�U�R�U�L�Q�J���D�V���V�K�R�Z�Q���)�L�J�X�U�H�������� 

���������������� 
�7�R���N�H�H�S���D�Q���R�S�W�L�P�D�O���F�R�X�S�O�L�Q�J�����Z�K�L�F�K���P�H�D�Q�V���W�K�H���F�R�Q�W�U�D�V�W���L�Q���W�K�H���R�X�W�S�X�W���V�L�J�Q�D�O���L�V���P�D�[�L�P�L�]�H�G�����W�K�H�U�H���L�V��
�D�� �F�U�L�W�L�F�D�O�� �F�R�X�S�O�L�Q�J�� �F�R�Q�G�L�W�L�R�Q���� �&�K�D�Q�J�L�Q�J�� �W�K�H�� �J�D�S�� �L�Q�I�O�X�H�Q�F�H�� �W�K�H�� �H�Q�H�U�J�\�� �F�R�X�S�O�H�G�� �L�Q�W�R�� �W�K�H�� �P�L�F�U�R��
�U�H�V�R�Q�D�W�R�U�����F�U�L�W�L�F�D�O���F�R�X�S�O�L�Q�J���L�V���R�E�W�D�L�Q�H�G���Z�K�H�Q���W�K�H���F�R�X�S�O�H�G���H�Q�H�U�J�\���L�Q�W�H�Q�V�L�W�\���L�V���H�T�X�D�O���W�R���W�K�H���W�R�W�D�O���O�R�V�V��
�S�H�U���U�R�X�Q�G���W�U�L�S���.���L�Q���W�K�H���U�H�V�R�Q�D�W�R�U����We calculate respectively the coupled energy intensity k2 and the 
bend loss per lap in the resonator versus the gap dimensions with the simulation software, and then 
draw the diagram with the calculated data to find the point of intersection which is represented 
�)�L�J�X�U�H������. 
 
In our situation, the CYTOP/SU-8/CYTOP structure with the radius of micro ring equals to 30 µm 
needs an optimal gap of about 180 nm.  However, the total loss inside the micro ring is not only 
affected by the bend loss, but also the surface roughness, the manufacturing defects, losses caused 
by the interface and the material, which cannot be estimated precisely without experimental 
characterizations. Since the practical propagation losses are always greater than theoretical 

Figure 60. Energy coupling schematic between a waveguide and a lateral micro resonator. 
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calculation due to fabrication imperfections, we will try several gap values and micro-ring radius 
around these calculated values: while the micro-ring radiuses have to be fixed by the photomasks. 
For the radius of 60 µm, a bigger gap will be required; this requirement can be easily fulfilled as 
different gaps can be obtained by adjusting the etching depth of the CYTOP upper cladding layer 
with the same photomasks thanks to the vertical coupling configuration. 
 

 

III.6 CYTOP lower cladding thickness dimensioning 
 

Another important parameter to be calculated is the CYTOP lower cladding thickness. In order to 
evaluate the contribution of the reflections at the Si/CYTOP interface that can translates either to 
constructive or destructive interferences, we studied the coupling efficiency dependence on the 
CYTOP bottom cladding. This usually translates into a periodic relation between bottom cladding 
thickness and coupling efficiency as seen in �)�L�J�X�U�H������. 

The light source position is not optimized in this simulation to reduce nested loops and pressure on 
computer memory, so the y axis label in this result just shows a trend of change instead of exact 

Figure 61. Energy coupling curve of a micro resonator system for different gaps. 
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Figure 62. The variation of coupling efficiency versus CYTOP bottom cladding thickness. 
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values. From the simulation results �)�L�J�X�U�H������, we can clearly observe that the coupling efficiency 
can be enhanced for specific thicknesses. Based on a compromise between better optical 
confinement in the waveguide and manufacturing process capabilities, the optimal bottom cladding 
thickness is chosen as 800 nm. From our previous experiments in CYTOP deposition and curing 
conditions, the tolerance of fabrication error range is under ±50 nm, which translates to less than 
10% variation of the overall coupling efficiency. 
 

�$�I�W�H�U���D�O�O���W�K�H���W�K�H�R�U�H�W�L�F�D�O���F�D�O�F�X�O�D�W�L�R�Q�V�����W�K�H���R�Y�H�U�D�O�O���V�W�U�X�F�W�X�U�H���R�I���W�K�H���R�S�W�L�F�D�O���V�H�Q�V�R�U���L�V���S�U�H�V�H�Q�W�H�G���L�Q���)�L�J�X�U�H��

���������Z�L�W�K���D�Q�� �R�Y�H�U�Y�L�H�Z�� �R�I�� �W�K�H�� �V�H�O�H�F�W�H�G�� �P�D�W�H�U�L�D�O�V���� �W�K�H�L�U�� �G�L�P�H�Q�V�L�R�Q�V�� �D�Q�G�� �W�K�H�L�U�� �U�H�V�S�H�F�W�L�Y�H�� �W�R�O�H�U�D�Q�F�H�V��
�F�R�Q�V�L�G�H�U�L�Q�J���W�K�H���L�Q�W�H�Q�G�H�G���I�D�E�U�L�F�D�W�L�R�Q���S�U�R�F�H�V�V�H�V�����7�K�H���R�X�W�S�X�W���J�U�D�W�L�Q�J���F�R�X�S�O�H�U���D�Q�G���L�W�V���D�V�V�R�F�L�D�W�H�G���W�D�S�H�U��
�Z�D�Y�H�J�X�L�G�H�� �L�V�� �Q�R�W���U�H�S�U�H�V�H�Q�W�H�G�� �K�H�U�H�� �E�X�W���W�K�H�� �V�W�U�X�F�W�X�U�H�� �L�V�� �V�\�P�P�H�W�U�L�F�����$���F�R�Q�I�L�J�X�U�D�W�L�R�Q�� �Z�L�W�K�� �L�Q���S�O�D�Q�H��
�R�X�W�S�X�W�����Z�L�W�K�R�X�W���W�K�H���J�U�D�W�L�Q�J���F�R�X�S�O�H�U���D�Q�G���W�K�H���W�D�S�H�U���Z�D�Y�H�J�X�L�G�H�����Z�L�O�O���D�O�V�R���E�H���L�Q�F�O�X�G�H�G���L�Q���W�K�H���I�D�E�U�L�F�D�W�L�R�Q��
�D�Q�G���Z�L�O�O���E�H���G�H�V�F�U�L�E�H�G���O�D�W�H�U���L�Q���W�K�H���P�D�Q�X�V�F�U�L�S�W�� 
 

 

III. 7 Design of the photomasks  
 
For the waveguide output, we will test two configurations to reach the photodetector: out of plane 
output with an output grating coupler, and in plane output by butt-coupling. This choice has been 
made to compare the efficiency of these two methods, and in the case of a much lower coupling 
efficiency of the gratings than expected, could allow us to collect more output power.  
 
Based on the simulation results obtained in the previous section, we proceed to the design of the 
reticles to be used for the Canon FPA 3000i4 projection stepper. The term reticle is more suited 
over the term photomask due to the nature of the stepper system, as due to the projection, only a 

small portion of the wafer is exposed at each exposure; hence for clarity in the following sections 
the term photomask will be replaced by reticle. 

Figure 63. Top view and side view of the detection area of the microsystem. 
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�)�R�U�� �D�� �S�K�R�W�R�P�D�V�N�� �X�V�H�G�� �L�Q���F�R�Q�Y�H�Q�W�L�R�Q�D�O���S�K�R�W�R�O�L�W�K�R�J�U�D�S�K�\���Z�L�W�K�� �D�� �P�D�V�N�� �D�O�L�J�Q�H�U���� �W�K�H���V�W�D�Q�G�D�U�G�� �V�L�]�H��
�X�V�X�D�O�O�\�� �Y�D�U�L�H�V�� �I�U�R�P���������î���������X�S���W�R�������î������ �V�T�X�D�U�H���L�Q�F�K�H�V�����*�H�R�P�H�W�U�L�F���V�K�D�S�H�V�����J�H�Q�H�U�D�O�O�\���L�Q���F�K�U�R�P�H����
�G�H�I�L�Q�H���W�K�H���G�L�P�H�Q�V�L�R�Q�V���R�I���W�K�H���G�H�Y�L�F�H�V���W�R���E�H���S�U�R�G�X�F�H�G���D�W���V�F�D�O�H���R�Q�H�����$���V�W�H�S�S�H�U���G�L�I�I�H�U�V���I�U�R�P���D���P�D�V�N��
�D�O�L�J�Q�H�U���L�Q���W�K�D�W���L�W���X�V�H�V���D���S�U�R�M�H�F�W�R�U���W�K�D�W���V�K�U�L�Q�N���W�K�H���I�H�D�W�X�U�H�V���R�I���W�K�H���U�H�W�L�F�O�H���E�\���D���I�D�F�W�R�U���;���Z�K�L�F�K���G�H�S�H�Q�G�V��
�R�Q���W�K�H���H�T�X�L�S�P�H�Q�W�����7�K�H���S�U�R�M�H�F�W�L�R�Q���L�V���D�F�K�L�H�Y�H�G���E�\���U�H�G�X�F�W�L�R�Q���O�H�Q�V�H�V�����W�K�H���J�H�R�P�H�W�U�L�F���V�K�D�S�H�V���L�Q���F�K�U�R�P�H��
�G�H�I�L�Q�H���W�K�H���G�L�P�H�Q�V�L�R�Q�V���R�I���W�K�H���G�H�Y�L�F�H�V���W�R���E�H���S�U�R�G�X�F�H�G���D�W���V�F�D�O�H���;�����7�K�H���G�L�P�H�Q�V�L�R�Q���R�I���W�K�H���U�H�W�L�F�O�H���D�U�H��
�F�R�P�P�R�Q�O�\���F�R�P�S�U�L�V�H�G���E�H�W�Z�H�H�Q�����î�����W�R�����î�����V�T�X�D�U�H���L�Q�F�K�H�V�����+�H�U�H���Z�H���X�V�H���D�����[�����V�T�X�D�U�H���L�Q�F�K�H�V���U�H�W�L�F�O�H����
�W�K�H���V�F�D�O�H���I�D�F�W�R�U���E�H�L�Q�J���;� �����I�R�U���W�K�H���&�D�Q�R�Q���)�3�$�����������L�����V�W�H�S�S�H�U���D�V���U�H�S�U�H�V�H�Q�W�H�G���)�L�J�X�U�H���������>�����@�����7�K�H��
�U�H�W�L�F�O�H���F�R�Q�W�D�L�Q�V���V�H�Y�H�U�D�O���S�D�W�W�H�U�Q�V�����H�D�F�K���R�I���Z�K�L�F�K���F�R�Y�H�U�L�Q�J���D�Q���D�U�H�D��of���������P�P�î�������P�P���R�Q���W�K�H���Z�D�I�H�U����
For a standard 4 inches Si wafer, it translates to 114 individual areas that can be exposed in batches 
with different settings and a combination of patterns. In our case, a complete microresonator will 
require three levels of photolithography, one for the grating couplers, one for the waveguides and 
one for the micro-rings. 

 

Based on the dimensions summarized �)�L�J�X�U�H������, a representation of the different areas of the reticle 
is given �)�L�J�X�U�H������. Seven waveguides can be integrated within one area of the reticle, so we defined 
several micro-rings radius (from 30µm to 90µm, visible on �)�L�J�X�U�H������ (3)) for the final experimental 
validation, to release the complexity of adjusting the thickness of CYTOP that defines the coupling 
gap in the later etching part. Generally, a larger diameter needs a larger gap distance, to reach the 
critical coupling condition. Some waveguides with an increased width of 2 µm have also been 
included as well as an alternative option. As the 400 nm targeted waveguide thickness is 
sufficiently small, this increased width should not induce a multimode propagation. 

A total of five areas on the reticle (out of the nine available) are used for our design including the 
two types of input/output configurations: a configuration with out-of-plane light input and in-plane 
(butt-coupling) output (combination of �)�L�J�X�U�H������ (2) and (5)), and a configuration with out-of-
plane coupling for both inputs and outputs using identical metallic grating couplers (combination 
of �)�L�J�X�U�H������  (1) and (4)). �)�L�J�X�U�H������ (3) contains the micro-rings with various radiuses and can be 
used for both coupling schemes. 

Figure 64. Illustration of the size reduction from the reticle to the exposed wafer. Here the reticle features are designed 

at scale 5, and the reticle contains 9 patterns. [93] 
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For the butt-coupling (in-plane) output configuration, as the light outputs by the end of the 
waveguide, a good quality facet is needed to ensure further light collection. While for inorganic 
materials this can be achieved by precautious cleaving of the wafer, it is almost impossible to obtain 
optically correct facets by cleaving polymeric waveguides with polymer cladding. The other option 
is to define the output facet by photolithography. However, due to the waveguide cross section of 
about 1 µm×400 nm, problems are expected using i-line UV exposure: due to optical effects the 
desired orthogonal shape of the waveguide end will likely  turn into a rounded shape. To improve 
this problem, we use the software GenISyS Lithography Simulation software to optimize the end 
shape on the reticle and get a better-defined waveguide end. As this kind of simulations is highly 
demanding in terms of computing power, we simplified the problem by drawing two rectangles 
with a width of 2µm and 1µm respectively, to simulate the waveguides extremities. Small squares 
on the corners like illustrated in �)�L�J�X�U�H������, which is a classical correction method to obtain 
orthogonal shapes in such configurations.  
 
The parameters of the waveguide materials, like the SU-8 photoresist refractive index, as well as 
the Canon FPA 3000i4/i5 stepper specifications were then configured in GenISys. We use two 
embedded loops to scan the square size from 0.1µm to 0.5µm, and the overlap from 0µm to 0.5µm 
(�)�L�J�X�U�H������).  

Figure 65. Schematic representation of the five over nine areas available on the reticle. Each pattern will cover a 

6.2x7.2mm2 on the wafer. A complete micro-resonator will be a combination of three areas of the reticle. Note: the 

polarity is not respected for better graphic rendering of the schematic. 
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Figure 67. Simulation results obtained with GenISys for different additional square size and overlap with the 

waveguide extremity. The best configuration obtained at 0 µm overlap and 0.2 µm square size is highlighted. 

Figure 66. The small squares added on the corner in the simulation. 
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By analyzing the results provided by the simulation and shown �)�L�J�X�U�H������, we found that the best 
�F�R�Q�I�L�J�X�U�D�W�L�R�Q���W�R���J�H�W���D���U�H�J�X�O�D�U���H�Q�G���L�V���Z�K�H�Q���W�K�H���V�T�X�D�U�H�¶�V���V�L�]�H���H�T�X�D�O�V���W�R���������—�P���D�Q�G���W�K�H���R�Y�H�U�O�D�S���H�T�X�D�O�V��
to 0µm, so these correcting patterns were added to the waveguide ends whenever it was required. 
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�&�K�D�S�W�H�U���,�9 

�)�D�E�U�L�F�D�W�L�R�Q���R�I���W�K�H���P�L�F�U�R�U�H�V�R�Q�D�W�R�U�V 
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IV Fabrication of the microresonators 
 
�,�Q���W�K�L�V���F�K�D�S�W�H�U�����W�K�H���G�L�I�I�H�U�H�Q�W���I�D�E�U�L�F�D�W�L�R�Q���W�H�F�K�Q�L�T�X�H�V���W�K�D�W���K�D�Y�H���E�H�H�Q���H�[�S�O�R�U�H�G���W�R���U�H�D�O�L�]�H���W�K�H���V�W�U�X�F�W�X�U�H��
�G�H�V�L�J�Q�H�G���L�Q���F�K�D�S�W�H�U���,�,�,���D�U�H���S�U�H�V�H�Q�W�H�G�����%�\���F�R�Q�V�L�G�H�U�L�Q�J���D�O�O���H�[�L�V�W�L�Q�J���P�D�W�H�U�L�D�O�V���D�Q�G���H�T�X�L�S�P�H�Q�W���L�Q���W�K�H��
�O�D�E�R�U�D�W�R�U�\�����G�L�I�I�H�U�H�Q�W���P�H�W�K�R�G�V���K�D�Y�H���E�H�H�Q���H�Y�D�O�X�D�W�H�G�����L�Q���S�D�U�W�L�F�X�O�D�U���I�R�U���W�K�H���J�U�D�W�L�Q�J���F�R�X�S�O�H�U���S�D�U�W�����Z�K�L�F�K��
�U�H�T�X�L�U�H�V�� �W�K�H�� �K�L�J�K�H�V�W�� �U�H�V�R�O�X�W�L�R�Q���D�Q�G�� �L�V�� �W�K�H�� �P�R�V�W�� �F�K�D�O�O�H�Q�J�L�Q�J�� �S�D�U�W�� �R�I�� �W�K�H�� �S�U�R�F�H�V�V�����$�G�Y�D�Q�W�D�J�H�V�� �D�Q�G��
�G�L�V�D�G�Y�D�Q�W�D�J�H�V���D�P�R�Q�J���D�O�O���P�H�W�K�R�G�V���D�U�H���F�R�P�S�D�U�H�G���D�W���W�K�H���H�Q�G���R�I���W�K�L�V���V�H�F�W�L�R�Q�� 
 

IV.1 Fabrication of the reticles for stepper lithography 
�7�K�H���U�H�W�L�F�O�H���L�V���D���W�U�D�Q�V�S�D�U�H�Q�W���S�O�D�W�H�����W�\�S�L�F�D�O�O�\���J�O�D�V�V���R�U���T�X�D�U�W�]�����F�R�Y�H�U�H�G���E�\���D�Q���R�S�D�T�X�H���V�X�U�I�D�F�H�����W�\�S�L�F�D�O�O�\��
�F�K�U�R�P�H�����Z�K�L�F�K�� �F�D�Q�� �E�H�� �H�Q�J�U�D�Y�H�G���Z�L�W�K���K�L�J�K�O�\�� �G�H�W�D�L�O�H�G���G�H�V�L�J�Q�V�����7�K�H�� �S�R�O�D�U�L�W�\�� �R�I�� �W�K�H�� �S�D�W�W�H�U�Q�V�� �L�V���V�H�W��
�D�F�F�R�U�G�L�Q�J���W�R���W�K�H���S�K�R�W�R�U�H�V�L�V�W�V���W�K�D�W���Z�L�O�O���E�H���X�V�H���G�X�U�L�Q�J���W�K�H���H�[�S�R�V�X�U�H�����S�R�V�L�W�L�Y�H���R�U���Q�H�J�D�W�L�Y�H�������7�K�H���U�H�W�L�F�O�H��
�F�D�Q���F�R�Q�W�D�L�Q�� �V�H�Y�H�U�D�O�� �S�D�W�W�H�U�Q�V�� �W�K�D�W�� �F�D�Q�� �E�H�� �V�H�O�H�F�W�H�G�� �I�R�U���S�U�R�M�H�F�W�L�R�Q�� �R�Q�� �W�K�H�� �Z�D�I�H�U���� �,�Q�� �R�X�U�� �F�D�V�H���� �D�� ���î����
�V�T�X�D�U�H���L�Q�F�K�H�V���U�H�W�L�F�O�H���G�L�Y�L�G�H�G���L�Q�������D�U�H�D�V���L�V���X�V�H�G�����D�V���G�H�V�F�U�L�E�H�G���E�\���W�K�H���V�F�K�H�P�D�W�L�F���)�L�J�X�U�H���������� 
 
�5�H�V�R�O�X�W�L�R�Q���S�D�W�W�H�U�Q�V�����)�L�J�X�U�H�����������D�U�H���D�G�G�H�G���D�W���W�K�H���H�G�J�H���R�I���W�K�H���U�H�W�L�F�O�H�����W�K�H�\���L�Q�F�O�X�G�H���K�R�U�L�]�R�Q�W�D�O�����Y�H�U�W�L�F�D�O��
�O�L�Q�H�V���D�Q�G���V�T�X�D�U�H�V���R�I���G�L�I�I�H�U�H�Q�W���V�L�]�H�V���D�Q�G���S�R�O�D�U�L�W�L�H�V���W�R���F�R�Y�H�U���P�R�V�W���F�R�P�P�R�Q���U�H�V�R�O�X�W�L�R�Q���L�V�V�X�H�V�����$�V���R�X�U��
�P�R�V�W���F�K�D�O�O�H�Q�J�L�Q�J���S�D�W�W�H�U�Q���L�V���W�K�H���J�U�D�W�L�Q�J���F�R�X�S�O�H�U�����W�K�H�V�H���U�H�V�R�O�X�W�L�R�Q���S�D�W�W�H�U�Q�V���D�U�H���D�G�D�S�W�H�G���W�R���R�X�U���Q�H�H�G�V��
�D�Q�G���N�H�S�W���D�V���L�V�����7�K�H�V�H���S�D�W�W�H�U�Q�V���D�U�H���Y�H�U�\���X�V�H�I�X�O���W�R���D�G�M�X�V�W���S�D�U�D�P�H�W�H�U�V���L�Q���W�K�H���S�K�R�W�R�O�L�W�K�R�J�U�D�S�K�\���S�U�R�F�H�V�V����
�V�X�F�K���D�V���W�K�H���H�[�S�R�V�X�U�H���G�R�V�H�����I�R�F�X�V���G�H�S�W�K�����D�Q�G���G�H�Y�H�O�R�S�P�H�Q�W���W�L�P�H�� 

�7�K�H���S�D�W�W�H�U�Q���Z�D�V���G�U�D�Z�Q���E�\���&�O�H�Z�L�Q���V�R�I�W�Z�D�U�H�����D�Q�G���W�K�H�Q���J�H�Q�H�U�D�W�H�G���L�Q�����&�,�)���I�R�U�P�D�W�����7�K�H���G�U�D�Z�L�Q�J���U�X�O�H�V��
�G�H�S�H�Q�G�V���R�Q���W�K�H���U�H�W�L�F�O�H���P�D�Q�X�I�D�F�W�X�U�H�U���D�Q�G���K�D�Y�H���W�R���E�H���D�G�D�S�W�H�G���D�V���V�X�F�K�����7�K�H���/�$�$�6���&�1�5�6���F�O�H�D�Q�U�R�R�P��
�L�V���H�T�X�L�S�S�H�G���Z�L�W�K���D���'�L�U�H�F�W���:�U�L�W�H���/�D�V�H�U�����+�H�L�G�H�O�E�H�U�J���,�Q�V�W�U�X�P�H�Q�W�V���0�L�N�U�R�7�H�F�K�Q�L�N���'�/�: ���������������V�\�V�W�H�P��
�W�K�D�W���D�O�O�R�Z�V���L�Q���K�R�X�V�H���P�D�Q�X�I�D�F�W�X�U�L�Q�J���R�I���S�K�R�W�R�P�D�V�N�V���D�Q�G���U�H�W�L�F�O�H�V�����8�Q�I�R�U�W�X�Q�D�W�H�O�\�����D�W���W�K�H���E�H�J�L�Q�Q�L�Q�J���R�I��
�R�X�U���Z�R�U�N�����W�K�L�V���H�T�X�L�S�P�H�Q�W���V�X�I�I�H�U�H�G���V�H�Y�H�U�D�O���L�V�V�X�H�V���W�K�D�W���D�I�I�H�F�W�H�G���L�W�V���S�U�H�F�L�V�L�R�Q�����W�K�X�V���R�X�U���I�L�U�V�W���U�H�W�L�F�O�H���Z�D�V��
�P�D�G�H�� �E�\�� �W�K�H���7�R�S�S�D�Q�� �S�K�R�W�R�P�D�V�N�� �F�R�P�S�D�Q�\�� �O�R�F�D�W�H�G�� �L�Q���&�R�U�E�H�L�O���(�V�V�R�Q�Q�H�V�����)�U�D�Q�F�H���� �7�K�H�\�� �X�V�H�� �D�Q��
�$�P�H�U�L�F�D�Q�� �O�D�V�H�U�� �Z�U�L�W�L�Q�J�� �P�D�F�K�L�Q�H�� �Q�D�P�H�G�� �(�7�(�&�� �$�O�W�D�� ������������ �W�R�� �P�D�Q�X�I�D�F�W�X�U�H�� �K�L�J�K�� �U�H�V�R�O�X�W�L�R�Q��
�S�K�R�W�R�P�D�V�N�V���D�Q�G�� �U�H�W�L�F�O�H�V�����7�K�L�V�� �W�\�S�H�� �R�I�� �P�D�F�K�L�Q�H�� �H�Q�V�X�U�H�V�� �D�� �K�L�J�K�� �U�H�V�R�O�X�W�L�R�Q�� �R�I�� �Z�U�L�W�L�Q�J�� �E�H�F�D�X�V�H�� �L�W�V��

Figure 68. Resolution patterns. 



92 
 

�)�:�+�0�� ���I�X�O�O�� �Z�L�G�W�K�� �D�W�� �K�D�O�I�� �P�D�[�L�P�X�P���� �R�I�� �V�S�R�W�� �V�L�]�H�� �F�D�Q�� �E�H�� �D�V�� �O�R�Z�� �D�V�� ���������—�P���� �W�K�H�� �S�U�L�F�H�� �R�I�� �W�K�H��
�S�K�R�W�R�P�D�V�N���E�H�L�Q�J���G�H�S�H�Q�G�H�Q�W���R�Q���W�K�H���U�H�V�R�O�X�W�L�R�Q���F�K�R�V�H�Q���D�V���L�W���L�P�S�D�F�W�V���W�K�H���Z�U�L�W�L�Q�J���W�L�P�H�����:�H���F�K�R�V�H���K�H�U�H��
�D���P�L�Q�L�P�X�P���I�H�D�W�X�U�H�� �V�L�]�H�� � �� �������� �—�P�� �Z�L�W�K�� �D�� �F�U�L�W�L�F�D�O�� �G�L�P�H�Q�V�L�R�Q�� �W�R�O�H�U�D�Q�F�H�� �R�I�� �������������� �—�P�����7�K�H�� �I�L�Q�D�O��
�S�D�W�W�H�U�Q���U�H�V�R�O�X�W�L�R�Q���R�Q���W�K�H���Z�D�I�H�U���Z�L�O�O���E�H�����������R�I���W�K�H���I�H�D�W�X�U�H���V�L�]�H���R�I���W�K�H���U�H�W�L�F�O�H�����D�V���W�K�H���V�W�H�S�S�H�U���X�V�H�V���D��
�I�R�F�X�V�H�G���S�U�R�M�H�F�W�L�R�Q���G�X�U�L�Q�J���W�K�H���S�K�R�W�R�O�L�W�K�R�J�U�D�S�K�\�����V�R���D�����������—�P���I�H�D�W�X�U�H���V�L�]�H���R�I���S�K�R�W�R�P�D�V�N���P�H�D�Q�V���W�K�H��
�W�L�Q�L�H�V�W���S�D�W�W�H�U�Q���R�Q���W�K�H���Z�D�I�H�U���F�D�Q���U�H�D�F�K���������—�P�����Z�K�L�F�K���L�V���O�D�U�J�H�U���W�K�D�Q���R�X�U���V�P�D�O�O�H�V�W���I�H�D�W�X�U�H�V�����2�Q�F�H���W�K�H��
�/�$�$�6���'�:�/���V�\�V�W�H�P���Z�D�V���U�H�S�D�L�U�H�G���D�Q�G���U�H�F�R�Y�H�U�H�G���L�W�V���I�D�F�W�R�U�\���S�U�H�F�L�V�L�R�Q�����Z�H���P�D�G�H���D���V�H�F�R�Q�G���U�H�W�L�F�O�H���L�Q��
�K�R�X�V�H���� 
 
 

IV.2 Fabrication process of designed system 

 

Based on previous works in our research group on the fabrication processes of comparable micro-
ring resonators, we anticipated that fabricating these devices is challenging. We started by 
analyzing available in-house manufacturing processes that have been used in these previous 
studies: the first option is based on nano-imprint technology, a technique that has been adopted 
during the PhD of Miguel Diez-Garcia [94], for the manufacturing of SU-8 microring resonators 
and grating couplers. Although challenging, this technique was adapted in that case as the 
evanescent coupling between waveguides and rings was achieved in a lateral coupling scheme, 
where both elements are in the same plane. In a vertical coupling scheme, where the waveguides 
and the rings are on different planes, it would involve a two-step process that would require sub-
micron precision in alignment, something that is not practically feasible with our Nanonex NX-
2500 nano-imprint equipment. Nano-imprint also suffered for other drawbacks like residual layers, 
and a high cost for the master mold manufacturing that was made with e-beam lithography. 
         
Based on previous results during the PhD of Farida Meziane [41] using the Canon FPA 3000i4, we 
concluded that stepper projection lithography theoretically offers sufficiently high resolution for 
our structures, and more suited to our vertical coupling scheme than nano-imprint, and as such will 
be preferred to the first option. 
 

IV.2.1 Preparation of substrate coated by CYTOP 

 

�7�K�H���I�D�E�U�L�F�D�W�L�R�Q���S�U�R�F�H�V�V���V�W�D�U�W�V���Z�L�W�K���D�������L�Q�F�K���6�L���Z�D�I�H�U���W�K�D�W���Z�L�O�O���V�X�S�S�R�U�W���D�������� �Q�P���W�K�L�F�N���&�<�7�2�3���O�D�\�H�U��
�W�K�D�W���Z�L�O�O���D�F�W���D�V���W�K�H���O�R�Z�H�U���F�O�D�G�G�L�Q�J���R�I���W�K�H���Z�D�Y�H�J�X�L�G�H�����7�K�H���&�<�7�2�3���X�V�H�G���L�Q���R�X�U���S�U�R�F�H�V�V���L�V���W�K�H���&�7�/��
�������0���� �Z�K�L�F�K�� �L�V�� �V�X�S�S�O�L�H�G�� �E�\�� �W�K�H���$�*�&�� �F�R�P�S�D�Q�\�� �L�Q�� �-�D�S�D�Q�����7�K�H�� �&�7�/���������0�� �K�D�V�����&�2�1�+���6�L���2�5���Q��
�W�H�U�P�L�Q�D�O���I�X�Q�F�W�L�R�Q�D�O���J�U�R�X�S�V���W�K�D�W���D�O�O�R�Z�V���J�R�R�G���D�G�K�H�V�L�R�Q���R�Y�H�U���6�L���R�U���J�O�D�V�V���V�X�E�V�W�U�D�W�H�V���Z�L�W�K�R�X�W���V�S�H�F�L�I�L�F��
�V�X�U�I�D�F�H���W�U�H�D�W�P�H�Q�W�V���� �,�W���F�R�Q�W�D�L�Q�V�� ������ �R�I���P�R�Q�R�P�H�U���L�Q���P�D�V�V���D�Q�G���L�V�� �Z�H�O�O���V�X�L�W�H�G���I�R�U���W�K�L�F�N�Q�H�V�V�H�V���L�Q���W�K�H��
�U�D�Q�J�H���R�I�������—�P���R�U���O�R�Z�H�U�����)�R�U���W�K�L�Q�Q�H�U���O�D�\�H�U�����L�W���F�D�Q���E�H���G�L�V�V�R�O�Y�H�G���L�Q���&�7���6�2�/�9�����������2�X�U���W�D�U�J�H�W�H�G�������� �Q�P��
�W�K�L�F�N���O�R�Z�H�U���F�O�D�G�G�L�Q�J���L�V�� �D�F�K�L�H�Y�D�E�O�H���Z�L�W�K�R�X�W���G�L�O�X�W�L�R�Q���R�I�� �W�K�H���&�<�7�2�3���E�\�� �D�G�M�X�V�W�L�Q�J�� �W�K�H�� �V�S�L�Q���F�R�D�W�L�Q�J��
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�S�D�U�D�P�H�W�H�U�V�����D�V���Z�H�O�O���D�V���W�K�H���F�X�U�L�Q�J���F�R�Q�G�L�W�L�R�Q�V���Z�K�L�F�K���S�O�D�\�V���D���P�D�M�R�U���U�R�O�H���L�Q���W�K�H���I�L�Q�D�O���&�<�7�2�3���W�K�L�F�N�Q�H�V�V����
�7�K�H���F�R�X�S�O�L�Q�J���H�I�I�L�F�L�H�Q�F�\���R�I���W�K�H���J�U�D�W�L�Q�J���F�R�X�S�O�H�U���F�D�Q���E�H���D�I�I�H�F�W�H�G���E�\���W�K�H���E�R�W�W�R�P���F�O�D�G�G�L�Q�J���W�K�L�F�N�Q�H�V�V���D�V��
�L�O�O�X�V�W�U�D�W�H�G���)�L�J�X�U�H���������� �Z�L�W�K�� �D�� �G�H�S�H�Q�G�H�Q�F�\�� �V�K�R�Z�L�Q�J�� �D�Q�� �D�O�W�H�U�Q�D�Q�F�H�� �R�I�� �P�L�Q�L�P�X�P�� �D�Q�G���P�D�[�L�P�X�P��
�D�F�F�R�U�G�L�Q�J���W�R���W�K�H���V�W�D�W�L�R�Q�D�U�\���Z�D�Y�H���I�R�U�P�H�G���D�W���W�K�H���&�<�7�2�3���6�L���L�Q�W�H�U�I�D�F�H�����$������ �Q�P���W�R�O�H�U�D�Q�F�H���R�Q���W�K�H���I�L�Q�D�O��
�O�D�\�H�U���W�K�L�F�N�Q�H�V�V���Z�L�O�O���H�Q�V�X�U�H���D���S�R�V�L�W�L�Y�H���L�Q�I�O�X�H�Q�F�H���R�Q���W�K�H���F�R�X�S�O�L�Q�J���H�I�I�L�F�L�H�Q�F�\�� 
���������������� 
�%�H�I�R�U�H�� �W�K�H�� �G�H�S�R�V�L�W�L�R�Q���R�I�� �W�K�H�� �I�L�U�V�W���O�D�\�H�U���� �D�� �V�W�D�Q�G�D�U�G���S�L�U�D�Q�K�D�����+���2�����+���6�2�������������� ���P�L�Q�V���� �R�U���R�[�\�J�H�Q��
�S�O�D�V�P�D�����������:���I�R�U���� �P�L�Q�V���X�V�L�Q�J���D���7�(�3�/�$�����������V�H�P�L���D�X�W�R�����L�V���D�S�S�O�L�H�G���W�R���U�H�P�R�Y�H���R�U�J�D�Q�L�F���D�Q�G���P�H�W�D�O�O�L�F��
�F�R�Q�W�D�P�L�Q�D�Q�W�V���S�U�H�V�H�Q�W���R�Q���W�K�H���V�X�U�I�D�F�H���R�I���V�L�O�L�F�R�Q���Z�D�I�H�U�����%�H�I�R�U�H���V�S�L�Q���F�R�D�W�L�Q�J�����D���������ƒ���E�D�N�H���I�R�U�����P�L�Q�V���L�V��
�D�S�S�O�L�H�G���W�R���G�H�K�\�G�U�D�W�H���W�K�H���Z�D�I�H�U�����7�K�L�V���V�W�H�S���Z�L�O�O���L�Q�F�U�H�D�V�H���W�K�H���D�G�K�H�U�H�Q�F�H���R�I���W�K�H���&�<�7�2�3���F�R�D�W�H�G���R�Q�W�R���W�K�H��
�6�L���V�X�U�I�D�F�H�� 
 
�7�K�H���V�S�L�Q���F�R�D�W�L�Q�J���G�H�S�R�V�L�W�L�R�Q���R�I���&�<�7�2�3���L�V�� �W�K�H�Q���F�D�U�U�L�H�G���R�X�W���Z�L�W�K���D�� �6�X�V�V���0�L�F�U�R�W�H�F���/�D�E�6�S�L�Q������ �%�0��
�V�S�L�Q���F�R�D�W�H�U�����7�K�H���U�R�W�D�W�L�R�Q���V�S�H�H�G�����U�S�P�����D�Q�G���D�F�F�H�O�H�U�D�W�L�R�Q���V�S�H�H�G�����U�S�P���V�����D�V���Z�H�O�O���D�V���V�S�U�H�D�G�L�Q�J���W�L�P�H�����V����
�D�O�O�� �S�O�D�\�V�� �D�� �U�R�O�H�� �R�Q�� �W�K�H�� �F�R�D�W�L�Q�J�� �W�K�L�F�N�Q�H�V�V�� �D�Q�G�� �X�Q�L�I�R�U�P�L�W�\�����W�K�H�V�H�� �S�D�U�D�P�H�W�H�U�V���Q�H�H�G���W�R�� �E�H�� �D�G�M�X�V�W�H�G��
�D�F�F�R�U�G�L�Q�J���W�R���W�K�H���Y�L�V�F�R�V�L�W�\���R�I���W�K�H���V�R�O�X�W�L�R�Q���W�R���R�E�W�D�L�Q���W�K�H���U�H�T�X�L�U�H�G���W�K�L�F�N�Q�H�V�V���� 
 
�$�I�W�H�U���D���F�R�X�S�O�H���R�I���H�[�S�H�U�L�P�H�Q�W�V�����Z�H���R�E�W�D�L�Q�H�G���J�R�R�G���U�H�V�X�O�W�V���Z�L�W�K���D���U�R�W�D�W�L�R�Q���V�S�H�H�G���R�I���������� �U�S�P���I�R�U�������V����
�&�R�P�S�D�U�H�G���W�R���R�W�K�H�U���S�R�O�\�P�H�U���F�R�P�P�R�Q�O�\���X�V�H�G���L�Q���R�X�U���F�O�H�D�Q�U�R�R�P�����W�K�H���&�<�7�2�3���I�L�Q�D�O���W�K�L�F�N�Q�H�V�V���L�V���K�L�J�K�O�\��
�G�H�S�H�Q�G�H�Q�W�� �R�Q�� �W�K�H�� �F�X�U�L�Q�J�� �F�R�Q�G�L�W�L�R�Q�V���� �7�K�H�V�H�� �F�R�Q�G�L�W�L�R�Q�V���Q�H�H�G���W�R�� �E�H�� �R�S�W�L�P�L�]�H�G�� �D�F�F�R�U�G�L�Q�J�� �W�R�� �W�K�H��
�W�K�L�F�N�Q�H�V�V���R�I���W�K�H���G�H�S�R�V�L�W�����%�H�F�D�X�V�H���W�K�H���V�R�O�Y�H�Q�W���L�V���F�R�P�S�O�H�W�H�O�\���Y�R�O�D�W�L�O�L�]�H�G���W�R���L�P�S�U�R�Y�H���D�G�K�H�V�L�R�Q���Z�L�W�K��
�W�K�H���V�X�E�V�W�U�D�W�H�����L�W���L�V���U�H�F�R�P�P�H�Q�G�H�G���W�R���S�H�U�I�R�U�P���I�L�Q�D�O���E�D�N�L�Q�J���D�W���D�V���K�L�J�K���D���W�H�P�S�H�U�D�W�X�U�H���D�V���S�R�V�V�L�E�O�H�����7�K�L�V��
�D�O�V�R���H�Q�V�X�U�H���D���J�R�R�G���V�W�D�E�L�O�L�W�\���R�I���W�K�H���&�<�7�2�3���O�R�Z�H�U���F�O�D�G�G�L�Q�J���G�X�U�L�Q�J���W�K�H���U�H�P�D�L�Q�L�Q�J���W�H�F�K�Q�R�O�R�J�L�F�D�O���V�W�H�S�V����
�+�R�Z�H�Y�H�U�����L�I���K�L�J�K���W�H�P�S�H�U�D�W�X�U�H���E�D�N�L�Q�J���L�V���S�H�U�I�R�U�P�H�G���Z�L�W�K���V�R�O�Y�H�Q�W���U�H�P�D�L�Q�L�Q�J�����W�K�H���F�R�D�W�L�Q�J���V�X�U�I�D�F�H���P�D�\��
�E�H���U�R�X�J�K�����R�U�D�Q�J�H���S�H�H�O�������R�U���X�Q�H�Y�H�Q���I�L�O�P���W�K�L�F�N�Q�H�V�V���P�D�\���R�F�F�X�U�����7�R���D�Y�R�L�G���W�K�L�V�����D���U�D�P�S���K�H�D�W�L�Q�J���S�U�R�J�U�D�P��
�V�K�R�Z�Q���L�Q���)�L�J�X�U�H���������L�V�� �D�S�S�O�L�H�G�� �W�R���H�Q�V�X�U�H�� �W�K�H�� �V�R�O�Y�H�Q�W�� �G�U�L�H�V�� �V�O�R�Z�O�\�����:�H�� �X�V�H�� �D�� �S�U�R�J�U�D�P�P�D�E�O�H�� �R�Y�H�Q��
���%�L�Q�G�H�U���2�Y�H�Q�����W�R���S�U�H�Y�H�Q�W���W�K�H���L�Q�I�O�X�H�Q�F�H���R�I���V�X�U�I�D�F�H���J�D�V���I�O�R�Z�����$�V���W�K�H���F�X�U�L�Q�J���S�U�R�J�U�D�P���L�V���U�H�O�D�W�L�Y�H�O�\���O�R�Q�J��
���D�E�R�X�W�������K�R�X�U�V�������X�V�L�Q�J���D���S�U�R�J�U�D�P�P�D�E�O�H���R�Y�H�Q���R�Y�H�U���D���K�R�W�S�O�D�W�H���D�O�O�R�Z�V���X�V���W�R���S�U�H�S�D�U�H���V�H�Y�H�U�D�O���Z�D�I�H�U�V��
�V�L�P�X�O�W�D�Q�H�R�X�V�O�\�� 
���������������� 
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�$�I�W�H�U���G�U�\�L�Q�J���D�W���U�R�R�P���W�H�P�S�H�U�D�W�X�U�H���I�R�U�������P�L�Q�V�����V�W�H�S�����������W�R���V�W�D�E�L�O�L�]�H���W�K�H���G�L�V�W�U�L�E�X�W�L�R�Q���R�I���V�R�O�Y�H�Q�W�����D���S�U�H��
�E�D�N�L�Q�J�� �S�U�R�F�H�V�V�� �D�W�� �����( �����V�W�H�S�� ������ �L�V�� �W�D�N�H�Q�� �S�O�D�F�H�� �W�R�� �U�H�P�R�Y�H�� �J�D�V�� �L�Q�� �W�K�H�� �V�R�O�Y�H�Q�W���� �,�Q�� �D�� �K�L�J�K�� �Y�L�V�F�R�V�L�W�\��
�V�R�O�Y�H�Q�W�����E�X�E�E�O�H�V���Q�H�H�G���D�Q���H�[�W�H�Q�G�H�G���W�L�P�H���W�R���E�H�� �W�R�W�D�O�O�\���U�H�P�R�Y�H�G���H�V�S�H�F�L�D�O�O�\���I�R�U���F�R�D�W�L�Q�J�� �W�K�L�F�N�Q�H�V�V�H�V��
�D�E�R�Y�H�� �����P���� �,�Q�� �R�X�U�� �F�D�V�H���� �D�V�� �R�X�U�� �W�K�L�F�N�Q�H�V�V�� �L�V�� �E�H�O�R�Z�� �����P���� �D�� �S�H�U�L�R�G�� �R�I�� �����P�L�Q�V�� �L�V�� �V�X�I�I�L�F�L�H�Q�W�����7�K�H�Q��
�D�Q�R�W�K�H�U���S�U�H�E�D�N�L�Q�J���S�U�R�F�H�V�V���D�W�������( ���L�V���D�S�S�O�L�H�G���I�R�U�������P�L�Q�V�����V�W�H�S���������W�R���U�H�P�R�Y�H���U�H�P�D�L�Q�L�Q�J���V�R�O�Y�H�Q�W�����7�K�H��
�G�U�\�L�Q�J���R�F�F�X�U�V���I�U�R�P���W�K�H���U�H�V�L�Q���V�X�U�I�D�F�H�����V�R���L�I���W�K�L�V���V�W�H�S���L�V���W�R�R���V�K�R�U�W�����D���F�H�U�W�D�L�Q���D�P�R�X�Q�W���R�I���V�R�O�Y�H�Q�W���Z�L�O�O��
�U�H�P�D�L�Q�� �L�Q�� �W�K�H�� �U�H�V�L�Q�� �O�H�D�G�L�Q�J�� �W�R�� �Q�R�Q���X�Q�L�I�R�U�P�L�W�\�� �R�I�� �W�K�H�� �V�X�U�I�D�F�H���� �7�K�H�Q�� �D�� �I�L�Q�D�O�� �E�D�N�L�Q�J�� �D�W�� �������( ���I�R�U��
���� �P�L�Q�V�����V�W�H�S���������L�V���O�D�X�Q�F�K�H�G�����7�K�L�V���V�W�H�S���L�V���Q�H�F�H�V�V�D�U�\���W�R���L�P�S�U�R�Y�H���D�G�K�H�V�L�R�Q���E�H�W�Z�H�H�Q���U�H�V�L�Q���D�Q�G���E�D�V�H��
�P�D�W�H�U�L�D�O���� �$�I�W�H�U�� �W�K�L�V�� �I�L�Q�D�O�� �V�W�H�S���� �W�K�H�� �V�D�P�S�O�H�V�� �D�U�H���F�R�R�O�H�G�� �G�R�Z�Q�� �E�D�F�N�� �W�R�� �U�R�R�P�� �W�H�P�S�H�U�D�W�X�U�H�� �Z�L�W�K�� �D��
�S�U�R�J�U�H�V�V�L�Y�H���U�D�P�S�����&�<�7�2�3���V�X�U�I�D�F�H���X�Q�L�I�R�U�P�L�W�\���L�V���K�L�J�K�O�\���G�H�S�H�Q�G�H�Q�W���R�Q���W�K�H�V�H���F�X�U�L�Q�J���S�D�U�D�P�H�W�H�U�V�����D�Q�G��
�L�W���V�K�R�X�O�G���E�H���H�P�S�K�D�V�L�]�H�G���W�K�D�W���W�K�H���G�X�U�D�W�L�R�Q���R�I���H�D�F�K���F�X�U�L�Q�J���S�O�D�W�H�D�X���K�D�V���W�R���E�H���R�S�W�L�P�L�]�H�G���G�H�S�H�Q�G�L�Q�J���R�Q��
�W�K�H���W�D�U�J�H�W�H�G���W�K�L�F�N�Q�H�V�V�� 
 
�$�I�W�H�U�� �W�K�H�� �G�H�S�R�V�L�W�� �R�I�� �&�<�7�2�3�� �F�O�D�G�G�L�Q�J�� �O�D�\�H�U���� �W�K�H�� �W�K�L�F�N�Q�H�V�V�� �R�I�� �F�R�D�W�L�Q�J�� �L�V�� �P�H�D�V�X�U�H�G���X�V�L�Q�J���D���.�/�$��
�7�H�Q�F�R�U�� �P�H�F�K�D�Q�L�F�D�O�� �S�U�R�I�L�O�R�P�H�W�H�U���W�K�D�W�� �R�I�I�H�U�V�� �D���U�H�V�R�O�X�W�L�R�Q�� �D�V���O�R�Z���D�V�� ���� �Q�P���� �E�\�� �D�S�S�O�\�L�Q�J�� �D�� �V�W�\�O�X�V��
�S�U�H�V�V�X�U�H���I�U�R�P�������W�R�������P�J�����7�K�H���S�U�L�Q�F�L�S�O�H���R�I���W�K�H���P�H�D�V�X�U�H�P�H�Q�W���L�V���U�H�O�D�W�L�Y�H�O�\���V�L�P�S�O�H�����W�K�H���V�D�P�S�O�H���Z�D�V��
�V�F�U�D�W�F�K�H�G���X�V�L�Q�J���W�Z�H�H�]�H�U�V���V�R���W�K�D�W���W�K�H���S�R�O�\�P�H�U���O�D�\�H�U���Z�L�O�O���E�H���S�H�H�O�H�G���E�\���W�K�H���W�Z�H�H�]�H�U�V���L�Q���F�H�U�W�D�L�Q���D�U�H�D��
�Z�L�W�K�R�X�W���K�X�U�W�L�Q�J���W�K�H���6�L���V�X�E�V�W�U�D�W�H�����Z�K�L�O�H���W�K�H���Z�L�G�W�K���R�I���W�K�H���W�U�D�F�H���L�V���E�L�J���H�Q�R�X�J�K���W�R���E�H���G�H�W�H�F�W�H�G���E�\���W�K�H��
�V�W�\�O�X�V�� �S�U�R�I�L�O�R�P�H�W�H�U���� �7�K�H�Q���� �E�\���P�R�Y�L�Q�J���L�Q���W�Z�R�� �G�H�J�U�H�H�V�� �R�I�� �I�U�H�H�G�R�P���R�Q�� �W�K�H�� �V�X�U�I�D�F�H�� �R�I�� �V�D�P�S�O�H���� �W�K�H��
�J�H�R�P�H�W�U�L�F�� �V�W�U�X�F�W�X�U�H�� �R�I�� �V�X�U�I�D�F�H���F�D�Q���E�H�� �U�H�F�R�U�G�H�G�� �E�\�� �W�K�H�� �S�U�R�E�H�����)�R�U�� �H�D�F�K�� �V�D�P�S�O�H�����D�W�� �O�H�D�V�W�� �W�K�U�H�H��
�P�H�D�V�X�U�H�P�H�Q�W�V���D�U�H���W�D�N�H�Q���W�R���Y�H�U�L�I�\���W�K�H���X�Q�L�I�R�U�P�L�W�\���R�I���W�K�H���G�H�S�R�V�L�W���R�Y�H�U���W�K�H���H�Q�W�L�U�H���V�X�E�V�W�U�D�W�H�� 
 
�8�V�L�Q�J���W�K�H�V�H���S�D�U�D�P�H�W�H�U�V�����Z�H���R�E�W�D�L�Q���D���I�L�Q�D�O���&�<�7�2�3���O�D�\�H�U���W�K�L�F�N�Q�H�V�V���R�I���������“�����Q�P�����Z�K�L�F�K���P�D�W�F�K�H�V��
�S�H�U�I�H�F�W�O�\���Z�L�W�K���W�K�H���G�H�V�L�J�Q�� 
�������� 

 

Figure 69. Gradually baking process of CYTOP polymer. 
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IV.2.2 Fabrication of Aluminum grating coupler ���R�Q���&�<�7�2�3���O�R�Z�H�U��

�F�O�D�G�G�L�Q�J 

 
�8�Q�G�H�U�� �Q�R�U�P�D�O�� �F�L�U�F�X�P�V�W�D�Q�F�H�V���� �W�K�H�� �&�<�7�2�3�� �V�X�U�I�D�F�H�� �D�W�� �U�R�R�P�� �W�H�P�S�H�U�D�W�X�U�H�� �L�V�� �K�\�G�U�R�S�K�R�E�L�F���� �Z�L�W�K�� �D��
�F�R�Q�W�D�F�W���D�Q�J�O�H���R�I���G�H�L�R�Q�L�]�H�G���Z�D�W�H�U���R�I���D�E�R�X�W���������ƒ�����7�K�H�U�H�I�R�U�H�����W�K�H���V�W�D�F�N�H�G���O�D�\�H�U���L�V���G�L�I�I�L�F�X�O�W���W�R���E�H���K�R�O�G��
�G�X�U�L�Q�J�� �W�K�H�� �V�X�E�V�H�T�X�H�Q�W���V�S�L�Q���F�R�D�W�L�Q�J�� �S�U�R�F�H�V�V�����7�R���U�H�V�R�O�Y�H�� �W�K�L�V���� �D�� �V�S�H�F�L�D�O���W�U�H�D�W�P�H�Q�W���L�V���L�P�S�O�H�P�H�Q�W�H�G����
�Z�K�L�F�K���F�R�Q�V�L�V�W���L�Q���H�Y�D�S�R�U�D�W�L�R�Q���R�I���D���W�K�L�Q���D�O�X�P�L�Q�X�P���O�D�\�H�U���R�Q�W�R���W�K�H���&�<�7�2�3���V�X�U�I�D�F�H���I�R�O�O�R�Z�H�G���E�\���Z�H�W��
�H�W�F�K�L�Q�J�����W�K�L�V���D�O�O�R�Z�V���W�R���G�H�F�U�H�D�V�H���W�K�H���F�R�Q�W�D�F�W���D�Q�J�O�H���R�I���&�<�7�2�3���G�R�Z�Q���W�R�������ž���R�U���O�H�V�V���� 
���������������� 
�7�R���W�D�N�H���D�G�Y�D�Q�W�D�J�H���R�I���W�K�L�V���P�H�W�D�O�O�L�V�D�W�L�R�Q���V�W�H�S�����W�K�H���I�L�U�V�W���I�D�E�U�L�F�D�W�L�R�Q���S�U�R�F�H�V�V���L�V���G�H�V�L�J�Q�H�G���W�R���I�D�E�U�L�F�D�W�H��
�D�O�X�P�L�Q�L�X�P�� �J�U�D�W�L�Q�J�� �F�R�X�S�O�H�U�� �G�L�U�H�F�W�O�\�� �E�\�� �X�V�L�Q�J�� �W�K�L�V�� �O�D�\�H�U���� �2�Q�� �W�K�L�V�� �E�D�V�L�V���� �V�H�Y�H�U�D�O�� �G�L�I�I�H�U�H�Q�W��
�P�D�Q�X�I�D�F�W�X�U�L�Q�J�� �S�U�R�F�H�V�V�H�V�� �K�D�Y�H�� �E�H�H�Q�� �S�U�R�S�R�V�H�G�� �D�Q�G�� �L�P�S�U�R�Y�H�G�� �V�W�H�S�� �E�\�� �V�W�H�S���� �:�H�� �Z�L�O�O�� �D�Q�D�O�\�V�H�� �W�K�H�L�U��
�D�G�Y�D�Q�W�D�J�H�V���D�Q�G���L�Q�F�R�Q�Y�H�Q�L�H�Q�F�H�V���V�H�S�D�U�D�W�H�O�\���D�Q�G���L�Q�W�U�R�G�X�F�H���U�H�O�H�Y�D�Q�W���R�S�W�L�P�L�]�D�W�L�R�Q���L�G�H�D�V���D�F�F�R�U�G�L�Q�J���W�R��
�S�U�D�F�W�L�F�D�O���H�[�S�H�U�L�H�Q�F�H���� 
 
�7�K�L�V���I�L�U�V�W���D�S�S�U�R�D�F�K���L�V���S�U�H�V�H�Q�W�H�G���)�L�J�X�U�H�����������7�K�H���$�O���P�H�W�D�O�O�L�]�D�W�L�R�Q���S�U�R�F�H�V�V���Z�D�V���U�H�D�O�L�]�H�G���Z�L�W�K���D�Q���$�O�F�D�W�H�O��
�(�9�$�����������H�Y�D�S�R�U�D�W�L�R�Q���H�T�X�L�S�P�H�Q�W�����,�W���F�D�U�U�L�H�V���R�X�W���Y�D�F�X�X�P���H�Y�D�S�R�U�D�W�L�R�Q���G�H�S�R�V�L�W���E�\���H�O�H�F�W�U�R�Q���J�X�Q�����7�K�H��
�P�D�W�H�U�L�D�O���W�R���E�H���G�H�S�R�V�L�W�H�G���L�V���Y�D�S�R�U�L�]�H�G���E�\���W�K�H���H�O�H�F�W�U�R�Q���J�X�Q�����D�Q�G���I�X�U�W�K�H�U���G�H�S�R�V�L�W�H�G���R�Q���W�K�H���V�X�E�V�W�U�D�W�H����
�7�K�H���V�X�E�V�W�U�D�W�H�� �K�R�O�G�H�U���U�R�W�D�W�H�V�� �������ƒ�� �D�W���D�� �V�S�H�H�G���R�I�� ���� �U�S�P���� �W�R���H�Q�V�X�U�H�� �X�Q�L�I�R�U�P�� �G�H�S�R�V�L�W�L�R�Q�����$�� �E�X�L�O�W���L�Q��
�W�K�L�F�N�Q�H�V�V���P�H�D�V�X�U�H�P�H�Q�W���E�D�V�H�G���R�Q���D���4�X�D�U�W�]���&�U�\�V�W�D�O���0�L�F�U�R�E�D�O�D�Q�F�H�����4�&�0�����D�O�O�R�Z�V���W�R���S�U�H�F�L�V�H�O�\���P�R�Q�L�W�R�U��
�W�K�H���G�H�S�R�V�L�W���W�K�L�F�N�Q�H�V�V�����7�K�L�V���V�W�H�S���Z�L�O�O���I�R�U�P���D���G�L�U�H�F�W�L�R�Q�D�O���S�R�O�\�P�H�U���E�L�Q�G�L�Q�J���Z�L�W�K���W�K�H���&�<�7�2�3���V�W�U�X�F�W�X�U�H����

�W�R�� �L�Q�F�U�H�D�V�H�� �W�K�H�� �V�X�U�I�D�F�H�� �K�\�G�U�R�S�K�L�O�L�F�L�W�\���� �7�K�H�� �V�D�P�S�O�H�� �L�V�� �S�U�H�I�H�U�D�E�O�\�� �V�W�R�U�H�G���D�W�� �O�H�D�V�W�� �����K�� �E�H�I�R�U�H��
�S�U�R�F�H�H�G�L�Q�J���W�R���W�K�H���Q�H�[�W���V�W�H�S�����L�Q���R�U�G�H�U���W�R���V�W�D�E�L�O�L�]�H���W�K�L�V���O�D�\�H�U�����7�R���H�Q�V�X�U�H���D���X�Q�L�I�R�U�P���H�Y�D�S�R�U�D�W�L�R�Q���R�I���$�O��
�O�D�\�H�U�����Z�H���N�H�H�S���W�K�H���W�K�L�F�N�Q�H�V�V���R�I���W�K�L�V���O�D�\�H�U���W�R���E�H���D�E�R�Y�H������ �Q�P�����I�R�U���D���P�R�U�H���H�Y�H�Q���F�R�Y�H�U�D�J�H�� 
 
�$�F�F�R�U�G�L�Q�J���W�R���R�X�U���H�[�S�H�U�L�P�H�Q�W�V�����W�K�H���O�R�Q�J�H�U���W�K�H���W�L�P�H���E�H�W�Z�H�H�Q���H�Y�D�S�R�U�D�W�L�R�Q���D�Q�G���U�H�P�R�Y�D�O���R�I���D�O�X�P�L�Q�L�X�P��
�O�D�\�H�U�����W�K�H���O�R�Q�J�H�U���W�K�H���S�H�U�V�L�V�W�H�Q�F�H���R�I���&�<�7�2�3���V�X�U�I�D�F�H���K�\�G�U�R�S�K�L�O�\���H�[�L�V�W�V�����6�R�����L�W���L�V���V�X�J�J�H�V�W�H�G���W�R���N�H�H�S��

Figure 70. First approach adopted for manufacturing the aluminum grating couplers. 
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�W�K�L�V���P�H�W�D�O�O�L�]�D�W�L�R�Q���O�D�\�H�U���D�V���O�R�Q�J���D�V���S�R�V�V�L�E�O�H���X�Q�W�L�O���W�K�H���Q�H�[�W���V�W�H�S�����W�R���N�H�H�S���W�K�H���V�X�U�I�D�F�H���K�\�G�U�R�S�K�L�O�L�F���D�V��
�P�X�F�K���D�V���S�R�V�V�L�E�O�H�� 
 
�$�Q���$�=���(�&�,�������������S�K�R�W�R�U�H�V�L�V�W���L�V���X�V�H�G���W�R���I�R�U�P���W�K�H���S�U�R�W�H�F�W�L�R�Q���O�D�\�H�U���D�Q�G���S�D�W�W�H�U�Q���W�K�H���J�U�D�W�L�Q�J���F�R�X�S�O�H�U�V����
�7�K�L�V�� �S�U�R�G�X�F�W�� �L�V�� �D�� �P�R�G�H�U�Q���� �V�W�D�W�H���R�I���W�K�H���D�U�W�� �S�R�V�L�W�L�Y�H�� �U�H�V�L�V�W�� �V�H�U�L�H�V�� �Z�L�W�K�� �K�L�J�K�� �U�H�V�R�O�X�W�L�R�Q�� �D�Q�G�� �E�U�R�D�G��
�S�U�R�F�H�V�V���Z�L�Q�G�R�Z�����,�W�V���K�L�J�K���U�H�V�R�O�X�W�L�R�Q���D�V���Z�H�O�O���D�V���W�K�H���S�U�R�F�H�V�V���V�W�D�E�L�O�L�W�\���D�O�O�R�Z���I�H�D�W�X�U�H���V�L�]�H�V���F�O�R�V�H���W�R���W�K�H��
�W�K�H�R�U�H�W�L�F�D�O���P�L�Q�L�P�X�P���D�W�W�D�L�Q�D�E�O�H���O�L�P�L�W�D�W�L�R�Q���>�����@�����:�L�W�K���W�K�H���S�R�V�L�W�L�Y�H���S�K�R�W�R�U�H�V�L�V�W�����D�O�O���S�D�U�W�V���R�I���W�K�H���U�H�V�L�V�W��
�Z�L�O�O���E�H���U�H�P�R�Y�H�G���D�I�W�H�U���S�K�R�W�R�O�L�W�K�R�J�U�D�S�K�\�����H�[�F�H�S�W���I�R�U���W�K�H���J�U�D�W�L�Q�J���F�R�X�S�O�H�U���O�L�Q�H�V�����Z�K�L�F�K���Z�L�O�O���S�U�H�Y�H�Q�W���W�K�H��
�I�R�O�O�R�Z�L�Q�J���H�W�F�K�L�Q�J���R�I���W�K�H���D�O�X�P�L�Q�L�X�P���O�D�\�H�U�����6�R�����D�I�W�H�U���H�W�F�K�L�Q�J�����R�Q�O�\���W�K�H���$�O���J�U�D�W�L�Q�J���F�R�X�S�O�H�U���V�K�R�X�O�G���E�H��
�O�H�I�W���R�Q���W�K�H���&�<�7�2�3���V�X�U�I�D�F�H�� 
 
�7�R���U�H�D�O�L�V�H���D���V�W�D�Q�G�D�U�G�L�]�H�G���S�U�R�F�H�V�V�����W�K�H���V�S�L�Q���F�R�D�W�L�Q�J���D�Q�G���G�H�Y�H�O�R�S�P�H�Q�W���V�W�H�S�V���D�U�H���R�S�H�U�D�W�H�G���X�V�L�Q�J���(�9�*��
�����������D�Q���D�X�W�R�P�D�W�H�G���U�H�V�L�V�W���S�U�R�F�H�V�V�L�Q�J���V�\�V�W�H�P�����7�K�L�V���D�X�W�R�P�D�W�L�F���V�\�V�W�H�P���F�D�Q���R�S�H�U�D�W�H���F�R�D�W�L�Q�J�����E�D�N�L�Q�J���D�Q�G��
�G�H�Y�H�O�R�S�P�H�Q�W���R�I���S�K�R�W�R�U�H�V�L�V�W���R�Q���V�H�Y�H�U�D�O���V�L�]�H�V���R�I���Z�D�I�H�U�V���D�Q�G���L�Q���E�D�W�F�K�����&�R�P�E�L�Q�H�G���Z�L�W�K���D���S�U�H���D�O�L�J�Q�H�U��
�V�\�V�W�H�P�����L�W���F�D�Q���H�Q�V�X�U�H���D���K�L�J�K���U�H�S�H�D�W�D�E�L�O�L�W�\���� 
 
�7�K�H�� �S�D�U�D�P�H�W�H�U�V���X�V�H�G�� �L�Q�� �R�X�U�� �F�D�V�H���D�U�H���V�K�R�Z�Q�� �L�Q���7�D�E�O�H���������Z�L�W�K�� �V�R�P�H���I�O�H�[�L�E�L�O�L�W�\�� �L�Q�� �W�K�H���H�[�S�R�V�X�U�H��
�S�D�U�D�P�H�W�H�U�V���W�R���D�G�D�S�W���W�R���D�Q�\���V�P�D�O�O���I�O�X�F�W�X�D�W�L�R�Q�V���R�I���W�K�H���&�<�7�2�3���W�K�L�F�N�Q�H�V�V�� 
 

Table 8. Fabrication process of ECI protection pattern 

�6�S�L�Q���F�R�D�W�L�Q�J �(�9�*������ 
�6�R�I�W���E�D�N�H �������•���������V 
�3�K�R�W�R�O�L�W�K�R�J�U�D�S�K�\�� �E�\��
�6�W�H�S�S�H�U 

�'�R�V�H���������������� 
�)�R�F�X�V���������� 

�3�(�%�����S�R�V�W���H�[�S�R�V�X�U�H���E�D�N�H�� �������•���������V 
�'�H�Y�H�O�R�S�P�H�Q�W �(�9�*������ 
�5�L�Q�V�H �(�9�*������ 

 
�7�K�H�Q���D���F�K�H�P�L�F�D�O���H�W�F�K�L�Q�J���S�U�R�F�H�V�V���E�\���D���P�L�[�W�X�U�H���R�I���+���2�������P�O���+���3�2�����������P�O���+�1�2���������P�O���L�V���X�V�H�G���W�R��
�H�W�F�K���W�K�H���X�Q�S�U�R�W�H�F�W�H�G���$�O���O�D�\�H�U�����$�V���W�K�H���V�S�D�F�L�Q�J���E�H�W�Z�H�H�Q���H�D�F�K���J�U�D�W�L�Q�J���F�R�X�S�O�H�U���O�L�Q�H�V���L�V���Y�H�U�\���V�P�D�O�O�����K�D�O�I��
�D���S�H�U�L�R�G�����L���H���������������Q�P�������W�K�H���V�R�O�X�W�L�R�Q���H�Q�F�R�X�Q�W�H�U�V���U�H�V�L�V�W�D�Q�F�H���W�R���H�Q�W�H�U���L�Q�W�R���W�K�H���V�P�D�O�O���J�D�S�����W�K�H�U�H�I�R�U�H���L�W���L�V��
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Figure 72. Bubbles that appear at the Al-CYTOP interface due to heating. 

Figure 71. a) Wave shaped ECI stripes after photolithography. b) Uneven pattern of grating coupler after 

photolithography. 

�D�� �E�� 
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Figure 73. Irregular aluminum grating coupler lines after wet etching. 
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Figure 74. Aluminum grating coupler after Plasma etching. 

Figure 75.  The manufacturing process flow of lift-off method. 
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Figure 76. Coating thickness of nLOF 2000 series photoresists versus spin speed. [97] 
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Table 9. Fabrication process of Al grating couplers with nLOF dilution solution by lift-off method. 
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Figure 77. a) nLOF grating couplers after photolithography, without formed undercut. b) The evaporated Al forms a 

slice of film rather than separated stripes after etching. 
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Figure 79. Aluminium grating couplers with residuals of aluminium lines. 

Figure 78. Aluminium grating couplers fabricated by lift -off process. 
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Table 10. Fabrication process of grating coupler by double layer lift-off method. 
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Figure 80. Normal undercut form and functional interchangeable two-layer form for lift-off process. 



104 
 

 

�,�Q�� �X�Q�G�H�U�H�[�S�R�V�H�G���F�R�Q�G�L�W�L�R�Q�����)�L�J�X�U�H�������±�D������ �W�K�H���H�[�S�R�V�X�U�H�� �G�R�V�H���L�V�Q�¶�W�� �V�W�U�R�Q�J�� �H�Q�R�X�J�K�� �W�R�� �S�H�Q�H�W�U�D�W�H��
�W�K�U�R�X�J�K���D�O�O���W�K�H���S�K�R�W�R�U�H�V�L�V�W�V���O�D�\�H�U�V���G�X�U�L�Q�J���H�[�S�R�V�X�U�H���S�H�U�L�R�G�����W�K�H���F�R�Q�V�H�T�X�H�Q�F�H���L�V���W�K�D�W���W�K�H���E�R�W�W�R�P���R�I��
�W�K�H�� �S�D�W�W�H�U�Q�� �L�V�� �V�W�L�O�O���F�R�Q�Q�H�F�W�H�G�����D�Q�G���W�K�H�� �J�U�D�W�L�Q�J�� �V�K�D�S�H�� �L�V�� �R�Q�O�\�� �S�D�U�W�L�D�O�O�\�� �U�H�Q�G�H�U�H�G�����,�Q�� �R�Y�H�U�H�[�S�R�V�H�G��
�F�R�Q�G�L�W�L�R�Q�����)�L�J�X�U�H���������E�������W�K�H���R�E�W�D�L�Q�H�G���G�X�W�\���F�\�F�O�H���L�V���P�X�F�K���V�P�D�O�O�H�U�����D�Q�G���W�K�H���W�L�Q�\���F�R�Q�Q�H�F�W�L�R�Q���L�Q���W�K�H��
�E�R�W�W�R�P���F�D�Q�Q�R�W���V�X�S�S�R�U�W���W�K�H���X�S�S�H�U���V�W�U�X�F�W�X�U�H�����Z�K�L�F�K���O�H�D�G�V���W�R���D���F�R�O�O�D�S�V�H���R�I���W�K�H���J�U�D�W�L�Q�J���F�R�X�S�O�H�U���O�L�Q�H�V���R�Q��
�W�K�H���V�X�E�V�W�U�D�W�H���D�I�W�H�U���G�H�Y�H�O�R�S�P�H�Q�W�� 

�,�Q���W�K�D�W���F�D�V�H�����W�K�H���G�H�Y�H�O�R�S�P�H�Q�W���V�W�H�S���V�K�R�X�O�G���E�H���L�P�S�O�H�P�H�Q�W�H�G���P�D�Q�X�D�O�O�\���D�Q�G���S�U�H�F�D�X�W�L�R�X�V�O�\�����E�H�F�D�X�V�H���W�K�H��
�/�2�5�� �E�R�W�W�R�P���O�D�\�H�U���Z�K�L�F�K�� �L�V�� �V�P�D�O�O�H�U�� �W�K�D�Q���������Q�P�� �D�I�W�H�U�� �G�H�Y�H�O�R�S�P�H�Q�W�����L�V���W�R�R�� �I�U�D�J�L�O�H���W�R�� �V�X�V�W�D�L�Q�� �W�K�H��
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Figure 81. Distribution of different doses of exposure on the wafer during photolithography for the LOR+ECI lift-off 

process optimization. 
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Figure 82. Underexposed (a) and overexposed (b) patterns of grating coupler after development. 
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Figure 83. Damage to the pattern of grating coupler caused by the flushing pressure from the machine of 

development. 

Figure 84. a) Grating coupler patterns in LOR+ECI obtained after photolithography with exposure doses between 1000 

to 1100 J/m2.  b) Aluminium grating coupler obtained after completion of the lift-off process. 
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IV.2.3 Fabrication of SU-8 waveguide and taper 
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�W�K�H���6�8�������Z�D�Y�H�J�X�L�G�H�V�����Z�K�L�F�K���F�R�P�S�U�L�V�H�V���R�Q�H���R�U���W�Z�R���W�D�S�H�U�V���G�H�S�H�Q�G�L�Q�J���R�Q���W�K�H���R�X�W�S�X�W���F�R�Q�I�L�J�X�U�D�W�L�R�Q��
���L�Q���S�O�D�Q�H���E�X�W�W�� �F�R�X�S�O�L�Q�J���� �R�U�� �R�X�W���R�I���S�O�D�Q�H���� �D�Q�G�� �D�� �V�L�Q�J�O�H���P�R�G�H�� �D�U�H�D�� �Z�L�W�K�� �D�� ������ �Q�P�� �[�� �� �—�P�� �F�U�R�V�V��
�V�H�F�W�L�R�Q�����7�K�H���I�D�E�U�L�F�D�W�L�R�Q���S�U�R�F�H�V�V���L�V���J�L�Y�H�Q���L�Q���7�D�E�O�H������ �� 
 

Table 11. Fabrication process of SU-8 waveguide and taper 

�6�S�L�Q���F�R�D�W�L�Q�J ���������U�S�P���������D�F�F�������V 
���������U�S�P���������D�F�F�������V 

�6�R�I�W���E�D�N�H �������•�����P�L�Q 

�3�K�R�W�R�O�L�W�K�R�J�U�D�S�K�\���E�\���6�W�H�S�S�H�U �'�R�V�H�����������-���P��������
�)�R�F�X�V���������� 

�3�(�%�����S�R�V�W���H�[�S�R�V�X�U�H���E�D�N�H�� �������•�����P�L�Q 
�'�H�Y�H�O�R�S�P�H�Q�W �'�H�Y�H�O�R�S�H�U���6�8�����������P�L�Q 
�5�L�Q�V�H �,�V�R�S�U�R�S�D�Q�R�O 

 
�$�V���6�8�������L�V���D���Q�H�J�D�W�L�Y�H���U�H�V�L�V�W�����W�K�H���H�[�S�R�V�H�G���S�K�R�W�R�V�H�Q�V�L�W�L�Y�H���H�O�H�P�H�Q�W�V���Z�L�O�O���F�K�D�Q�J�H���F�K�H�P�L�F�D�O�O�\���D�Q�G���I�R�U�P 
�E�R�Q�G�V�� �Z�L�W�K�� �W�K�H�� �V�X�E�V�W�U�D�W�H�� �E�H�O�R�Z�� ���L�Q�� �R�X�U�� �F�D�V�H�� �&�<�7�2�3�� �Œ������ �W�K�H�\�� �W�K�H�Q�� �E�H�F�R�P�H�� �L�Q�V�R�O�X�E�O�H�� �L�Q�� �W�K�H��
�G�H�Y�H�O�R�S�L�Q�J���V�R�O�Y�H�Q�W�����7�K�L�V���L�Q�V�R�O�X�E�L�O�L�W�\���L�V���G�X�H���W�R���D�Q���L�Q�F�U�H�D�V�H���L�Q���P�R�O�H�F�X�O�D�U���Z�H�L�J�K�W���D�Q�G���W�K�H���F�K�D�Q�J�H���L�Q��
�S�R�O�D�U�L�W�\���R�I���W�K�H���I�X�Q�F�W�L�R�Q�D�O���J�U�R�X�S�V���R�I���W�K�H���U�H�V�L�Q���� 
 
�$�F�F�R�U�G�L�Q�J���W�R���W�K�H���S�U�R�F�H�V�V�L�Q�J���J�X�L�G�H�O�L�Q�H�V���R�I���0�L�F�U�R�F�K�H�P���I�R�U���6�8�����������������������W�K�H���U�H�F�R�P�P�H�Q�G�H�G���H�[�S�R�V�X�U�H��
�H�Q�H�U�J�\�� �I�R�U�� �D�� �������� �W�R�� ���—�P�� �W�K�L�F�N�� �6�8������ �O�D�\�H�U�� �L�V�� �F�R�P�S�U�L�V�H�G�� �E�H�W�Z�H�H�Q�� ������ �W�R�� �����P�-���F�P������ �S�D�L�U�H�G�� �Z�L�W�K�� �D��
�U�H�F�R�P�P�H�Q�G�H�G���W�H�P�S�H�U�D�W�X�U�H���R�I�������ž�&���I�R�U���E�R�W�K���W�K�H���V�R�I�W���E�D�N�H�����6�%�����D�Q�G���W�K�H���S�R�V�W���H�[�S�R�V�X�U�H���E�D�N�H�����3�(�%������ 
 
�7�K�H���V�W�H�S�S�H�U���I�R�F�X�V���V�H�W�W�L�Q�J���Z�D�V���I�L�U�V�W���V�H�W���D�W���D���Y�D�O�X�H���R�I�������������—�P�����W�R���E�H���O�R�F�D�W�H�G���D�S�S�U�R�[�L�P�D�W�H�O�\���L�Q���W�K�H��
�P�L�G�G�O�H���R�I���W�K�H���6�8�������O�D�\�H�U�����7�K�H���I�L�U�V�W���W�H�V�W�V���Z�L�W�K���W�K�H�V�H���S�D�U�D�P�H�W�H�U�V���O�H�G���W�R���D���O�R�W���R�I���G�L�V�W�R�U�W�L�R�Q�V�����V�W�U�H�V�V�����D�Q�G��
�V�X�E�V�H�T�X�H�Q�W���O�R�F�D�O�L�]�H�G���S�H�H�O�L�Q�J���R�I���W�K�H���6�8�������Z�D�Y�H�J�X�L�G�H�V���D�I�W�H�U���G�H�Y�H�O�R�S�P�H�Q�W���D�Q�G���3�(�%�����7�K�H�V�H���G�H�I�H�F�W�V��
�Z�H�U�H���H�V�S�H�F�L�D�O�O�\���Y�L�V�L�E�O�H���L�Q���W�K�H���V�P�D�O�O�H�V�W���F�U�R�V�V���V�H�F�W�L�R�Q�V���R�I���W�K�H���Z�D�Y�H�J�X�L�G�H�V�����Z�L�G�W�K��� �����—�P�������D�V���V�K�R�Z�Q��
�)�L�J�X�U�H�������� 



107 
 

 

�$�I�W�H�U���D���V�H�U�L�H�V���R�I���W�H�V�W�V�����Z�H���F�R�Q�V�L�G�H�U�H�G���W�K�D�W���W�K�L�V���D�E�Q�R�U�P�D�O���S�K�H�Q�R�P�H�Q�R�Q���Z�D�V���G�X�H���W�R���W�K�H���Z�H�D�N���D�G�K�H�V�L�R�Q��
�R�I���W�K�H���6�8������ �U�H�V�L�Q�� �F�R�D�W�H�G�� �R�Q�W�R�� �W�K�H�� �&�<�7�2�3�� �V�X�U�I�D�F�H���� �D�V�� �Z�H�O�O�� �D�V�� �W�R�� �V�P�D�O�O�� �Q�R�Q���X�Q�L�I�R�U�P�L�W�L�H�V�� �L�Q�� �W�K�H��
�&�<�7�2�3�� �V�X�U�I�D�F�H�� �W�K�D�W�� �O�H�D�G�V�� �W�R�� �O�R�F�D�O�� �G�H�I�D�X�O�W�V�� �L�Q�� �W�K�H�� �I�R�F�X�V�� �V�H�W�W�L�Q�J�� �R�I�� �W�K�H�� �V�W�H�S�S�H�U���� �7�R�� �U�H�V�R�O�Y�H�� �W�K�L�V��
�S�U�R�E�O�H�P���� �Z�H�� �V�L�J�Q�L�I�L�F�D�Q�W�O�\���U�D�L�V�H�G���W�K�H�� �I�L�Q�D�O�� �G�R�V�H�� �H�[�S�R�V�X�U�H�� �X�S�� �W�R�� �������P�-���F�P������ �F�R�P�E�L�Q�H�G�� �Z�L�W�K�� �D�Q��
�L�Q�F�U�H�D�V�H�G���3�(�%���W�H�P�S�H�U�D�W�X�U�H���D�W���������•�����W�R���V�W�D�E�L�O�L�]�H���W�K�H���U�H�V�L�Q���V�W�U�X�F�W�X�U�H���P�R�G�L�I�L�H�G���E�\���W�K�H���S�K�R�W�R�U�H�D�F�W�L�R�Q��
�D�Q�G���L�Q�G�X�F�H�G���E�\���W�K�H���V�W�H�S�S�H�U�����7�K�H���I�R�F�X�V���S�O�D�Q�H���R�I���V�W�H�S�S�H�U���Z�D�V���D�O�V�R���D�O�W�H�U�H�G���D�Q�G���V�H�W���D�W�����������—�P���I�U�R�P���W�K�H��
�U�H�I�H�U�H�Q�F�H���S�O�D�Q�H�����W�K�H���6�8�������V�X�U�I�D�F�H�������Z�K�L�F�K���L�V���Q�R���O�R�Q�J�H�U���O�R�F�D�W�H�G���W�R���W�K�H���F�H�Q�W�H�U���S�O�D�Q�H���R�I���Z�D�Y�H�J�X�L�G�H����
�E�X�W���D�W���W�K�H���L�Q�W�H�U�I�D�F�H���E�H�W�Z�H�H�Q���&�<�7�2�3���O�R�Z�H�U���F�O�D�G�G�L�Q�J���D�Q�G���W�K�H���6�8�������Z�D�Y�H�J�X�L�G�H�����W�R���I�X�U�W�K�H�U���V�W�U�H�Q�J�W�K�H�Q��
�W�K�H�� �D�G�K�H�V�L�R�Q�� �R�I�� �W�K�H�V�H�� �W�Z�R�� �P�D�W�H�U�L�D�O�V���� �7�K�H�V�H�� �S�D�U�D�P�H�W�H�U�V�� �Z�H�U�H�� �R�E�W�D�L�Q�H�G�� �E�D�V�H�G�� �R�Q�� �D�� �V�H�U�L�H�V�� �R�I��
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�$�Q���L�V�R�S�U�R�S�D�Q�R�O���U�L�Q�V�H���L�V���S�H�U�I�R�U�P�H�G���D�I�W�H�U���G�H�Y�H�O�R�S�P�H�Q�W�����D�O�O�R�Z�L�Q�J���W�R���U�H�P�R�Y�H���U�H�P�D�L�Q�L�Q�J���G�H�Y�H�O�R�S�H�U�����E�X�W��
�D�O�V�R���W�R���H�Q�V�X�U�H���W�K�D�W���W�K�H���G�H�Y�H�O�R�S�P�H�Q�W���L�V���F�R�P�S�O�H�W�H�����L�Q���W�K�H���F�D�V�H���R�I���D�Q���X�Q�G�H�U�G�H�Y�H�O�R�S�P�H�Q�W���R�I���W�K�H���U�H�V�L�Q����
�Z�K�L�W�L�V�K���W�U�D�F�H�V���D�U�H���O�L�N�H�O�\���W�R���D�S�S�H�D�U���L�Q���W�K�H���S�U�H�V�H�Q�F�H���R�I���W�K�L�V���V�R�O�Y�H�Q�W�� 
���������������� 
�$�I�W�H�U�� �H�D�F�K�� �I�D�E�U�L�F�D�W�L�R�Q�� �S�U�R�F�H�V�V���� �W�K�H�� �Z�D�Y�H�J�X�L�G�H�� �W�K�L�F�N�Q�H�V�V�� �P�H�D�V�X�U�H�P�H�Q�W�V���Z�H�U�H���F�D�U�U�L�H�G�� �R�X�W���X�V�L�Q�J�� �D��
�P�H�F�K�D�Q�L�F�D�O���S�U�R�I�L�O�R�P�H�W�H�U�����W�R���F�R�Q�I�L�U�P���W�K�H���6�8�������Z�D�Y�H�J�X�L�G�H���G�L�P�H�Q�V�L�R�Q���L�V���L�Q���W�K�H���W�D�U�J�H�W�H�G���U�D�Q�J�H���R�I����������
�������Q�P���W�R���H�Q�V�X�U�H���V�L�Q�J�O�H���P�R�G�H���F�R�Q�G�L�W�L�R�Q�V�� 
���������������� 
�7�K�H���6�(�0���S�L�F�W�X�U�H�V���R�I���D�F�F�R�P�S�O�L�V�K�H�G���6�8�������Z�D�Y�H�J�X�L�G�H���D�Q�G���W�U�D�Q�V�L�W�L�R�Q�D�O���W�D�S�H�U�V���D�U�H���V�K�R�Z�Q���L�Q���)�L�J�X�U�H��

���������,�W���F�D�Q���E�H���R�E�V�H�U�Y�H�G���W�K�D�W���W�K�H���W�D�S�H�U�H�G���V�H�F�W�L�R�Q���R�I���W�K�H���6�8�������Z�D�Y�H�J�X�L�G�H���F�R�Y�H�U�V���W�K�H���$�O���J�U�D�W�L�Q�J���F�R�X�S�O�H�U��
�X�Q�L�I�R�U�P�O�\���� �&�R�P�S�D�U�H�G�� �W�R�� �W�K�H�� �����Q�P���$�O�� �W�K�L�F�N�Q�H�V�V���� �W�K�H�� �V�X�E�V�H�T�X�H�Q�W�� �6�8������ �O�D�\�H�U�� �L�V�� �D�O�P�R�V�W�� �W�H�Q�� �W�L�P�H�V��
�W�K�L�F�N�H�U�����Z�K�L�F�K���D�F�F�R�X�Q�W�V���I�R�U���W�K�H���R�E�V�H�U�Y�H�G���S�O�D�Q�D�U�L�]�D�W�L�R�Q���H�I�I�H�F�W���D�V���R�E�V�H�U�Y�H�G���R�Q���W�K�H���F�O�R�V�H���X�S���W�L�O�W�H�G���Y�L�H�Z����
�Z�K�H�U�H���W�K�H���H�G�J�H���R�I���W�K�H���W�D�S�H�U���V�H�F�W�L�R�Q���D�Q�G���W�K�H���J�U�D�W�L�Q�J���F�R�X�S�O�H�U���$�O���O�L�Q�H�V���F�D�Q���E�H���R�E�V�H�U�Y�H�G���� 

Figure 85. Distortions and misalignments of SU-8 waveguides on CYTOP lower cladding. 
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�R�I���W�K�H���Z�D�Y�H�J�X�L�G�H���D�W���L�W�V���V�P�D�O�O�H�V�W���Z�L�G�W�K���V�K�R�Z�V���W�K�D�W���W�K�H���D�G�K�H�V�L�R�Q���R�Y�H�U���W�K�H���&�<�7�2�3���L�V���V�D�W�L�V�I�D�F�W�R�U�\�����Z�L�W�K��
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�)�R�U���W�K�H���L�Q���S�O�D�Q�H�����E�X�W�W���F�R�X�S�O�L�Q�J�����R�X�W�S�X�W���F�R�Q�I�L�J�X�U�D�W�L�R�Q�����D�V���Z�H���X�V�H�G���D�Q���R�Y�H�U���H�[�S�R�V�X�U�H���F�R�Q�G�L�W�L�R�Q�����W�K�H��
�L�P�S�U�R�Y�H�P�H�Q�W���R�Q���W�K�H���Z�D�Y�H�J�X�L�G�H���H�Q�G���V�K�D�S�H�����V�K�R�Z�Q���)�L�J�X�U�H�����������L�V���Q�R�W���D�V���R�E�Y�L�R�X�V���D�V���L�Q���W�K�H���V�L�P�X�O�D�W�L�R�Q��
�R�E�W�D�L�Q�H�G���E�\���*�H�Q�,�V�\�V�����:�H���Z�L�O�O���F�R�P�S�D�U�H���L�Q���S�O�D�Q�H���R�X�W�S�X�W���F�R�Q�I�L�J�X�U�D�W�L�R�Q���Z�L�W�K���J�U�D�W�L�Q�J���F�R�X�S�O�H�U���R�X�W�S�X�W��
�F�R�Q�I�L�J�X�U�D�W�L�R�Q���L�Q���W�K�H���I�R�O�O�R�Z�L�Q�J���F�K�D�U�D�F�W�H�U�L�]�D�W�L�R�Q���V�H�F�W�L�R�Q�� 

Figure 86. Upper left: SEM wide view of the tapered waveguide and the grating coupler realized over a CYTOP 

cladding. Upper right: Close-up view of the waveguide at its thinnest section (1µm width). Bottom: Tilted SEM image 

at the edge of the taper, highlighting the smoothness of the surface despite the presence of the Al grating coupler. 
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IV.2.4 Fabrication of CYTOP gap between waveguide layer and the 

micro-ring layer 
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Figure 87. a) Waveguide exit port by regular photolithography. b) Waveguide exit port improved by GenISys 

design. 
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Figure 88. Typical configuration of an AFM. 
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IV.2.5 Optical characterization for preliminary achievement 
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Figure 89. CYTOP surface before/after plasma oxygen etching. 



112 
 

�F�X�W�W�L�Q�J�� �W�U�L�F�N�� �F�D�O�O�H�G�� �W�Z�R���S�R�L�Q�W�V�� �S�U�H�V�V�X�U�H�� �W�D�N�H�V�� �S�O�D�F�H�� �K�H�U�H���� �,�W�� �L�V�� �V�X�L�W�D�E�O�H�� �I�R�U���D���O�R�W�� �R�I�� �H�[�S�H�U�L�P�H�Q�W�D�O��
�F�R�Q�G�L�W�L�R�Q�V���R�Q���V�L�O�L�F�R�Q���Z�D�I�H�U�V�� 
 
�7�K�H���6�L���Z�D�I�H�U���X�V�H�G���L�Q���W�K�H���O�D�E�R�U�D�W�R�U�\���K�D�V���D�������������������O�D�W�W�L�F�H���V�W�U�X�F�W�X�U�H�����V�R���Z�H���F�D�Q���X�V�H���W�K�L�V���I�H�D�W�X�U�H���W�R���P�D�N�H��
�L�W���E�U�H�D�N���Q�D�W�X�U�D�O�O�\���D�Q�G���S�U�H�F�L�V�H�O�\�����)�L�U�V�W�����Z�H���S�X�W���W�K�H���Z�D�I�H�U���R�Q���D���S�D�S�H�U���Z�K�L�F�K���K�D�V���Y�H�U�W�L�F�D�O���D�Q�G���K�R�U�L�]�R�Q�W�D�O��
�J�U�L�G�V�����:�H���D�O�L�J�Q���W�K�H���H�G�J�H���R�I���Z�D�I�H�U���Z�L�W�K���R�Q�H���J�U�L�G���D�Q�G���D�O�L�J�Q���W�K�H���H�G�J�H���Z�H���Z�D�Q�W���W�R���F�X�W���Z�L�W�K���D�Q�R�W�K�H�U���J�U�L�G����
�7�K�H�Q���Z�H���S�U�H�V�V���Z�L�W�K���W�Z�H�H�]�H�U�V���R�Q���R�Q�H���S�R�L�Q�W���R�I���L�Q�W�H�U�V�H�F�W�L�R�Q���Z�K�H�U�H���W�K�H���H�G�J�H���R�I���W�K�H���Z�D�I�H�U���W�R���E�H���F�X�W��
�F�U�R�V�V�H�V���W�K�H���J�U�L�G�����D�Q�G���S�U�H�V�V���Z�L�W�K���D���G�L�D�P�R�Q�G���F�X�W�W�H�U���R�Q���W�K�H���R�W�K�H�U���S�R�L�Q�W���R�I���L�Q�W�H�U�V�H�F�W�L�R�Q���Z�K�H�U�H���W�K�H���H�G�J�H��
�R�I���W�K�H���Z�D�I�H�U���W�R���E�H���F�X�W���F�U�R�V�V�H�V���W�K�H���J�U�L�G�����$�F�F�R�P�S�D�Q�L�H�G���E�\���D���F�U�L�V�S���F�O�L�F�N�L�Q�J���V�R�X�Q�G�����W�K�H���S�D�U�W�V���D�U�H���Q�H�D�W�O�\��
�V�H�S�D�U�D�W�H�G�����)�L�J�X�U�H�������������:�K�L�O�H���U�H�T�X�L�U�L�Q�J���D���E�L�W���R�I���S�U�D�F�W�L�F�H�����W�K�L�V���P�H�W�K�R�G���S�U�R�Y�H�G���W�R���E�H���Y�H�U�\���H�I�I�L�F�L�H�Q�W���D�Q�G��
�V�L�P�S�O�H�����Z�L�W�K�R�X�W���G�D�P�D�J�L�Q�J���D�Q�\���S�D�W�W�H�U�Q�V���R�Q���W�K�H���V�X�U�I�D�F�H���R�I���W�K�H���Z�D�I�H�U�� 
 

 
�$�I�W�H�U���V�H�Y�H�U�D�O���H�[�S�H�U�L�P�H�Q�W�V�����H�Y�H�Q���W�K�R�X�J�K���W�K�H���L�Q���S�O�D�Q�H���Z�D�Y�H�J�X�L�G�H���R�X�W�S�X�W���V�W�U�X�F�W�X�U�H���V�K�R�X�O�G���S�U�H�V�H�Q�W���O�H�V�V��
�H�Q�H�U�J�\���O�R�V�V���F�R�P�S�D�U�H�G���W�R���W�K�H���J�U�D�W�L�Q�J���F�R�X�S�O�H�U�����W�K�H���R�X�W�S�X�W���O�L�J�K�W���G�L�Y�H�U�J�H�V���W�R�R���I�D�V�W�����D�Q�G���L�W���L�V���G�L�I�I�X�V�H�G��
�S�R�O�\���G�L�U�H�F�W�L�R�Q�D�O�O�\���E�\���I�U�D�J�P�H�Q�W�V���D�W���W�K�H���M�X�Q�F�W�L�R�Q�����W�K�H�V�H���I�D�F�W�R�U�V���P�D�N�H���L�W���K�D�U�G���W�R���F�R�O�O�H�F�W���H�Q�R�X�J�K���O�L�J�K�W��
�V�L�J�Q�D�O���D�W���W�K�H���S�R�U�W�����V�R���Z�H���G�H�F�L�G�H�G���W�R���D�G�R�S�W���J�U�D�W�L�Q�J���F�R�X�S�O�H�U�V���R�Q���E�R�W�K���H�Q�G�V���I�R�U���W�K�H���S�U�L�P�D�U�\���W�H�V�W�V�����7�K�H��
�I�L�U�V�W���L�W�H�U�D�W�L�R�Q���R�I���W�K�H���R�S�W�L�F�D�O���E�H�Q�F�K���L�V���L�O�O�X�V�W�U�D�W�H�G���L�Q���)�L�J�X�U�H���������� 
 

Figure 90. Two-point pressing method for wafer cutting without damaging the patterns.  
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Figure 91. Optical bench for the characterization of the grating couplers. 
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IV.2.6 Grating coupler on SiO2 lower cladding 
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Figure 92. Incident light on the input grating (left) and output light obtained on the output grating (right) with an SU-8 

waveguide covered on CYTOP lower cladding. 
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�W�K�H���Z�K�R�O�H���Z�D�I�H�U�����$������ �Q�P���D�O�X�P�L�Q�X�P���O�D�\�H�U���L�V���V�X�E�V�H�T�X�H�Q�W�O�\���D�G�G�H�G���E�\���(�9�$�����������P�H�W�D�O�O�L�]�D�W�L�R�Q���P�D�F�K�L�Q�H��
�X�V�L�Q�J���W�K�H���V�D�P�H���U�H�F�L�S�H���D�V���E�H�I�R�U�H���� 
 
�&�R�P�S�D�U�H�G�� �W�R���W�K�H�� �S�U�H�Y�L�R�X�V���S�U�R�F�H�V�V�����D�Q���D�Q�W�L���U�H�I�O�H�F�W�L�R�Q���F�R�D�W�L�Q�J���Q�D�P�H�G�� �%�$�5�&�� ���%�R�W�W�R�P���O�D�\�H�U���$�Q�W�L��
�5�H�I�O�H�F�W�L�Y�H���&�R�D�W�L�Q�J�����0�L�F�U�R�&�K�H�P�L�F�D�O�V���&�R�P�S�D�Q�\�����L�V���D�G�G�H�G���W�R���W�K�H���S�U�R�F�H�V�V���E�H�I�R�U�H���W�K�H���G�H�S�R�V�L�W�L�R�Q���R�I���W�K�H��
�K�L�J�K���U�H�V�R�O�X�W�L�R�Q�� �(�&�,���S�K�R�W�R�U�H�V�L�V�W���� �%�$�5�&�� �F�R�D�W�L�Q�J�� �L�V�� �W�\�S�L�F�D�O�O�\�� �X�V�H�G�� �W�R�� �L�P�S�U�R�Y�H�� �W�K�H�� �I�L�G�H�O�L�W�\�� �R�I�� �W�K�H��
�S�D�W�W�H�U�Q�V�� �H�V�S�H�F�L�D�O�O�\�� �Z�K�H�Q�� �W�K�H�� �F�U�L�W�L�F�D�O�� �G�L�P�H�Q�V�L�R�Q�V�� �D�S�S�U�R�D�F�K�� �W�K�H�� �U�H�V�R�O�X�W�L�R�Q�� �O�L�P�L�W�V�� �R�I�� �W�K�H��
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�D�U�H�� �D�S�S�U�R�D�F�K�L�Q�J���W�K�H�� ������ �Q�P�� �U�H�V�R�O�X�W�L�R�Q���O�L�P�L�W���R�I�� �W�K�H�� �L���O�L�Q�H��Canon FPA 3000i4. While this BARC 
layer was envisaged in the first process with the CYTOP lower cladding, the high curing conditions 
required (200°C) were not compatible with the CYTOP+Al stack as this would result in the��
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�G�X�U�L�Q�J���H�[�S�R�V�X�U�H���D�V���L�O�O�X�V�W�U�D�W�H�G���)�L�J�X�U�H�����������W�K�H���U�H�I�O�H�F�W�H�G���O�L�J�K�W���X�V�X�D�O�O�\���L�Q�W�H�U�I�H�U�H�V���R�Q���W�K�H���I�R�U�P�D�W�L�R�Q���R�I��
�K�L�J�K���S�U�H�F�L�V�L�R�Q�� �S�D�W�W�H�U�Q�V�����Z�K�L�O�H���W�K�H���W�U�D�Q�V�I�H�U�U�H�G���S�D�W�W�H�U�Q�V���R�E�W�D�L�Q�H�G���Z�L�W�K�� �W�K�H�� �D�V�V�L�V�W�D�Q�F�H�� �R�I�� �%�$�5�&��
�H�[�K�L�E�L�W�V���D���K�L�J�K�H�U���G�H�J�U�H�H���R�I���I�L�G�H�O�L�W�\���D�Q�G���D���K�L�J�K���\�L�H�O�G���U�D�W�H�����)�R�U���D���J�L�Y�H�Q���V�H�W���R�I���H�[�S�R�V�X�U�H���G�R�V�H���D�Q�G���I�R�F�X�V����
�W�K�H���S�K�R�W�R�O�L�W�K�R�J�U�D�S�K�\�� �Z�D�V�� �I�R�X�Q�G�� �W�R�� �E�H�� �P�X�F�K�� �P�R�U�H�� �U�H�S�H�D�W�D�E�O�H�� �D�Q�G�� �F�R�Q�V�L�V�W�H�Q�W�����H�V�S�H�F�L�D�O�O�\���I�R�U�� �R�X�U��
�P�X�O�W�L���O�D�\�H�U�� �V�W�U�X�F�W�X�U�H�����7�K�H�� �W�K�L�F�N�Q�H�V�V�� �R�I�� �W�K�H�� �%�$�5�&�� �O�D�\�H�U�� �V�K�R�X�O�G�� �E�H�� �D�G�M�X�V�W�H�G�� �D�F�F�R�U�G�L�Q�J�� �W�R�� �W�K�H��
�Z�D�Y�H�O�H�Q�J�W�K���R�I���L�Q�F�L�G�H�Q�W���O�L�J�K�W���D�Q�G���W�K�H���U�H�I�U�D�F�W�L�Y�H���L�Q�G�H�[���R�I���S�K�R�W�R�U�H�V�L�V�W���>�������@�����,�Q���R�X�U���F�R�Q�G�L�W�L�R�Q�����D�Q���L��
�O�L�Q�H���������� �Q�P�����H�[�S�R�V�X�U�H���L�V���X�V�H�G���R�Q���(�&�,���S�K�R�W�R�U�H�V�L�V�W�����D�Q�G���W�K�H���U�H�F�R�P�P�H�Q�G�H�G���%�$�5�&���W�K�L�F�N�Q�H�V�V���V�K�R�X�O�G��
�E�H�������� �Q�P�� 

Figure 93. The incident light reflected on the substrate has nearly the same intensity as before, it will interfere the final 

resolution of the photoresist pattern (a), while using an anti-reflective coating (BARC) on the substrate will markedly 

minimised this effect, to keep the final pattern as neat as possible. 
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�����—�P�����Z�K�L�F�K���L�V���F�R�P�S�D�W�L�E�O�H���Z�L�W�K���R�X�U���S�U�R�F�H�V�V�� 
 

Figure 94. Schema of plasma etching. 
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Figure 95. ECI patterns after plasma etching, a) with electrostatic clamping to the substrate holder, and b) 

with thermal conductive adhesive on the substrate holder. The roughness after etching is much lower in b). 

Figure 96. Process workflow for the fabrication of Al grating couplers over the SiO2 lower cladding. 
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Table 12. Fabrication process of grating coupler with relevant parameters. 
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Table 13. Etching parameters during ICP-RIE. 
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Figure 97. For the same material, the etch rate is lower on a smaller pattern during the plasma etching. 
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Figure 98. A 30s over etching time does not affect too much on the profile and duty cycle of pattern. a) Over etching 

time is 30s. b) Over etching time is 90s. 
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Table 14. Selection of SEM characterization images after the stepper exposure and the ICP-RIE etching each step 

during the fabrication process. The duty cycle of grating coupler decreases as dose of stepper increases. 
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Figure 99. a) Protrusions appear next to grating coupler lines and pull the patterns to be distorted. b) A re-added 

plasma O2 disperse the residues and contaminates the surface of sample. 
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Figure 100. Grating coupler before stripping. a) A deionized water flow is used to avoid residue bumps. b) A 

chaining oxygen plasma without interruption of vacuum is used to avoid the formation of residue. 
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Figure 101. Illustration of the damages caused by (a) an ultrasonic bath with PG remover and (b) oxygen plasma on 

the nanometric features of the grating couplers. 
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Figure 102. Al grating coupler fabricated by plasma etching and then stripped by UV-Ozone. 
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IV.2.7 Optical test setup evolution  
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Figure 103. Improved optical bench for characterization of components. 
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Figure 104. Upgraded optical bench for characterization of components. 
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Figure 105. Normalized coupling rate of semi-manufactured wafer for the performance testing of upgraded optical 

bench. 
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V. Towards a NH3 gas sensor with a PANI sensitive 

layer 
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�G�H�S�R�V�L�W�L�R�Q���R�Q���D���J�O�D�V�V���V�X�E�V�W�U�D�W�H���P�D�N�H�V���L�W���S�R�V�V�L�E�O�H���W�R���G�H�W�H�U�P�L�Q�H���W�K�H���R�S�W�L�F�D�O���S�U�R�S�H�U�W�L�H�V���R�I���W�K�H���3�$�1�,��
�O�D�\�H�U���X�V�L�Q�J�� �8�9���9�,�6�� �V�S�H�F�W�U�R�V�F�R�S�\���� �Z�K�L�O�H�� �G�H�S�R�V�L�W�L�R�Q�� �R�Q�� �D�� �6�L�� �V�X�E�V�W�U�D�W�H�� �L�V�� �X�V�H�G���W�R���F�K�D�U�D�F�W�H�U�L�]�H�� �W�K�H��
�V�H�Q�V�L�W�L�Y�H�� �O�D�\�H�U���U�H�I�U�D�F�W�L�Y�H�� �L�Q�G�H�[�� �Y�D�U�L�D�W�L�R�Q���W�R�Z�D�U�G���D�P�P�R�Q�L�D���X�V�L�Q�J�� �H�O�O�L�S�V�R�P�H�W�U�\�����6�8������ �V�D�P�S�O�H�V�� �D�U�H��
�D�O�V�R���X�V�H�G���W�R���V�W�X�G�\���W�K�H���G�H�S�R�V�L�W�L�R�Q���R�Q�W�R���W�K�H���I�L�Q�D�O���P�D�W�H�U�L�D�O�� 
 

V.1 Method of deposition of the PANI 
 

�7�K�H���G�H�S�R�V�L�W�L�R�Q���R�I���3�$�1�,���L�V���S�U�H�S�D�U�H�G���E�\���F�K�H�P�L�F�D�O���Z�D�\�����D�Q�G���W�K�H�Q���F�R�D�W�H�G���E�\���W�Z�R���P�H�W�K�R�G�V���D�V���L�Q���V�L�W�X��
�D�Q�G�� �V�S�L�Q�� �F�R�D�W�L�Q�J�����7�K�L�V�� �S�D�U�W�� �R�I�� �W�K�H�� �Z�R�U�N�� �Z�D�V�� �O�H�G�� �L�Q�� �F�R�O�O�D�E�R�U�D�W�L�R�Q�� �Z�L�W�K�� �-�H�D�Q���%�D�S�W�L�V�W�H�� �'�R�X�F�H�W�� �D�Q�G��
�%�H�Q�M�D�P�L�Q���5�H�L�J���I�U�R�P���7�(�$�0���V�H�U�Y�L�F�H�� 
 

Figure 106. PANI undergoes a deprotonation process upon NH3 exposure [103]. 
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V.1.1 Deposition of PANI in-situ 

 
�3�U�L�R�U���W�R���W�K�H���3�$�1�,���G�H�S�R�V�L�W�L�R�Q�����W�K�H���V�R�O�X�W�L�R�Q���L�V���S�U�H�S�D�U�H�G���D�F�F�R�U�G�L�Q�J���W�R���W�K�H���Z�H�O�O���N�Q�R�Z�Q���S�U�R�F�H�G�X�U�H���L�Q���W�K�H��
�O�L�W�H�U�D�W�X�U�H���>�������@���>�������@�����Z�L�W�K���W�K�H���D�G�G�L�W�L�R�Q���R�I���D�Q���K�R�P�R�J�H�Q�L�]�D�W�L�R�Q���V�W�H�S���X�V�L�Q�J���D���P�D�J�Q�H�W�L�F���V�W�L�U�U�H�U�����7�K�L�V��
�S�U�R�F�H�G�X�U�H���W�D�N�H�V���S�O�D�F�H���L�Q���V�H�Y�H�U�D�O���V�W�H�S�V���� 
�)�L�U�V�W�O�\�����W�K�H���I�R�O�O�R�Z�L�Q�J���V�R�O�X�W�L�R�Q�V���D�U�H���S�U�H�S�D�U�H�G�� 

- Solution 1:  1ml of aniline (Ani, Sigma Aldrich, 99.5%) is mixed with an aqueous 

solution (100 ml) of hydrochloric acid 1M (HCl, Sigma Aldrich, 37%) 

- Solution 2:  0.56g of ammonium persulfate ((NH4)2S2O8, Aldrich, 98%) is dissolved in 

5ml of HCl (1mol/L). 

- Solution 3: 100ml of HCl (0.1 mol/L ) 

- Solution 4: solution 1 is prepared again 

�2�Q�F�H���W�K�H���V�R�O�X�W�L�R�Q�V���D�U�H���S�U�H�S�D�U�H�G�����W�K�H���F�O�H�D�Q�H�G���V�X�E�V�W�U�D�W�H���W�R���E�H���F�R�D�W�H�G���L�V���L�P�P�H�U�V�H�G���L�Q���V�R�O�X�W�L�R�Q���������7�K�L�V��
�V�R�O�X�W�L�R�Q���L�V���N�H�S�W���K�R�P�R�J�H�Q�H�R�X�V���Z�L�W�K���W�K�H���K�H�O�S���R�I���D���P�D�J�Q�H�W�L�F���V�W�L�U�U�H�U���V�H�W���D�W������ �U�S�P�����Z�K�L�O�H���V�R�O�X�W�L�R�Q�������L�V��
�T�X�L�F�N�O�\���D�G�G�H�G�����7�K�H���D�G�G�L�W�L�R�Q���R�I�����1�+�������6���2�����Z�L�O�O���L�Q�G�X�F�H���W�K�H���S�R�O�\�P�H�U�L�]�D�W�L�R�Q���R�I���D�Q�L�O�L�Q�H�����W�K�H���V�R�O�X�W�L�R�Q���W�K�H�Q��

�E�H�F�R�P�H�V���Y�L�V�F�R�X�V���D�Q�G���W�X�U�Q���W�R���J�U�H�H�Q�����L�Q���W�K�H���P�H�D�Q�W�L�P�H���D���3�$�1�,���I�L�O�P���I�R�U�P�V���R�Q���W�K�H���V�X�U�I�D�F�H���R�I���W�K�H���V�X�S�S�R�U�W����

�7�K�H���W�K�L�F�N�Q�H�V�V���R�I���W�K�H���I�L�O�P���G�H�S�H�Q�G�V���R�Q���W�K�H���L�P�P�H�U�V�L�R�Q���W�L�P�H���L�Q���W�K�H���V�R�O�X�W�L�R�Q�� 

 

�$�I�W�H�U�� �W�K�D�W���� �W�K�H�� �V�D�P�S�O�H�� �L�V�� �U�L�Q�V�H�G�� �Z�L�W�K�� �V�R�O�X�W�L�R�Q�� ���� �I�R�U�� �R�Q�H�� �P�L�Q�X�W�H���� �W�K�H�Q�� �L�P�P�H�U�V�H�G�� �L�Q�� �V�R�O�X�W�L�R�Q�� ���� �I�R�U�� ������

�P�L�Q�X�W�H�V�����7�K�L�V���O�D�V�W���V�W�H�S���L�V���Q�H�F�H�V�V�D�U�\���L�Q���R�U�G�H�U���W�R���W�U�D�Q�V�I�R�U�P���D�O�O���W�K�H���I�R�U�P�V���R�I���S�U�H�V�H�Q�W�H�G���3�$�1�,���L�Q�W�R���H�P�H�U�D�O�G�L�Q�H����

�V�D�O�W�����F�R�Q�G�X�F�W�L�Y�H���I�R�U�P�������)�L�Q�D�O�O�\�����W�K�H���G�H�S�R�V�L�W�V���D�U�H���U�L�Q�V�H�G���Z�L�W�K���V�R�O�X�W�L�R�Q�������D�Q�G���G�U�L�H�G���Z�L�W�K���F�R�P�S�U�H�V�V�H�G���D�L�U���D�W��

�U�R�R�P���W�H�P�S�H�U�D�W�X�U�H���� 

 

V.1.2 Deposition of PANI by spin-coating  

 
�$���V�H�F�R�Q�G���P�H�W�K�R�G���E�D�V�H�G���R�Q���V�S�L�Q���F�R�D�W�L�Q�J���L�V���H�Y�D�O�X�D�W�H�G�����E�D�V�H�G���R�Q���W�K�H���V�W�H�S�V���G�H�W�D�L�O�H�G���L�Q���U�H�I�H�U�H�Q�F�H���>�������@��
�)�L�U�V�W�O�\���� �W�K�H���H�P�H�U�D�O�G�L�Q�H���V�D�O�W���P�X�V�W�� �E�H�� �V�\�Q�W�K�H�V�L�]�H�G�� �D�F�F�R�U�G�L�Q�J�� �W�R���W�K�H�� �S�U�R�F�H�G�X�U�H�� �R�I�� �L�Q���V�L�W�X�� �G�H�S�R�V�L�W�L�R�Q��
�S�U�H�Y�L�R�X�V�O�\���G�H�V�F�U�L�E�H�G�����Z�L�W�K���W�K�H���P�D�L�Q���G�L�I�I�H�U�H�Q�F�H���E�H�L�Q�J���W�K�D�W���W�K�H���3�$�1�,���K�D�V���W�R���E�H���U�H�F�R�Y�H�U�H�G���L�Q���D���S�R�Z�G�H�U��
�I�R�U�P�����$�V���W�K�H���V�S�L�Q���F�R�D�W�L�Q�J���P�H�W�K�R�G���U�H�T�X�L�U�H�V���D���U�H�O�D�W�L�Y�H�O�\���O�D�U�J�H���D�P�R�X�Q�W���R�I���S�R�O�\�D�Q�L�O�L�Q�H�����D���P�L�[�W�X�U�H���R�I��
�V�R�O�X�W�L�R�Q�������D�Q�G���V�R�O�X�W�L�R�Q�������L�V���V�W�L�U�U�H�G���I�R�U���D�Q���K�R�X�U�����D�Q�G���W�K�H�Q���I�L�O�W�H�U�H�G���L�Q���R�U�G�H�U���W�R���F�R�O�O�H�F�W���W�K�H���S�R�Z�G�H�U���L�V�V�X�H�G��
�I�U�R�P���W�K�H���S�R�O�\�P�H�U�L�]�D�W�L�R�Q���V�W�H�S�����7�K�H���R�E�W�D�L�Q�H�G���S�R�Z�G�H�U���L�V���W�K�H�Q���Z�D�V�K�H�G���E�\���V�R�O�X�W�L�R�Q���������D�Q�G���I�L�Q�D�O�O�\���P�L�[�H�G��
�Z�L�W�K���V�R�O�X�W�L�R�Q�������I�R�U���R�Q�H���K�R�X�U�����$�W���W�K�H���H�Q�G���R�I���W�K�L�V���V�W�H�S�����W�K�H���G�R�S�H�G���I�R�U�P���R�I���3�$�1�,���L�V���R�E�W�D�L�Q�H�G���L�Q���V�R�O�L�G��
�I�R�U�P�����L�W���V�K�R�X�O�G���E�H���G�U�L�H�G���X�Q�G�H�U���Y�D�F�X�X�P���I�R�U�������K�����6�L�Q�F�H���W�K�H���G�R�S�H�G���I�R�U�P���R�I���3�$�1�,���L�V���Q�R�W���V�R�O�X�E�O�H���L�Q���D�Q�\��
�V�R�O�Y�H�Q�W�����L�W���Q�H�H�G�V���W�R���E�H���W�U�H�D�W�H�G���Z�L�W�K���D�P�P�R�Q�L�D���K�\�G�U�R�[�L�G�H���V�R�O�X�W�L�R�Q�����1�+���2�+�����$�O�G�U�L�F�K�����I�R�U���W�Z�R���K�R�X�U�V����
�W�K�H�Q�� �I�L�O�W�H�U�H�G�� �D�Q�G�� �G�U�L�H�G�� �X�Q�G�H�U�� �Y�D�F�X�X�P�� �I�R�U�� �����K���� �W�R�� �J�H�W���X�Q�G�R�S�H�G�� �I�R�U�P�� �R�I�� �3�$�1�,�����7�K�H�� �G�U�L�H�G�� �S�R�Z�G�H�U��
�V�K�R�X�O�G���E�H���F�R�O�O�H�F�W�H�G���D�Q�G���V�W�R�U�H�G���I�R�U���W�K�H���V�S�L�Q���F�R�D�W�L�Q�J���G�H�S�R�V�L�W�L�Q�J�� 
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�,�Q���R�U�G�H�U���W�R���G�H�S�R�V�L�W���W�K�H���3�$�1�,���O�D�\�H�U���E�\���V�S�L�Q���F�R�D�W�L�Q�J�����L�W���L�V���Q�H�F�H�V�V�D�U�\���W�R���G�L�V�V�R�O�Y�H���D���T�X�D�Q�W�L�W�\���R�I���3�$�1�,��
�G�H���G�R�S�H�G�� �S�R�Z�G�H�U���L�Q�� �1���P�H�W�K�\�O�������S�\�U�U�R�O�L�G�R�Q�H�� ���1�0�3�����$�O�G�U�L�F�K���� ���������� �V�R�O�X�W�L�R�Q���� �W�K�H�Q�� �W�K�H�� �O�L�T�X�L�G�� �Z�L�O�O��
�V�S�U�H�D�G���R�Y�H�U���W�K�H���V�X�E�V�W�U�D�W�H���G�X�U�L�Q�J���W�K�H���K�L�J�K���V�S�H�H�G���U�R�W�D�W�L�R�Q�����$�O�W�K�R�X�J�K���W�K�H���V�S�U�H�D�G�L�Q�J���S�K�D�V�H���L�V���F�R�P�S�O�H�W�H�G��
�L�Q���D���I�H�Z���V�H�F�R�Q�G�V�����W�K�H���U�R�W�D�W�L�R�Q���L�V���P�D�L�Q�W�D�L�Q�H�G���L�Q���R�U�G�H�U���W�R���H�Q�V�X�U�H���W�K�H���X�Q�L�I�R�U�P���G�L�V�W�U�L�E�X�W�L�R�Q���R�I���W�K�H���V�R�O�Y�H�Q�W��
�D�Q�G���W�K�X�V���D�F�K�L�H�Y�H���D���V�L�J�Q�L�I�L�F�D�Q�W���W�K�L�F�N�Q�H�V�V�����7�K�H���I�L�Q�D�O���W�K�L�F�N�Q�H�V�V���L�V���D�G�M�X�V�W�H�G���E�\���D���F�R�P�E�L�Q�D�W�L�R�Q���R�I���W�K�H��
�U�R�W�D�W�L�R�Q���V�S�H�H�G�����W�K�H���D�F�F�H�O�H�U�D�W�L�R�Q�����D�Q�G���W�K�H���V�S�U�H�D�G�L�Q�J���W�L�P�H�����)�R�U���D���U�R�W�D�W�L�R�Q���V�S�H�H�G���R�I�����������������������U�S�P�����W�K�H��
�I�L�Q�D�O���G�H�S�R�V�L�W�L�R�Q���W�K�L�F�N�Q�H�V�V���R�Q���6�L�����6�8���������R�U���J�O�D�V�V���V�X�E�V�W�U�D�W�H�V���Z�L�O�O���E�H�������������Q�P�� 
 
�$�I�W�H�U���W�K�H���G�H�S�R�V�L�W�L�R�Q�����W�K�H���V�D�P�S�O�H���J�R�H�V���W�K�U�R�X�J�K���D�Q���D�Q�Q�H�D�O�L�Q�J���V�W�H�S���F�R�Q�G�X�F�W�H�G���D�W�������� ���I�R�U�������P�L�Q�V�����7�K�L�V��
�K�H�D�W���W�U�H�D�W�P�H�Q�W���L�V���Q�H�F�H�V�V�D�U�\���W�R���G�H�V�R�U�E���W�K�H���U�H�V�L�G�X�D�O���V�R�O�Y�H�Q�W���I�U�R�P���W�K�H���3�$�1�,���D�Q�G���K�H�O�S���W�R���H�Q�K�D�Q�F�H���W�K�H��
�D�G�K�H�V�L�R�Q���R�I���W�K�H���3�$�1�,���I�L�O�P���R�Q���W�K�H���V�X�E�V�W�U�D�W�H�� 
 

V.2 Characterization of the PANI  sensitive layer 
 

V.2.1 Thickness and morphology 

 

�)�L�U�V�W���D�Q�G���I�R�U�H�P�R�V�W�����W�K�H���W�K�L�F�N�Q�H�V�V���R�I���W�K�H���3�$�1�,���O�D�\�H�U�V���R�E�W�D�L�Q�H�G���Z�L�W�K���W�K�H���L�Q���V�L�W�X���P�H�W�K�R�G���L�V���P�H�D�V�X�U�H�G��
�E�\���7�H�Q�F�R�U���V�W�\�O�X�V���S�U�R�I�L�O�R�P�H�W�H�U�����)�L�J�X�U�H�����������V�K�R�Z�V���W�K�H���H�Y�R�O�X�W�L�R�Q���L�Q���W�K�H���W�K�L�F�N�Q�H�V�V���R�I���W�K�H���3�$�1�,���O�D�\�H�U����
�G�H�S�R�V�L�W�H�G���R�Q���6�L�����6�8�������D�Q�G���J�O�D�V�V���V�X�E�V�W�U�D�W�H�V���R�Y�H�U���G�H�S�R�V�L�W�L�R�Q���W�L�P�H�����:�H���F�D�Q���V�H�H���W�K�D�W���W�K�H���W�K�L�F�N�Q�H�V�V���R�I��
�W�K�H�� �3�$�1�,�� �I�L�O�P�� �F�K�D�Q�J�H�V�� �L�Q�� �W�K�H�� �V�D�P�H�� �Z�D�\�� �R�Q�� �W�K�H�� �W�K�U�H�H�� �W�\�S�H�V�� �R�I���V�X�E�V�W�U�D�W�H�V�����,�Q�� �W�K�H�� �I�L�U�V�W�� �V�K�R�U�W�� �W�L�P�H��
���� �����P�L�Q�V�� �I�R�U�� �W�K�H�� �6�L�� �V�X�E�V�W�U�D�W�H���� �� �����P�L�Q�V�� �I�R�U�� �W�K�H�� �6�8������ �V�X�E�V�W�U�D�W�H���� �D�Q�G�� �� �����P�L�Q�V�� �I�R�U�� �W�K�H�� �J�O�D�V�V��
�V�X�E�V�W�U�D�W�H�������W�K�H���W�K�L�F�N�Q�H�V�V���R�I���W�K�H���3�$�1�,���L�Q�F�U�H�D�V�H�V���U�D�S�L�G�O�\���Z�L�W�K���W�L�P�H�����%�H�\�R�Q�G���W�K�D�W�����W�K�H���W�K�L�F�N�Q�H�V�V���E�H�J�L�Q�V��
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Figure 107. The evolution in the thickness of the PANI layer, deposited on Si, SU-8 and glass substrates over 

deposition time. 
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Figure 108. PANI coating produced in situ without (a,b) /with (c,d) an agitation of 80rpm. 
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Figure 109. SU-8 surface without (a) / with (b) PANI coating. 
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Figure 110. PANI coating on SU-8 waveguide which is deposited on the CYTOP lower cladding. a) PANI is 

coated by method in-situ. b) PANI is coated by method spin coating. 
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V.2.2 PANI optical parameters upon NH3 exposure 
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Figure 111. UV-VIS absorption spectra of PANI coated glass substrates upon different exposure times to NH3 and 

NH4OH. Inset focuses on the absorbance variation around 850 nm. 
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Figure 112. a) CAD rendering of the fully integrated optical gas sensor. b) Exploded view showing the alignment pins, 

the microring resonators chip, and the VCSEL optical window. 
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Figure 113. a) Detailed view of the collimated VCSEL matrix and the grating couplers observed from the bottom 

(through the Si substrate). b) Close-up view of the optical port showing the input grating couplers area, and the exposed 

sensing area with the microring resonators. A built-in slope of 19° ensures the injection angle is guaranteed. 
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Conclusion and perspectives  
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