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�:�H���S�U�R�S�R�V�H�G���D���V�X�U�I�D�F�H���D�F�R�X�V�W�L�F���Z�D�Y�H�����6�$�:�����1�+�����J�D�V���V�H�Q�V�R�U���E�D�V�H�G���R�Q���Q�L�W�U�R�J�H�Q���G�R�S�H�G��

�G�L�D�P�R�Q�G�� �O�L�N�H�� �F�D�U�E�R�Q�� ���1-�'�/�&���� �I�L�O�P���� �7�K�H�� �1-�'�/�&�� �I�L�O�P�����S�U�H�S�D�U�H�G�� �X�V�L�Q�J�� �D���P�L�F�U�R�Z�D�Y�H��

�H�O�H�F�W�U�R�Q�� �F�\�F�O�R�W�U�R�Q�� �U�H�V�R�Q�D�Q�F�H�� �S�O�D�V�P�D�� �F�K�H�P�L�F�D�O�� �Y�D�S�R�U�� �G�H�S�R�V�L�W�L�R�Q�� ���(�&�5-�3�(�&�9�'����

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

�J�U�R�X�S�V�� �R�Q�� �L�W�V�� �V�X�U�I�D�F�H���� �Z�K�L�F�K�� �F�D�Q�� �V�H�O�H�F�W�L�Y�H�O�\�� �D�E�V�R�U�E�� �S�R�O�D�U�� �1�+�����J�D�V�� �P�R�O�H�F�X�O�H�V���� �7�K�H�V�H��

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

�V�H�Q�V�R�U���� �7�K�H�� �V�H�Q�V�R�U�� �F�D�Q�� �D�F�K�L�H�Y�H�� �F�D�S�D�E�L�O�L�W�L�H�V�� �R�I���L�Q-�V�L�W�X�� �P�R�Q�L�W�R�U�L�Q�J�� �1�+���� �L�Q�� �D��

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

���a�������V���� �D�W�� �U�R�R�P�� �W�H�P�S�H�U�D�W�X�U�H���� �7�K�H�� �1�+�����V�H�Q�V�L�Q�J�� �P�H�F�K�D�Q�L�V�P���L�V�� �D�W�W�U�L�E�X�W�H�G�� �W�R�� �W�K�H��

�G�H�F�U�H�D�V�H�G���S�R�U�R�V�L�W�\���R�I���W�K�H���1-�'�/�&���I�L�O�P���F�D�X�V�H�G���E�\���D�G�V�R�U�E�H�G���1�+�����P�R�O�H�F�X�O�H�V���R�Q���L�W�V���S�R�O�D�U��

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

�.�H�\�Z�R�U�G�V���� �1�� �G�R�S�H�G�� �'�/�&���� �V�X�U�I�D�F�H�� �D�F�R�X�V�W�L�F�� �Z�D�Y�H�� ���6�$�:������ �1�+�����J�D�V�� �V�H�Q�V�R�U���� �H�O�D�V�W�L�F��

�P�R�G�X�O�X�V 

 



1. �,�Q�W�U�R�G�X�F�W�L�R�Q 

�$�P�P�R�Q�L�D�����1�+�������J�D�V���L�V���W�R�[�L�F�����D�Q�G���L�W�V���P�D�[�L�P�X�P���D�O�O�R�Z�H�G���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���L�Q���Z�R�U�N�L�Q�J��

�D�Q�G�� �O�L�Y�L�Q�J�� �H�Q�Y�L�U�R�Q�P�H�Q�W�V�� �G�H�I�L�Q�H�G�� �E�\�� �2�F�F�X�S�D�W�L�R�Q�D�O�� �6�D�I�H�W�\�� �D�Q�G�� �+�H�D�O�W�K�� �$�G�P�L�Q�L�V�W�U�D�W�L�R�Q����

�8�6�$���� �L�V�� ������ �S�S�P�� �>�������@���� �/�R�Q�J-�W�H�U�P�� �H�[�S�R�V�X�U�H�� �W�R�� �1�+�����J�D�V�� �Z�L�W�K�� �D�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �K�L�J�K�H�U��

�W�K�D�Q�� ������ �S�S�P�� �F�D�Q�� �O�H�D�G�� �W�R�� �G�D�P�D�J�H�� �W�R�� �U�H�V�S�L�U�D�W�R�U�\�� �D�Q�G�� �H�\�H�V�� �W�U�D�F�W�V�� �>���@���� �D�Q�G�� �H�[�S�R�V�X�U�H�� �W�R��

�1�+�����J�D�V�� �Z�L�W�K�� �D�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �K�L�J�K�H�U�� �W�K�D�Q�� ���������� �S�S�P�� �F�D�Q�� �F�D�X�V�H�� �V�X�G�G�H�Q�� �F�R�O�O�D�S�V�H�� �R�U��

�G�H�D�W�K���R�I���D���S�H�U�V�R�Q���>�������@�����%�H�V�L�G�H�V�����O�L�T�X�L�G���1�+�����L�V���I�O�D�P�P�D�E�O�H���D�Q�G���P�D�\���F�D�X�V�H���D�Q���H�[�S�O�R�V�L�R�Q��

�L�I�� �L�W�V�� �O�H�D�N�D�J�H�� �K�D�S�S�H�Q�V�� �>��-���@���� �)�R�U�� �H�[�D�P�S�O�H���� �D�Q�� �H�[�S�O�R�V�L�R�Q�� �F�D�X�V�H�G�� �E�\�� �W�K�H�� �O�H�D�N�H�G�� �1�+����

�N�L�O�O�H�G�� �P�R�U�H�� �W�K�D�Q�� �������� �S�H�R�S�O�H�� �L�Q�� �-�L�O�L�Q���� �&�K�L�Q�D���� �L�Q�� ������������ �$�O�W�K�R�X�J�K�� �W�K�H�� �O�R�Z�H�U�� �O�L�P�L�W�� �R�I��

�K�X�P�D�Q�� �S�H�U�F�H�S�W�L�R�Q�� �E�\�� �V�P�H�O�O�� �L�V�� �D�U�R�X�Q�G�� ������ �S�S�P�� �1�+�����>���@���� �K�X�P�D�Q�� �R�O�I�D�F�W�L�R�Q�� �L�V�� �R�I�W�H�Q��

�X�Q�U�H�O�L�D�E�O�H���I�R�U���W�K�H���1�+�����G�H�W�H�F�W�L�R�Q���D�Q�G���1�+�����F�R�Q�F�H�Q�W�U�D�W�L�R�Q���I�D�U���E�H�O�R�Z���W�K�L�V���O�L�P�L�W���V�K�R�X�O�G���E�H��

�N�Q�R�Z�Q���P�X�F�K���H�D�U�O�L�H�U���L�Q���P�D�Q�\���R�F�F�D�V�L�R�Q�V���>���@�����'�H�V�S�L�W�H���L�W�V���H�[�W�U�H�P�H���G�D�Q�J�H�U�����1�+�����L�V���Y�D�V�W�O�\��

�X�V�H�G�� �L�Q�� �P�R�G�H�U�Q�� �F�K�H�P�L�F�D�O�� �D�Q�G�� �V�H�P�L�F�R�Q�G�X�F�W�R�U�� �L�Q�G�X�V�W�U�L�H�V�� �>����-�����@���� �7�K�H�U�H�I�R�U�H���� �J�D�V��

�V�H�Q�V�R�U�V���Z�K�L�F�K���F�D�Q���L�Q-�V�L�W�X���P�R�Q�L�W�R�U�L�Q�J���W�K�H���O�R�Z���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I���W�K�H���1�+�����D�U�H���F�U�L�W�L�F�D�O���I�R�U��

�D���V�D�I�H���Z�R�U�N�L�Q�J���D�Q�G���O�L�Y�L�Q�J���H�Q�Y�L�U�R�Q�P�H�Q�W�V���D�Q�G���V�D�Y�L�Q�J���O�L�Y�H�V�� 

�,�Q�� �W�K�H�� �O�D�V�W�� �G�H�F�D�G�H�����D�O�R�Q�J�� �Z�L�W�K�� �W�K�H�� �G�H�Y�H�O�R�S�P�H�Q�W�� �R�I�� �W�K�H�� �P�L�F�U�R-�H�O�H�F�W�U�R-�P�H�F�K�D�Q�L�F�D�O��

�V�\�V�W�H�P�V�� ���0�(�0�6�����W�H�F�K�Q�R�O�R�J�\���� �V�X�U�I�D�F�H�� �D�F�R�X�V�W�L�F�� �Z�D�Y�H�� ���6�$�:�����W�H�F�K�Q�L�T�X�H���K�D�V�� �E�H�F�R�P�H��

�Z�L�G�H�O�\���X�V�H�G�� �L�Q���1�+�����V�H�Q�V�L�Q�J�� �E�H�F�D�X�V�H���V�X�U�I�D�F�H�� �D�F�R�X�V�W�L�F�� �Z�D�Y�H�� �L�V�� �K�L�J�K�O�\�� �V�H�Q�V�L�W�L�Y�H�� �W�R��

�S�K�\�V�L�F�D�O���D�Q�G�� �F�K�H�P�L�F�D�O�� �F�K�D�Q�J�H�V���R�I�� �W�K�H���V�H�Q�V�L�Q�J���O�D�\�H�U�V���G�H�S�R�V�L�W�H�G���R�Q�W�R���W�K�H�� �6�$�:�� �G�H�Y�L�F�H��

�>����-�����@�����6�H�P�L�F�R�Q�G�X�F�W�L�Q�J���R�[�L�G�H�V���D�Q�G���S�R�O�\�P�H�U�V���D�U�H���X�V�X�D�O�O�\���H�P�S�O�R�\�H�G���D�V���V�H�Q�V�L�Q�J���O�D�\�H�U�V��

�R�I���6�$�:�� �E�D�V�H�G���1�+�����V�H�Q�V�R�U�V�����E�H�F�D�X�V�H���W�K�H�\���F�D�Q���H�I�I�H�F�W�L�Y�H�O�\�� �D�E�V�R�U�E���D�Q�G���U�H�D�F�W���Z�L�W�K���1�+����

�P�R�O�H�F�X�O�H�V���>����-�����@�����)�R�U���H�[�D�P�S�O�H�����&�R�Q�V�W�D�Q�W�L�Q�R�L�X���H�W���D�O�����U�H�S�R�U�W�H�G���W�K�D�W���D���6�$�:���1�+�����V�H�Q�V�R�U��



�X�V�L�Q�J���D���6�Q�2�����&�R���2�����E�L-�O�D�\�H�U���V�H�Q�V�L�W�L�Y�H���I�L�O�P���K�D�V���D�F�K�L�H�Y�H�G���D���U�H�V�S�R�Q�V�H���R�I���a�����N�+�]���W�R�Z�D�U�G��

���������S�S�P���1�+�����>�����@�����+�R�Z�H�Y�H�U�����W�K�H�V�H���V�H�P�L�F�R�Q�G�X�F�W�L�Q�J���R�[�L�G�H�V���D�Q�G���S�R�O�\�P�H�U�V���R�I�W�H�Q���V�K�R�Z��

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

�J�D�V���V�H�Q�V�R�U�V���>�����������@�����7�K�H�U�H�I�R�U�H�����L�W���L�V���F�U�X�F�L�D�O���W�R���H�[�S�O�R�U�H���Q�H�Z���V�H�Q�V�L�Q�J���P�D�W�H�U�L�D�O�V���Z�K�L�F�K���D�U�H��

�E�R�W�K���V�W�D�E�O�H���D�Q�G���V�H�Q�V�L�W�L�Y�H���W�R���1�+�����J�D�V���� 

�1�L�W�U�R�J�H�Q�� �G�R�S�H�G�� �'�/�&�� ���1-�'�/�&���� �I�L�O�P�V�� �K�D�Y�H�� �D�W�W�U�D�F�W�H�G�� �J�U�H�D�W�� �L�Q�W�H�U�H�V�W�V�� �I�R�U�� �L�Q�G�X�V�W�U�L�D�O��

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

�Z�D�W�H�U���U�H�V�L�V�W�L�Y�L�W�\�����Z�H�D�U���D�Q�G���F�R�U�U�R�V�L�R�Q���U�H�V�L�V�W�D�Q�F�H���>�����������@�����%�H�V�L�G�H�V�����W�K�H�\���K�D�Y�H���Q�X�P�H�U�R�X�V��

�D�F�W�L�Y�H�� �S�R�O�D�U�� �W�H�U�P�L�Q�D�W�L�Q�J�� �E�R�Q�G�V�� ��-�1�+�[���� �R�Q�� �W�K�H�L�U�� �V�X�U�I�D�F�H�V���>����-�����@���� �3�U�H�Y�L�R�X�V�� �V�W�X�G�L�H�V��

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

�J�D�V�� �P�R�O�H�F�X�O�H�V���� �V�X�F�K�� �D�V�� �1�+�����>�����@���� �W�K�X�V�� �O�H�D�G�L�Q�J�� �W�R�� �F�K�D�Q�J�H�V�� �R�I�� �P�D�V�V���� �H�O�D�V�W�L�F�� �P�R�G�X�O�X�V��

�D�Q�G���H�O�H�F�W�U�L�F�D�O���F�R�Q�G�X�F�W�L�Y�L�W�\���R�I���1-�'�/�&���I�L�O�P�V�����,�Q���D�G�G�L�W�L�R�Q�����W�K�H�\���R�I�W�H�Q���K�D�Y�H���S�R�U�H�V���L�Q���W�K�H�L�U��

�V�W�U�X�F�W�X�U�H�V�����Z�K�L�F�K���D�U�H���E�H�Q�H�I�L�F�L�D�O���I�R�U���J�D�V���D�G�V�R�U�S�W�L�R�Q���D�Q�G���G�L�I�I�X�V�L�R�Q���>�����@�����7�K�H�L�U���H�[�F�H�O�O�H�Q�W��

�S�U�R�S�H�U�W�L�H�V���S�U�R�Y�L�G�H���D���J�U�H�D�W���S�R�W�H�Q�W�L�D�O���W�R���E�H���H�[�S�O�R�U�H�G���D�V���K�L�J�K�O�\���V�W�D�E�O�H���D�Q�G���V�H�Q�V�L�W�L�Y�H���O�D�\�H�U�V��

�I�R�U���1�+�����J�D�V���V�H�Q�V�R�U�V�����1�H�Y�H�U�W�K�H�O�H�V�V�����D�V���I�D�U���D�V���Z�H���K�D�Y�H���V�H�D�U�F�K�H�G�����I�H�Z���U�H�S�R�U�W�V���K�D�Y�H���E�H�H�Q��

�I�R�F�X�V�H�G���R�Q���W�K�H�L�U���1�+�����V�H�Q�V�L�Q�J���D�S�S�O�L�F�D�W�L�R�Q�V���� 

�,�Q�� �W�K�L�V�� �Z�R�U�N���� �Z�H�� �I�D�E�U�L�F�D�W�H�G�� �D�� �6�$�:�� �J�D�V�� �V�H�Q�V�R�U�� �Z�L�W�K�� �D�� �V�H�Q�V�L�Q�J�� �O�D�\�H�U�� �R�I�� �D���S�R�U�R�X�V��

�1-�'�/�&�� �I�L�O�P�� �D�Q�G�� �L�Q�Y�H�V�W�L�J�D�W�H�G�� �L�W�V�� �V�H�Q�V�L�Q�J�� �S�H�U�I�R�U�P�D�Q�F�H�� �D�Q�G�� �P�H�F�K�D�Q�L�V�P�� �I�R�U�� �1�+������

�5�H�V�X�O�W�V���V�K�R�Z�H�G���W�K�D�W���W�K�H���V�H�Q�V�R�U���F�D�Q�� �E�H�� �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�� �K�L�J�K��

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

�I�R�U���V�H�Q�V�L�Q�J���1�+�����L�Q���W�K�H���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���U�D�Q�J�H���I�U�R�P�����������S�S�E���W�R�����������S�S�P�� 

 



2. �0�D�W�H�U�L�D�O�V���D�Q�G���P�H�W�K�R�G�V 

�&�R�P�P�H�U�F�L�D�O���6�7-�&�X�W�� �T�X�D�U�W�]�� �V�X�E�V�W�U�D�W�H�� �Z�D�V�� �X�V�H�G�� �I�R�U�� �W�K�H�� �I�D�E�U�L�F�D�W�L�R�Q�� �R�I�� �W�K�H�� �6�$�:��

�G�H�Y�L�F�H�����$�O�X�P�L�Q�X�P�� �L�Q�W�H�U�G�L�J�L�W�D�O���W�U�D�Q�V�G�X�F�H�U�V�����,�'�7�V�����������S�D�L�U�V���� �D�Q�G�� �U�H�I�O�H�F�W�L�Q�J�� �J�U�D�W�L�Q�J�V��

�����������S�D�L�U�V�����Z�L�W�K���D���W�K�L�F�N�Q�H�V�V���R�I�����������Q�P���Z�H�U�H���G�H�S�R�V�L�W�H�G���R�Q���W�K�H���V�X�E�V�W�U�D�W�H���X�V�L�Q�J���V�W�D�Q�G�D�U�G��

�S�K�R�W�R�O�L�W�K�R�J�U�D�S�K�\���D�Q�G���O�L�I�W-�R�I�I���S�U�R�F�H�V�V�H�V���W�R���I�D�E�U�L�F�D�W�H���W�K�H���6�$�:���U�H�V�R�Q�D�W�R�U�����7�K�H���I�D�E�U�L�F�D�W�H�G��

�6�$�:���U�H�V�R�Q�D�W�R�U���L�V���V�K�R�Z�Q���L�Q�� �)�L�J���� �����D���� �D�Q�G�� �����E������ �D�Q�G�� �W�K�H�� �W�U�D�Q�V�P�L�V�V�L�R�Q�� �I�H�D�W�X�U�H�� ���6������

�S�D�U�D�P�H�W�H�U�����P�H�D�V�X�U�H�G���E�\�� �D�� �Q�H�W�Z�R�U�N�� �D�Q�D�O�\�]�H�U�� ���$�J�L�O�H�Q�W�� �(���������&�����L�V�� �J�L�Y�H�Q�� �L�Q�� �)�L�J���� �����F������

�Z�K�L�F�K�� �L�Q�G�L�F�D�W�H�V�� �W�K�H�� �L�Q�V�H�U�W�L�R�Q�� �O�R�V�V�� �D�Q�G�� �W�K�H�� �T�X�D�O�L�W�\�� �I�D�F�W�R�U���D�U�H���a�������G�%���D�Q�G�� �a������������

�U�H�V�S�H�F�W�L�Y�H�O�\�����7�K�H���F�H�Q�W�U�D�O���I�U�H�T�X�H�Q�F�\���R�I���W�K�H���U�H�V�R�Q�D�W�R�U���L�V���a���������0�+�]���V�L�Q�F�H���W�K�H���,�'�7�V���D�Q�G��

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

�W�K�H���D�F�R�X�V�W�L�F���Z�D�Y�H���V�S�H�H�G�� �R�Q���6�7-�F�X�W���T�X�D�U�W�]���L�V������������ �P���V���� �7�K�H���F�H�Q�W�H�U-�W�R-�F�H�Q�W�H�U���G�L�V�W�D�Q�F�H��

�E�H�W�Z�H�H�Q���W�K�H���,�'�7�V���L�V�����������Z�D�Y�H�O�H�Q�J�W�K�V�� 



 

�)�L�J���������D�����7�K�H���R�S�W�L�F�D�O���P�L�F�U�R�V�F�R�S�\���L�P�D�J�H���R�I���W�K�H���6�$�:���U�H�V�R�Q�D�W�R�U�������E�����7�K�H���H�Q�O�D�U�J�H�G���L�P�D�J�H��

�R�I�� �W�K�H�� �D�U�H�D�� �L�Q�� �W�K�H�� �U�H�G�� �E�R�[�� �L�Q�� ���D���������F�����7�K�H�� �W�U�D�Q�V�P�L�V�V�L�R�Q�� �I�H�D�W�X�U�H�� ���6�������S�D�U�D�P�H�W�H�U���� �R�I�� �W�K�H��

�6�$�:���U�H�V�R�Q�D�W�R�U�������G�����7�K�H���V�F�K�H�P�D�W�L�F���G�L�D�J�U�D�P���R�I���D���6�$�:���V�H�Q�V�R�U�������H�����H�[�S�H�U�L�P�H�Q�W�D�O���V�H�W�X�S��

�I�R�U���J�D�V���V�H�Q�V�L�Q�J���P�H�D�V�X�U�H�P�H�Q�W���� 

�1-�'�/�&���I�L�O�P�V���Z�H�U�H���G�H�S�R�V�L�W�H�G���R�Q���W�K�H���6�$�:���U�H�V�R�Q�D�W�R�U�V���X�V�L�Q�J���D���P�L�F�U�R�Z�D�Y�H���H�O�H�F�W�U�R�Q��

�F�\�F�O�R�W�U�R�Q�� �U�H�V�R�Q�D�Q�F�H�� �S�O�D�V�P�D�� �F�K�H�P�L�F�D�O�� �Y�D�S�R�U�� �G�H�S�R�V�L�W�L�R�Q�� ���(�&�5-�3�(�&�9�'���� �P�H�W�K�R�G���� �D�V��

�U�H�S�R�U�W�H�G�� �L�Q�� �5�H�I�� �>�����@���� �7�K�H�� �P�L�F�U�R�Z�D�Y�H�V�� �Z�L�W�K�� �D�� �K�L�J�K-�G�H�Q�V�L�W�\�� �S�O�D�V�P�D�� �Z�H�U�H�� �J�H�Q�H�U�D�W�H�G��

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

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

�Z�D�V���H�Y�D�F�X�D�W�H�G���W�R�������� �î ����-�� �3�D���D�Q�G���W�K�H�Q���D�U�J�R�Q�����$�U�����J�D�V���Z�D�V���L�Q�W�U�R�G�X�F�H�G���L�Q�V�L�G�H���F�K�D�P�E�H�U��

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



�S�R�Z�H�U����-������ �9���S�X�O�V�H���E�L�D�V�H�G���Z�L�W�K���I�U�H�T�X�H�Q�F�\������ �N�+�]���D�Q�G���G�X�W�\���U�D�W�L�R���������������� �P�L�Q�������7�K�H�Q��

�D���J�D�V���P�L�[�W�X�U�H���R�I���&���+�������1�����D�Q�G���$�U���Z�H�U�H���L�Q�W�U�R�G�X�F�H�G���L�Q�W�R���W�K�H���F�K�D�P�E�H�U���I�R�U���W�K�H���G�H�S�R�V�L�W�L�R�Q��

�R�I�� �W�K�H�� �1-�'�/�&�� �I�L�O�P�V���� �,�Q�� �W�K�L�V�� �V�W�X�G�\���� �W�K�H�� �P�L�F�U�R�Z�D�Y�H�� �S�R�Z�H�U���� �E�L�D�V�H�G�� �Y�R�O�W�D�J�H���� �R�S�H�U�D�W�L�Q�J��

�S�U�H�V�V�X�U�H���D�Q�G���S�U�R�F�H�V�V���W�L�P�H���Z�H�U�H���P�D�L�Q�W�D�L�Q�H�G���W�R���E�H���F�R�Q�V�W�D�Q�W�V���G�X�U�L�Q�J���W�K�H���G�H�S�R�V�L�W�L�R�Q�����E�X�W��

�W�K�H���&���+�����1�����J�D�V���I�O�R�Z���U�D�W�L�R�V���Z�H�U�H���Y�D�U�L�H�G�����7�K�H���G�H�W�D�L�O�H�G���G�H�S�R�V�L�W�L�R�Q���S�D�U�D�P�H�W�H�U�V���D�U�H���O�L�V�W�H�G��

�L�Q���7�D�E�O�H������ 

�7�D�E�O�H�������(�[�S�H�U�L�P�H�Q�W�D�O���S�D�U�D�P�H�W�H�U�V���I�R�U���W�K�H���G�H�S�R�V�L�W�L�R�Q���R�I���1-�'�/�&���I�L�O�P 
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�7�K�H�� �6�$�:�� �U�H�V�R�Q�D�W�R�U�V�� �Z�L�W�K�� �W�K�H�� �1-�'�/�&�� �V�H�Q�V�L�Q�J�� �O�D�\�H�U�V��were connected to a 

cascaded amplifier with two BFT25A transistors (Philips) and phase-shift circuits 

with two LC resonant networks to build the SAW sensor, as shown in Fig. 1(d). The 

sensing performance of the SAW gas sensor was characterized using a specially 

designed testing setup, as shown in Fig. 1(e) [19]. The sensor was put in a sealed 

testing chamber with a volume of 20 L. �7�K�H���W�H�P�S�H�U�D�W�X�U�H���D�Q�G���W�K�H���K�X�P�L�G�L�W�\���L�Q���W�K�H���W�H�V�W��

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

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

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

�L�Q�� �W�K�H�� �D�P�E�L�H�Q�W�� �H�Q�Y�L�U�R�Q�P�H�Q�W���� �D�Q�G�� �W�K�H�� �V�H�Q�V�R�U�� �Z�D�V�� �R�S�H�U�D�W�H�G�� �D�W�� ������ �•�� �D�V�� �Z�H�O�O���� �+�L�J�K��
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An optical microscope (MV3000) was used to take the images of the SAW 

resonator. Electrical conductivity of the sensing layers was measured based on a 

four-probe method using a digital source meter (Keithley 2400). Surface morphology 

and thickness of the IDTs and N-DLC films were characterized using a �¿eld-emission 

scanning electron microscope (SEM, FEI Inspect F). Chemical composition and 

bonding structures of the films were analyzed using an X-ray photoelectron 

spectroscopy (XPS, Quantum 2000 Scanning ESCA Microprobe instrument) with a 

monochromatic A�O���.�.���V�R�X�U�F�H�������������������H�9�����D�Q�G���D���5�D�P�D�Q���V�S�H�F�W�U�R�V�F�R�S�\�����:ITec Alpha 

300R, 532 nm) respectively. The bonding of the films was studied using a vacuum 



Fourier transform infrared (FTIR) spectrometer ���1�L�F�R�O�H�W�� ���������� with a wavelength 

range of 1250-3750 cm-1.  

 

 

 



3. Results and discussion 

3.1. Characterization of N-doped DLC films 

The SEM images of N-DLC films are shown in Figs. 2(b)-2(d), which show the 

particulate features. Compared with those of other films, more pores can be found for 

the film #3, indicating that more N elements incorporated into the DLC film will lead 

to a more porous structure. This porous structure is �E�H�Q�H�I�L�F�L�D�O���I�R�U���J�D�V���D�G�V�R�U�S�W�L�R�Q���D�Q�G��

�G�L�I�I�X�V�L�R�Q���L�Q���W�K�H���D�S�S�O�L�F�D�W�L�R�Q���R�I���J�D�V���V�H�Q�V�L�Q�J���P�D�W�H�U�L�D�O�� The inset in Fig. 2(d) shows the 

cross-sectional image of films, indicating the thickness of the N-DLC films is ~500 

nm. As the thickness of individual film does not vary apparently, we present here only 

the result for the reference sample.  

 



Fig. 2 SEM images of IDTs (a) and N-DLC films #1 (b), #2 (c), #3 (d) deposited on 

the quartz substrates. The inset in (d) is the cross-sectional image of the film #3, 

indicating the thickness is ~500 nm. 
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Fig. 3 Raman spectra of the prepared films #1 (a), #2 (b) and #3 (c). 

 

Fig. 4(a) shows the XPS spectra of the N-DLC films. The intensity of N1s 

spectrum increases significantly with the increased N2 flow rate, indicating that more 

N atoms are incorporated in the DLC film. Oxygen is also observed in the films, 

mainly due to exposure of the samples in ambient air before XPS measurement. Figs. 

4(a) and 4(b) show the deconvoluted C1s and N1s spectra of the film #2. The C1s 

peak can be fitted with three sub-peaks: the main peak at 284.7 eV corresponds to the 

C-C sp2 structure. The other peaks centered at 285.7 and 287.9 eV correspond to C-C 

sp3 and C-N bonds, respectively [31,32]. The N1s spectra show two peaks at 399.6 

and 400.5 eV which can be attributed to sp3 C-N and sp2 C-N bonds, 

respectively [31,32].  



 

Fig. 4 (a) XPS spectra of prepared N-DLC films. Deconvoluted C1s (b) and N1s (c) 

spectra of the film #2. (d) FTIR spectra of the films #1 and #3 on quartz substrates. 

 

Fig. 4d shows the FTIR spectra of the films #1 and #3 on quartz substrates in the 

range 1250-3750 cm-1. In this figure, a few peaks belonged to the FTIR characteristics 

of N-DLC films are observed. Peaks in the range of 2800-3050 cm-1 are assigned to 

the C-H bonds [32]. With the increase of N2 flow rate from 5 to 30 sccm, an 

obviously broad band between 3200 and 3600 cm-1 appears, revealing the formation 

of NHx (x=1,2) bonds [33]. Peaks between 1300 and 1750 cm-1 are associated with 

the stretching vibration of both double and single carbon-nitrogen and carbon-carbon 

bonds. The peaks between 1600 and 1682 cm-1 are assigned to the sp2 C=N bonds 
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around 2200 cm-1 in Fig. 4(d). The results from both XPS and FTIR spectra indicate 

that the carbon and nitrogen atoms in the nitrogen-doped DLC film are mainly existed 

as single C-N and double C=N bonds.  

 

3.2. Gas sensing performance and sensing mechanism 
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�Z�K�H�U�H���I������� �������� �0�+�]���� �D�Q�G���Y������� ���������� �P���V���� �D�U�H�� �W�K�H�� �X�Q�S�H�U�W�X�U�E�H�G�� �I�U�H�T�X�H�Q�F�\�� �D�Q�G�� �6�$�:��
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In this paper, the NH3 gas sensing performance of quartz SAW sensors with the 

N-DLC films as sensing layers were investigated. The porous structure and the active 

polar groups on the N-DLC film were beneficial for the NH3 gas sensing application. 
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