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w � KJDI��ñ�K{w���u	H��Î� z w��	c^w���w���� z w¦K,w���c^y@D z d¬�k����uxw¦��d¬��D z d¬��H,y@���7y@����� z d��I��§HJ��w���d�DG°7c^y@D z FUw�� Vc(V )
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����d�����uxy@�	�	��jkDxw�K{w�D z �/c;y@§ � y z ��w�§vw������N�7y@����õ�y z ��w�§vw����/c;y z�z ��KJ����ñ�c^y@§=§vw��xy�D	�/K,wf«�w z7z y@�	��u`d¬�	�
K,w�� � d z d¬Ë z d � ¹xw��E��DIHM«¬d������ ÷

ç°è�é»ê ¨ ÷ ¨@ª ë b HJ§�D	KJd¬��H{y@�	� ± y@����w7µLd z K{y�� Vc
w�� õ�y@�	c���H,y@��uxw KJd��%w��	��H{y@�&d �	� KJHJjkD	�^w V K{y z ��jkDxwK®dÊû7y@�	c|��H{y@��w�� Ã�w���� � y�K®d z HJ���^w�w�� §vy�uxw � D	��¹ÅÁ � D	KMK � y@D z u!w�DG°v�Â³ � w���uxwLû7y@�	c|��H{y@�	��uxwfK{y@�	Ë@D!w�D z �

u	H��Î� z w����%w���ñ@KQ��DI�xwLF`d�KMHJ�ð��HJjkDxwNò L = 200 nm ñ�c^y@D z FUw � y@HM�k��HJKMKJ�;w ô w|�iK���d�DI� z wau	H��ÎD	��He«�wpò L = 2000 nm ñc;y@D z F�w=�7y@KJH{uxw ô ÷ ¿`��w��	c(d z � z w �xz ����w����%wCD	� d�Ë z d��xu	HM����w�§|w�����uxw���c^y@D z FUw���u`d��I��KJd z ��Ë@H{y@��u!wõód�HMF	K,w�%w��	��H{y@� ÷

´
`��u���wá° � KJHMjÅD!w z K®d z d�HM��y@� � y@D z K®d�jkDxw�KJK{w�K,w � y¬�%w�����H,w�K Vc

z w��ð�%w �I��Ë�d¬��HMõ � y�D z u!w��¦�%w��I��H,y��	�
d �	� KMHJjkD	�^w�� V ��D3q��d�§=§vw����v��K{w�«��;w��v§ú�§vw � y@D z uxw���û7y@�	c|��H,y��	�>w��$Ã4F`d¬KJHJ�ð��HMjÅD!w��C§=d�HJ�Cd�D	����H
u	H��ÎD	��HM«�w���ñk�xy@DI�Àd(«�y��	� z �(d�KMHJ������uxw��É��HM§�D	K®d1��H,y��	����D z uxw�DG°=c(d���w|°Å� z º�§vw��auxw�û7y@�	c���H,y@�I��w��BÃ��kKQ��D	�!w
c;y@D z �%w�y]î�K,wÉ� z d��	� � y z �`w��ð�iF`d�KMHJ����HJjkDxw�ò L = 200 nm

ô w|�iK���d�DI� z wÀK{y@�	Ë@D!way]î�K{wÌ� z d��	� � y z �Kw�����u	HW�rDI��HMõ
ò L = 2 µm

ô ÷ ¿{dvþ HJË@D z w¦¨ ÷ ¨@ªC§|y��k� z w�K{w��N«¬d�K{w�D z ��uxw Vc
y�FI�%w��ÅD!w�� � d z ��HJ§�D	KJd¬��H{y@� ± y@���%w=µLd z K{y

� y�D z c^w���uxw�DG°�c�d�� ÷yÇ ��FUy��7d�c�c^y z u�jkD`d�KMHM��d¬��HeõKw��ð��y@FI��w��kD,dù«�w�c�K{w�� z ����DIKM�¼d1���NHM�k� z HM�	��º�jÅD!w���uxw�KJd
þ�HJË�D z w¨ ÷ ¨ Z � � KMD	��K®d�K,y@�IË@Dxw�D z u!wKJd�û7y@�	c���H,y@��d�D	Ë�§|w��k��w�ñ � KMD	��c;w�KJK,wáÁÂc�HKw��ð��u	HW�rDI��HM«�w�w�� � KJD	��KJd
�;y@�!w�y>î Vc

w�����kD	K�d�D	Ë�§|w��k��w�w�� z ��Ë@HJ§vw/KJHM�	�(d�H z w ÷

Ä�� �¤�}�����H�I¨1�H�}���}�H�´�_�>�
�� ¤�}�R�f�{�|í�À>�������E�����>�I£1�	���f�}�
�}�����Æ¨1�H�{�	�� ©�>���E }�@³}�|�{£¤�>�¿�	�}�R�I¨1�H�Ã���p�>� §²�_�}� �
�>�¾�I�©�>�
�f�H����� È ��� ���H�fí}�����}�����E�¤��¡J���¢ }�I�����
�´�H�}���¼Ø}�I�|� �Eí}�f�}���L���¢íw�	���¤�{�E�¤�w���¤�}���|�¤� í}���>�H� �E���H�¢í{¨1�H�
�H�����Ã�	���|í�À>�����L�E���f�}�
�}�����¾�3�¿���Qí}�	�}ª>í¤�NÖ Vc

�xz ����w�����w�D	�xwf��w��	��H,y@� �I��Ë�d¬��HM«�w � y�D z ���¯HJ§ � y z ��wpjkDxw�K
�Â³ � w�uxwÀû7y@�	c|��H{y@��ñ	F`d¬KJHJ�ð��HMjÅD!w}y@D�u	H��ÎD	��HM«�w¬ñ`c;y@§§vwNK,w/§vy@��� z d�H,w��k�EK{w��Eþ�HMË@D z w��¨ ÷ ¨ Z w���¨ ÷ ¨¬¥ ÷
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ç°è�é»ê ¨ ÷ ¨ \ ë ¶ z y>	KJ��uxwBò"d ô KJd�c;y@�	c^w���� z d¬��H{y@����K{w�c�� z y@�IHJjkDxw�w��fòóF ô uID � y��%w�����H,w�Ky��K{w�c�� z HMjÅD!w/K,w�K,y@�IË
uxw��{F z d��	c¼¹xw���¹xy z H	�^y@���¼d�K{w��TuxwÉK®d�û7y��	c���H,y@��w���ÃnuxwÉK,y��	Ë@Dxw�D z L = 2 µm �7y@D	�:u	H��Î� z w����%w���c^y@�xu	He��H{y@�	�u���d�KJHM§|w��k��d¬��H{y@� ÷ ¿`�Nw��	c�d z �u§vy@��� z wNK®d�c;y@§ � d z d�HJ�7y@�guxw�� �xz y>	KJ�Muxw/c^y@�	c^w���� z d¬��H{y@��d(«�w�c/KJdEû7y@�	c|��H{y@�
uxw�K,y@�IË@Dxw�D z L = 200 nm w�� z ��Ë@HJ§vw}uxw/õód�HMF	K,wÊ�%w��I��H,y�� d �I� KJHMjÅDI�;w ÷

¿�dþ�HMË@D z w�¨ ÷ ¨ \ z w �xz ����w�����w�K,w�� �xz y>`KM�Ê¹xy z H	�^y@���¼d�DÅ°~uxw�c^y@�	c^w���� z d¬��H{y@� ��K,w�c|� z y@�	HJjkDxw�w���uxw � y1Á
�%w��k��H,w�KG��K,w�c|� z HJjkDxw�u	d��	��KJdÊK,y��	Ë@Dxw�û7y@�	c|��H,y���w���Ã�w��fõ�y@�	c|��H,y���uxwÀKJd � y@��He��H{y@� x � y@D z u	H��Î� z w����%w�� � y1Á
K®d z HJ��d¬��H{y@�	� ÷k¶ y@D z K,w��Ìõód�HJF	K{w��£«¬d�K,w�D z �auxw V ñGK®dpc;y@�	c^w���� z d¬��H{y@�C��K,w�c|� z y@�	HJjkDxw�w���� �xz w���jkDxw/c;y��	����d����%w
��D z ��y@DI��wpKJdû7y@�	c|��H,y��,òó§HJ�u� � d z �E� �xz y(°GHJ§HM���}uxw��c^y@���¼d�c|��� ô w|�E��³Å§��� z HJjkDxw=ò"þ HJË@D z w�¨ ÷ ¨ \ òód ô�ô ÷ w|�
uxy@�	cvK,w �xz y>`K�uxw � y¬�%w�����H,w�KEKQ��w����=d�D	����H ÷ gi�.c^y@�	����jkDxw��Ic;w�ñÌ�¼d����=K®d�K,y@�IË@Dxwfû7y@�	c|��H,y�� z w�����w�u`d¬�	�
K,w�uxy@§=d�HM�xw
uxw=� z d��I� � y z ��y@¹	§HJjkDxw ò V < 0.2 V

ô ñ{K,w � y��%w��k��H,w�K�u!w=KJdvF z d��	c¼¹xw=c;w��k� z d�K z w�����wB�kD	K
ò"þ�HMË@D z w�¨ ÷ ¨ \ òóF ô�ô ÷h¶ d z c;y@��� z w � y@D z K®d � w|��He�%wÌû7y@�	c|��H{y@��w�� Ã/ñ`c^y@§§|w/�xy�D	� � y@DI«�y@�	�EK,w�c^y@�	����d¬�%w z
��D z K��Nw��	c�d z ��u!w�K®dCþ HJË@D z w�¨ ÷ ¨ \ òód ô ñ�K®d=c;y@�	c^w���� z d¬��H{y@����K{w�c|� z y��	HJjkDxw�§vy@��� z w�D	�xw�õ�y z �%wfd����ð³Å§=�|� z H{w
§=ú�§|w � y@D z K{w��/õód�HMF	K,w���«¬d�K,w�D z ��uxw V c;w¦jkD	HÉd � y@D z c^y@�	����jkDxw��	c^wCK��Ny@F	�7w z «�d1��H,y���uxw��w��	��H,y@�I� Vc�	��Ë@d¬��He«�w��c(d z d�c|��� z HJ�ð��HJjkDxw���u	D z ��Ë@HM§|w/F`d¬KJHJ�ð��HMjÅD!w ÷`¶ D	HM�K{y z ��jkDxw��!y@D	�Êd�D	Ë@§vw����%y��	�EK®d��%w��I��H,y�� V ñ
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K��¯��c¼¹`d¬D
��w�§|w���� �!z y@Ë z w�����HMõ�uxw��=��K,w�c|� z y@�	�¦§=º��xwv��K��¯HJ�	He��H®d¬KJHJ��d¬��H{y@��uxw�� z d��	��õ�w z ���HM���%w z «¬d�KJKM�;w�� ÷ ¿{d
§Bd¬����w�w}��w�c���HM«�w�u!w��E��K{w�c�� z y@�I�Ed�D	Ë@§vw����%w�d¬K,y z �Mw��ED	��uxy�§Bd�HM�xw�u��íd�c�c�D	§fD	K®d¬��H,y@�Cd �	� d z d¬üJ� �xz º���uxw
K���d��xy�uxw�ò"þ�HMË@D z wC¨ ÷ ¨ \ òód ô�ô ÷ ¿�d�þ�HJË�D z wB¨ ÷ ¨ \ òóF ô §vy@��� z wBjkDxwCK{y z ��jÅD!wBc;w|uxy@§=d�HJ�!w �!z w��!u�uxwBKQ��HM§¦Á
� y z �¼d¬�	c;w¬ñyK®d�õ�y z §vw�u	D � y��%w�����H,w�Ki��K{w�c�� z HMjÅD!w|w����fõ�y z �%w�§|w�����§vy�u	H�`�^w�w���K,w¦��d�DG��uxw � y��%w��k��H,w�KÉ�7w
c;y@�Ic;w���� z w�u`d��	�uKJd � d z ��H,w�K®d � KMD	� z ����HM����He«�w�uxw�KJdEû7y@�	c|��H,y��>w���Ã/ñ`c��Nw��ð��Á\�èÁ]u	H z wNKJd z ��Ë�H,y@� �!z yÅc¼¹xw�uxw
K���d��xy�uxw�y]îvK,w����K,w�c�� z y@�	��uxw��«¬d�KMKJ�;w��E��D � � z H,w�D z w����y��k��d�c�c�D	§�DIKJ��� ÷`´ HM�	��H"ñ`d(«�w�c V jÅDIH d¬D	Ë@§vw����%w¬ñ
K,wu��d�DI�auxw � y���w�����H{w�Khd�uxuIHM��H{y@�	�xw�K�w��ð� �xz w���jÅD!w�c;y�§ � KM����w�§vw���� z w��ð� z w�HJ���À�pKJd z ��Ë�H,y@��yÅc�c�D � �^w � d z K{w
uxy@§=d�HJ�!w�u���d�c�c�D	§�D	KJd¬��H{y@��uxwL��w�KMK,wÀ§=d��	HMº z wÀjkDxwEK,w � y���w�����H{w�K	d¬D�c;w���� z w�uxwuK®dÉû7y��	c���H,y@��w��¦Ã6�|«�y@KMDxw
w�����DIHM«¬d����uK,w��L«¬d z HJd¬��H{y@�	��uIDvc^y@���¼d�c|� � y�K®d z HJ���Ê�	��Ë@d¬��He«�w�§vw���� ÷ µ�w���w}��w|��uxy@�	�xwpd�DI����Hr�`d�HJ����d��Ic;wp�
K®dE��d¬��D z d1��H,y���uxw���c;y�D z F�w���ÈçÁ��<òóþ�HJË@D z wÌ¨ ÷ ¨¬¥hòóF ô�ô w��Kw����£d¬����w��L��HM§=HMK®d�H z wid¬Df§��c(d¬�	HJ��§|w£� z d�u	HM��H,y@�I�xw�K
uxwBKQ��w}��w|��Æ/D	�	��u`d��	��K,wc(d��ly]î�uxw���uxy�§Bd�HM�xw���uxw� z d¬�	� � y z ���xw � w�DI«�w��k����wBõ�y z §|w z ñy§vw��`d¬�k���
D	� c^y@§ � y z �%w�§|w��k�quxwpKJHM§=He�¼d¬��H,y@�|w���c;y@D z d���� x ¨¬¥>z ÷�¸ wfc^w����%wp§Bd��IHJº z w�ñ`c^w����Nw��ð� � d¬�Ê�7w�D	K{w�§vw����NKJd
õ�y z §vw
uxw���«¬d�K,w�D z ���	��Ë�d¬��HM«�w��lu!w Vc

� y@D z K,w��uû7y��	c���H,y@�	��w�� Ã�u	HW�rDI��HM«�w���jkD	H�w����lw|° � KMHJjkD	�^w=§=d�HJ�
d�D	����H£K,w�õód�He��jÅD!wBK®d � w����%w|uxw Vc

ñ dVc

dV
w�����c;y��	����d����%w �!z yÅc¼¹xwhuxwv¤K,y z ��jkDxw V > 0.2 V ò"¨ ÷ ¨1¥hò"d ô�ô

� y�D z K{w��uû7y@�	c���H,y@�I��c^y@D z ��w���w|��K,y��	Ë@Dxw�� ÷ gi��w��Uw��(ñ�K,w z ��Ë@HJ§vw�uxwB� z d��	�ðõ�w z �fHJ���%w z «¬d�KMKJ�;w��lw�����d�D	����H
d¬����w�HM�k� � y@D z K{w��uc^y@D z ��w���û7y@�	c|��H,y��	�uF`d�KMHJ����HJjkDxw�� ÷

���Æ ¤���
�5í©¨1�H�}�¢ ¤�NÖ��H���E���E�¤�=¡J���¢ }�I�����
���E���>�����}�
�}�����
�²���J�Jí}�����}���|�¤� ���p ¤�����
�>���_£1�	�w�>�Q�¿�I£1�¤�´�
�>���
 ¤�����|�¾����Ç��}�3Ö��W�¦ ¤���E�1£}� Vc(V ) ���H���I�I�>�	�}���}�H���
�>���_£}���¿�I¨1�m�p�}�.�|í�À>�����N�E�����>�I£1�	�����}�
�}�����%�E�}ª5���}�H�
�¿���¢í©�>���|���}�p�|í�À>����� �E���f�}�
�}����� í}�	�}ª>í¤���´Ä�� �¤�}�´�>�_�¤�}�;�	�� ©�����H���E�{�E�¤�;¡J���¢ }�R�����
� �3�¿�_���	���EÀ>�H�¤�NÖ´�>� §²�´�
�}��ª>�¤�NÖ¢�H���E� �	�¤�1¨1�m�}���	�¤� �	�»�H���f�}�H�I���}� Vc

�¤�}� �H�E���}�Æ�|í�À>�����Ã�E�´���>�I£1�	� �f�}�
�}�����½�

�¢630=<>27?I630=K�P;F�GR?IK�27?IS!:TM*ME0%ûVÆ�<]630;<_GI:;K1?I630��

´ KQ�íd�H{uxw�uxw���HJ§�DIK®d¬��H,y@�	��ñ��xy�D	�Ld(«�y��	�Muxy@�Ic�wá° � KJHJjkD	���¹	�^y z HMjkDxw�§vw����ÌK®d/õ�y z §vw�u	D � y��%w��k��H,w�K Vc

w�� z ��Ë@HM§|wquxw�õód�HMF	K,wE�%w��	��H{y@�gw|�Ed�D	����H�w�� z ��Ë@HJ§vw�u!w��%w��	��H{y@����K{w�«@�^w�d�D	����HrFIH,w�� � y@D z uxw�� û7y@�	c���H,y@�I�
w��Ã.F`d¬KJHJ�ð��HMjÅD!w��òóc^y@D z �%w�� ô jÅD!w�u	HW�rDI��HM«�w��ÊòóK{y@�	Ë@D!w�� ô ÷  y@DI� � y@DI«�y@�	� z ����D	§vw z c;w��Ìc^y@�	c�KJD	��H,y@�	�£��D z
K,wN��c¼¹	��§=dC¨ ÷ ¨ VÅ÷
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ç°è�é»ê ¨ ÷ ¨ V ëBþ�y z §vw�uID � y���w�����H{w�K Vc
w��Cõ�y@�Ic���H{y@�>uxw V u!w/K®dfF z d��	c¼¹xw/c^w���� z d�K,w�u���D	�!wÌû7y@�	c���H,y@�hw��Ã � y@K®d z HJ���;w�w��B§vy¡uxw � DI��¹GÁ � D	KJK"ñ�uxwqu	HJ§vw��I��H,y��	�ic(d z d�c���� z HJ����HJjkDxw��Nòód ô HJ�Iõö� z H,w�D z w���y@D=c^y@§ � d z d¬F	K,w��

y@DÝòóF ô ��D � � z H,w�D z w��pd�D7KMHJF z w � d z c;y@D z �/§|yù³�w����B�%w�§ � � z d1��D z w¦d�§�F	HJd����%w ÷ ¿{d�õ�y z §vw � d z d�FUy�KJHJjkDxw�	��Ë@d¬��He«�wquxw Vc
� y@D z V �%w�KJK{wjkDxwÊK,w��É� z d��	�ðõ�w z ���ÀHM���%w z «¬d�KJKM�;w��£�xwÊ��w �xz y�u	D	HM��w���� � d���w��	c;y z w�ò õód�HJFIK,w���%w��	��H{y@�	��ñ z ��Ë�HJ§vw�KJHM�	�(d�H z w ô ñ �xz y@DG«�w¦K,w�c�d z d�c|��º z w¦F`d�KMHJ����HJjkDxw�uID7� z d��I� � y z ��u`d¬�	��D	�xw�û7y@�	c|��H,y���w��Ã ÷h¸ d��	�EK{w/c(d��Ec;y��k� z d�H z w¬ñ Vc

w��ð���kD	KTw�� z ��Ë@HM§|w�KJHJ�I�(d�H z w ÷

¸ d��	��K{w=c�d���uID z ��Ë�HJ§vwvu!wBõód�HJFIK,w��%w��	��H{y@��ñ � y@D z uxw=c;y@D z �%w��û7y@�	c|��H,y��	��ñ{HJK�w�����HM§ � y z ��d�����uxw
�xy���w z jÅD!wf�%y@DI��K,w���w}��w|���}y@FI��w z «@���/��y@���NK{w��Êc;y@�	����jkDxw��	c;w���u!w � ¹	���xy@§º��xw�� � D z w�§vw����/c�K®d�����HJjkDxw��
KJHM���Êd�D�c(d z d�c���º z w�F`d�KMHJ����HJjkDxwlu	D � z d��	� � y z �N��K{w�c|� z y��	HJjkDxw�giÃ¢uxw��/HJ���%w z d�c|��H,y��	��c^y@D	K,y�§�F	H,w��	�xw�� ÷ ÈÂK
��� ³ d|uxy@�	c�d¬D	c�D	� z �@K,w�w�����w��k��H,w�K�û7y@D	� � d z KJd=c^y@¹	� z w��	c^w
uxw � ¹	d���w ÷ µ��Nw���� � y@D z jkDxy@H D	�xw�u!w���c z H � Á
��H{y@� jkD`d�����HMjkDxw
u	D�� z d��	� � y z ��ñ�c;y�§=§vw�d�u!y � ���^w
u`d��	�/K{w��/d z ��HMc�K{w�� x h ñ�¤(©Yz����Nw��ð� � d��N�ð� z HMc���w�§vw����
�	��c^w�����d�H z w � y�D z K®d�§vy¡u	��KJHM��d¬��H,y@�|uxw�u	HJ� � y@��HM��HMõö�LF`d¬KJHJ�ð��HMjÅD!w�� ÷¸

w � KJDI��ñ�HMK�w����¦HJ§ � y z ��d�����uxw z w�§=d z jkDxw z jkDxw���HLKJd z � � y��	��w��ð�¼d¬��HJjkDxwgw������HM§=HMK®d�H z w � y@D z K{w
z ��Ë@HJ§vw�uxw���d1��D z d¬��H{y@� ò�u	H��ÎD	��Heõ ô w�� � y�D z K{w z ��Ë@HM§|wpKJHM�	�(d�H z w=òóF	d�KJHM����HMjkDxw ô ñ�c^w�uxw z �	H{w z õ�y�D z �	He��DI�xw
F	H,w���§|w�HJKJK{w�D z w z � � y@�	��w/õ z ��jkDxw�����H,w�KMK,w ÷ µ�w�c�H:w����qu	D���K®d�c;y�§�F	HJ�	d�HJ�7y@�>u	D�õód�HJF	K{w��%w�§ � ��uxw/� z d¬�	��He�
��K{w�c�� z y@�IHJjkDxwBK{y z ��jkDxwBK{w��û7y@�Ic���H{y@�	�p��y@����� z º�� � w|��He�%w���dù«�w�cCKJdvõód�HMF	K,wvu	HM���¼d¬�	c;w�� � d z c^y@D z H z w���KJd
«ÅHM�%w����7w�§|yù³�w��	�xw¦F`d�KMHJ�ð��HJjkDxwp� z º�����K{w�«@�^w�òó¥���ªBõ�y@HJ�Êc;w�KJK,w�w�� z ��Ë@HJ§vw�u	HW�rD	��HMõ ô ÷ µ�w � y@HM���}w��ð��� z º��
HJ§ � y z �¼d¬�k� � y�D z K®d z ��d�KJHM��d¬��H,y@�huxw��xy@�Ec;y@§ � y@��d������Ed�c���HMõö��u`d��I�K{w/c¼¹`d � He� z wpÈ�È�È ÷
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�yÓ"§ Pã��x{z�� z�w{n/x{z���o�w£��su��� sLxy� z����mEw���mEw�¤r�fo��Ìx{z|�fo�wët�n��|z�w�x{z��=��mEw
¥ xy���pz�w�t���n�o��i��mEw

¿��Nw|° � K{y@HM��d¬��H{y@�¦u��¯D	�xw�û7y@�	c���H,y@�:F`d¬KJHJ�ð��HMjÅD!w7�â� z y@HM�vF z d��	c¼¹!w�� � y@KJd z HM���;w�w��Û§vy¡uxw � D	��¹GÁ � D	KMK
� w z §vw���u��Nw���«ÅHJ��d�Ë�w z K®d z ��d�KJHM��d¬��H,y@��u��¯D	�|uxy@D	F	K{w�D z uxwEõ z ��jÅD!w��	c^wNË z �¬c;wÊ�pKJd�õ�y z §|w � d z d�F�y@KJHMjkDxw�u	D
� y¬�%w�����H,w�K Vc

§Bd¬HJ�ud�DI����H�u��¯D	�vc;y@��«�w z ��HJ����w�D z c^y@§=§vw/�xy@DI�K{wN«�w z�z y��	��u	d��	�EK®d � d z ��H{wp¨ ÷ ª ÷
¿��Ny@FÅû7w�c���HMõ�u!wÊc^w�����w � d z ��H{w�w����au��¯����Dxu	H,w z KQ��HM�
i`Dxw��	c;wquxwK®d�Ë@�;y�§=�|� z H{w�uxw�KJdÌû7y@�	c���H,y@�F`d�KMHJ�ð��HJjkDxw

��D z KQ��y@FG�%w�����H,y@�>u	D � y��%w��k��H,w�K Vc
� d z d�F�y@KJHMjÅD!w ÷

ï¶Ö«ª²Ö×Õ §]Ü�¨�å�ô9Ü¾	¢ô(á�ô ò�©IÛ´Ü
�´ò�ô
� K1O�ME<>2 2e�=C�6m4�?RS¢:=Mc�
¸ d��	�c;w|���%w � d z ��H{w�ñ`�xy@DI�Ê�xy�D	�Ê�7y@§§|w��HM����� z w����������DI�xw �!z y �xz HJ�|����uxw��iû7y@�	c|��H,y��	�uF`d�KMHJ����HJjkDxw��

�p� z y@HM�ÉF z d��	c¼¹!w��L�xy�§=§�;w��L²�y@�Ic���H{y@�	�ÉF`d�KMHJ����HJjkDxw��aw�� · ò Ç �xwiû7y@�	c|��H,y��BF`d�KMHJ�ð��HJjkDxw�w��BÃ � w�DI�Àú�� z w
c;y@�I��H,uI� z �^w/c;y@§§vw�D	�xw�c(d�� � d z ��HMc�D	KMH,w z uxw£û7y@�	c���H,y@�hw�� · � y@�����;u`d����ED	�vd��IË@K,w�u���y�DI«�w z ��D z w�w���� z w
K,w��LF z d¬�	c¼¹xw���u z y@HM��w}w��EË@d�D	c¼¹xw�uxw�¤ X © ◦ ô ÷`¸ d��	�uKQ�íd z ��HMc�K{w x ¨@ª�z"ñ ��÷ ÄH,w�»\w�d�§|y��k� z ��wá° � � z HJ§vw����¼d¬K,w|Á
§|w����EjÅD!w�ñ � y@K®d z HJ���;w�w���§vy¡u!w � D	��¹ÅÁ � D	KMKçñ	K{w � y��%w��k��H,w�K Vc

uxw�K®d�F z d��	c¼¹xw�c^w���� z d�K,w�u��¯D	�xwÀû7y@�	c|��H{y@�
F`d�KMHJ����HJjkDxw�w�� · � y@����º;uxw K,wv§=ú�§|w�c;y�§ � y z ��w�§vw����=jÅD	d�KJHe�¼d¬��HMõjkDxw c;w�KJD	H�u��¯D	�xw¦û7y@�	c���H,y@�ªw��.Ã/ñ
c��Nw��ð��Á\�èÁ]u	H z wpjÅD!w Vc

�!z ���7w����%w�DI�xwfõ�y z §|w � d z d�FUy�KJHJjkDxwp�	��Ë�d¬��He«�wlw�� z ��Ë@HM§|wpKJHM�	�(d�H z w�w��ND	�xw�õ�y z §vw
KJHM�	�(d�H z wÊ�	��Ë�d1��HM«�w � y@D z K{w��u�%w��	��H{y@�	� � KJDI���K,w|«@�;w�� ÷ µ�w � w��xu	d����ND	�xw�u	HW�r� z w��	c;wpHJ§ � y z �¼d¬�k��w�w|°GHJ�ð�%w ÷
gi��w}��w|�(ñhK,y z ��jkDxwpK��Ny@�vd�D	Ë@§vw�����w�KJd���w��	��H,y@� V ñ`K{w��E��K{w�c�� z y@�I� � ���	º|� z w����}uxw � KMD	�qw�� � KJD	�qu`d��I�ÊKJd
F z d¬�	c¼¹xw¦c;w��k� z d�K{w¦Ë z ��c^w¦��K���d�D	Ë@§vw����¼d1��H,y��@u	D,c¼¹`d�§ � ��K,w�c�� z HJjkDxw�w����!y@� � d��/D	�	HMjÅD!w�§vw����pË z ��c^w
�=KJdc^y@§ � y@��d����%w�«�w z ��HJc�d�K,w�uxw�K®d�«GHe�%w�����w���¹xw z §HJjkDxwpc;y@§§|w�c\��w����/K{w�c�d�� � y@D z K®d�û7y@�	c|��H,y���w�� Ã ÷´ HM�	��H`K{w � y���w�����H{w�K Vc

uxw|«ÅH,w���� � KJDI�É�I��Ë�d¬��HMõ ÷ gi�c;y@�I����jkDxw��	c;w¬ñ	K®d/c^y@�	c;w���� z d1��H,y��=��K,w�c|� z y@�	HJjkDxw�u`d¬�	�
K®dF z d��Ic¼¹xw�c;w���� z d¬K,w�d¬D	Ë@§vw����%w�u!wf§=d��	HJº z wp��HMË@�	H�	c(d¬��HM«�w�K,y z ��jkDxw��xy@D	�/d¬D	Ë@§vw����%y@�I� V ñ�c;w�jkD	H�d
� y�D z w��Uw��qu���d�D	Ë@§vw�����w z K®d�c^y@D z FID z w�uxw Vc

w���õ�y@�	c|��H{y@�>uxw V

÷
´ HJ�I��H�K®dõ�y z §vw � d z d�F�y@KJHMjÅD!w�u!w Vc

z ����D	KM��w�u	D c^y@§ � y z �%w�§vw�����¹xy z H��;y@����d�K�uID � y¬�%w�����H,w�K:w��}uxw
K®d � ���I��� z d¬��H{y@� «�w z ��HJc(d¬K,w�uxw�� � y z �%w�D z � ÷ ¿{d �xz w�§=HMº z w�y z HMË@HJ�xwlw��ð�Àû�D	����wDI��w}��w|����K{w�c�� z y@�ð� z d¬��HMjÅD!w
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jkD	H��xwlu	� � w��!u,jkDxw�uxw�K®dc;y@�!u	D	c���d��	c^w
uxwfc¼¹`d¬c�D	�xw
u!w��/F z d��	c¼¹xw���ñ�HM�xu	� � w��!u`d�§§|w��k��uxw�KQ�íd¬�	Ë@K,w
w���� z wEK,w��£F z d��	c¼¹xw��au z y@He�%w�w��ÉË�d¬D	c¼¹xw x h ñ`¤ù©7z ÷k¶ d z c;y@��� z wÊKJdN��w�c;y@�xu!w�y z HJË@HM�xwMu	� � w��xu|u!wÊKJdNjÅD	d�����HM���
uxw � y z �%w�D z �NHM�1û7w�c|������u`d��	�NKJd=F z d��	c¼¹xw�c^w���� z d�K,wlw���u!y@�	c�uxw�K���d��	Ë@K{wlw���� z wfK,w���F z d��Ic¼¹xw���u z y@HM��wlw|�
Ë�d�D	c¼¹!w�ñ α ñ	dù«�w�c�D	�~w��Uw��§=d1°GHJ§=d�K � y@D z DI��d¬�	Ë@K,w/�kD	KTw|�E§=HM�	HJ§=d�K � y@D z ¤

X © ◦ òöc(d���uxw���û7y@�	c���H,y@�I�
w��âÃ ô ÷ ¿Tw z ����D	Ke�¼d¬��uxw����HM§�D	K®d1��H,y��	� ± y��k��w�µLd z K{y�uxwfû7y@�	c���H,y@�I��F`d�KMHJ����HJjkDxw��
w�� · z �(d¬KJHJ���;w��
w��
c;y@KMK®d�F�y z d¬��H{y@�vdù«�w�c²@d(«ÅH,w z ± d¬��w;y@��uxwfK�� Ç �	He«�w z ��He����uxw b d�K®d¬§Bd��Ic(d ò «�y@H z b c¼¹	��§Bd�þ HJË@D z w�¨ ÷ ¨ X w|�
d z ��HJc�K,w x ¤ X z ô � y@D z K,w��p«¬d�K{w�D z � α = 52◦, 90◦, 120◦, 180◦ ��y��k� z w �xz ����w������;w��>�{K{w � y���w�����H{w�K Vc

w��
õ�y@�	c|��H,y��>uxw V w|�K,w��
�>���>�£³}�R�|�Ú�E�� ¤���L�L�E���>�R���*« γ = dVc

dV
ò � d z d�§=º|� z w�u	��`�IHTu`d��	�EK���d z ��HJc�K,w x ¨@ª5z ô ÷ 

y@DI� z w�§=d z jkDxy@�I��uxy@�Ic=jkDxw=K®d�u	HJ§HJ�kDI��H,y@��uxw=K���d��	Ë@K{w α w��k� z d¬üJ�xwF	H,w�� K��Ny@FI��w�����H{y@��uxw=«¬d�K{w�D z �
� KJDI�É�I��Ë�d¬��HM«�w���uxw Vc

c^wjkD	H�d � y�D z w��Uw��auxwuõód�H z w � d����7w z K®dN«¬d�K,w�D z uxwE��d¬��D z d1��H,y��|uxw γ uxw�©
÷ ¥ � y�D z

D	�xw/û7y@�	c���H,y@��F`d�KMHJ����HJjkDxwvw��éÃã� © ÷[X � y�D z D	�!wpû7y@�	c|��H,y�� F`d�KMHJ�ð��HJjkDxw�w�� · u���d��	Ë�K,w α = 52◦
÷ µ�w

z ����D	Ke�¼d¬��w�����FIH,w�����ø z KJdBc;y@�I����jkDxw��	c;wvu��¯D	�xw � KMD	��õ�y z �%w�HM�1û7w�c|��H{y@��uxw�� � y z �%w�D z ��u	d��	�NKJdBF z d¬�	c¼¹xw
c;w��k� z d�K{w ÷
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ç°è�é»ê ¨ ÷ ¨ X ë b HM§�D	KJd¬��H{y@�	� ± y@���%wÌµLd z K{y¨ ¸ � Vc
w���õ�y@�	c|��H,y���uxw V � y@D z u!w��Iû7y@�	c|��H,y��	�yF`d�KMHJ����HJjkDxw��Tw��· � y�K®d z HJ���^w��`w��=§vy¡u!w � D	��¹ÅÁ � D	KMK�ò V = VL = −VR
ô uxwEK®d z Ë�w�D z uxwÊF z d��	c¼¹!wN¨�©/�	§¬w���uxwEK,y@�IË@Dxw�D z

uxwpF z d��Ic¼¹xw�ª¬©�	§ � y@D z K,w���jkDxw�KJK,w�� σ
q

= 0, 1.1012 cm−2 (Weff = 0) w|� α = 52◦, 90◦, 120◦, 180◦
÷

¿TwÉ��c¼¹	��§=d�u!wau z y@HM��w z w �xz ����w�����wLK®dLõ�y z §|w`uxw��`û7y��	c���H,y@�	�{F`d¬KJHJ�ð��HMjÅD!w��Tw�� · ��HJ§fD	KJ�^w��Ìò@�£Dxw�uxwÉÄ�d¬DI� ô ÷¿Tw��`u	HM§|w��	��H{y@�	��c�d z d�c|��� z HJ�ð��HMjÅD!w��`uxwEc;w��rû7y@�	c���H,y@�I����y@���ÉF	H{w���HJ�Gõö� z H{w�D z w��£d�D¦KMHJF z w � d z c;y@D z �£§|yù³�w�����%w�§ � � z d1��D z w�d�§�F	HJd����%w ÷

 
y�� z w�§vy¡u	º�K,w � w�DG�Bd¬D	����Hqwá° � KJHMjÅD!w z K,w�c^y@§ � y z �%w�§|w��k�d¬����³Å§��� z HJjkDxw�u	D � y��%w��k��H,w�KL§|w���D z �

d�D7�	HM«�w(d�D�uxw¦KJdCF z d��Ic¼¹xw¦Ë�d�D	c¼¹xw ò8u z y@He�%w ô u���DI�xw�û7y@�	c���H,y@��w�� · K{y z ��jkDxw¦K,w��/F z d��	c¼¹!w���u z y@He�%w�w|�
c;w��k� z d�K{wÊòóc;w���� z d¬K,w�w�� Ë�d�D	c¼¹xw ô �7y@��� � y@K®d z HJ���;w���c^y@§§|w£K,w£§vy@��� z wÉKJdÊþ HJË@D z wÉ¨ ÷ ¨ h � y@D z D	�xw�û7y@�	c|��H{y@�
F`d�KMHJ����HJjkDxw}w�� · u��íd��IË@K,w α = 90◦

÷
¿���d�����³Å§=�|� z H,w�u!wfc;w��Nc;y�D z F�w��Ê����w���� � d���D	�IHJjkDxw�§vw�����u	Dxw�d�Dv� z dèû7w�� � KJD	��y@D §vy@HM�	��u z y@He��u!w��

��K{w�c�� z y@�I��òóc^y@§§|w|u	��c z HM��u`d��	�fK���d z ��HJc�K{w x ¨@ª5z ô jÅDIHLdY�Uw�c|�%wCKJd � ���	�|� z d1��H,y���uxw�� � y z �%w�D z ��u	d��	��KJd
F z d¬�	c¼¹xw¦Ë�d�D	c¼¹!w ò�u z y�HM�%w ô §=d�HJ�/d¬D	����H£d�DG°�uIH��Î� z w����%w���K{y@�	Ë@Dxw�D z ��u!w���F z d¬�	c¼¹xw��pË�d�DIc¼¹xw�w���u z y@HM��w
c;y@§ � d z d¬��He«�w�§|w��k��¦K®d�K{y@�	Ë@Dxw�D z uxwpK®d�F z d¬�	c¼¹xwfc^w���� z d�K,w=ò�uxw�K{y@�	Ë@D!w�D z ª�©��	§u`d¬�	�Ê�!y�� z w���HJ§�DGÁ
K®d¬��H,y@� ô ÷ ¿���d�����³Å§=�|� z H,w�KJHM�;w/�¦K®d
u	HW�r� z w��Ic;w�uxw��K,y��	Ë@Dxw�D z ��uxw�F z d��	c¼¹xw�d¦D	��w}��w|���HJ§HJKJd�H z w���c^w�KJDIH
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y@F	�7w z «�����D z K®d þ HJË@D z wC¨ ÷ ¨G¤ � y@D z D	�xw�û7y@�	c���H,y@��F`d�KMHJ����HJjkDxwvw�� Ã/ñ�§|w��`d�����§ú�§vwB��uxw���«¬d�K{w�D z �
� y���HM��HM«�w��GuID � y���w�����H{w�K�u`d��	�iKJd�F z d¬�	c¼¹xw�w��¦c�H z c�D	HM��y@DI«�w z � ÷�¸ w � KJD	��ñ�c;y�§=§vwÀK{wL§|y��k� z d�He��KJd�þ�HMË@D z w
¨ ÷ ¤ h ñhK,w��«¬d�K{w�D z � � y@��He��HM«�w�� � w�DI«�w����pd�D	����H�d �I� d z d1üJ� z w�K,y z ��jkDxwfKJd=KJd z Ë�w�D z uxw���F z d��Ic¼¹xw�� Weff

w��ð�
� z y � HJ§ � y z �¼d¬�k��w ÷I¸ w/K���d�DI� z w/c1�¬����ñIK���d����ð³G§��� z H{w}uxw�K��¯HJ�1û7w�c���H,y@�|uxw��E��K{w�c|� z y��	��u`d��	�uKJd�F z d��Ic¼¹xw�w��
c�H z c�DIHM�qy@DI«�w z �NdY�Uw�c���w �xz HJ�	c�H � d¬K,w�§vw����EKJd � w����%wlu	D � y��%w�����H,w�K{§|w���D z � ÷ µ�w � ¹I���xy@§º��!w � w�DI��ú�� z w
õód�c�HMK,w�§|w��k��w|° � KMHJjkD	����HL�!y@D	� z w�Ë�d z u!wvK{w��
uxw�DG°�w��	c(d z ���vuxw�K®d�þ HJË@D z wv¨ ÷ ¨ h §|y��k� z d����¦KJd «�d¬K,w�D z
u	D � y���w�����H{w�K�u`d��	��K®d�F z d¬�	c¼¹xwhw��éc�H z c�D	HM��y@DI«�w z � � y@D z K���d��	Ë@K{w α = 90◦ w�� α = 120◦ � y@D z u!w��
K,y@�IË@Dxw�D z ��u!wfF z d��	c¼¹xw�H{uxw�����HMjkDxw�� ÷r¶ y@D z KJd/û7y@�	c|��H{y@��u���d��	Ë�K,w α = 90◦ ñ VL

w|� VR
��wfc;y@§ � y z �%w����

uxw�§Bd¬�	HJº z w}u	HW�r� z w��k��w����D	He«¬d����EjÅD!w V d�uxy � �%w�uxw��«¬d�K{w�D z � � y���HM��HM«�w���y@Dv�	��Ë@d¬��He«�w��
÷

g�° � KMHJjkDxy@�I�pKJd>u	� � w��xu	d��	c;w|uxw VL
w���õ�y@�Ic���H{y@��uxw V

÷ ¿Ty z ��jkD���DI�xw=��w��	��H,y@�,�	��Ë@d¬��He«�w�w��ð��d � Á
� KJHMjkD	�;w�� VR

w|�CK®d,§=ú�§|w��%w��	��H{y@� � y@��He��He«�w�� Vc
ñ VL

�7w c^y@§ � y z �%wvc;y@§ � y z �%w�� D	�!w¦û7y@�	c|��H{y@�
F`d�KMHJ����HJjkDxwlw��7Ã/ñ�����d�����uxy@�	�I��jÅD!w � w�D�u�����K,w�c|� z y@�	�òó§vy@HM�	�NjkDxw
u`d��I�/K®dpû7y@�	c|��H{y@�@w��7Ã��Cc(d�DI��w
uxw�K��Ny z H{w����¼d1��H,y��>uxw��F z d¬�	c¼¹xw�� � y�K®d z HJ���^w�� ô �7y@����HM�1û7w�c|������u`d¬�	�ÊKJd�F z d��Ic¼¹xw�Ë@d�D	c¼¹xw¬ñÎc^w�jkD	H�d � y@D z
c;y@�I����jkDxw��	c;wK��Ny@FI��w�����H{y@�
uxw � w���He�%w���«¬d�K,w�D z � � y@��He��He«�w��`u!w VL

� y@D z DI�xwLõód�HJFIK,wÀ��w��	��H,y@� V òó§ú�§vwL��H
Weff = 0

ô ÷ ¿Ty z ��jkDxwEK®d � y@KJd z HM��d¬��H,y@�lw�����y �	� y����;w¬ñ VL
uIHJ§HJ�kDxw � KMD	��«ÅHM��wud(«�w�c V ñ����¼d¬�k��uxy��	�	�ujkDxw

K®d � y@KJd z HM��d¬��H,y@��õód(«�y z HJ��w�KQ��HM�1û7w�c|��H{y@��u`d¬�	��K®dBF z d��	c¼¹xw¦Ë�d¬D	c¼¹xw ÷ g£��w}��w|�(ñy��y�D	�/c;w��pc^y@�xu	He��H{y@�	��ñ VL�xz w��xu>uxw��À«¬d�K,w�D z �É� z º�� �xz yGc¼¹xw���uxwNc^w�KJK{w��ay@FI�%w��kDxw�� � y@D z VL
K,y z ��jkDxw VL =−VR = V < 0 �fc�d�D	��w

uxw¦K®d � ���	�|� z d¬��H{y@�7c;y@§ � d z d�F	K,w�uxw�� � y z �%w�D z ��u`d¬�	��K®dCF z d��	c¼¹xwvy]î,K,w � y��%w��k��H,w�KKw��ð��§vw���D z �^w ÷ ¿{d
§=ú�§|w�wá° � KJHMc(d¬��H,y@� � w�DI�Ìú�� z wquxy@�	�	�^w � y@D z K,wEc^y@§ � y z �%w�§vw�����uxw VR

w��B�xw§|y�u	HWhd����£jkDxw�K{w��HJË@�!w
uxw V

÷ ½qw�§Bd z jkDxy@�	�/jkDxw � y@D z D	�xwÊû7y@�	c|��H{y@�@w�� · u��íd��IË@K,w α = 120◦ ñrKJdB��³Å§��� z H,w�w���� z w�����d�D z �;w
c(d z K��Ny z H,w�����d¬��H{y@��uxw���F z d��Ic¼¹xw�������w��k� z d�HM�xw � KJD	��uxwhuIH��Î� z w��	c;w|u��¯HJ�1û7w�c���H{y@�,��K,w�c�� z y@�	HMjkDxwhu`d¬�	�fKJd
F z d¬�	c¼¹xw�uxw�§|w���D z w�w���� z w�K{w��L«¬d�K,w�D z � � y@��He��He«�w���w|��	��Ë�d1��HM«�w���uxw V

÷
¤è¨ Z



ç°è�é»ê ¨ ÷ ¨ h ë b HM§�D	KJd¬��H{y@�	� ± y@����w/µLd z K,yv� Vc
ñ VL

w�� VR
w��=õ�y@�	c|��H{y@�huxw V ñkK,y z ��jkDxw V = VL = −VR

ñ
V = VR = −Vc

w�� V = Vc = −VL
ñ z w�� � w�c|��He«�w�§vw�����ñ�u��¯D	�xwLû7y@�	c|��H,y���F`d¬KJHJ�ð��HMjÅD!w�w�� · uxwpK®d z Ë�w�D z

uxw�F z d¬�	c¼¹xw��Bª�©��	§vñ α = 90◦ ñ σ
q

= 0, 25.1012 cm−2 ò Weff = 0
ô ÷ ¿{d�K,y��	Ë@Dxw�D z uxwvK®d F z d��	c¼¹xwc;w��k� z d�K{w
w��ð�lu!wv¤ù¨@ªB�	§4��d��xu	HM�/jÅD!wK{w���F z d��	c¼¹xw���Ë�d¬D	c¼¹xw���w|�lu z y@He�%w��/�7y@����uxw�K,y@�IË@Dxw�D z V ªC�	§ ÷¿Tw��
uxw�DG°�w��Ic(d z ���¦§|y��k� z w��k�¦K{w�� z ����D	KM��d¬���
uxw�uxw�DG° û7y@�Ic���H{y@�	��w�� · ��³Å§=�|� z HJjkDxw���òöK,y@�	Ë�Dxw�D z uxwF z d¬�	c¼¹xw�� V ª��	§ ô � y�D z K,w���jkDxw�KMK,w�� α = 90◦ w�� α = 120◦ z w�� � w�c���HM«�w�§|w����

÷

� K1O�ME<>2yM{Å!O�CE4�?IbcME0d25FHG
´
`�>uxwN«�� z H��w z w|° � � z HM§|w��k��d�K,w�§|w����LK��¯HJ��i`Dxw��Ic;w}uxw/KQ�íd¬�	Ë@K,w α ��D z K,w � y���w�����H{w�K Vc

ñI�xy@D	�ud(«�y@�	�
uxy@�	c z ��d�KJHM����uxw��`û7y@�Ic���H{y@�	�:w�� · d(«�w�c�uxw���d��IË@K,w��:u!wÌ«¬d�K,w�D z ��u	HW�r� z w��k��w���w���õód�HM��uxw���§vw���D z w�����D z c^w��
û7y@�	c|��H,y��	� � y@K®d z HJ���;w���w���§|y�uxw � D	��¹GÁ � D	KMK ÷�´ c�d�D	�7w�u!w��y«¬d�K,w�D z ��u!w�� z ����HJ�ð�¼d��Ic;w���u���d�c�c�º���ñèK,w��r§|w���D z w��
w|° � � z HM§|w��xw���� z d�HM�xw�������d�K,w��gu	D � y��%w��k��H,w�K (Vc)exp

w��:õ�y@�	c���H,y@�®uxw V �xw���y@��� � d¬� � d z õód�He�%w�§|w��k�
� d z d�FUy�KJHJjkDxw�� ÷ gi�gw}��w|�(ñÅK,w��Ìd�c�c�º���w���� z d¬ü®�xw����LK���d �	� d z He��H,y��vu���D	�hu	��c�d�K®d�Ë�wÊKMHJ�	��d�H z w�u	D � y��%w��k��H,w�K�w|�
uxy@�	c (Vc)exp

��w �xz ����w����%wp��y@D	�K®dfõ�y z §vw
�
¤è¨¬¥



(Vc)exp = a.V 2 + b.V + V0
ò"¨ ÷ ¨ ô

´ HJ�I��HTuxwpK®d�§ú�§vwp§=d��	HMº z w/jÅD!wf�xy@DI��d(«�y��	��wá°Å� z d¬HM� Vc
HJ��� z HJ�	��º�jkDxw�u`d��	�K,w�c�d���u!w��§|w���D z w��

��D z K,w��Éû7y@�	c|��H,y��	��w�� Ã¢w�� z ��Ë@HJ§vw�uxwf�%w��	��H{y@�	�N��K,w|«@�;w���ñ��!y@D	�/d(«�y��	� z w|��H z ��KJd � d z ��H{w�KMHJ�	��d�H z w�u!w��
§|w���D z w���w|° � � z HJ§vw����¼d�K{w��EdY	��u��Ny@FI��w��	H z K,w � y��%w�����H,w�K Vc

HJ��� z HJ�I��º�jkDxw ÷
¿�dÊþ�HJË�D z wÀ¨ ÷^Z © z w �xz ����w����%wuK��¯��«�y@KJDG��H,y���u	D � y���w�����H{w�K Vc

HM��� z HM�	��º�jkDxw�uxwauxw�DÅ°û7y@�Ic���H{y@�	��w�� · uxw
K®d z Ë�w�D z u!wÌF z d��	c¼¹xw�¤ X ©E�	§¢w�� K,y@�	Ë�Dxw�D z uxwÌF z d��Ic¼¹xwu¨@ª¬©Ê�	§ � y@D z K,w���d��IË@K,w�� α = 52◦ w|� α = 180◦

z w�� � w�c���HM«�w�§vw���� ÷ g��¼d¬�k�:uxy��	�	�£K®dLKJd z Ë�w�D z uxwiF z d��	c¼¹!wÀd�����w��ÉHM§ � y z �¼d����%w¬ñ�K{w � y���w�����H{w�K Vc
�xw � y�����º^uxw

� d��{D	�xw£c^y@D z FID z wÉHJ§ � y z �¼d¬�k��w � y@D z K���d��	Ë@K{w α = 180◦ ò û7y@�	c|��H{y@��w��pÃ ô c^y@§§|wiK{wi§|y@��� z w£K®duþ�HMË@D z w
¨ ÷^Z ©�c�d z KQ��w}��w|��uxwCc¼¹	d z Ë�whu���w�� � d¬c;w�KJHM�;w=� K®d~uxw��I��HM���C��D z õód�c�HJjkDxwhu!wCc¼¹`d z Ë�wCK®d1��� z d�K,w¦���Nw��ð� � KJDI�
�xz �^uxy@§HJ�`d¬�k��w��¦K,w=� z d¬�	� � y z �¦F	d�KJHM����HMjkDxwgw��ð�§|y@HM�	� �!z y@�xy��	c���òóKJd z Ë�w�D z u!wvF z d��	c¼¹!wv��D � � z H{w�D z w
d�D�KJHMF z w � d z c;y@D z ��§|yù³�w�� ÷ gi��w��Uw�� z d �	� w�K,y��	�NjkDxw¦K,w � y���w�����H{w�K � d z d�F�y@KMHJjkDxw �xz yù«GH{w�����uxw�KQ��w}��w|�
c;y@§fF	HJ�	��uxw�c¼¹	d z Ë�w�u���w�� � d¬c;w
w��}uxwf� z d��	� � y z �NF`d¬KJHJ�ð��HMjÅD!w ÷�  y@DI��c;y��	����d¬�%y@�I�/F	H,w�� c;w � ¹	���xy�§=º��xw
� y�D z c^w��Ed��IË@K,wqw��uc^y@�Iõ�y z §=��§|w����ud�DG° �xz �;u	HMc���H,y@�	�auxw��u��HJ§�DIK®d¬��H,y@�	� ± y��k��w�µLd z K,y	ñ � y@D z D	�Cd��	Ë@K{w
FUw�d�D	c^y@D � � KJD	�/õód�HMF	K,w
uxwCª@¨ ◦ ñyKJd � ���I��� z d¬��H{y@��uxw�����K,w�c�� z y@�	��u`d��I��KJd�F z d��	c¼¹!wBc;w���� z d¬K,wvw���� � KJDI�
HJ§ � y z �¼d¬�k��w�w|�Ê�!y@D	��y@F	�7w z «�y@�	�ÊD	� � y���w�����H{w�K � d z d�F�y@KJHMjkDxw/��c;y@D z F	D z w�FIH,w�� � KMD	� �xz y@�xy@�	c��;w ÷

ç°è�é»ê ¨ ÷^Z ©�ë òód ô b c¼¹	��§Bd�u!w���u	HM§|w��	��H{y@�	��u!wÉû7y@�	c|��H,y��	��w�� · c(d z d�c���� z HM���^w���ò α = 52◦ et α = 180◦
ô

òóF ô ¶ y���w�����H{w�K Vc
HJ��� z HJ�	��º�jkDxw
u`d��I�/K®dCF z d��	c¼¹xw¦c;w���� z d¬K,w�w��7õ�y��	c���H,y@��uxw�KJd=�%w��	��H{y@�,d �	� KMHJjkD	�^w V� y�D z K,w�� û7y@�	c���H,y@�I��w�� · � y@KJd z HM���;w���w��v§|y�uxw � D	��¹GÁ � D	KMKÉò V = VR = −VL

ô
¤è¨@ª



 
y@D	��d(«�y@�	�Nd�D	����H z �(d�KMHJ����uxw��N§|w���D z w��N��D z uxw��Éû7y@�	c|��H{y@�	�qw�� · u!wfK®d z Ë�w�D z u!wfF z d��	c¼¹xw�c^y@§¦Á

� d z d�F	K,w�d¬D�KMHJF z w � d z c;y@D z �Ê§vyù³�w�� ���%w�§ � � z d¬��D z wpd�§�F	HJd����%wòð¤ Z ©��	§ ô w|��u!wp§ú�§vw�K,y@�IË@Dxw�D z uxw
F z d¬�	c¼¹xwfjkDxw �xz ��c��^uxw�§§vw���� ÷U  y@DI���xy@DI��d¬���%w��xuxy@�	��uxy@�	c��|y�FI�%w��	H z D	�xw�§|w�HJKMK,w�D z wNc^y@D z FID z wluxw
Vc
§=ú�§|w � y@D z DI� d��	Ë@K{w�uxw ¤ X © ◦ � d z�z d �	� y z �f��K®d�û7y@�	c|��H,y���uxwBK®d z Ë�w�D z uxw=F z d¬�	c¼¹xw ¤ X ©��	§ ÷M÷

µ���w����fF	H,w�� c;w=jkDxwB�xy�D	�fc^y@�	����d¬�%y��	�f��D z KJd�þ HJË@D z w=¨ ÷[Z ¤ z w �xz ����w��k��d�����K,w���§vw���D z w��fHM�k� z HM�	��º�jÅD!w��
y@FI��w��kDxw�� ÷

ç°è�é»ê ¨ ÷[Z ¤¶ë�ò"d ô b c¼¹	��§=d�uxw���u	HM§|w��	��H{y@�	�`uxw��yû7y@�Ic���H{y@�	�`w�� · c(d z d�c|��� z HJ���;w��Êò α = 52◦ et α = 180◦
ô

òóF ô ¶ y���w�����H{w�K Vc
HJ��� z HJ�	��º�jkDxw
u`d��I�/K®dCF z d��	c¼¹xw¦c;w���� z d¬K,w�w��7õ�y��	c���H,y@��uxw�KJd=�%w��	��H{y@�,d �	� KMHJjkD	�^w V� y�D z K,w�� û7y@�	c���H,y@�I��w�� · � y@KJd z HM���;w���w��v§|y�uxw � D	��¹GÁ � D	KMKÉò V = VR = −VL

ô

a 6d0=<_GI:;KJ?@630.KJ:T4¾G@¹W?R0T¯�:=ME0=<]MÆ8TM G"¹ FH0¥î3GIM
α
KJ:T4¾G@M�O�6H25ME0d27?@MEG

Vc

¿�w^° z�± °�D	K{²�d\²%°�wá°!³ ±;z HJ§vw;´µ²¼d¬DG°�°�DIHM«�w^´µ²�K{w;°�³ z7± u	HMc^²�H{y�´x° ± ²¼d�F	KMH,°�¶�K���d�H{uxw}uxw�°�HM§�D	KJd\²�H{y�´x° ± y�´²�w
µLd z K{y x ¤ X z ÷ ¿{d
u	HM§=H{´ÅD¡²�H,y�´guxw�K���d�´	Ë@K{w α w;´µ² z wpK,w;°uF z d�´	c¼¹!w;°�u z y@H·²%w}w�²ÊË@d�D	c¼¹xw�³Uy�D z Dx´xwÀû7y�´	c�²�H{y�´
F`d�KMH,°7²�HJjkDxwl³Uy@KJd z H{° ± w�w;´,§vy¡uxw�³	Dx°�¹ÅÁ]³	D	KMKG³�w z §|w�²�K��Ny@F!²%w^´µ²�H,y�´@u��¯Dx´�³�y�²�w;´µ²�H{w�K Vc

³`d z d¬FUy@KMHJjkDxwluxw
c;y@D z F	D z w�³	KJDx°�³ z y�´xy�´Ic ± w ÷ µ�w z7± °�D	K{²�d\²qw;°7²q³`d z ²�HMc�D	KMHJº z w�§vw;´µ²uHM§|³�y z ²¼d�´µ²uc�d z HJK�§vy�´µ² z w�jÅD!w�KQ��D!²�HeÁ
KJH{°�d\²�H,y�´�u��¯Dx´xw�û7y�´	c^²�H,y�´�w;´ · u���d�´	Ë@K{w α õód�HJFIK,w
³�w z §vw^²7² z d�u��Ny@F!²�w;´	H z Dx´�³�y�²�w;´µ²�H{w�K�³`d z d�FUy�KJHJjkDxw
Vc
uxw¦c;y�D z F	D z wv³	KJDx°�³ z y�´xy�´Ic ± w z w�jkD	H,°�³�y@D z K®d z7± d�KMH,°�d*²�H,y�´@u��¯Dx´nu	H{°�³�y�°�H·²�Heõ z w;u z w;°7°�w�D z y@D�u��¯Dx´

uxy@D	FIK,w�D z uxw/õ z�± jkDxw^´	c;w ÷ µ���w^°7²q³Uy�D z c;w�²�²%w z d¬H,°�y�´�jÅD!wpK{w z w^u z w^°�°�w�D z F	d�KJH{°7²�HMjkDxw}³ z7± °�w^´µ² ± ³	KJDx°uF	d�°
u`d�´x°EKJd�³`d z ²�H,wp¨ ÷ ª�w;°3²ÊF	d�° ± °�D z KQ��D¡²�HJKMH,°�d\²�H{y�´huxwÀû7y�´Ic^²�H{y�´x°uF`d¬KJH,°3²�HMjÅD!w;°Mw^´ ·�÷

¤è¨ \



ï¶Ö«ª²Ö�ï §_÷�ÞÃø9á�Û´Ü
	dôúá�ô9Ý¦áwã×Ý�ÞÃß ÝEãlà�ã×æ¤Ýñð�Û´ò�ã�Ý�à�ã�ó¶åwô9Ý

b D z K®dBþ�HJË@D z w¦¨ ÷^Z ¨GñU´xy@Dx°�d(«�y�´x° z w^³ z�± °�w^´² ± K{w;° z7± °�H{°7²�d�´	c;w^°�uxw�c(d\´`d�DG°�u!w�K,y�´	Ë�Dxw�D z ¿ªw�²�uxw
K®d z Ë�w�D z � wá°¡² z d�H·²%w^°�¶~³`d z ²�H z uxw¦§vw;°�D z w;°�uxw¦c^y@D z d\´²ðÁ5²�w;´x°�H,y�´7ÈçÁl� ÷ ¿{dvþ HJË@D z w¦¨ ÷^ZI÷ ¨ z w;³ z7± °7w;´µ²%w
² z y@H,°Mu!wpc^w;°c(d�´	d�DG° ÷

 
y@Dx° z w�§=d z jkDxy�´!°ÊjkDxwpK��¯HJ§v³ ± u`d�´	c^w�uxw�c;w^°�°�HJ§v³	K,w^°uc(d�´`d¬DG°~w;°3²�² z º;° ± K{w�« ± w ÷ ¿{d�«�d¬K,w�D z §=H{´	HeÁ

§�D	§¸y@F¡²%w;´kDxw�³Uy@D z Dx´Cc�d�´`d�K�uxwÊK®d z Ë�w�D z ¤ù©@©�´	§¹w^²uK{y�´	Ë@D!w�D z ¤ù©@©�´	§¹w;°7²Muxw�KQ��y z u z wquxw 2 KΩ w^²
³Uw�D!²/§ú�§vw�d\²7²%w�H,´xu z w 25 KΩ K{y z °�jÅD!w�K®dBK{y�´	Ë@D!w�D z d\²�²�w�H,´µ²f¤ µ §

÷ µ�w^°N«�d¬K,w�D z °�² z º;° ± K,w|« ± w;°�°�y�´µ²
c(d z d�c^² ±;z H,°7²�HJjkDxw^°vu!w;°HJ§v³ ± u`d�´	c^w;°�y@F!²�w;´kDxw;°|³Uy�D z K,w^°vuIH,°�³�y�°�H{²�Heõ�°�F`d�KMH,°7²�HJjkDxw^° ÷ µ�w^°«¬d�K{w�D z °v°7y�´µ²
u���d�D!²¼d\´²�³	KJD!°ÀË z d�´xuxw^°M³Uy�D z Dx´!wÉû7y�´	c�²�H,y�´BF`d�KMH,°3²�HJjkDxw�¶l² z y@H{°ÀF z d�´	c¼¹xw^°�³Uy@D z K®d¬jÅD!w�KJK{w�´xy@Dx°ud(«�y�´x°
² z y@H,°pc(d�´	d�DG° ÷ µ�w^°f«¬d�K,w�D z °l°�H ± K,w|« ± w;°�«�y�´²�³Uy�°7w z ³ z y@FIKJº�§vwv³Uy@D z K��Ny@F!²�w;´µ²�H{y�´nu!wh³�w z õ�y z §=d�´	c;w^°
¹�³¡³�w z õ z�± jÅD!w;´	c^w;° ± K,w�« ± w^°ÊK{y z °�jÅD!w�´!y@Dx°dèû7y@D!²�y�´x°uK{w;°Ec(d�³	d�c�H·² ± °�w^´² z w�c;y�´²�d�c^²�° ÷

ç°è�é»ê ¨ ÷^Z ¨wë½ ± °�H,°7²�d�´	c^w;°Muxwc(d\´`d�DG°=F`d�KMH,°3²�HJjkDxw^°�uxw�K{y�´	Ë@Dxw�D z ¿@w^²auxw�KJd z Ë�w�D z � ÷ ¿`�Nw;´	c�d z ² z w^³ z�± Á
°�w^´²�w�K{w;°L«¬d�K{w�D z °�uxw;° z�± °�H,°3²¼d�´Ic;w;°�û�Dx°�jÅD��º¶ X kΩ

÷
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ç°è�é»ê ¨ ÷^Z]Z ë=µLd�´	d�DG°vuxw�u	H�� ±;z w;´µ²%w^°ÀK,y�´	Ë@Dxw�D z °Ì¿@w^²ÌK®d z Ë�w�D z °�� ÷ ò"d ô ¿�� \ ©�´I§�ñ_��� ¤@¤è¨�´	§�òöF ô¿�� V ª�´	§vñ
����¤è¨ \ ´	§8òóc ô ¿}� V ª�©
´	§vñ
����¤@¤ \ ´	§
´
�´�u�� ± ²�Dxu	H,w z K��¯H,´
i	Dxw;´	c^w}uxw/KJdfõ�y z §vw�uxw^°EKJHJË�´xw;°Ìc;y�³	KJd�´`d�H z w^°M°�D z KJdfc(d\³`d�c�H·² ± ³`d z d�°�H{²%w¬ñ!´xy�Dx°

d(«�y�´x° z7± d�KMH,° ± uxw;°�°�HJ§�DIK®d\²�H,y�´x°auxw/KJHMË�´xw^°Àc;y�³	K®d�´	d�H z w;°Muxw�uIH�� ±;z w^´µ²%w;°uË ± y@§ ± ² z H,w^°Muxw/KMHJË�´xwÊc;w^´² z d�K{w
ò"þ�HMË@D z wÀ¨ ÷[Z ¥`ò"d ô�ô ¶�KQ�íd¬H,uxw�u	D�K{y@Ë@HMc�H,w�K ´ ÃE¿ ´ b ÷ ¿�dqu	H,°3²¼d�´Ic;w�w^´µ² z wÀK®dÊKMHJË�´!w�u z y@H·²%w�w^²�KJdÊKMHJË�´xwÉË�d�DIc¼¹xw
w;°3²�uxwC¤ù© µ §»w�²/K��¯H,´µ²�w z §=d�°7°�w�w^°7²�u!wª@¨ µ §

÷ ¿Tw^°NK®d z Ë�w�D z °�u!w�K®dBKMHJË�´!wluxw�°�HJË�´`d�K:°�y�´µ²�uxw¦¨ µ §�ñ\
µ §¼w�²C¨ \ µ § d(«�w�cvDx´xw�Ë ± y@§ ± ² z H,w z w�c�²¼d�´	Ë�D	K®d�H z wgy�Dª² z H®d\´	Ë@D	KJd�H z w

÷ µ�w;°v°�HM§�D	K®d*²�H,y�´x°�y�´µ² ± ² ±
z�± d�KJH{° ± w^°�³`d z ¿ ÷ ø w^ux´`d z ��u!wpKQ� Ç ´	HM«�w z °�H{² ± µLd\²�¹!y@KJHMjÅD!w�uxwp¿�y�DI«¬d�H,´>w^´ ø w�KJË@HMjkDxw ÷
¿�w^°�c�d�³`d�c�H{² ± °�w|°�² z d�H{²�w;°�°�y�´µ²�² z d�c ± w^°l³�y@D z c;w^°fË ± y@§ ± ² z H,w;°�°7y�´µ² z w;³ z7± °�w^´µ² ± w^°
°�D z K®d�þ�HMË@D z w

¨ ÷^Z ¥ ÷ ¿{dCË ± y@§ ± ² z H,w�u!y�´x´`d�´µ²�KJdg³	KJDx°Êõód�HJF	K{w�«¬d�K{w�D z w^°7²pc;w�KJK{w�³Uy�D z K®d¬jÅD!w�KJK{wfKJdBõ�y z §vw�w;°3² z w�c^²¼d\´GÁ
Ë@D	KJd�H z wvu!wBK®d z Ë�w�D z ¨ µ §

÷ µ�w�²�²%w=«�d¬K,w�D z w^°7²
u��Nw;´�«ÅH z y�´ ¤ µ §
÷ ½�w�§=d z jkDxy�´!°fjkDxwC§ú�§vw|°�HÀc^w^²�²�w

Ë ± y�§ ± ² z H{w�uxy�´x´!w�KJd�³IKJDx°uõód�HMF	K,w/c�d�³`d�c�H{² ± ñ`c;w�´��Nw;°7²�³`d�°qy�³!²�HJ§=d�K�u��¯Dx´�³Uy@H{´µ²�u!wp«ÅDxw�³ z d*²�HJjkDxw�c�d z
K®d z7± °�H{°7²�d�´	c;w�uxw^°£c;y�´µ²¼d¬c^²%°�y@¹I§=HMjÅD!w;°iD!²�HJKJH{° ± °K³Uy�D z c;y�´!´xw�c�²%w z KJdNKJHJË�´xwud�D¦Ë�d>�¨ ¸ w^°7²ÉH,´�«�w z °7w�§vw;´µ²
u ± ³�w;´!u`d�´µ²%wvuxw¦K®d�K®d z Ë�w�D z uxw^°�c^y�´µ²¼d�c�²%° ÷�¶ y@D z ² z y@DI«�w z K,w;°�Ë ± y@§ ± ² z H,w^°�y�³!²�HM§Bd¬K,w;°�uxw;°�d�c�c�º;°pc;y1Á
³	K®d\´`d�H z w;°�ñÅD!´�c;y@§v³ z y�§=H{°�w^´µ² z w�K,w;°Àc(d�³`d¬c�H{² ± °ÌH,´µ²%w z d�c�c�º;°�w�²LKJd z�± °�H,°3²¼d�´Ic;w}uxw^°Lc;y�´²�d�c^²�°�y@¹	§HJjkDxw^°
uxw�« z dú�² z w�y@F¡²%w;´kD�d�Dvc(d�°�³`d z c�d�° ÷

¤è¨ X



´
�´½uxw�uxy�´x´!w z Dx´xw7H,u ± w�uxw7K��Ny z u z w�uxw7Ë z d\´xuxw�D z uxw7KJd õ z�± jkDxw^´	c;w�uxw7c;y@D!³	D z w�³�y@D z K,w^°

u	H�� ±;z w;´µ²%w^°ÊË ± y@§ ± ² z H,w^°�°�HM§�D	K ± w;°�ñ	K,w^°Eõ z7± jkDxw^´	c;w^°}uxw�c;y@D!³	D z w�y�´µ² ± ² ± c�d�KJc�D	K ± w;°�w;´�õ�y�´	c�²�H,y�´~u!w�KJd
z�± °�H,°3²¼d�´Ic;w�u	Dvc(d�´`d¬K�F`d�KMH,°7²�HJjkDxw/c^y�´x´xw�c^² ± ¶
uxw�DÅ°�KJHMË�´xw;°�u!w�°�HJË�´	d�K£ò"þ HJË@D z w�¨ ÷^Z ¥hòöF ô�ô ÷

ç°è�é»ê ¨ ÷^Z ¥�ë ò"d ô µLd�³`d¬c�H{² ± H{´²�w z d�c�c�º;°�³�y@D z u	HW� ±^z w^´²�w;°uË ± y@§ ± ² z H,w^°MuxwNKMHJË�´xw^°Àc^y�³	K®d\´`d�H z w;° ÷ òöF ô þ z�± ÁjkDxw;´	c^w}uxwc;y@D!³	D z w�w;´=õ�y�´	c^²�H,y�´|uxwÊKJd z7± °�H,°7²�d�´	c^w}u	DBc�d�´`d�K�F`d�KMH,°3²�HJjkDxw ÷ ¿{dpc�d�³`d�c�H{² ± H,´µ²�w z d¬c�c�º^°Mw;°3²
uxw¦¤/õóþ ÷

ÈÂK`w;°7²luxy�´Ic|´ ± c;w^°�°�d¬H z w|uxw¦§Bd¬H,´µ²%w^´	H z KJd�c�d�³`d�c�H{² ± H{´µ²%w z d�c�c�º;°�w^²�K®d z�± °�H{°7²¼d\´	c;wvuxw;°�u	H{°�³�y�°�H·²�HMõ�°
F`d�KMH,°7²�HJjkDxw^°�d�D!°�°�H õód�HJF	K{w;°ÊjÅD!w
³Uy�°7°�HMF	K,wl³Uy@D z d\²7²%w�H{´xu z w�Dx´xw�² z º;°�¹`d�D!²�wfõ z�± jÅD!w;´	c^wvu!w�c;y@D!³	D z w
w�²
F ± ´ ± 	c�H,w z uxw;°�² z º;°E¹`d�D¡²%w;°Eõ z�± jkDxw;´	c^w;°�uxw�c;y@Dx³ID z w�H,´µ² z H,´!°�º�jkDxw^°�u!w;°�u	H,°7³Uy�°�H{²�HMõ�°LF	d�KJH{°7²�HMjkDxw;° ÷

ï¶Ö«ª²ÖFª §]Ü�¨�å�ô9Ü¾	¢ôöá�ô(ò�Û ò�Û´Ù3�´ô9åwÙ áwô9ÝâðwÙ�Û´Ü
	7Àwô9Ý-áwô9Ý~¾�ß�¿¾	3à�ã�ß�¿wÝ-ð�Û ò�ã�Ý_à
ã�ó¶åwô9Ý
õ�à�Ù
ß´ã×Ýo	dÛ�¿wÛ´å�ë

¸ d�´x°vK®d�³`d z ²�H{w�³ z�± c ± u!w;´µ²%wâ¨ ÷ ¨Gñ�´!y@Dx°�dù«�y�´x°v§|y�´² z�± jkDxw,K®déõ�y z §vw�³`d z d�FUy�KJHJjkDxw�´ ± Ë�d*²�HM«�w
Vc
³ z w;´`d�H·²
´`d�H{°�°�d�´	c;w�u`d\´x°=KJd c;y@§fF	H,´`d¬H,°�y�´�u	D�² z d\´x°�³�y z ²F`d¬KJH,°3²�HMjÅD!w�giÃ£uxw^°vw}��w�²%°vuxw�c¼¹`d z Ë�w

u��Nw;°�³	d�c;w òóH{´1û7w�c�²�H,y�´�uxw;°¦c;y�´²�d�c^²�°�ñ�uxw^´x°�H·² ± °�D z õód�c�HMjkDxw�uxw�c¼¹`d z Ë�w�¶�KQ��H{´²�w z õód�c;wgw^´µ² z wvK���d�H z w^²K{w
°�w�§=H ÁÂc;y�´xu	D	c�²%w�D z ô ÷ ¿{déc;y@D z F	D z w�uxw Vc

w;°3²�u��íd¬D!²¼d�´µ²>³IKJDx°CHM§|³�y z ²¼d�´µ²%wvjkDxw KJd K,y�´IË@Dxw�D z uxw�KJd
û7y�´	c�²�H,y�´
w;°7²Éc^y@D z ²�wEc(d z K{wuc(d z d�c^²�º z wEF`d¬KJH,°3²�HMjÅD!wMw;°3²a³IKJDx°`³ z y�´xy�´Ic ± ÷  y@Dx°Éd(«�y�´!°Ìd¬Dx°�°�H`§|y�´µ² z�± jkDxw
K®d�F z d\´	c¼¹xwCc^w;´µ² z d�K,w|uxwCK®dfû7y�´	c�²�H{y�´nw^´éÃÛû7y@D`d�H·²�K{w z �@K,wvu��¯Dx´xwg°7y�´xuxwhuxwh³�y�²%w^´µ²�H,w�Ka³�w z §|w�²�²�d�´µ²
uxw�u ± ²%w�c�²%w z K{w;°B«¬d z H®d\²�H,y�´!°huxw�³�y�²%w^´µ²�H,w�K�¶éK��¯H,´µ²�w z °7w�c�²�H,y�´¦uxw;°>² z y@H,°=F z d\´	c¼¹xw;° ÷ µ�w z�± °�D	K{²�d\²�w;°3²
³`d z ²�HJc�D	KJHMº z w�§vw;´µ²LHM§|³�y z ²�d�´µ² ÷

¤è¨ h



µ�y@§=§vw�´!y@Dx°uK���d(«�y�´!°L«GD�³ z7± c ± uxw�§=§vw;´µ²(ñIK,w}³ z y@F	KMº�§vw}uxwNc^w;°�u	H,°7³Uy�°�H{²�HMõ�°ÉF`d�KMH,°7²�HJjkDxw^°Mw;°3²EK,w�D z
HJ§v³ ± u`d�´	c^w�² z º^° ± K,w|« ± w�jkD	H�d*²�²%w�H,´µ²K®d
u	H��(d�H{´xw�uxw kΩ

÷r¶
y@D z d�D	Ë@§vw;´µ²�w z K,w;°�³�w z õ�y z §=d�´	c^w;°quxw�c^w;°

u	H,°7³Uy�°�H{²�HMõ�°ÎF`d�KJH{°7²�HJjkDxw;°�ñ(HJK¬õód�D!²�°�y�H{²�y�³!²�HJ§H,°7w z K{w;°�d�c�c�º;°�ñY°�y@H·²Tu	HJ§H,´kDxw z K��¯HJ§v³ ± u`d�´Ic;w`uxw^°:uIH,°�³�y�°�H{²�Heõ�° ÷¸ d�´x°¦c;w�²�²�w~³	d z ²�H,w�ñ�²%y@D1û7y�D z °
u`d\´x°¦K,wCF	D¡²|u!w�c;y�´x°7w z «�w z Dx´�³Uy\²%w;´µ²�H,w�K Vc
³`d z d�FUy�KJHJjkDxwh³Uy@D z

uxw;°Eû7y�´	c^²�H,y�´!°�F`d�KMH,°7²�HJjkDxw^°�¶�² z y@H{°fF z d�´	c¼¹xw^°�ñ�KJd K®d z Ë�w�D z uxw^°�F z d\´	c¼¹xw;°�uxwBc;w;°Êû7y�´	c^²�H,y�´x°p«¬d ú^² z w
§|y�u	HW ± w¬ñ¡²%y�D!²�u���d�FUy z u~uxw�§Bd�´IHJº z w/d�°7°�³Å§ ± ² z HJjkDxw�³	D	H{°qu!wp§=d�´	HMº z w}°�HM§�D	K{²�d�´ ± w ÷

ð�F�4�?IF
25?I630ñFHKJK�üTbvC�2J4Y?IS!:TMx��bc698=?�À�<]F
27?@630.8TM GIF®G@F�4eîmM�:T4¾8TMÆG@F P;47FH0=<^�=M <]ME0d2J4�F�GIM��
 
y@Dx° d(«�y�´!° «ÅD�³ z7± c ± uxw�§=§vw;´µ²�jkDxwÌK��¯Dx´�uxw;°:³ z y�F	KJº�§|w^° §=dèû7w�D z °:³Uy@D z KJd§vy�´µ² ± w�w;´fõ z7± jkDxw;´Ic;w

uxw;°:u	H{°�³�y�°�H·²�HMõ�°yF	d�KJH{°7²�HMjkDxw;° ± ²�d�H{²�K{w�D z HJ§v³ ± u`d�´Ic;w ± K{w�« ± w ÷�¸ d�´x°�c;w�²�²%wa³`d z ²�H,w¬ñ�´xy@Dx° d(«�y�´!°�d�D	Ë�§|w^´² ±
K®dfKJd z Ë�w�D z uxw;°uF z d�´	c¼¹xw^°�u z y�H{²%w�w^²uË�d¬D	c¼¹xw}²%y�D!²�w;´�u	HM§=H{´kD`d�´µ²ÀKJdfK®d z Ë�w�D z uxw/KJdfF z d�´	c¼¹xw/c^w;´µ² z d�K,w ÷

ë R9F�P=4�?R<]F
25?I630.M_2Q<]F�47FH<>25C�4�?RK�F
27?@6d0

 
y@D!°fd(«�y�´x°�uxy�´Ic=õód�F z HJjkD ± ³	KJD!°�H,w�D z °Lû7y�´	c�²�H{y�´x°�w;´éÃ¸uxw=§=ú�§|w¦KJd z Ë�w�D z uxwBF z d�´	c¼¹xw^°�u z y@H{²�wvw�²
Ë�d�D	c¼¹!w�w�²�´!y@Dx°d(«�y�´x°Ê§|y�u	HW ± K®d�KJd z Ë�w�D z uxwpK®d�F z d�´	c¼¹xwpc;w^´² z d�K{w=ò"þ�HMË@D z wp¨ ÷[Z ª ô ÷ ¿{d�K®d z Ë�w�D z u!w;°
F z d\´	c¼¹xw;°�u z y@H{²�w
w^²�Ë�d¬D	c¼¹xw�w;°3²�uxw�¤ V ©g´	§Áw�²�K®dCKJd z Ë�w�D z uxw¦KJdBF z d\´	c¼¹xwc;w;´µ² z d�K{w
w;°7²�uxw \]V ñ V]V ñX ªGñ h ª�w^²�¤ù© h ´	§ z w^°�³�w�c�²�HM«�w�§vw;´µ² ÷ ¿{d7þ�HMË@D z wC¨ ÷^Z]\ z w;³ z�± °7w;´µ²%w~uxw^°
³	¹xy�²�y@Ë z d\³	¹	H,w^° z�± d�KJH{° ± whw;´
§=HMc z y�°�c^y�³	H,w ± K,w�c^² z y�´	HMjkDxw�¶�F`d�K®d(³@d�Ë�w�uxw�c;w^°�û7y�´	c^²�H,y�´x° ÷

ç°è�é»ê ¨ ÷^Z ª�ëC²�y�´	c^²�H,y�´!°�w;´vÃÂuxw/KJd z Ë�w�D z u!w;°EF z d\´	c¼¹xw;°qu z y@H{²�w}w^²EË�d¬D	c¼¹xw¦¤ V ©�´	§Ãw^²EKJd z Ë�w�D z uxw�KJdF z d\´	c¼¹xw�c;w^´² z d�K{w \_V ñ V]V ñ X ªGñ h ªGñy¤ù© h ´	§ z w;°7³Uw�c^²�HM«�w�§|w^´µ² ÷
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ç°è�é»ê ¨ ÷^Z]\ ë ¶ ¹xy�²�y@Ë z d�³	¹	H{w;° z7± d�KMH,° ± w;°a³`d z §HJc z y�°�c;y�³	H{w ± K,w�c^² z y�´	HMjÅD!w�¶fF`d�KJd(³�d�Ë�w�uxw;° û7y�´Ic^²�H{y�´x°aw;´ÃÛd\°�°�³Å§ ± ² z HJjkDxw^° ÷ ¿Tw;°§|w^°�d
y�´µ² ± ² ±�z7± d�KMH,° ± °�³`d z Ë z d(«ÅD z w�H,y�´	HJjkDxw z7± d�c�²�HM«�w ÷

g�´�§|y�uxwv³	Dx°�¹GÁ]³	DIKJKÊò V = VL = −VR

ô ñ�´xy�Dx°�y@F¡²%w;´!y�´x°pK,w;°p§vw;°�D z w;°lu	D�³�y�²%w^´µ²�H,w�K Vc
uxwBKJd

F z d\´	c¼¹xw�c^w;´µ² z d�K,wfò"þ HJË@D z w¨ ÷^Z_V ô ÷�  y�Dx°Àd(«�y�´x°�³ z�± d¬K®d�F	K{w�§vw;´µ² z w�²�H z7± K®d�³`d z ²�H,wEKJH{´ ± d¬H z w�u!w;°É§|w^°�D z w;°
H,´xuID	H{²�w�³	d z K,w;° z�± °�H{°7²¼d\´	c;w^°}u���d�c�c�º;° ÷U  y�Dx°Nd(«�y�´x°�´xy�§=§ ± K,w;°c;y�D z F�w;° Vc − W y]î W z w;³ z�± °7w;´µ²%w
K®d�KJd z Ë�w�D z uxw�KJd¦F z d�´	c¼¹!w�c^w;´µ² z d�K,w ÷

¤ Z ¤



ç°è�é»ê ¨ ÷[Z_V ë ¶ y�²�w;´µ²�H{w�K Vc
w;´,õ�y�´	c�²�H,y�´�u!w V ³�y@D z K,w^°Lû7y�´	c^²�H,y�´x°�w^´ ÃUd\°�°�³Å§ ± ² z HJjkDxw^°�´xy�§=§ ± w^°

Vc − W y]î W z w^³ z�± °�w^´²�w�KJd�K®d z Ë�w�D z uxw�K®d�F z d\´	c¼¹xw�c;w^´² z d�K{w ÷

ç è�é»ê ¨ ÷^Z]X ë�µ�y@D z F�w;°quxw�c;y�D z d�´µ²EÈçÁ��Ä³�y@D z K{w;° û7y�´Ic^²�H{y�´x°�w^´�ÃÛd�°�°ð³G§ ± ² z HMjÅD!w;° ÷
 
y@Dx°ly@F!²�w;´xy�´!°�Dx´!wBc;y�D z F�w Vc

³`d z d�F�y@KJHMjkDxw�³Uy@D z K{w;°pK®d z Ë�w�D z ° \_V w�² V]V ´	§ ÷ ¿Tw^°f§vw�HJKMK,w�D z °
c;y@D z F�w;°�³`d z d¬FUy@KMHJjkDxw^°�°�y�´µ²luxy�´	cvy@F!²�w;´kDxw;°l³Uy�D z \_V w�² V>V ´	§AK{y z °�jkDxw¦K®d�F z d\´	c¼¹xwBc^w;´µ² z d�K,wvw;°3²

¤ Z ¨



w;´µ²�HMº z w�§vw;´µ²vu ± ³	K ± ² ± w ò8°�H�´!y@Dx°c;y�´x°�H,u ±^z y�´!°D!´xw�KJd z Ë�w�D z uxw�u ± ³	K ± ²�H{y�´�uxw�¥@©�´I§ �
ý Á¤ù©�´	§�ñ

u���d�³ z º^°�´xy�°E§|w^°�D z w;°�uxw z�± °�H{°7²¼d\´	c;w^°�°�D z K,w;°Ec�d�´`d�DG° ô ÷
¿�d�K®d z Ë�w�D z uxw�¤ V ©�´I§¸w;°7²ÌK®d�³	KMDx°£Ë z d�´!uxw�y�F!²%w^´ÅD!w�³�y@D z Dx´xw«�d¬K,w�D z u!wÊKJd z Ë�w�D z uxwK®d/F z d\´	c¼¹xw

c;w^´² z d�K{w�²%y�D!²�w;´7c^y�´x°�w z «¬d�´µ²pDx´�³Uy\²%w;´µ²�H,w�K Vc
³`d z d�F�y@KJHMjkDxw ÷ ¿Tw
³Uy@H{´µ²/HJ§v³Uy z ²¼d\´²ÊjkD��¯HJK õód¬D!²�°�y@DÅÁ

KJHMË�´xw z HMc�H�w;°3²�jkDxwCKQ��HM§|³ ± u	d�´	c;w�w^´² z w=K,w;°pF z d�´	c¼¹xw^°�u z y�H{²%wvw^²fË�d�D	c¼¹!wh´��Nw;°3²�jkDxwguxw¥ KΩ ñ�F	H{w;´
§|y�H,´x°ÌHJ§v³Uy z ²¼d�´µ²�w�jkDxw/K,w^°LHJ§v³ ± u`d�´Ic;w;°�u!w/K��Ny z u z w�uxw�¤(©
¶�¤ù¨ KΩ y@F¡²%w;´kDxw^°�°�D z K{w;°M³IKJDx°M³�w^²�H{²�w;°
û7y�´	c�²�H,y�´x°ÀF`d¬KJH,°3²�HMjÅD!w;°Mw^´vÃ½³ z7± c ± uxw;´µ²�w;° ÷ µ�w�K®d�°�HMË�´	HW�wNjkDxw�´xy@D!°�³Uy@DG«�y�´x°ED!²�HJKMH,°�w z u!w}²%w�KMK,w^°�û7y�´	cáÁ
²�H{y�´x°Ed�°7°�³Å§ ± ² z HJjkDxw;°�³Uy�D z õód�F z HMjkDxw z uxw^°�u	H{°�³�y�°�H·²�Heõ�°�w|°¡³	K,y�H{²¼d\´²EKJd�õ�y z §vw�³`d z d�FUy�KJHJjkDxw�u!w Vc

²%y@D¡²
w;´�d(³@d�´µ²`uxw;°�HJ§v³ ± u`d�´	c^w;°:³	KJDx°�õód�HJFIK,w;° ÷1¸ w�³	KMDx°Gu!w;°Ku	HM§|w^´x°�H{y�´x°:³	KJD!° KJd z Ë�w^°G³�w z §|w�²�²%w^´µ²Ku��Ny@F!²�w;´	H z
Dx´�§|w�HJKMK,w�D z c;y�´² z �@K{w�uxw;° z�± °�H{°7²¼d\´	c;w^°�u���d�c�c�º;° ÷

ë µ(698=?�À�<]F
27?@630%8=: bc698���G@M�µö630d2JM a F�4�GI6
Ç
´�³Uy@H{´µ²=HM§|³�y z ²¼d�´µ²
uxw^°B§vw;°�D z w^° z�± d�KJH{° ± w;°v°�D z c;w^°�û7y�´	c�²�H{y�´x°�w;´ Ã£w;°7²BjkDxw�K{w�c^y@D z d�´µ²hu`d\´x°
c¼¹`d�c�Dx´xw�uxw;°�°3² z DIc^²�D z w;°vw;°3²H,uxw^´²�HJjkDxw�jkDxw�KJK,wBjÅD!w~°7y@H{²¦KJd K®d z Ë�w�D z uxw�K®d F z d�´	c¼¹!wvc^w;´µ² z d�K,w,òóþ�HeÁ
Ë@D z w¦¨ ÷^Z]X ô ÷ µ�w z�± °�D	K{²�d\²�w^°7²�´xy@DI«�w(d�D,c(d z ´xy�² z w�§vy¡u	º�K,w�°3²¼d�´!u`d z u ± y�´²�w=µLd z K{yg´xw�³Uw z §vw^²�³	d�°
u��Nw|°¡³	KJHMjkDxw z c^w;° z�± °�D	K{²�d\²%° ÷ ÈÂK{d
uxy�´	c ± ² ± ´ ± c^w;°�°�d�H z wlu!wp§vy�u	H��w z K,w�°�HJ§�DIK®d\²�w�D z ÷ 

y@Dx°�´xw z w^´µ² z w z y�´!°�³`d�°LHMc�H�u`d�´x°LK{w�u ± ²¼d�HMKUuIDg´xy@DI«�w(d�D�§vy¡uIº�K,w§=d�H,°�uxy�´x´!w z y�´x°uDx´	HMjÅD!w�§vw;´µ²
K,w^°�Ë z d\´xuxw;°�KMHJË�´!w;° ÷�  y\² z w�§vy�u	º�K{w ± y�´µ²�wvµLd z K{y � °7²�d�´xu`d z u��Bc;y�´!°�H,uIº z w�D!´xw>uxw;´!°�H{² ± °�D z õód�c�HMjkDxw
uxwBc¼¹	d z Ë�wh¶ K��¯H,´µ²�w z õód¬c;wvw;´µ² z wCK���d�H z w�²�K,wv°�w�§=H ÁÂc^y�´xu	D	c�²%w�D z σ c^y�´x°3²¼d�´µ²%w

÷ b DIH{²%wBd�DG°�§vw;°�D z w;°�uxw
z�± °�H,°3²¼d�´Ic;w}uxw^°Lc(d\´`d�DG°Îñx´xy�Dx°ud(«ÅH,y�´x°au ± ²�w z §=H{´ ± jkDxw/c^w^²�²�w�«¬d�K,w�D z�± ²¼d�H·²�³ z yÅc¼¹xw�uxw 0, 4.1012 cm−2 ñ
c;w�²�²%wi«¬d�K{w�D z c^y z�z w;°�³�y�´xu	d�´µ²K¶uDx´xwÉK®d z Ë�w�D z uxw�u ± ³IK ± ²�H,y�´�KJd\² ±^z d�K{wKuxw£¥�©�´	§£� ý Á{¤ù©�´	§ ÷ µ�w;³�w;´xu`d\´²�ñ
K®dE«�d¬KJH,uIH{² ± uxwÀc;wL§vy¡uIº�K,wauxw�«ÅH{w;´µ²`u	H{°�c�D¡²¼d�F	K{wÀK{y z °�jÅD!wLK,wa°�w�§HeÁÿc;y�´!u	D	c^²�w�D z w;°3²�u ± ³	K ± ² ± c;y@§§vwÌc\��w^°7²
K,wLc�d�°�³Uy�D z K®dNF z d�´	c¼¹xwEc^w;´µ² z d�K,w�uxw�´xy\² z w û7y�´	c^²�H,y�´
w^´=Ã�uxwuK®d z Ë�w�D z uxwEF z d\´	c¼¹xw;°�u z y@H{²�wMw^²ÉË�d�DIc¼¹xw
¤ V ©�´	§Åw�²BKJd z Ë�w�D z uxw�F z d�´	c¼¹xw�c;w^´² z d�K{w \_V ´I§ ÷ g`´�w��Uw^²(ñ£KQ��y z HJË@H{´xwh³I¹k³�°�HJjkDxw�u!w;°c¼¹`d z Ë�w;°vuxw
°�D z õód�c;w
w^°7²/KJdBc(d\³!²�D z w
uxw;° ± K,w�c^² z y�´x°�u`d\´x°�uxw;° ± ²¼d\²�°�uxw�°�D z õód�c^wvòóK{yGc�d�KJH{° ± °Êd�D7§HJKJH{w�D~u	D�Ë�d�³�w�²
d(³�d�´µ²q³Uy�D z y z HMË@H,´!wNK®d z Dx³!²�D z w�uxw�K®d�³ ±;z H{y¡uIHJc�H·² ± u	D�³�y�²�w;´µ²�H{w�K{d�D�´	He«�w(d¬D�uxw�KJd�°�D z õód�c;w�u	D~°�w�§HeÁ
c;y�´!u	D	c^²�w�D z ô §=d�H,°�°�H�K®d z�± Ë@H,y�´h³ z yGc¼¹xw�uxw�KJd�°�D z õód¬c;w}w^°7²Lc^y@§v³	K ± ²%w�§vw;´µ²au ± ³IK ± ² ± w¬ñId�DIc�Dx´ ± K,w�c�² z y�´
´xw�uxw|« z d�H{²Lú^² z w/c(d�³	d�F	K,w�u��íd*²�²%w�H,´xu z wNKJd�°�D z õód�c;w�w�²EK®dfc¼¹`d z Ë�w�uxw�°�D z õód¬c;w�uxw|« z d�H{²Mu	HJ§H,´kDxw z ÷ ¾ z c^w

¤ Z]Z



´��Nw;°7²q³`d\°K{w/c(d�°�uxw�´xy\² z w�§vy¡uIº�K,w�Dx°�Dxw�K�uxw�°�HJ§fD	K®d\²�H,y�´ ± y�´µ²%wfµLd z K,y ÷

µ���w^°7²�³�y@D z c^w�K®déjkD��¯Dx´:§vy¡u	º�K,w�³ z�± KJHJ§H,´	d�H z w�d¬§ ± KJH,y z�± ³Uy@D z K,w^°Cc¼¹`d z Ë�w;°>uxw�°�D z õód¬c;w7d ± ² ±
u ± «�w�K{y�³x³ ± ³`d z ²@d(«ÅH,w z ± d\²�w;y�°�w�²/Ã�y�§Bd�°/Æ�y�´
�(d�K{w1��uxw�KQ� Ç ´	HM«�w z °�H{² ± uxw b d�K®d�§=d�´	c�dhw;´7g`°7³`d�Ë�´xw ÷
µ�wB§vy¡uIº�K,wv³�w�D!²fc;w^²7²%wBõ�y�H,°pú^² z wB§H,°�w;´�y�w�DG« z wCK,y z °�jkDxw=K,w^° z7± Ë@H{y�´x°�³ z yÅc¼¹xw;°�u!w;°�°�D z õód�c^w;°�°7y�´µ²
u ± ³IK ± ² ± w^° ÷ b d�´x°�w^´µ² z w z u`d�´!°fK,w^°�u ± ²¼d�HMK,°�ñyK®dv«¬d�K{w�D z uxw=K®d�c¼¹	d z Ë�w|°�D z õód�c�HMjkDxwg³�w�D!²fú^² z wCd�u	d�³!² ± w
�>Ç\«3�>�L�I¨1�H�}����«H���}���	�5 ©�>�	�}����«H�}°�D	HM«¬d�´µ²�K,w�´xy@§fF z wvu�� ± K,w�c^² z y�´x°lu`d�´x°pc;w^° z7± Ë@H{y�´x° ÷ µ�w=§|y�u	º�K,wd
³Uw z §H,°quxw z w^² z y@DI«�w z KJd=§=dèû7y z H·² ± uxw;° z�± °�D	K{²�d\²%°�°�D z K,w;°£û7y�´	c^²�H,y�´!°�d�°7°�³Å§ ± ² z HJjkDxw^°/§=ú�§|w�°;�¯HJK:uxy@H·²
w;´	c^y z wuú�² z w�³Uw z õ�w�c�²�H{y�´x´ ± ³�y@D z y�F!²%w^´	H z D!´xw�w|°¡³	KMHJc(d*²�H,y�´�c;y@¹ ±;z w^´µ²%wd�DG°�³	¹ ± ´!y@§=º^´xw;°�y@F!°�w z « ± °a°�D z
K,w^°�þ�HMË@D z w;°�¨ ÷[Z]V w^²/¨ ÷^Z]XI÷ µ���w^°7²/KJd z d�H,°7y�´�³�y@D z K®d¬jÅD!w�KJK{w�´xy@Dx°�´xwf§vy�´µ² z y�´x°�³	d�°�c^w;° z7± °�D	K{²�d\²%°�uxw
°�HM§�D	K®d*²�H,y�´ ÷

ð�F�4�?IF
25?I630âKJ?Rb :=G@2JFH0=C�M*8=MÆGIF®G@F�4eî3ME:T4�8TMEKyP=47FH0=<��TMEK

ë R9F�P=4�?R<]F
25?I630.M_2Q<]F�47FH<>25C�4�?RK�F
27?@6d0

 
y@D!°Ld(«�y�´!°Àõód�F z HJjkD ± ² z y@H{°yû7y�´	c^²�H,y�´x°�w;´BÃ¦³`d z Ë z d(«ÅD z wNH{y�´	HMjÅD!w z7± d�c�²�HM«�w�òóþ�HJË@D z w�¨ ÷[Z>h ò"d ô�ô w^²Mu!w;°
§|w^°�D z w;°}uID�³�y�²�w;´µ²�H{w�K Vc

³�y@D z D!´xw
³Uy�K®d z H,°�d*²�H,y�´~w^´7§|y�uxw�³IDx°�¹GÁ5³	D	KMKuò V = VL = −VR

ô y�´µ² ± ² ±
z�± d�KJH{° ± w^° ÷ ¿�d/K{y�´	Ë@Dxw�D z uxwuF z d�´	c¼¹!wqu!wuc;w;°`² z y@H{°�û7y�´	c�²�H,y�´x°`w;°3²�uxw¨�©@©}´	§¬w^²£K®dÊK®d z Ë�w�D z uxwuF z d\´	c¼¹xw
w;°3²�u!w¤(©@©Iñ�¤(¥@©�w�²Ê¨�©@©
´	§ z w;°7³Uw�c^²�He«�w�§|w^´²�ò"þ HJË@D z w�¨ ÷^Z]h òöF ô�ô ÷

¤ Z ¥



ç°è�é»ê ¨ ÷^Z]h ëvò"d ô ¶ ¹xy�²%y�Ë z d�³I¹	H,w z�± d�KJH{° ± w�³`d z §=HMc z y�°�c^y�³	H,w ± K{w�c�² z y�´	HJjkDxw�¶�² z d�´x°�§=H{°�°�H{y�´hu���Dx´!wÉû7y�´	cáÁ
²�H{y�´gw;´�ÃÆuxw/K{y�´	Ë@Dxw�D z uxw/F z d�´	c¼¹!wp¨�©@©�´	§Ãw^²uKJd z Ë�w�D z uxw�F z d�´Ic¼¹xw¦¤ù©@©�´	§ ÷ òöF ô ¸ HM§|w^´x°�H{y�´x°�u!w;°
² z y@H,°�û7y�´	c^²�H,y�´x°�w^´�Ã$õód�F z HJjkD ± w^°�³`d z Ë z d(«ÅD z w�½EÈ\g ÷

µ�y@§=§vwMu`d\´x°iK,wLc�d�°`uxw^°�û7y�´	c^²�H,y�´x°Gw;´ · ñ@K{w;°`³`d z ²�H{w;°�KMH,´ ± d�H z w;°�uxw;°£§vw;°�D z w;°£d(³@d�´µ²a³�y@D z y z HMË@H,´xw
K,w^° z�± °�H,°3²¼d�´	c^w;°qu���d�c�c�º;°qy�´µ² ± ² ±�z w�²�H z�± w^° ÷'  y@Dx°�y@F!²�w;´xy�´!°�d�K{y z °uK{w�³Uy\²%w;´µ²�H,w�K Vc

H,´µ² z H,´x°�º�jkDxw�°�D z KJd
þ�HJË�D z w�¨ ÷ ¥�© ÷

¤ Z ª



ç°è�é»ê ¨ ÷ ¥�© ë ¶ y�²�w;´µ²�H{w�K Vc
H{´µ² z H{´x°�º�jkDxw�w;´�õ�y�´	c^²�H,y�´�uxw V ³Uy@D z K{w;°�uIH�� ±;z w^´µ²%w;°£û7y�´	c^²�H,y�´!°�w^´�ÃÇuxw§=ú�§|w�K,y�´	Ë�Dxw�D z u!wpF z d�´	c¼¹!w�¨�©�©�´I§ ÷�  y@Dx°d(«�y�´!°�d�D!°�°�H z w;³ z7± °7w;´µ² ± K®d�c;y�D z F�w −V 2

÷

¶
y@D z Dx´xwÉû7y�´Ic^²�H{y�´hu!wNK®d z Ë�w�D z ¤ù©@©�´	§vñ¡´xy�Dx° z w�² z y@DI«�y�´x°uDx´>³�y�²%w^´²�H,w�K Vc

³`d z d�FUy�KJHJjkDxwc(d z d�cáÁ
² ±^z H,°�d�´µ²fD!´�² z d�´x°7³Uy z ²fF	d�KJH{°7²�HMjkDxw ÷{¶ D	H{°�K{y z °�jÅD!wBK®d�K®d z Ë�w�D z d�D	Ë@§vw;´µ²%w¬ñ Vc

u!w�«ÅH,w^´²�uxwB§vy@H{´x°�w;´
§|y�H,´x°M³	d z d�F�y@KMHJjkDxw ÷

ë Ô
Å!O�GI?R<]F�27?I630¦2e�TCE6m4�?IS!:=M
¸ d�´x°c;w�²�²�wl³`d z ²�H{w�ñ�´xy�Dx°�d(«¬d�´��^y�´x°ÊDx´xw�w|°¡³	KJHMc(d\²�H,y�´vd�D�õód�H·²EjÅD!wfK®d
u	HM§=H{´kD!²�H{y�´>°�HM§�D	K{²�d�´ ± w�u!w�KJd
K®d z Ë�w�D z uxw;°F z d�´	c¼¹xw^°�w^´² z d¬ü,´xw/K��Ny@F!²�w;´µ²�H{y�´�u��¯Dx´�³�y�²�w;´µ²�H{w�K�³`d z d�F�y@KJHMjkDxw}³	KMDx°�³ z y�´!y�´	c ± ÷
¿�dBþ�HJË@D z wf¨ ÷[Z>h §vy�´µ² z w�jkDxw�K®dK®d z Ë�w�D z uxw^°/F z d\´	c¼¹xw;°�Ë�d�D	c¼¹xw�w^²�u z y@H{²�wlu!w;°Éû7y�´Ic^²�H{y�´x°�w;°7²}uxw

¨�©@©�´	§ ÷I´ H,´x°�HrKJd�K,y�´	Ë�Dxw�D z ²%y�²�d�K,w}u!w;° û7y�´	c�²�H{y�´x°Lc�d z d�c�² ±^z H,° ± w^°E«¬d z H,w}u!wpª�©@©�´	§£¶
\ ©@©�´	§ ÷	¶ y�D z

uxw�²�w�KMK,w;°ÌK,y�´IË@Dxw�D z °�ñÅK,wq² z d�´x°�³�y z ²M³�w�D!²uú�² z wNc;y�´!°�H,u ±;z�± c;y@§§|wjkD`d�°�HeÁÂF	d�KJH{°7²�HMjkDxw�òö§|yù³�w;´x´xw�uxw ZI÷^X
¶�¥ ÷[\ H{´²�w z d�c^²�H,y�´x°�³�y�°7°�HJFIK,w;°�³�y@D z D!´�KMHJF z w}³`d z c;y@D z °E§|yù³�w^´�uxw¦¤ Z ©�´	§ ô ÷
¿�d�u	H{°�³`d z H{²�H,y�´
³ z y@Ë z w;°7°�HM«�w�u!wKJdNõ�y z §vw�³`d z d�FUy�KJHJjkDxw�uID|³�y�²%w^´µ²�H,w�K�³`d z d�FUy�KJHJjkDxw Vc

dù«�w�cK���d�D	Ë¬Á
§|w^´µ²¼d\²�H,y�´>uxw�KJd�K®d z Ë�w�D z u!w;°EF z d\´	c¼¹xw;°q³�y@D z�z d�H{²udù«�y@H z uxw�DG°�y z HJË@H{´xw;° ÷

¤ Z]\



Ã�y@D¡²Mu���d�F�y z u�ñ¡´xy@Dx°Àd(«�y�´x°L«ÅD>u`d\´x°LK®d�³`d z ²�H,wÊÈ�ÈijkDxwNKJd�F z d�´	c¼¹xw/c^w;´µ² z d�K,wiû7y@D`d�H·²ÀK{w z �@K,wqu��¯Dx´xw
°�y�´!uxw�³�w z §|w�²�²�d�´µ²�uxw�u ± ²%w�c^²�w z K,w;°�«¬d z H®d\²�H,y�´x°�uxw�³�y�²�w;´µ²�H{w�KEd�DÝc;w^´² z w~uxw�K®d=û7y�´	c�²�H{y�´ ÷i¶ KJD!°=KJd
K®d z Ë�w�D z uxwÊc^w^²7²%w�F z d�´	c¼¹!w�w^°7²M³�w^²�H{²�w�ñµ³	KMDx°£K®d�u ± ²�w�c^²�H,y�´vuxwc;w^°Ì«¬d z HJd\²�H{y�´x°`w^°7² �´xwc(d z c;w�K®d z w�«ÅH{w;´µ²
¶lw}��w�c^²�D!w z Dx´xwÊ§|w^°�D z w}°�D z Dx´�H{´²�w z «�d¬KJK,w�uxwÊK,y�´IË@Dxw�D z ² z º;°�³Uw�²�H{²Àd�D!²�y@D z u	Dg³�y@H,´µ²au���H{´µ²%w z °�w�c^²�H{y�´
uxw;°ÀF z d�´Ic¼¹xw;° ÷	´ D	Ë�§|w^´²�w z K®d�KJd z Ë�w�D z uxw�KJd�F z d�´	c¼¹xw/c^w;´µ² z d�K,w�d�D	Ë@§vw;´µ²%w�K®d�K{y�´	Ë@D!w�D z °�D z K®d�jkDxw�KJK,w
°;�Nw��Uw�c�²�Dxw KJd�u ± ²%w�c^²�H,y�´�uxw KJd,«¬d z HJd\²�H{y�´�uxw�³Uy�²�w;´µ²�H{w�Kc;w�jÅDIH�d�³Uy@D z c^y�´x° ± jkDxw;´	c^w�u���d�³	K®d*²�H z KJd
c;y@D z F�w�³	d z d�F�y@KMHJjkDxw ÷
± d�H,°ÀK,w�³	¹ ± ´xy@§º;´xw/K{w}³	KMDx°uHJ§v³Uy z ²¼d\´²�w;°3²Êc^w z ²¼d�H{´xw�§vw;´µ²uKJd�u	HJ§H,´kD!²�H,y�´|uxw;°�w��Uw^²�°�uxw/c¼¹`d z Ë�w

u��Nw;°�³	d�c;w ÷ g�´¦w}��w�²(ñ z d�³x³�w�K{y�´x°CjkDxw�KJd c;y@D z F�w�³`d z d¬FUy@KMHJjkDxw Vc
d�³�y@D z y z HJË�H,´xw~uxw�DÅ°Æw��Uw^²�°�ñLK{w

² z d�´x°�³�y z ²¦F`d�KJH{°7²�HJjkDxw�§=d�H,°�d¬Dx°�°�HK{w;°
w}��w�²%°vuxw�c¼¹	d z Ë�w�u��Nw;°7³`d�c^w~²�w�K,°¦jkDxwvK®d�uxw^´x°�H·² ± °�D z õód�c�HMjkDxw
uxw�c¼¹`d z Ë�w~¶�K��¯H,´µ²%w z õód�c^w>w;´µ² z wvKQ�íd¬H z w�²K,wg°7w�§HeÁÂc^y�´xu	DIc^²%w�D z ÷ ¿`��d�D	Ë@§vw;´µ²�d\²�H{y�´�uxw�K®d KJd z Ë�w�D z u!w;°
F z d\´	c¼¹xw;°�w^´µ² z d1üÈ´xw�D!´xw�u	HM§=H{´ÅD¡²�H,y�´�uxw^°�w��Uw^²�°}uxw�c¼¹`d z Ë�w�u��Nw;°7³`d�c^w
w^²/KJdhu	H,°7³`d z H{²�H{y�´~³ z y@Ë z w;°7°�He«�w
uxwCKJdvõ�y z §|w|³`d z d¬FUy@KMHJjkDxwvuxw Vc

÷ Æ/K,y@F	d�K,w�§|w^´²�ñyK®d K{y�´	Ë@D!w�D z uxwCK®d�û7y�´	c^²�H,y�´nw;´ Ã¹´xwB«¬d z H,wh³	d�°
FUw�d�D	c^y@Dx³.ò8uxwª�©�©�´I§É¶

\ ©@©>´	§ ô w^²�uxy�´IcK{w�² z d�´x°�³�y z ²�´���w^°7²�³`d�°/õ�y z ²%w�§|w^´²�§vy�u	H� ± ÷ µ�w�KJD	H ÁÂc�H
z w^°7²%wEjkD`d�°�HeÁÿF`d�KJH{°7²�HJjkDxwÀ§=d�H{°`¶pc�d�Dx°7wqu!wKJd}u	HJ§H,´kD!²�H,y�´�uxw;°�w��Uw^²�°�uxwEc¼¹`d z Ë�wqu���w^°�³`d�c^w�ñÅHJK¡´���w^°7²a³	KJD!°
³Uy�°�°�HMF	K,w�u���y�Fx°�w z «�w z KJdfõ�y z §vw�³`d z d�FUy�KJHJjkDxw�u	D�³�y�²�w;´µ²�H{w�K Vc

÷

a 6d0=<_GI:;KJ?@630.KJ:T4¾G@MEKé¶�F�4�?@F
27?@6d0=K¡îmCE63bcC_254�?IS!:TM�KL8TMEKyP=47FH0=<��TMEK
´ H,´!°�HIHMK°�w�§fF	K,wLjkDxwuKJd�K®d z Ë�w�D z u!wuK®dÊF z d�´	c¼¹!wuc;w;´µ² z d�K{wMu��¯Dx´xw û7y�´	c�²�H{y�´�w^´Ã�°7y@H{²�Dx´
³`d z d�§=º�² z w

³	KJD!°�HJ§v³Uy z ²¼d�´µ²�jkDxw,K®d K{y�´	Ë@Dxw�D z uxw^°�F z d�´	c¼¹xw^°�uxw7KJd û7y�´	c^²�H,y�´Æ³�y@D z c;y�´x°�w z «�w z Dx´Â³Uy\²%w;´µ²�H,w�K
³`d z d�FUy�KJHJjkDxw Vc

÷
·üÐ�«ù��� �>£1����«H���p��«â�H���f��«H�R���}���
�>���_£}���¿�I¨1�m� Vc
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��«¢�5��¡J�*«¢ }�R���*«
� È �R�|���	�
£1����«¢ ¤�H�¤�NÖm�����¤�}�T�E�*«¢ �«¢í¤ ¤�¤�¤�1�>���|���E���|í©�>�¿�	�5�}�°�E�¤�3¡J�*«¢ }�R���*«
���E�°�W�>�RÀE�}�E�¶�E�¶£1����«¢ ¤�H�» ¤��«H�R���>�	�9�3�|�5 ¤�H�¤�
�E�j�W���W�>��ÀE�}�E�w�E���Eíf�3�	í}�R���*«l���E�{«_¬ È �Y¬l«H�
���3Å����3�¿�_����«¢�w�W�>�RÀE�}���w�E�¤��£1����«¢ ¤�H�¤�w�>�|������� �}�9À_�>�H ¤�H�
���¤�5�©±*í}�	�}ª>í¤�Ã�H�}�����}� �E�D�>���L�F«H�m�}�Q�	�}���Q�|í¤�}�	�}�l��«¢ ¤���F«H�R���F«
�[³©¨1�H�*�}����� �>£1�f��«H���y�¡«¢�N�Eí¤�1�_�_�}�3�l�>�I���*«
��� �����Hí©�_��«¢ ¤�²�L�F«H���L�	�5í¤����«H�I�|���	���>�	�f�H�5�}���I� ���}���	�¤���}�_�
�>�|�}���[���E�w���¤�}���|��� � �}�_�H�}�	�*«
���>���¤�}�=¨1�ü� ���!�¤�}�
�3�|í@�Jí}�©�_£1�	����� ���I���¿�	�5�}� �¡«¢� ¡J�*«¢ }�I���*«c��« ö%��� ��«EÀ>�	����«H�I�|�Ú�	�¤�Ú£1����«¢ ¤�H�¤�Ã�>�|�����f� �}��À_�>�H ¤�H���R�'³¤�´���>�I£1�	�
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Í�Ó�Ó�Ú^Û^×MÍ�Ï�Û^ØlÖ�Ü»ÝÞ

ß w�³�à z à\á z à�³!âxw}² z à�ã{²�w�uxw�uxw^ä¡å�³ z y�æxç{è;évw;°Má ± ´ ±;z à�ä¡å z w;ç,à\²%ã·ê�°Mà�ä¡å>à�ë;ë^è;°�ìqí�î!³ z y�æxç{è;évw;°�ë^y�é�ï
é�äx´x°�¶
²%y�ä!²%w ± ²%äxuxw�w;´�ê z�±^ð äxw;´xë^wlu!w�´xà�´xy�uxã,°7³Uy�°7ã{²�ã{ê�°;ñ

ò w�³ z w;évã,w z ³ z y�æxç{è;évw�³ z y�ó�ã,w^´µ²�uxw�çÈà�â�à\ä!²%w�ã,év³ ± u�à�´!ë;w�uxw;°~´�à�´!y¡uxã{°�³�y�°�ã·²%ã·ê�° ð äxw;ç{° ð ä��Nã,ç{°
°�y�ã{w;´µ²|ô8u!ã,°�³�y�°7ã{²%ã·ê�°}æ�à�ç{ã,°3²%ã ð äxw^°;î�´xà�´xy�²�äxæUw^°�uxw�ë�à z æUy�´!w�îTuxã{°�³�y�°�ã·²%ã{ê�°�é|y�ç ± ë^äxçÈà�ã z w^°öõ�ñU÷`´�w�ø�w�²�îTë^w;°
´�à�´xy�uxã{°�³�y�°�ã·²%ã{ê�°T³�y�°7°�è;u!w;´µ²�äx´xwaã,év³ ± u�à�´xë^w ± ç,w^ó ± wM³�y�ä!ó\à�´µ²Kà�ç,ç{w z uxw ð äxw^ç ð äxw^° KΩ ô8uxã{°�³�y�°�ã·²%ã·ê�°:æxà*ï
ç,ã{°7²%ã ð äxw;°%õK¶�³xç{äx°�ã{w;ä z °�ë;w;´µ²%à�ã,´xw^°}ô�´�à�´xy\²%äxæ�w;°�uxwqë�à z æUy�´!w�õ�ñùqy z °�w;´vâµú�³Uw z ê z�±^ð äxw;´xë^w�îxçQ��ã{é|³ ± uxà�´xë;w
uxw z�± ê ±^z w^´xë;wgu!w;°
à�³!³�à z w^ã,ç{°�u!whévw;°�ä z whw^°7²�uxw>û�ü Ω ñ�ý]ç�°;�Nw;´!°�äxã·²�uxy�´!ëhäx´xwvê�y z ²�w|u ± °%à\u�à�³!²%à\²%ã{y�´
w;´µ² z w}ç,w�uxã,°7³Uy�°�ã{²�ã{ê�w^²�çQ��w^´ó�ã z y�´x´!w;évw;´µ²�û�ü Ω ñ!þ�ú¡³!ã ð äxw;évw;´µ²;îxçÈà z�±^ÿ w�å¡ã,y�´>°7ä z äx´hë�à�´�à\ç�æ�à�ç{ã,°3²%ã ð äxw
u��Nã,év³ ± u�à�´xë^w 10 KΩ w;°3²�uxw����_Â¢uxw�ç��Ny�´xuxw�ã,´xë^ã,uxw^´²�w�ñ��}à�´x°�äx´xw�³ z w;évã,è z wM³xà z ²�ã,w��¡ñ��xñ	��î�´!y�äx°`³ z y\ï
³Uy�°�y�´x°�äx´!w�°7y�ç,ä¡²%ã,y�´>³Uw z évw^²�²%à�´µ²�uxw�uxã,évã,´äxw z çÈà
u ± °%à�uxà�³!²öà*²%ã,y�´~w^´ z7± à�ç{ã,°�à�´µ²�uxw;°�ç{ã,á�´xw^°�u���à�ë;ë^è;°
ë;y�³!çÈà�´�à\ã z w^°M°�ä z ä!´xw�ë;y�äxëöâ!wlu��Näx´~³Uy�ç{ú�é|è z w�¶�ê8à�ã{æxç,w}³�w z é|ã·²�²�ã{ó�ã{² ± uxã ± ç,w^ë^² z ã ð äxw ð äxãTw^°7²qç,w�
 ß 
�ñ

ò w|°�w^ë;y�´xu�³ z y�æxç{è;évw|³ z y�ó�ã,w;´µ²
u!whçÈà~ë;y�´!ë;w;³¡²%ã,y�´�uxw;°�ç,ã,á�´xw;°�u���à�ë;ë^è;°
ë;y�³xçÈà�´xà�ã z w;°là�ä¡å�´�à�´xy*ï
uxã,°7³Uy�°�ã{²�ã{ê�°^ñ ß w;°Mç{ã,á�´!w;°�ë;y�³!çÈà�´�à\ã z w^°a°7y�´µ²M°7y�ä z ë^w;°Mu!w�ë�à\³�à�ë;ã·² ± °aw#å¡² z ã{´x°�è ð ä!w;°�³�à z à�°�ã·²%w^°�w;´µ² z w�³!ç,y�²�°
u�� ± ³�à�ã{°�°7ã,°�°7w;évw;´µ²�ñ ò w;°vó\à�ç,w^ä z °�uxw~ë;w^°hë�à\³�à�ë;ã·² ± °|ã{´ ÿ äxw^´²�ê�y z ²%w^é|w^´²|°�ä z ç{w;°�³Uw z ê�y z éhà\´xë;w^°hìqí
uxw;°�´�à\´xy¡u!ã,°�³�y�°7ã{²%ã·ê�°;ñ

 
y�ä!° z�± °7äxévy�´x°�uxy�´xë�u�à\´x°�äx´xw�°�w^ë;y�´!uxw|³xà z ²�ã,w�ô��¡ñ�!ñ���õ�ç{w z�± °�äxç·²öà\²�u!w;°�°�ã ï

é�äxç,à\²%ã{y�´x° z7± à�ç{ã,° ± w;°�³�y�ä z y�³!²%ã{é|ã{°�w z çÈà�ë^y�´xë;w^³!²%ã{y�´�uxw;°qà�ë^ë;è^°�ë^y�³xçÈà\´�à�ã z w�uxy�´²qçQ��y�æ��7w;ë^²�ã{ê ± ²%à�ã{²Muxw
uxã,évã,´äxw z ç,w^°lë;à�³�à�ë^ã{² ± °�w�å�² z ã,´x°7è ð äxw^°�³�à z à�°�ã·²%w;°^ñ

 
y�ä!°�ó�w z�z y�´x°�u�à�´x°�ç,w�³�à z à�á z à�³xâxw��¡ñºû ð ä!w|ë^w;°

y�³!²�ã,évã,°%à*²%ã,y�´x°�y�´²`ê�y z ²%w^é|w^´µ²�à�é ± ç,ã{y z�± w;°Gç{w;°`³�w z ê�y z é|à�´xë^w;°�ìqí�u!w�´xy�² z w�ë;y�´µó�w z ²�ã,°�°7w;ä z æ�à�ç{ã,°3²%ã ð äxw
� ß ï�� ß ñ

�����
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ßLK é|éNM�çOMQP�éNMRP7äTSUMQP}ý�ïWVÄçYX K�Z\[ é K�Z\[ SU]là�ä_^�à�S�à�á�S�à�^xâTM`�¡ñ�!ñ���î�çOMRP'axãOP1^ K P�ã [ ã{ê/P�æ�à\ç,ãOP [ ã ð äCMRP�^TSU]#ï
PUM Z�[ M Z\[ ä Z M
ã{é�^b]Raxà Z ëRM4];çcM^ó�]QMdaTM ð äTM;ç ð äTMRP KΩ ñ�ù K S1PeM Z âµúF^fMQS7ê/SU] ð äTM Z ëQM�î�çYXNã,éN^b]Ra�à Z ëRMgaTMdSU]#ï
ê/]RS1M Z ëQMNaCMRP�à�^T^�àhSUM;ã{çOP<aCM
é�MQP�äTS1MNMQP [ aTMvû�ü Ω ñTý]ç)PQXM Z P�ä!ã [ a K�Z ë
ä Z M
ê K S [ MdaT]RP�à�a�à�^ [ à [ ã K�Z M Z\[ SUM
çOMiaxãcPU^ K P�ã [ ã{êjM [ çYX�M Z ó�ãOS K�ZTZ M^é�M Z�[ û�ü Ω ñ ß M�^TS K æxç,è^é�MiMRP [ ë K é|é�ä Zlkm[nK äTP�çOMQP4a!ãOPU^ K P7ã [ ã·ê/P�aTMhç,à
Z à ZTK ];çcM;ë [ S K�Z ã ð äTM~â�à�ä [ M@ã,éN^b]Ra�à Z ëRM [ M;çcP ð äTM@çcMRP|ë K éN^ K P%à Z\[ P|é K çO];ë^äxçÈà\ãOSUMQP;î`çcMRPo^ K ã Z�[ P ð ä�à Z ï
[ ã ð äCMRP K äpM Z ë K SUM�çOMRP Z à ZTKh[ äxæbMRP�aCM}ë�à�S7æ K�Z M�ñ�þ�úF^xã ð äTM;éNM Z\[ î!çÈà4S1] ÿ M#å¡ã K�Z P7äTSMä Z ë;à Z à�ç�æ�à�ç{ãOP [ ã ð äTM
aqXNã,éN^f]Qa�à Z ëQM 10 KΩ MQP [ aTMg���NrsaTM�ç�X K�Z aTM�ã Z ë^ãOaTM Z\[ M�ñ

ý]ç8MRP [ a K�Z ë Z ];ëQMRP1P%à�ãcSUMeaTM [ S K ä¡ó�MRStaCMRP�P K ç,ä [ ã K�Z PMàhu Z aqXºà [U[ ] Z äTMRS�ëQM [U[ MeaT]RP�à�a�à�^ [ à [ ã K�Z P7ã ZTK äTP
ó K ä!ç K�Z P�ë K�Z ëQM^ó K ãOS�aTMRP Z à ZCK axãcPU^ K P�ã [ ã·ê/Paê K�Z ë [ ã K�ZTZ à Z\[ M Z â�à\ä [ M�ê/SU] ð äTM Z ëQM�ñ

v Z M�éN] [ â K aTM�ë K äTS%à Z�[ Mi^ K äCSgS1]�à�ç{ãOP1MRS}ç�Xºà�axà�^ [ à [ ã K�Z MRP [ aTMNSUM^ë K äCS�ãOS k ä Z à�a�àh^ [ à [ M;äTS ð ä�à�S [
aqX K�Z aTM�ô�ó K ãOS�í�ã,á�äTS1Mw�¡ñ��T�Yõ#ñ�x K äCSyS�à�^T^bM;çQî�ëRMwaxãcPU^ K P�ã [ ã{ê�MQP [ ä Z M�ç,ã{á Z M)aCM�ç K�Z á�äCM;äTS ò M [ aqXNã,éN^f]Qa�à Z ëQM
ë�à�S�à�ë [ ]RS7ãOP [ ã ð äTM Zc

ñ ß M [U[ M�ç{ã,á Z MjMRP [ ëöâxà�S�á�]QMqà�ó�M;ë�çYXNã,éN^b]Ra�à Z ëRM k à�a�àh^ [ MQS ZTK�[ ]QM ZL
ñ ò XNã,éN^f]Qa�à Z ëQM

M Z M Z\[ S1]RM�aTM�çÈà
ç{ã,á Z M Zin
MRP [ à�ç K S1P�a K�ZCZ ]RMg^�à�S�ç,àiS1M;ç,à [ ã K�Z

Zin =
Z2

c

ZL

ô��¡ñz��õ

k ç,à�ê/SU] ð äTM Z ëRM`aqXºàha�à�^ [ à [ ã K�Z ô�ë�X�MRP [ ï k ïBaxãcSUM�çÈà�ê/SU] ð äTM Z ëQM.^ K äTS�çÈà ð äTM^ç,çcM�çÈà�ç K�Z á�äTM;äTS ò aCMlç,àvç{ã,á Z M
MRP [ çcM ð ä�à�S [ aTM�ç,à�ç K�Z á�äTM;äTSta8X K�Z aTM�õ#ñ

ò MQP
ç,ã{á Z MRP�ë K ^xç,à Z à�ãcSUMQP�ä [ ã{ç,ãcPU]RMQP`a�à Z P�çOMRP�ë;ãOS7ë;äxã [ P�évã,ëQS K ï K�Z aTMQP.P�äCSdPUM;évã·ï5ë K�Z axäxë [ M;äTS
ý7ý�ý�ïYV
ô � P|{�à!îTý Z x�õ K�Z\[ aTMRPlã,éN^f]Qa�à Z ëQMRP�ë�à�S�à�ë [ ]RS7ãOP [ ã ð äTMQP [ úF^xã ð äCM;éNM Z\[ ë K é�^CS�ãOP1MRPgM Z\[ S1M}��û}M [ ��ü Ω ñ
ß MRP�ó\à�çOM^äTSUP�ç{ã,évã [ MQPjaC]R^bM Z aTM Z\[ aTM�çÈà�ê/S1] ð äTM Z ëRM4aqX�ä [ ã,ç{ãOP�à [ ã K�Z M [ a!ä~P1M;évã·ï]ë K�Z axä!ë [ M^äTS�ë K�Z P�ãcaT]RS1]�ñ

� u Z a8Xºà�ä!á�é�M Z\[ MRS�çYXNã,éN^f]Qa�à Z ëQM�aTMRP}ç{ã,á Z MRP�aTM [ S%à Z P7é|ãcPUP7ã K�Z î ZCK äTP�ë K�Z P7ãOaT]QS K�Z P^î8M Z ^TSUM^é|ã{èRS1M
à�^T^TS K å!ã{éhà [ ã K�Z î�ä Z é K axè^çOM ð äxà�P�ã ïBaxãcP [ S7ã,æxäC]`aTM
ç,àhç,ã{á Z M�ñ ò XNã,éN^f]Qa�à Z ëQM�ë�à�S�à�ë [ ]RS7ãOP [ ã ð äTM Z0
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[ S�à�ó\à�ã{ç'á�] Z ]QS%à�ç8^ K ä¡ó�à Z�[L°Q[ SUM�évãOP@M ZmK M^ä!óFSUM<^ K äTS [nK ä [L[ ú(^bM<aTM Z à ZTK axãOP1^ K P7ã [ ã{ê/P;ñ÷ Z M^øfM [ îxà�ó\à Z\[
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ÃqÄOÅqÄcÃqÄ

�j���t� �¡ñ���N� ß àh^�à�ë;ã [ ]QPeM�å [ S7ã Z P7è ð äTMRP4^�à�S�à�P�ã [ MRPeM Z\[ SUM�çcMRPe^xç K�[ P<a8X]Q^�à�ãOP1P�ãcPUPUM^é�M Z\[ PgaTMRP�à�ë^ë;èRP�âµúµï
^fMQS7ê/S1] ð äTM Z ëRMRP^ñ ò MRPf� K�Z ë [ ã K�Z P�M Z.Æ ô�S1M;ë [ à Z á�çcMRP%õ�SUMQ^TSU]QPUM Z\[ M Z\[ ç,à#^�à�S [ ãcM�ã Z\[ S�ã Z P�è ð äTMLaxäiaxãOP1^ K P7ã [ ã{ê0ñ

�j���t� �¡ñ���³g��ô8àµõ�M [ ô�æ'õ�± K a!è;çOMQP K ^ [ ã{é|ãcPU]QP�aTMRP�S1MRaTS1MRPUP1M;äTS1P�æ�à\ç,ãOP [ ã ð äCMRP � ß ï�� ß ñ

���û



ÇNÈUÉ Ê ØlÖiË�ÐMÙ�Ï�Û^Ü�Ü�Ð�ÎgÙ¢Ì~Í�Ú�Û^ÜTÏ�ÛQÍvÎ�Ð Î Ê¥ÏTÐÑÊ Ò Î~ÜÓÍvÎ¦Ô�Õ Ö<× Ø ÌµÙ

ò XNãOaC]RM.aqXNä [ ã,ç,ãcPUMQS�çOMQP<^TS K ^TS�ãc] [ ]RPeSUM^ë [ ãcu�ë;à [ S7ã,ëRMQP<aqXNä Z M#� K�Z ë [ ã K�Z æ�à�ç{ãOP [ ã ð äTM ko[ S K ãOP}æCS%à Z ëöâCMRP�à
] [ ]4^ K äTSqçÈài^TSUM^é|ã{èRS1M�ê K ãOP�]^ó K ð äT]QM.aTM�éhà Z ã,èRS1M [ âT] K S�ã ð äCM4M Z ��ü�ü\�d^�à�S�ùlñzÚ�ñ�Û}äl����h�yM [ é K�Z\[ S1]
M�å(^b]RS�ã{é�M Z\[ à�çcM;éNM Z\[ M Z SU]^á�ã,éNMd� ß M Z ��ü�üh�����ü´��ñT÷`ç{çOM.S1MR^ K PUMiP�äCS�ç�XM#å(^xç K ã [ à [ ã K�Z aTM�çÈàgë;à�S%à�ë [ ]#ï
S�ãcP [ ã ð äTM ZTK�Z ç,ã Z ]�à\ãOSUM#aqX�ä Z ML� K�Z ë [ ã K�Z�k.[ S K ãOP�æCS%à Z ëöâCMRP�M Z SU];á�ã,éNM}æ�à�ç{ãOP [ ã ð äTM�ôFó K ãcS�íGã,á�äTSUMg�¡ñ��\�µõ#ñ

�j���t� �¡ñ��\��� ßLK éN^ K S [ M^é�M Z�[ SUMQaTSUMQPUPUM^äTS@aqX�ä Z M�� K�Z ë [ ã K�Z æ�à�ç,ãcP [ ã ð äTMLM Z þ�ñ ò XM Z ë�àhS [ SUMQ^TSUMQPU] Z�[ M�ä Z M
ã,é|à�á�M � í%± aTM|çÈàd� K�Z ë [ ã K�Z ñ ò à�ë K äTS7æfM�SUMR^CSU]RP1M Z\[ M>ç�X]�ó K ç{ä [ ã K�Z aTM Vc

M Z ê K�Z ë [ ã K�Z aTM VL
^ K äCS

axã{øf]RS1M Z\[ MQP�ó�à\çOM;äCSUPtaTM VR
ñ

ß M [U[ Mhë;à�S%à�ë [ ]QS�ãOP [ ã ð äCM ZTK�Z ç,ã Z ]�à\ãOSUM`aTM�� K�Z ë [ ã K�Z P�M ZÜÆ ^bM;ä [4°Q[ SUM|ä [ ã{ç,ãOP1]RMd^ K äTS�á�] Z ]RSUMQS4aCMRP
[ M Z P�ã K�Z P�� ß M [ aTMQP�â�à�S�é K�Z ã ð äTMRPeaqX K S1aTSUMd]^çOM^ó�] k ^�à�S [ ãOS<a8X�ä Z P7ã,á Z à\ç`ì�íañq�}à Z PgaCMd^TSU]^ëR]RaCM Z\[ P
[ S�à�ó\à�ä�å�î  JK SUP7ëöâTM;ëöâoM [ à�çÓ��(�R� K�Z\[ S�à�^T^ K S [ ]�ç,àeSU]�à\ç,ãOP�à [ ã K�Z aqXNä Z ë K�Z ó�MQS [ ãcPUP1M;äTS � ß ïB� ß PUMqæ�à�P�à Z\[
P�äTSGçYXNä [ ã{ç,ãOP�à [ ã K�Z aqXNä Z M�� K�Z ë [ ã K�Z æ�à\ç,ãOP [ ã ð äCMjM Z þ_�7äCP ð äqX k ��üe{�ù � M [ çÈà�á�] Z ]RS�à [ ã K�Z aqXNâ�à�S7é K�Z ã ð äTMQP
�7äTP ð äqX k ��üN{�ù � ô/^ K äTS�ä Z P�ã,á Z à�ç8a8XM Z�[ SU]QM`aTMi��üN{�ù � õ#ñ

ò X K æF�1M^ë [ ã{ê�aTMgëQM [1[ M}^�à�S [ ãcM�MQP [ aTMp^CSU]RP1M Z\[ MQS
çOMQP.^fMQS7ê K S7éhà Z ëRMQP`aTMgë K�Z ó�MQSUP�ã K�Z � ß ï�� ß aqXNä Z
axãOP1^ K P�ã [ ã{ê ZTK�Z ç,ã Z ]�à�ãcSUM�æ�àhPU]�P�äTSaçYXNä [ ã{ç,ãOP�à [ ã K�Z aCM#aTM^ä¡åe� K�Z ë [ ã K�Z P@M ZNÆ ô�ó K ãOS�íGã{á�äTSUM'�¡ñºû�üµõ K ^b]RS�à Z\[
M Zm[ à Z\[ ð äTM�ë K�Z ó�MRS [ ãOP1PUM;äCS'aqX K�Z aCM�évã,ç{ç,ã{é�] [ S�ã ð äTM��7äTP ð äqX k aTMQP�ê/SU] ð äTM Z ëRMQP#aTMg����{�ù � ñ

� K äTPL^TSU]QPUM Z\[ MRS K�Z P [nK ä [ aqX�à�æ K SUagçcM'^CS�ã Z ë;ãO^bM#aCM�ê K�Z ë [ ã K�ZTZ M^é�M Z�[ aqXNä Zp[ M^çUë K�Z ó�MRS [ ãcPUPUM^äTS�^xäxãcP
���\�



çOM�é K axè;çcM � �e��aT]�ó�M;ç K ^T^b]i^ K äCSe] [ äCaxãOMQSeM [�K ^ [ ã,évãOP1MRS<P K�Z ë K éN^ K S [ M^é�M Z\[ îqM [e[ MRS7é|ã Z MRS K�Z Pe^�àhS
çOMQPtSU]RP7äxç [ à [ P�M#åC^b]RS7ã,éNM Z\[ à\ä¡å`�7äTP ð ä8X k ����{�ù � ñ

ß M [ S%à�ó\à�ã,çTài] [ ]4S1]�à�ç{ãOP1]eM Z ê K S [ M�ë K ç,ç,à�æ K S%à [ ã K�Z à�ó�M;ë�ç�X v Z ã{ó�MRS1P�ã [ ] ß à [ â K ç,ã ð äCMgaCM ò K ä!ó\à�ã Z M Z
ëRM ð äxã�ë K�Z ëQMRS Z M�çÈà�évãOP1M}à�ä}^ K ã Z�[ axä�é K axè^çOM � �e��ô � a¡ó�à Z ëRMQa~�'MRP�ã{á Z � K ê [BÝ à�SUM#aqX � á�ã,çcM Z\[ õ#î(aCMRP
K ^ [ ã,évãOP%à [ ã K�Z PeaTMRP`^�à�S%à\é|è [ SUMQP.M�å [ S�ã Z P�è ð äTMQPiM [ aCMRP
éNMRP�äCSUMRP��7äTP ð äqX k �µü�{�ù � ñ ò MRP.^!ç,äTP.^bM [ ã [ P
axãOP1^ K P�ã [ ã{ê/P K�Z\[ ] [ ]�ê8à�æTS7ã ð äT]QP k ç�X�ý0÷@±��¢à�ã Z P�ã ð äTM�çcMRP�é�MQP�äTS1MRP k ����{�ù � ñ

���WÞ���� ß_AT*�º#6f*�$47 #7ªà|+@º'6b&(*�+wº#º#7Ó0:75º@&

á �¶â%�b���¶ãb� ¬

ò X�M�å(^xç K ã [ à [ ã K�Z aTMRP�^TS K ^TS�ãc] [ ]QP ZTK�Z ç,ã Z ]�à\ãOSUMQPiaqX�ä Z Mi� K�Z ë [ ã K�Z æxà�ç,ãcP [ ã ð äTMmM ZäÆ ^ K çÈà�S7ãOPU]QMmM Z
é K aTM�^xäTP7â¡ïWu!åÇô8ç,àÜ^ K ç,à�S�ãcP%à [ ã K�Z aTM�çYXNä Z M�aCMRPgæTS�à Z ëöâTMQPpMRP [ ë K�Z P [ à Z\[ M�î Z äxç,çcM~a�à Z P ZTKh[ SUM�ë�à�P%õ
^fMQS�éNM [ aqX�M Z ó�ãOP%à\á�MRSaçÈà�SU]�à\ç,ãOP�à [ ã K�Z aqXNä Z ë K�Z ó�MRS [ ãcPUPUM^äTS�æ�à�ç{ãOP [ ã ð äTM � ß ïB� ß ê K�Z ë [ ã K�ZTZ à Z\[Lk aTM [ S�èQP
â�à�ä [ MRP�ê/SU] ð äTM Z ëQMRP^ñ ò M�^TS�ã Z ë;ãc^fM#axä~a!ãOPU^ K P7ã [ ã·êÓMRP [ çcMeP�äxã·ó�à Z�[ ñ

÷ Z é K aTM�^xäTP7â¡ïWu!åUî ZTK äTP�à�^T^xç{ã ð ä K�Z P�ä Z M#^ K çÈàhS�ãOP�à [ ã K�Z � ßHK ä|ä Z P7ã,á Z à�ç � ß ä Z ã ð äCM;éNM Z\[ P7äTS
çYXNä Z M�aTMQP�æTS�à Z ëöâTMQP#aTM�çÈà#� K�Z ë [ ã K�Z M Z�Æ ô8ç,àváµà\äxëöâTM�õtM Z ë K�ZCZ M;ë [ à Z\[ ç�Xºà\ä [ S1M�æCS%à Z ëöâCM>ô8ç,àdaTS K ã [ M�õ
k çÈàléhà�P1PUM<M [ M Z éNMRP7äTS%à Z�[ çOM#^ K�[ M Z\[ ãcM;ç K ä>çOM�ë K äTS�à Z\[ aTM}ç,à�æTS%à Z ëöâTM�ëRM Z\[ S%à\çOM}ë K é|éNM�çcM�é K�Z\[ S1M
çÈà|íGã,á�äCSUMd��ñ�\�xôQàµõ#ñ ò X�à�ó\à Z\[ à�á�M.aTM�çÈàhë K�Z u�á�äCS%à [ ã K�Z ^!äTP�â¡ïYu!å�^ K äTS�çOMRP�é�MQP�äTS1MRP�â�à\ä [ M�ê/S1] ð äTM Z ëRM
MRP [ ð äTMNaTM^ä¡å�à�ë;ë^èRP�ë K ^!çÈà Z à\ãOSUMQP<PUM^äxçOM^é�M Z\[ P K�Z\[ S1M ð äxãcPg] [ à Z\[ a K�ZCZ ] ð äTMvçÈà [ S K ãcP�ã{è;éNM�æTS%à Z ëöâTM
MRP [ ë K�ZTZ M^ë [ ]RM k ç,à
éhà�P1PUM\ñ

ò MNP�ëöâC];é|à�ë K�ZTå äl^ K äTS�çcMRP�é�MQP�äTS1MRP`^!äTP�â¡ïYu!åJM Z â�à�ä [ Mvê/S1] ð äTM Z ëRM�ô8ù�í`õ<MRP [ S1MR^TS1]RPUM Z\[ ]pP7äTS
çÈà|íGã,á�äCSUM`�¡ñ����ô8æ'õ#ñ'ý]çGë K�Z P�ãcP [ M4M Z ç�X�ä [ ã,ç{ãOP%à [ ã K�Z aTM`aTM^ä¡å�� K�Z ë [ ã K�Z Pqæ�à�ç{ãOP [ ã ð äTMQP#M Z~Æ P3ú¡éN] [ S�ã ð äCMRP
ë K�ZCZ M;ë [ ]RP}à�ä¡å�ç,ã{á Z MRP�aTM4P�ã,á Z à�çÓM [ à�ä¡å~^xç,à Z P#aCM�é|à�PUP1M�ë K é|éNM�SUMR^CSU]RP1M Z\[ ]dP7äTS�ëQM [1[ M`u�á�äTSUM\ñ�÷ Z
^xç,äCPtaTM�^TSU]QPUMRS3ó�MQS�ç,àiP3ú�é�] [ S�ãcM�îxëQM ð ä!ã5MRP [�[ S�èRP�ã{é�^ K S [ à Z\[ ^ K äTS�çOMQP�é�MQP�äTS1MRP�ù�í�î!çYXNä [ ã{ç,ãOP�à [ ã K�Z aTM
aTM;ä�åo� K�Z ë [ ã K�Z P<^bMRS�éNM [ aCMNa!ã,évã Z äTMRS�çYXNã,éN^f]Qa�à Z ëQM [nKh[ à�çcM.axäÜaxãOP1^ K P7ã [ ã{ê%M [ a K�Z ëdaTMiaxã{é|ã Z äCMRS}ç,à
é�]QP%à�axà�^ [ à [ ã K�Z M Z\[ S1M�çcMeaxãOP1^ K P�ã [ ã{êÓM [ çcMRP�] ð äxãc^fM^é�M Z\[ P�aTM�é�MQP�äTS1M�ë�à�ç{ã,æTS1]RPtP�äCS�û\ü Ω ñ

����³



�j���t� �¡ñ������ô8àµõ%�¡ëöâT]^éhàeaTM�éNMRP7äTSUMqù�í�a8X�ä Z M)� K�Z ë [ ã K�Z æ�à\ç,ãOP [ ã ð äCM�M Z.Æ ^ K çÈà�S7ãOP1]RM�M Z é K aCM�^xäTP7â¡ï
u!å�ô VR = 0 V õ�ô8æ'õt��ëöâT];é|àNaCM�éNMRP7äTSUM�ù�í?a!ä~axãcPU^ K P�ã [ ã·ê�ë K�Z ó�MQS [ ãOPUP1M;äTS�æ�à�P1]gP7äTS�çYXNä [ ã{ç,ãcP%à [ ã K�Z aTMaTM;ä�å`� K�Z ë [ ã K�Z P�æ�à�ç{ãOP [ ã ð äTM<M ZmÆ ñ

æ �Tç�¯´��è��C���/�b�

ò MQPja!ãOPU^ K P7ã [ ã·ê/PKë K�Z ó�MRS [ ãOP1PUM^äTSUPMæxà�PU]QPLP�äCSaç�X�ä [ ã,ç{ãOP%à [ ã K�Z aTM�aTM^ä¡åe� K�Z ë [ ã K�Z P�æxà�ç,ãcP [ ã ð äTMRP%M ZNÆ©K�Z\[
] [ ]�ê8à�æCS�ã ð äT]QP�M Z ä [ ã,ç,ãcP%à Z\[ çOMw^TS K ëQ]RaT] [ M^ëöâ ZTK ç K á�ã ð äTM@aT]^ëRS�ã [ à\ä`aT]^æxä [ aCM�ëRM [U[ ML^�à�S [ ãcMj^ K äTSÓSU];à�ç,ãcPUMQS
aTMRP�axãcPU^ K P�ã [ ã·ê/PMæ�à�ç{ãOP [ ã ð äTMQPtM Z ä [ ã{ç,ãOP�à Z\[ ä Z MgP [ S�äxë [ äTS1M�aTMlë K äxëöâTMgaTM [ úF^fM`{�à�ý Z � Pn¤ � ç{ý Z � Pn¤\ý Z x:ñ
ò à�aTM Z P�ã [ ].aTM4^ K S [ M^äTSUP#MRP [ ns = 2, 65.1012 cm−2 M [ çÈàvé K æxã,ç{ã [ ] µ MRP [ aTM 14000 cm2/V.s

k ��ü�ü
é ñ

ò à�íGã,á�äTSUM��¡ñºû�ü~S1MR^TS1]RP1M Z\[ M>ä Z Mo^xâ Kh[nK á�S�à�^xâxãcMiSU]�à\ç,ãOP1]RMN^�à�S�é|ã{ëRS K P�ë K ^xãOMi]^çOM;ë [ S K�Z ã ð äTM k æ�àYï
çÈà�úµà\á�M�aqX�ä Z ë K�Z ó�MRS [ ãOP1PUM;äCS}æ�à�ç{ãOP [ ã ð äTM K��~ZTK äTP'^ K ä¡ó K�Z Pqó K ãcS�çOMRP�à�ë^ë;èRP�ë K ^xç,à Z à�ãcSUMQP�à\ã Z P7ã ð äCM�çOMQP
aTM;ä�å'� K�Z ë [ ã K�Z P)M ZdÆ ñ ò à}çÈàhS�á�M^äTS)aTMMëQMRP8� K�Z ë [ ã K�Z P)MQP [ ã,ë^ãCaTM��\ü�ü Z éêM [ çYX�à Z á�çOM@M Z\[ S1MqçcMRPKæCS%à Z ëöâCMRP
MRP [ ^CS K ëöâTM�aTMi����ü ◦ ñ

���\�



�j���t� �¡ñºû�ü#�Nx`â K�[UK á�S�à�^xâxãcM'S1]�à�ç{ãOPU]QM�^�à�S�évã,ëQS K P7ë K ^!ãOMt];çcM;ë [ S K�Z ã ð äTM k æ�à�ç,à�úµà�á�M�aqXNä Z ë K�Z ó�MQS [ ãcPUP1M;äTSk aTM;ä¡å.� K�Z ë [ ã K�Z P�æxà�ç,ãcP [ ã ð äTMRP�M ZmÆ ô Æ ï]æCS%à Z ëöâ~
Mà�ç{ç,ãcP [ ã{ë<ë�ä Z ë [ ã K�Z��CÆ 
�ëµõ

���WÞ��Y� ìí+t #¼5;�7ªº'+@º¢;�*�º#35"w*BAT735;�756b&FAT*�½�E'7¥ #E¢68+wºLîw7qA(&(*�>F>(75E�Aï�HI_ð´ñòI

� K äTPw^TS1]RP1M Z\[nK�Z Pja�à Z P`ëRM [U[ M�^�àhS [ ãcM�çOMMé K axè;çcM ZTK�Z ç,ã Z ]�à�ãcSUM@];çcM;ë [ S�ã ð äCM�a!ävë K�Z ó�MQS [ ãcPUP1M;äTS�æ�à�ç{ãOP3ï
[ ã ð äCM � ß ïB� ß aT]^ó�M;ç K ^T^f]'^�à�S ò äCó\àhP � 
jMRa Z àhS � aTM�çYX v Z ã·ó�MQSUP�ã [ ] ß à [ â K ç,ã ð äCM'aTM ò K ä!ó\à�ã Z à�ã Z P�ã ð äTM
çOMQP'S1]RP�ä!ç [ à [ P�aTMRP'P�ã,é�äxçÈà [ ã K�Z PtM^øfM;ë [ äT]RMQP k ^�àhS [ ãcS�aTM�ëQM�é K axè^çOM�aTMlçÈàiaT]R^bM Z axà Z ëRM`M Z ê/S1] ð äTM Z ëRM
aTMRP�^bMRS3ê K S�é|à Z ëQMRP�aTM�ë K�Z ó�MRSUP7ã K�Z ���\�¡î����´��ñ

ô ¯�õ ®R¬ �f���(�����b�Dö��Â�¦�qöy÷F� ¬�ø}ù �

ßLK é|éNM�çOMqé K�Z�[ SUMqçÈà�íGã,á�äTSUM'�¡ñºû(�ô8àµõ)SUMR^CSU]RP1M Z\[ à Z�[ çOMqë K�Z ó�MQS [ ãOPUP1M;äTSLaTM�ç,àlíGã{á�äTS1M#��ñ û�ü�à�ä ð äTM^ç
ZTK äTP�à�ó K�Z PLP7äT^fMQSU^ K PU]qçOMQPw];çO]^é�M Z\[ Pwaxähé K axè;çcM�î�çcM�ë K éN^ K S [ M^é�M Z\[jZCK�Z ç{ã Z ];à�ãOS1M�aTMqçÈàj� K�Z ë [ ã K�Z M Z
Æ à<] [ ]Mé K aC];ç,ãcPU]QMj^�àhS [ S K ãOPySU]QP�ãOP [ à Z ëRMRP ZCK�Z ç,ã Z ]�à�ãcSUMQP;ñ v Z ^ K ç·ú ZCú é�MjaTM�aTM^á�SU]��}à<] [ ]Mä [ ã{ç,ãcPU]@^ K äCS
à��7äTP [ MRS�çOMQP�ó\à�çcM;äTS1P4M#å [ S%à\ã [ MQP4aCMRP�éNMRP7äTSUMQP.� ß aTMRP4SU]RP7ãOP [ à Z ëQMRP4M Zl�QK�Z Mvç,ã Z ]�à�ãcSUMdaTM|çÈà>æTS%à Z ëöâTM
áµà�äxëöâCM Ri1

M [ aTMqçÈà�æTS�à Z ëöâTM'aTS K ã [ M Ri3
M Z ê K�Z ë [ ã K�Z axä�P%à�ä [ aTM [ M Z P�ã K�Z à\ä [ S%à�ó�MQSUPLaCMRP�æCS%à Z ëöâCMRP

ô�ó K ãOS�íGã,á�äCSUMi�¡ñºû��oM [ íGã,á�äTSUMi��ñ û���õ�à�ó�M;ë Ri1 =
(Vleft − Vstem)

Ileft

M [ Ri3 = Vstem
Ileft

ñ ò M
é K axè^çOM ZTK�Z
ç,ã Z ]�à�ãcSUM<aCM Ri1

à�] [ ]�ä [ ã{ç,ãOP1]eM Z�[ à Z\[ ð äTMlé K axè^çOMeaTMgaT]R^bM Z a�à Z ëQM.M Z�[ M Z P�ã K�Z ^ K äTSqçÈàiSU]RP7ãOP [ à Z ëQM
ã Z\[ S7ã Z P7è ð äTM�aTM�çÈà�æCS%à Z ëöâCMlëQM Z\[ S�à�çOM\î Ri2 = Ri1

Ri2|∆Vi2−→0

Ri1|∆Vi1−→0

ñ

���\�



�j���t� �¡ñºû(�<� ßLK�Z ó�MRS [ ãOP1PUM;äCS�æ�à�ç,ãcP [ ã ð äTM � ß ï�� ß aCMlç,à|íGã{á�äTS1M.�¡ñºû�üiP�äTS�çOM ð äCM;ç K�Z\[ ] [ ]`P7äT^bMRSU^ K P1]RP
çOMQPt];çO]^é�M Z\[ P�axä~é K axè;çcM � �<�

�j���t� �¡ñºû��d�~x K�[ M Z\[ ãOM^ç�aTM�çÈà|æCS%à Z ëöâCM
ëRM Z\[ S%à�çcM.M Z ê K�Z ë [ ã K�Z aCM�çÈà [ M Z P�ã K�Z aTM�çÈàvæTS%à Z ëöâTM
áµà�ä!ëöâTM
aTM�çÈà�� K�Z ë [ ã K�Z M Z}Æ ^ K çÈà�S7ãOPU]QM<M Z é K aTMe^!äTP�â¡ïYu!åUñ

�Yû�ü



�j���t� �¡ñºû��Ü��ì�]RP7ãOP [ à Z ëQMRP>ã Z\[ S�ã Z P�è ð äTMQP}aTMRP>ë;à Z à�ä�åïM Z ê K�Z ë [ ã K�Z aCM@çÈà [ M Z P7ã K�Z à\ä Z ã{ó�M�à�äÂaCMRP
ë�à Z à�ä¡åUñ ò à�ç{ã,á Z M ZTK ãcSUMeP K ç,ãOaCM<SUMQ^TSU]QPUM Z\[ M�çOMQP�ë K äTS7æfMQP�axä�é K axè;çcM�ñ

ò M�ë;ãOS7ë;äxã [ ] ð ä!ã{ó\à�çOM Z\[ ù�í�ë K é�^ K S [ M_aTMQP}SU]QP�ãOP [ à Z ëRMRP�ã Z�[ S�ã Z P�è ð äCMRP ZTK�Z ç{ã Z ];à�ãOS1MRPhà�PUP K ë^ãO]RMQP
à�ä¡å�ë�à Z à�ä¡å@æ�à�ç,ãcP [ ã ð äTMRP�ô�S1]RP7ãOP [ à Z ëQM.aTM�ç,à|æTS�à Z ëöâTM
áµà\äxëöâTM Ri1

î8aTM�ç,à|æTS�à Z ëöâTM`aTS K ã [ M Ri3
M [ aTM

çÈàhæCS%à Z ëöâCMvëQM Z\[ S�à�çOM Ri2
õ�îfaTMRP�SU]QP�ãcP [ à Z ëRMQPgM#å [ S�ã Z P�è ð äTMRP�ç,ã Z ]�à�ãcSUMQP}à�P1P K ë;ãO]QMRP�à�ä�å�SU]QP�ãcP [ à Z ëRMQPgaCMRP

SU]QPUMRS3ó K ãcSUP@aqX�à�ë;ë^èRPt�h�}÷@{¸ô Re1
î Re2

î Re3
õ�î\aCMRP�ë�à�^�à\ë;ã [ ]RP�ã Z\[ S7ã Z P7è ð äTMQPjM Z�[ SUMqçOMQP@S1]RP1MRS7ó K ãOS1P��h�}÷@{

ô C12 Á int
î C23 Á int

î C13 Á int
õyM [ aTMQP�ë�à�^�à\ë;ã [ ]RP)M#å [ S�ã Z P�è ð äTMRP�à�P1P K ë;ãO]QMRP�à�ä�å
ë�àh^�à�ë;ã [ ]QP`à�PUP K ë^ãO]QMRP�à�ä¡å

ë�à�^xà�ë;ã [ ]RPwM Z�[ SUMqçOMQP@^!ç K�[ P@a8X]Q^�à�ãOP1P�ãcPUPUM^é�M Z\[ P�ô C12 Á ext
î C23 Á ext

î C13 Á ext
õ�ñ ò M�ç K á�ã,ë;ãcM;ç¡ë K évé�MQS�ë^ãÈà�ç

� �e�gà4] [ ]�ä [ ã,ç{ãOP1]'^ K äTSaçOMRPLP�ã,é�äxçÈà [ ã K�Z P;ñ ò MRPMó\à�çcM;äTS1PLaTMQPt];çO]^é�M Z\[ P�axä>ë^ãOS7ë;äxã [ ] ð äxã·ó\à�çOM Z�[LK�Z\[ ] [ ]
M�å [ S�à�ã [ MRPjaTMRPMéNMRP7äTSUMQPt� ß M [ à�äTP1P�ã8aCMRPMéNMRP7äTSUMQPMç,ã Z ]�à�ãcSUMQPaù�í¦^bM [ ã [ P7ã,á Z à�ç¶aTMRP�^xà�S%à�évè [ SUMQPt��P7äTS
ä Z M|áµà�évé�MNaTMhê/S1] ð äTM Z ëRM}�µü�±�ù � ïn����ü�{�ù � î�M Z ä [ ã,ç,ãcP%à Z\[ çÈà~é�] [ â K aTM|ã,ç,ç{äTP [ SU]QM�a�à Z P�çYX�à�S [ ã,ë^çOM
����´�Qñ ò à�íGã,á�äTSUM��¡ñºûh�'ô�æ'õ)SUMQ^TSU]QPUM Z\[ M�çOM�á�S�à�^xâxã ð äTM � �e�iaxähë^ãOS�ë^äxã [ ] ð äxã{ó\à�çcM Z\[ à�ó�M;ë�çOMRP`ó\à�çcM;äTS1P@aCMRP
];çc];éNM Z\[ P^ñ v Z M}P�ã,é�äxçÈà [ ã K�Z aTM>æ�à�ç,à Z ëQMgâ�à�S7é K�Z ã ð äTMoa!ãOPU^ K�Z ã{æxçOM�a�à Z P � �e��à_] [ ]>ä [ ã{ç,ãOP1]RM�^ K äCS
é K aT]^ç,ãOP1MRSaçÈà
ë K�Z ó�MRSUP7ã K�Z � ß ï�� ß a�à Z P�çcMRP�� K�Z ë [ ã K�Z PtM Z}Æ ñ

�Yû(�



�j���t� ��ñ ûh�`��ôQàµõ�ì�MRaTS1MRP1PUM;äCS}æ�à�ç{ãOP [ ã ð äTM<aCMlç,àví�ã,á�äTS1M4�¡ñ û\üiP7äTSqçOM ð äTM^ç K�Z\[ ] [ ]gP�äT^bMRS1^ K PU]RP�çOMQP�]^çO]#ï
é�M Z\[ P@axä|é K axè;çcM � �e��ô�æ'õw± K axè;çcM ZTK�Z ç{ã Z ];à�ãOS1M�ù�í � �e�i^ K äCS�ç,àgP7ã,é�ä!çÈà [ ã K�Z aCM�ç,àgaT]Q^fM Z a�à Z ëRM
M Z ê/SU] ð äCM Z ëQM4aTM�ç,à�ë K�Z ó�MQSUP7ã K�Z ù�í�ó�MQSUP'� ß ñ

�5�������/�C���/�b�?ö ¬ �/�Üöyõ�â ¬ �yöy���yè ¬�¬ �ïûW¯�õFüq� ¬ �yè ¬ ö ¬(® â ¬ ¯�ûW�¶¯h�J����è ¬F® ö ¬ è��f�bý ¬ ¯ ® �/�b�

�#M ZTK é�æTS1M;äTP1MRP�P�ã{é�äxç,à [ ã K�Z P K�Z\[ ] [ ]iS1]�à�ç{ãOPU]QMRP<^ K äTSe] [ äTa!ãOMRS�ç�X�ã Z ÿ äTM Z ëRM`aTMRP�ë�àh^�à�ë;ã [ ]QPe^�à�S%àYï
P�ã [ MRP�ã Z\[ S�ã Z P�è ð äTMRPqà�ã Z P�ã ð äTM�aTMQP�SU]RP7ãOP [ à Z ëQMRPqã Z\[ S7ã Z P7è ð äTMQP�P7äTS�çÈà.aC]R^bM Z a�à Z ëRMgM Z ê/SU] ð äCM Z ëQM4aTM�ç,à
ë K�Z ó�MRSUP7ã K�Z � ß ó�MRSUP'� ß ñ ò MRP�S1]RP�ä!ç [ à [ P�aTM�ëRMQP'P7ã,é�äxç,à [ ã K�Z PjP K�Z\[ M�å(^ K PU]QMRP�a�à Z PqëRM [U[ M�^�àhS [ ãcM�ñ
�Âþ �Óÿ�� ¬ �yè ¬ ö ¬(® è��Tây��è\����õ ® ây�T¯�� ® ��� ¬F® ���b��¯´��� ® ÷Füq� ¬(®

�¡äTS�çÈà�í�ã,á�äTS1M��¡ñºû�û¡îKç�X�ã Z ÿ äTM Z ëRMmaTM�çÈà@ó\à�çcM;äTSdaTM�ëQMRPvë�à�^�à\ë;ã [ ]RP�ã Z\[ S�ã Z P�è ð äTMQP�P7äTSvçYX�M��vë�à�ë^ã [ ]}aTM
ë K�Z ó�MRSUP7ã K�Z MRP [ é K�Z\[ SU]RM\ñ ò à|á�S%à Z aTM;äTS'aTM�ç,à [ M Z P7ã K�Z � ß aTM�ç,àvæTS�à Z ëöâTM�ëRM Z\[ S%à�çcM`MRP [ a K�ZTZ ]RM`M Z
ê K�Z ë [ ã K�Z aTM>ç,à~ê/SU] ð äTM Z ëQMmaxä!P�ã{á Z à�ç � ß ë K�Z ó�MQS [ ãtM Z � ß ñ v Z M>à�äxá�é�M Z�[ à [ ã K�Z aCM>çÈà�ê/S1] ð äTM Z ëRM
aTM�ë K äT^xäCSUM.MQP [<K æTPUMQS7ó�]QM
ç K S1P ð äTM ZTK äTP<a!ã,évã Z ä K�Z P�çcM�ë K M��vë^ãOM Z\[ é�äxç [ ãO^xç{ã,ë;à [ ã·ê m ô m < 1 õtaTM�ç,à
ó\à�çOM^äTS#aTMQP�ë�à�^xà�ë;ã [ ]RP�ã Z\[ S7ã Z P7è ð äTMRPvô C ′

12 Á int = m ∗ C12 Á int
î C ′

23 Á int = m ∗ C23 Á int
î C ′

13 Á int =

m ∗ C13 Á int
õ#ñ v Z MpS1]Raxä!ë [ ã K�Z aCMRP�ë;à�^�à�ë^ã [ ]QP�ã Z�[ S�ã Z P�è ð äCMRP.^�àhS`S%àh^T^ K S [`k çOM^äTSló\à�çcM;äTS ZTK évã Z à�çOM

M�å [ S�à�ã [ M�ô m = 1 õg^CS K ó K ð äTMRS�à�ä Z M�à�äxá�éNM Z\[ à [ ã K�Z aTMhçÈà�æ�à Z aTMp^�àhPUP%à Z�[ M�ñ`ý]çjMRP [ ã,éN^ K S [ à Z\[ aTM
ZTK�[ MRS ð äTM�çÈà [ M Z P7ã K�Z � ß aCM�çÈàlæTS%à Z ëöâTM}ëRM Z\[ S%à\çOM#S1]RP7äxç [ à Z\[ aTM}ç,àlë K�Z ó�MRS1P�ã K�Z MRP [ ^TS K ^ K S [ ã K�ZTZ M;ç{çOM
k çÈà�á�S�à Z aTM^äTS�ë�àhSUSU]QM�aTMRP�P�ã{á Z à�ä�å � ß ñ � ã Z P7ã�ä Z M�axã{é|ã Z ä [ ã K�Z aTM��da�
ÂaxämP�ã{á Z à�ç�ì�í!M Z�[ S%àh� Z MRS�à
ä Z M�axã{é|ã Z ä [ ã K�Z aTM;ä�å>ê K ãOPt^!ç,äTP�ã{é�^ K S [ à Z\[ M<aCM�ç,à [ M Z P�ã K�Z � ß aTM�çÈà�æTS�à Z ëöâTM�ëRM Z\[ S%à\çOM�ñ
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��ü
�j���t� ��ñ û�û���þ�M Z P�ã K�Z � ß aT] [ M;ë [ ]QM}à�ä Z ã{ó�M�à�äNaTM�çÈà�æTS�à Z ëöâTMqëRM Z\[ S%à\çOM�M Z ê K�Z ë [ ã K�Z aTMqçÈà}ê/S1] ð äTM Z ëRM
axämP�ã{á Z à�çbaqX�M Z\[ S1]RM � ß k aT] [ M;ë [ MQSt^ K äCStaxã{øf]RS1M Z\[ MQPMó�à\çOM;äCSUPtaTMQP�ë�à�^�à\ë;ã [ ]RP�ã Z�[ S�ã Z P�è ð äCMRP;î�aC]RS�ã·ó�]QMRP
aTMRPló�à\çOM;äCSUP ZTK é|ã Z à�çOMQP4M#å [ S%à\ã [ MQP.aTMQP
é�MQP�äTS1MRP;îGë K S1SUMRP1^ K�Z a�à Z\[ P k m = 1 ñ m MQP [ çOM|ë K M��vë;ãcM Z\[
é�äxç [ ãO^!ç,ã,ë;à [ M^äTS#M [ çcMRP ZTK ä!ó�M;ç{çOMRP�ó\à�çOM^äTSUP�aTMQP�ë;à�^�à�ë^ã [ ]QPlã Z\[ S�ã Z P�è ð äTMRP C ′

ij Á int = m ∗ Cij Á int
ñ ò à

^xäxãcPUP%à Z ëRM�aqX�M Z\[ S1]RMgMRP [ aCM�ï���ü.a�
�é~ñ ò à �RK�Z MgaTM�ê/SU] ð äTM Z ëQMRP�MRP [ � �4{�ù � ï���ü�üi{�ù � �Qñ

�Âþ �Óÿ�� ¬ �yè ¬ ö ¬(® ¯�õ ® � ® �����yè ¬F® ���f��¯´��� ® ÷Füq� ¬F®

v Z M~à�ä [ SUMgê8à åRK�Z aqX�à�äxá�éNM Z\[ MQS
çÈà@ê/SU] ð äTM Z ëQM~aCM~ë K äT^xäCSUM�PUMRS�à�ã [ aCM�a!ã,évã Z äTMRS�çÈà_SU]QP�ãcP [ à Z ëRM~ã Z ï
[ S7ã Z P7è ð äTMoa!änë K�Z ó�MRS [ ãOP1PUM^äTS K ä�æxãOM Z aqXNä [ ã{ç,ãcPUMRS�aTM ZTK é�æTSUM^ä¡å}� K�Z ë [ ã K�Z P4M ZÜÆ M Z ^�àhS%à�ç{ç,è;çcM~ô�^�àhS
M�å(M;éN^xçcMNM Z ä [ ã,ç{ãOP%à Z�[ ä Z M�P [ S7äxë [ äTSUM�aTM|ë K äxëöâTMQP k ^xäxã [ P ð äxà Z\[ ã ð äTMQP�é�ä!ç [ ãc^xçOMQPöõ#ñ5�¡äTS�çÈà�íGã{á�äTS1M
�¡ñºû��!îçÈà`aC]R^bM Z a�à Z ëRMeM Z ê/SU] ð äTM Z ëRMeaCM}çÈà�ë K�Z ó�MQSUP7ã K�Z � ß ï�� ß ^ K äTSaä Z}ZTK é�æTSUM n aTM@� K�Z ë [ ã K�Z PjM Z
Æ M Z ^�à�S�à�ç,ç{è;çcMeMRP [ é K�Z�[ SU]QM�ñ v Z M�à�äxá�éNM Z\[ à [ ã K�Z aCMlç,à�ê/S1] ð äTM Z ëRMdaTM�ë K äC^xäTSUM`MRP [#K æTP1MRS7ó�]RM
à�ó�M;ë
çYX�à�äxá�éNM Z\[ à [ ã K�Z axä ZTK é�æTSUMgaTM�� K�Z ë [ ã K�Z P^ñ ß MQ^fM Z a�à Z\[eK�Z�ZTK�[ MRS�àhä Z M4axã,évã Z ä [ ã K�Z aTMlçYX�M��vë�à�ë^ã [ ]
aTM�ë K�Z ó�MRSUP7ã K�Z ^ K äTS�ä Z�ZTK é�æCSUM�ã,éN^ K S [ à Z�[ aTML� K�Z ë [ ã K�Z PtM Z ^�à�S�à�ç,ç{è;çOMQP�ôY³\üiM [ ��ü�üµõ#ñ

÷ Z M^øfM [ î:çcMiP�ã,á Z à�ç K æTP1MRS3ó�]pM Z P K S [ ãcMiMRP [ ^TS K ^ K S [ ã K�ZTZ M^ç�à�änë;à�SUS1]iaTMhç,à [ M Z P7ã K�Z ó�äTM�M Z M Z ï
[ S1]RM�ñ ß M [U[ M [ M Z P�ã K�Z aqX�M Z\[ SU]RM~MRP [ axãcSUM;ë [ M^é�M Z�[ ç,ãc]RM�à�äDS%à�^C^ K S [ M Z\[ S1M�çYXNã,éN^b]Ra�à Z ëRMmaqX�M Z\[ S1]RM�M [
çYXNã,éN^f]Qa�à Z ëQMtaTM�û\ü Ω axähá�] Z ]QS%à [ M;äTS�ô�^ K�Z\[ axã{ó�ãOP1M;äTS@aTM [ M Z P�ã K�Z õ�ñ ò à4axã{é|ã Z ä [ ã K�Z aTM�ç�X�ã{é�^b]Raxà Z ëRM
aqX�M Z\[ S1]RMiM Z\[ S�àh� Z M.a K�Z ëda!ãOSUM^ë [ M;éNM Z\[ ä Z MdS1]Raxä!ë [ ã K�Z aTM
çÈà [ M Z P�ã K�Z ó¡äCMNM Z M Z\[ S1]RMiM [ a K�Z ëdaTM
ç,à
[ M Z P�ã K�Z aT] [ M;ë [ ]RMgM Z P K S [ ãcM�ñ

�Yû��



�j���t� �¡ñºû�����þyM Z P7ã K�Z � ß aT] [ M;ë [ ]QM�à�ä Z ã{ó�M;à�äïaTM~çÈà�æTS�à Z ëöâTM�ëRM Z\[ S%à�çcM�M Z ê K�Z ë [ ã K�Z aTM�çÈà�ê/SU]#ïð äTM Z ëQM�a!äÜP7ã,á Z à�ç)aqX�M Z\[ S1]RM|ì�í k aT] [ M^ë [ MQS4^ K äTSeaCM
é�äxç [ ãO^xçcMRP<^!äxã [ P ð äxà Z\[ ã ð äTM�ô n � K�Z ë [ ã K�Z PeM ZÆ ^xà�S%à�ç{ç,è^çOMRP%õ�ñ ò ào^xä!ãOPUP�à Z ëQM`aqX�M Z\[ S1]RMdMQP [ aCM�ï��\ü�a�
�é~ñ ò à �RK�Z M`aTM�ê/S1] ð äTM Z ëRM.MQP [ � �d{�ù � ï<��ü�ü
{�ù � �Qñ

���WÞ���� ¿ 35>FE#;W&("%&(>?78»t$43qAT*�0:75ºj&("wE�»

�}à Z P�ä Z Mp^TS1M;évã,èRS1Mo^�àhS [ ãcM�î ZTK äTP`^TSU]QPUM Z\[UK�Z PiaTMgé|à Z ã{èRSUMvá�] Z ]RS�à�çOM [ S K ãcPlë K�Z ó�MQS [ ãcPUP1M;äTS1P�ê8àYï
æTS�ã ð äT]RP�M [ ë;à�S%à�ë [ ]QS�ãOP1]RP^ñ ò à�íGã,á�äTSUM#�¡ñºû�³4SUMQ^TSU]QPUM Z�[ M�ëRMRP�ë K�Z ó�MQS [ ãcPUP1M;äTS1P�^xà�S K S1aTSUM#aqX K ^ [ ã{é|ãcP%à [ ã K�Z
aTMRPMà�ë;ë^èRPMë K ^xçÈà Z à�ãOS1MRP}ô�aTM�áµà�äxëöâTM k aTS K ã [ M�õ�ñ ß MRP K ^ [ ã,évãOP�à [ ã K�Z P%P K�Z\[ çOM'SU]RP7äxç [ à [ aCMRP�P7ã,é�äxç,à [ ã K�Z P
^TSU]QPUM Z�[ ]RMQP}à�äm^�à�S�à�á�S�à�^xâTM4�¡ñ��xñz�dP7äTS�çÈà.axã{é|ã Z ä [ ã K�Z aTMQPqë;à�^�à�ë^ã [ ]RP�M�å [ S7ã Z P7è ð äTMQP#^�à�S�à�P�ã [ MQP;ñ

x�ä!ãOP�a�à Z P�ä Z MNPUM^ë K�Z aTMo^�àhS [ ãcM�î ZTK äTP�^TSU]QPUM Z\[UK�Z P�çcMRP�SU]QP�äxç [ à [ PgaCM|ç,à�ë;à�S%à\ë [ ]QS�ãcP%à [ ã K�Z � ß M [
ì�íla!ä�éNM;ã{ç,çOM^äTS�ë K�Z ó�MQS [ ãcPUP1M;äTS � ß ï�� ß©ZCK é|éN]�ù�íL���dM [ S1MR^TS1]RPUM Z\[ ]`P7äTS�çÈà�íGã{á�äTSUMe�¡ñ û�³¡ñ
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�j���t� ��ñ û�³g�}{e] K éN] [ S�ãOM#aqXºà\ë;ë;èQP�à\ä¡å`� K�Z ë [ ã K�Z PtM Z}Æ ^�à�S K S1aTSUM�aqX K ^ [ ã,évãOP�à [ ã K�Z��
ôQàµõ5��ãcPU^ K P�ã [ ã·ê!ù�íL��� �*ß à�^�à�ë^ã [ ]@^!ç K�[ �^ïB^xç K�[ � � ��ü�ê8ígïUí�SU] ð äCM Z ëQM�aTM�ë K äC^xäTSUM Fc,−3 dB = 14.4 GHzô8æ'õ���ãOP1^ K P7ã [ ã{ê�ù�íj��� ��ß à�^�à\ë;ã [ ]�^xç Kh[ �^ïW^xç K�[ � � �!ñz��û�ê8í¬ïví�SU] ð äTM Z ëQM�aTM�ë K äT^!äTSUM Fc,−3 dB =
12.66 GHzô8ë�õ)��ãOP1^ K P7ã [ ã{ê�ù�íj��� �ß à�^�à�ë^ã [ ]t^xç K�[ �^ïB^!ç K�[ � � ��ñ���ê8í�ï�í�SU] ð äCM Z ëQM'aTM�ë K äT^xäCSUM Fc,−3 dB = 59 GHz

ù � ® â%� ® �����/û ®`¬ �Nâ ¬ ¯´ûY�b¯´�¦�T��è ¬F®

� ù � ® â%� ® �/����û ® ¯�õ������ ® õ ®

ò MRP [ S K ãOP�ë K�Z ó�MRS [ ãcPUPUM^äTSUP#SU]�à\ç,ãOP1]RP^î ZTK évé�]QP�ù�íL����î'ù�íL���dM [ ù�íL���d^�àhS K SUaTS1Mga8X K ^ [ ã,évãOP�à [ ã K�Z aCMRP
à�ë;ë^èRP�ë K ^xçÈà Z à�ãOS1MRP;îCP K�Z\[ çOMQPtP�äxã·ó�à Z�[ P �
��ñ ù � ® â%� ® �/����û�� æ����
	�ò à�íGã{á�äTSUM���ñ û�³!ôQàµõKé K�Z\[ SUM ð äTM�aTM [ S�èQPaá�S K P@SU]QPUMRS3ó K ãcSUP@aqX�à�ë;ë^èRPt�h�}÷@{
P K�Z\[ ä [ ã,ç{ãOPU]QP�^ K äTS�ë K�ZTZ M;ë [ MQS�çcMRP�� K�Z ë [ ã K�Z PtM Z}Æ M [ çOMQP �QK�Z MQP�aCMlë K�Z\[ à�ë [ P K âxévã ð äTMQP;ñ ß M;ç,à
M Z�[ S%àh� Z M�çYX�M�å¡ãcP [ M Z ëRM�aTMtS1]RP7ãOP [ à Z ëQMRP@M�å [ S7ã Z P7è ð äTMRP [ S7èRP%]^çOM^ó�]RMQPjM [ aTM�á�S K P%^bMRS [ MQP%a�à Z P�çOMQP%SU]#ï
P1MRS7ó K ãOS1Pj���}÷@{�ñ ò à�ë;à�^�à�ë^ã [ ]t^xà�S%à�P7ã [ M�ô�P K é|éNM�aTMQP�ë;à�^�à�ë^ã [ ]RP`ã Z\[ S�ã Z P�è ð äTMQPwM [ M�å [ S�ã Z P�è ð äTMQPöõ
M Z�[ SUM}çcMRPj^ K S [ P'�<M [ �4MRP [ ã,ë^ãfaCMe��ülê8íañ ò à�ç,à�S�á�M;äTS@aTMRP�æTS%à Z ëöâTMRP�aCMRPy� K�Z ë [ ã K�Z PjM Z�Æ MRP [ aTM
����ü Z é¨M [ çÈà�ç�Xºà Z á�çOM#M Z\[ S1MlçcMRP�æTS�à Z ëöâTMQP'aTS K ã [ MeM [ áµà�ä!ëöâTM�MRP [ aTMg��ü ◦ ñ

�¡ñ ù � ® â%� ® �/����û�� æ�� Ã 	�ò à �QK�Z MLaCMRPKë K�Z\[ à�ë [ P K â!é|ã ð äCMRP�à#] [ ]L] [ M Z a!äTM�^ K äTSGévãOM^ä¡å�ë K ä!óFS�ãOS�çOMQP
S1]RPUMQS7ó K ãOS1Pe���}÷@{:M [ évã Z ã{é|ãcPUMQSMçOMQP�^bMRS [ MQP'aqX�à�ë^ë;èRP�ôQíGã{á�äTS1M`��ñ û�³!ô8æ'õ7õ�ñ ò àvë;à�^�à�ë^ã [ ]g^xà�S%à�P7ã [ M
M Z�[ SUM�çOMQP�^ K S [ Pe�gM [ �.MRP [ ã{ë;ã5aTMg�!ñz��û�ê8í�ñ ò à
çÈà�S7á�M;äCStaTMRPqæTS%à Z ëöâTMRP�aTMQP%� K�Z ë [ ã K�Z PtM ZmÆ MRP [
aTM4��ü�ü Z é¨M [ çÈà�ç�Xºà Z á�çOM#M Z\[ S1MlçcMRP�æTS�à Z ëöâTMQP'aTS K ã [ MeM [ áµà�ä!ëöâTM�MRP [ aTMN����ü ◦ ñ

�!ñ ù � ® â%� ® �/����û�� æ����	 �#MRPeP7ã,é�äxç,à [ ã K�Z P Z äxéN]RS7ã ð äTMRP K�Z\[ ] [ ]`S1]�à�ç{ãOPU]QMRP�àhu Z aTMlé|ã Z ã,évãOP1MRS�ç,à
ë;à�^�à�ë^ã [ ]�^�à�S�à�P�ã [ M ß M Z\[ S1M�çcMRP@^ K S [ P'�#M [ �hô8íGã,á�äTSUM'�¡ñºû�³xô�ë�õ�õ#ñ({�S���ëRM k ä Z M K ^ [ ã,évãOP�à [ ã K�Z axä
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aTMQP�ã{á Z ^�àhS�ä Z M�S1]Raxä!ë [ ã K�Z aTMRPlà�ë;ë^èRP�à�ä¡å�ë�à Z à�ä¡åÜ^TS K ëöâCMRP�ê K S�é|à Z\[ çÈà}^�à�S [ ãcMvã Z\[ S�ã Z P�è ð äTM
aTMQPw� K�Z ë [ ã K�Z PtM Z�Æ î'ç,à�ë;à�^�à�ë^ã [ ] ß àN] [ ]gaxã,évã Z äT]QM k ��ñ���ê8í�ñ ò àvç,à�S�á�M;äTStaTMQP�æTS�à Z ëöâTMQP'aCMRP
� K�Z ë [ ã K�Z P%M ZiÆ MRP [ aTM���ü�ü Z é2M [ çÈà}çYX�à Z á�çOM�M Z�[ SUM�çOMQP�æTS%à Z ëöâTMRP@aTS K ã [ MLM [ áµà�äxëöâCM�MQP [ aTM���ü ◦ ñ
ò à�ç,à�S�á�M^äTSLaCM}çÈà�æTS%à Z ëöâTM}ëRM Z\[ S%à\çOM<] [ à Z\[ ã Z ê/]RS7ãOM;äCSUM�à�ä>ç,ã{æTSUM�^�à�S7ë K äTS1PMé K ú�M Z ô�����ü Z égõ#î¡çcM
[ S%à Z P1^ K S [ MRP [ æxà�ç,ãcP [ ã ð äTM K ä�à�ä�é K ã Z P ð ä�àhP�ã·ï5æ�à�ç{ãOP [ ã ð äTM\ñ

� ô<¬ ¯�ûW�¶¯´�¦���yè ¬F®

ò MRP�^fMQS7ê K S7éhà Z ëRMQPtaTM�ë K�Z ó�MQSUP7ã K�Z � ß ï�� ß aCMRP�axã{ó�MRS1P�ë K�Z ó�MRS [ ãcPUPUM^äTSUP'P K�Z\[ çOMQPtP�äxã·ó\à Z\[ MRP^ñ
ò M4axãOP1^ K P�ã [ ã{êKù�íL����îfa K�Z�[ çOMQP}à�ë^ë;èRP Z Xºà�ó\à�ãOM Z\[ ^�à�P#] [ ] K ^ [ ã,évãOPU]QP;î¶^ K PUP7èRaTM
ä Z M�ê/SU] ð äCM Z ëQMdaTM

ë K äC^xäTSUM k ï��<aT
?aCMg�R�xñ�4{�ù � ñµ÷ Z ëQM ð äxã!ë K�Z ëQMRS Z M�çcMtaxãOP1^ K P�ã [ ã{ê�ù�íL���¡î�à�äxë;ä Z Mqà�äxá�éNM Z\[ à [ ã K�Z aTM
ê/SU] ð äCM Z ëQM`aTM�ë K äT^xäTS1M Z X�MRP [#K æTPUMQS7ó�]QM>ô����¡ñ���N{�ù � õMéhà\ãOP�çYX K S1aTSUMeaTM�á�S�à Z aTM^äTS�axä�P7ã,á Z à\çqaT] [ M;ë [ ]
] [ à�ã [ P7äT^b]RS�ãcM;äTSqà�ämaxãcPU^ K P�ã [ ã·êGù�íL����ñ

ò MwS1]RP�ä!ç [ à [ çOM%^xç{äTP5SUM^éhà�S ð ä�à�æxçcM%MRP [ ëQM;ç,ä!ã\axä4a!ãOPU^ K P7ã [ ã·ê\u Z à�ç K ^ [ ã{é|ãcPU]Kù�íL���ta K�Z\[ çÈàMê/S1] ð äTM Z ëRM
aTM�ë K äT^xäCSUM k ïB�Ja�
sMRP [ aTM�û��¦{�ù � ñ ò Xºà�éN];ç{ã K S�à [ ã K�Z aTM@ëQMRPp^bMRS3ê K S�é|à Z ëQMRP�^�à�SoS�à�^T^ K S [ à�ä¡å
^TSU]^ëR]QaTM Z\[ PLaxãOP1^ K P7ã [ ã{ê/P%MRP [�Z M [U[ M�ñ ß M#P K�Z\[ çOMQPwSU]RP7äxç [ à [ P@aTM�çÈà�ë�à�S�à�ë [ ]RS7ãOP%à [ ã K�Z aTMqëRM'axãOP1^ K P�ã [ ã{ê ð äTM
ZTK äTP�^TS1]RP1M Z\[nK�Z P'a�à Z P�çOMRP�^�àhS [ ãcMRPtP7äxã{ó\à Z\[ MQP;ñ

�4�T¯���è���õ�¯´� ® �(�����b� ù � ö��Âöy� ® â%� ® �/����û��¶âÓ�����l� ® õ
� æ����� � ¬ �Jâ%õF¯��C���y¯ ¬ ����ç��/���f� ¬
ò àªíGã{á�äTSUMÜ��ñ û��xôQàµõpSUMQ^TSU]QPUM Z�[ Mnç�X]�ó K ç{ä [ ã K�Z axäª^ K�[ M Z\[ ãOM^çeaTM�çÈà�æTS%à Z ëöâTMnëQM Z\[ S�à�çOM Vstem

M Z
ê K�Z ë [ ã K�Z aTM
çÈà [ M Z P�ã K�Z àh^T^xç,ã ð äT]RM.M Z é K aTM.^xäCP�â¡ïYu!åªôFó K ãcS�íGã,á�äTSUMi��ñ�\��õ'P�äTS�ç,àhæTS�à Z ëöâTM�áµà�ä!ëöâTM
Vleft

ç K SUP ð äTM�ç,à [ M Z P�ã K�Z aTM�çÈà�æTS�à Z ëöâTMgaTS K ã [ M<MRP ['Z äxç{çOM�ô Vright = 0 õL^ K äTS�çOM<a!ãOPU^ K P7ã [ ã·ê:ù�íL���!ñ ò M
ë K éN^ K S [ M;éNM Z\[ aTM [ úF^bM`axã K aTM�MQP [<K æTPUMQS7ó�]`M Z à\ë;ë K SUa�à�ó�M^ë�çcMRP�^TSU]Qaxã,ë [ ã K�Z P [ âT] K S�ã ð äTMQP;ñ ò XM Z ë�à�S [
aTM�çÈàqíGã,á�äCSUMj�¡ñºû��qé K�Z\[ S1Maç,à�ê K S�éNM@aCMaë^ç K ëöâTMaë;à�S%à\ë [ ]QS�ãcP [ ã ð äTMjaCM�çÈà [ M Z P�ã K�Z aCMaç,àqæTS�à Z ëöâTMaëRM Z�[ S%à�çcM
Vstem

M Z ^ K ç,à�S�ãcP%à [ ã K�Z ^xäTP�â�ïB^xäxç{ç�ô Vright = −Vleft
õ�ñ

ò X�]^ó K ç,ä [ ã K�Z aTM�ëRM [1[ M�ë K äTS�æbMwP�äxã [ çOMRP5^CSU]Ra!ã,ë [ ã K�Z P [ âT] K S�ã ð äCMRPaô1� ��³�� ï � �����Fõ#ñY÷ Z M^øfM [ î�aTM^ä¡ågSU]^á�ã K�Z P
aTM�^ K çÈà�S7ãOP%à [ ã K�Z PjP K�Z\[�K æTPUMQS7ó�]RMRP^ñ
������������� �!��"$#&%'�)(�*,+-��.�%'+-#!�/�0(����21�%'+�34*5�6(7�0�980+:���<; Vleft < 0.25 V =?>A@ K�Z MNa�à Z P�çÈà ð äCM;ç,çcM�çOM
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[ S%à Z P1^ K S [ ];çOM^ë [ S K�Z ã ð äTM�î�æ�à\ç,ãOP [ ã ð äCM K ä�à\älé K ã Z P ð ä�àhP�ã·ï5æ�à�ç{ãOP [ ã ð äTM\îRMRP [ M�ø8M^ë [ ã{êTM [�K�� ç,à�ê K S�éNM
^�àhS%à�æ K ç,ã ð äTM ZTK�Z ç,ã Z ]�à\ãOSUM'aTM Vstem

ë;à�S%à\ë [ ]QS�ãcPUM�ëRM [ S�à Z P1^ K S [ ñ
���������B���6�!��"$#&%'�)(C84%'(D"�#E./�0(����F(G�0�980+:���H.0*5�0I'.!� ; Vleft > 0.25 V =
> a�à Z P�ëRM [1[ M �RK�Z M�îTç,àpaT]�ï
^bM Z axà Z ëRM}^xà�S%à�æ K ç{ã ð äTMNaTM Vstem

K æCPUMRS3ó�]QM�^ K äTS4aTMhê8à�ã{æxçOMQP [ M Z P7ã K�Z P`aTM�ó¡ãcM Z\[ ç{ã Z ];à�ãOS1M�ñ ß M
ëöâ�à Z á�M;éNM Z\[ aCM�ë K é�^ K S [ M;éNM Z\[ SU]QP�äxç [ M�aCMRP [ S%à Z P7ê/MRS [ P�];çOM^ë [ S K�Z ã ð äTM�aTM~çÈà�ó\à�ç,çc]RM Γ ó�MQSUP
ç,à�ó\à�ç{çO]RM L

K�� ç,à�é K æxã{ç,ã [ ]`]^çOM^ë [ S K�Z ã ð äCMNMQP [ ^xç,äCP�ê8à\ã,æxçcM�ñ5�}à Z PlëQM|ë;à�P;î�çcMRPg];çOM^ë [ S K�Z P�PQXºà�ë#ï
ë^äxé�äxçcM Z\[ ^TS�èQPNaCM>çÈà@æTS�à Z ëöâTMmaTMm^xç{äTP
â�à�ä [ ^ K�[ M Z\[ ãcM;ç�à�^C^�à�S%à´� [ M [ çOM [ S�à Z P1^ K S [ aTM^ó�ãcM Z\[
axã·ø�äCP�ã{ê0ñ

�j���t� �¡ñºû��<��JK+587L)�M80+-(�+ 1AN�OQPSR > x Kh[ M Z\[ ãOM;çbaTM�çÈàlæCS%à Z ëöâCM}ëRM Z�[ S%à�çcM Vstem
M Z ê K�Z ë [ ã K�Z aCM�çÈà [ M Z P�ã K�Z

à�^T^xç{ã ð äT]QMoM Z é K aCMp^xäTP7â¡ïWu!åÆô Vright = 0 õ k ��ü�ü é ñ ò X�M Z ë;à�S [ é K�Z\[ S1MgçYX�]^ó K ç,ä [ ã K�Z aTM Vstem
M Z

é K aTM<^!äTP�â¡ïW^xäxç{ç

�4�T¯���è���õ�¯´� ® �(�����b�HT æ öy�Âè��b�fý ¬ ¯���� ®�®Q¬ �Ó¯ ø �KU ù �¨�¶ây�����l� ® õV� æ���6W � ® üq��X �ZY\[H] �
^

�`_ba ��¯���è����/�f�Dö ¬F® â��C¯´�T�¦÷\��¯ ¬(® öy�Â�¦�5öÓ÷F� ¬�ø}ù �

ò MRPL]^çO]^é�M Z�[ PMã Z\[ S�ã Z P�è ð äTMQP�M [ M�å [ S7ã Z P7è ð äTMQP�a!ägé K axè^çOM�axãOP [ S�ã{æxäT] � �e�oP K�Z\[ SUMQ^TSU]QPUM Z�[ ]RMQP�axà Z PMçcM
[ à�æ!çOM�à\ä��¡ñ�!î�M�å [ S�à�ã [ P k ^xà�S [ ãOStaTM�éNMRP�äCSUMRP�^bM [ ã [ P�ã{á Z à�ç8M [ aTM�éN] [ â K aTMQP�aqX K ^ [ ã{é|ãcP%à [ ã K�Z ñ
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C12 Á ext C23 Á ext C13 Á ext C12 Á int C23 Á int C13 Á int Re1 Re2 Re3ü!ñ����ê8í ��ñ	�Yû�ê8í ü!ñ û�³�ê8í ü!ñ��ê8í �¡ñ��ê8í �!ñz���
ê8í �¡ñz³h�ió Ω ��ñ�C��ó Ω ��ñ�ü\�.ó Ω
cQdfe�� �¡ñ�}��V�à�çcM;äTS1P�M�å [ S�à�ã [ MRPgaTMRP4];çO]^é�M Z\[ Pg^�à�S%àhP�ã [ MRPgaxänë^ãOS7ë;äxã [ ] ð äxã{ó\à�çcM Z\[ ^ K äTS�çcM�axãcPU^ K P�ã [ ã·ê
ù�íL���

� «¬F® �Ó¯ ¬F®
ghi] �V^'U [�jk] �
^Sl ¬ � Y\[m] �
^ ghn l

�#MRP�éNMRP�äCSUMRP4a�à Z P�çÈà>æ�à Z aTM~��~{�ù � ïW�µü�{�ù � �wM [`k �h�_{�ù �iK�Z\[ ] [ ]NSU];à�ç,ãcPU]QMRP�P�äTSlù�íj���!ñÓx K äTS
çOMQPMé�MQP�äTS1MRPta�à Z PMçÈàlæ�à Z aTMi���i{�ù � ïW�µüd{�ù � ��îxä Z MeP K äCS�ëRMea8X K�Z aTM�ë K�Z\[ ã Z äTM�à.] [ ]�ä [ ã,ç,ãcPU]QM#^ K äTSMç,à
á�] Z ]RS%à [ ã K�Z a!äJP7ã,á Z à\ç`ù�í�ñ ò à�ç,ã,à�ãOP K�Z M Z�[ SUMvçÈàpP K äTS�ëQM�M [ çÈà}P K�Z aTM�ë K ^xç,à Z à�ãcSUM
àm] [ ]iM^øfM;ë [ äT]RM k
çYX�à�ãOaCMtaTM�ë4��æxçcMRP�ë K àYå!ã,à�ä¡åUñ�÷ Z ëRM ð äxã'ë K�Z ëRMRS Z M�çcMRP�é�MQP�äTS1MRP k �h�.{�ù � î�ä Z M'P K äTS7ëRM#aCM [ úF^bM'axã K aCM
{�ä ZTZ ào] [ ]�ä [ ã,ç{ãOPU]QM�ñ ò à|ç{ãÈà�ãcP K�Z M Z\[ S1M�çÈàNP K äCS�ëRMdM [ ç,à�P K�Z aTM�ë K ^xçÈà Z à�ãOS1M�à�] [ ]`M^øfM;ë [ äT]RM k çYX�à�ãOaTM
aqXNä Z á�äxãOaTMea8X K�Z aTM�SUM;ë [ à Z á�äxçÈà\ãOSUM\ñ

ò MQP�SU]QP�äxç [ à [ PLaTM�ëRMRPLaTM;ä¡å [ úF^fMQPtaTM�éNMRP7äTSUMQP K�Z\[ ] [ ] ZTK S�é|à�ç,ãcPU]RMQP k ä Z M<^!äxãOP1P%à Z ëQM}ë K�Z P [ à Z\[ M
Pin = 0.1 mW M Z\[ S�à Z\[ axà Z P�çOMNaxãOP1^ K P7ã [ ã{êaàhu Z aTM|é K�Z\[ S1MRS�çÈàmaT]Q^fM Z a�à Z ëQMoM Z ê/SU] ð äCM Z ëQMoaTM|çÈà
ë K�Z ó�MRSUP7ã K�Z ñb�¡äTS�çÈà
í�ã,á�äTS1M��¡ñºû��!îxç,à [ M Z P�ã K�Z � ß aTM�ç,à�æTS%à Z ëöâTM�ëRM Z\[ S%à�çcMeaT] [ M;ë [ ]RM Vstem

SU]RP7äxç [ à Z\[
aTMvçÈà�ë K�Z ó�MQSUP7ã K�Z!ZTK�Z ç,ã Z ]�à\ãOSUM � ß ïB� ß MRP [ é K�Z\[ SU]QM�M Z ê K�Z ë [ ã K�Z aCMhçÈà>ê/SU] ð äTM Z ëQM}axä¦P7ã,á Z à�çwaTM
P K äCS�ëRM�ù�íªàh^T^xç,ã ð äT] k çÈà
æTS%à Z ëöâTM�áµà�äxëöâTM�^�àhS�çOM�æxã,à�ãOP�a!ä~^ K S [ ë K ^xç,à Z à�ãcSUM.��ñ

ò M�é K axè;çcM ZCK�Z ç,ã Z ]�à�ãcSUM�^bMRS�éNM [ aqXM#å(^xç,ã ð äCMRSMç,à4aT]Q^fM Z a�à Z ëQM�M Z ê/SU] ð äTM Z ëQM�aTM Vstem
ô8ëQMRS7ë;çOMQPöõ#ñ

ò M [ S%à\ëR]eP K ç,ãOaCM<aTM�çÈà
í�ã,á�äTS1M��¡ñºû��
é K�Z�[ SUM}çcMeSU]QP�äxç [ à [ aCM ZCK PtP�ã{é�äxçÈà [ ã K�Z P � �e�Uñ ò M Z ã{ó�M�à�ämaTM�ç,à
ë K äCS�æbMeaTMeP�ã{é�äxçÈà [ ã K�Z à.] [ ]�à��7äTP [ ]�^�à�S�S�à�^T^ K S [ à�ä¡ågó\à�çcM;äTS1PtM�å(^b]RS�ã{é�M Z\[ à�çcMRP k ê8à�ã{æxçOM�ê/SU] ð äCM Z ëQM�ñ
v Z}[ S7èRPqæ K�Z à\ë;ë K SUa�P�äTS�çÈà.aC]R^bM Z a�à Z ëRMgM Z ê/SU] ð äCM Z ëQM`MRP [�K æTPUMQS7ó�]�ñ

�¡äTS�ç,à�íGã{á�äTS1M<�¡ñºû��hî ZTK äCP�à�ó K�Z PLSUMR^CSU]RP1M Z\[ ]�M Z ^ K ã Z\[ ã,ç{çO]QP`çÈàlë K äTS7æfM<P7ã,é�ä!çO]RM K æ [ M Z äTM}ç K SUP ð äTM
çOMQP<^�à�S�à�P�ã [ MRPeM#å [ MRS Z MRPgP K�Z�[ S1M [ ãOSU]QP;ñ5� K äTPe^ K ä!ó K�Z P�ë K�Z P [ à [ MRS ð äTM�ç,àpaT]R^bM Z axà Z ëRMiM Z ê/S1] ð äTM Z ëRM
axä}axãcPU^ K P�ã [ ã{ê Z MePUM^é�æxçOM#aT]R^bM Z aCSUM�ä Z ã ð äCM;éNM Z\[ ð äTM�aTMRPt]^çO]^é�M Z�[ P�^�à�S�à�P�ã [ MQP�M�å [ MQS Z MQP'M [tZTK�Z aCMRP
];çc];éNM Z\[ P}ã Z\[ MRS Z MRP#axä�ë K�Z ó�MRS [ ãOP1PUM;äCS;ñ�ob+-�980+p*q%r��.:s'#&%t�t%'(D+:���F1u#E.�v4"n�0�)(�+:�0*-*5�w�'308M�0#0I'.!�x���x8M�0#�%'+-(y�'")�
v4"�z %'"|{}L)�0#u(7�!8~�M���~+�v4"n�!8x�t%'�98�*5�!8x%��!�!�!8��0(�%'"��!��"ML�*q%Ms�����%0L9%��0+-(�+ 1��0�)(D#E�}*5�!8K#E.!8M�0#uI'��+-#E84�

ò à~é�M^ã,ç{çOM;äCSUMdPUM Z P�ã{æxã,ç{ã [ ] ð äTM ZTK äTP�à�ú K�Z P K æ [ M Z äTMpMRP [ aTMhü!ñ�ü\����é'V�¤ µ   k ���_{�ù � ñ ß M [1[ M
PUM Z P�ã{æxã,ç{ã [ ]}MQP [ æxãOM Z éNM;ã{ç,çOM^äTSUM ð äCM�ëRM^ç,çcM�a!ä Z à ZTK éhà [ ]RS7ãÈà�ä�æ�à�P1]~P7äTShä Z M�é�äxç [ ã [ äCaTM}aTM�^bM [ ã [ P
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[ S7ãÈà Z á�çOMRPGá�S%à�ó�]QPjaxà Z P�çOMtPUM^é|ã ï]ë K�Z axäxë [ M^äTSja K�Z\[ ç,àePUM Z P�ã,æ!ã,ç,ã [ ]�M [ à�ã [ aTM 2.10−5 é#V�¤ µ   k û�üg{�ù �
ô1� ���h�ÓM [ ù�ãcP [nK S�ã ð äTMeaCMRP�axãOP1^ K P7ã [ ê/P�æ�à�ç,ãcP [ ã ð äTMRPLaxä�ëöâxà�^xã [ SUM�ý3õ�ñ

�j���t� �¡ñºû��e��þ�M Z P�ã K�Z � ß Vstem
aTM�çÈà�æTS%à Z ëöâTM}ëRM Z\[ S%à\çOM<M Z ê K�Z ë [ ã K�Z aTM}ç,à�ê/S1] ð äTM Z ëRMeaxä}P7ã,á Z à�ç¶aTM

P K äCS�ëRM�ìqí�ñ

� �4�b��è\��� ® ���b�
� K äCP�à�ó K�Z P.a K�Z ë|ë K�Z P [ à [ ]gà\ä�ë K äCSUP`aCMhëRMQP�éNMRP�äCSUMRP4M [ P�ã,é�äxçÈà [ ã K�Z P ð äTM|çOMQP`];çc];éNM Z\[ P4axä�ë^ãOS3ï
ë;äxã [ ] ð äxã{ó\à�çcM Z\[ ç{ã,évã [ à Z�[ ç,à�æ�à Z aTMo^xà�PUP�à Z\[ M}P K�Z�[ çOMRP4];çc];éNM Z\[ P4M�å [ S7ã Z P7è ð äTMRP ZCK�Z à�PUP K ë^ãO]QP�à�ä¡å
];çc];éNM Z\[ P}ã Z\[ S�ã Z P�è ð äTMRPeaxä�axãcPU^ K P�ã [ ã·ê0îbM Z ^�à�S [ ã,ë^äxç,ãcMRS�çcMRP}ë;à�^�à�ë^ã [ ]RP;ñ v Z MdS1]Raxä!ë [ ã K�Z ^xç,äCP<^ K äTPUP1]RM
aTM�ëRMQP4]^çO];éNM Z\[ P K ä�ä Z MNS1]Raxä!ë [ ã K�Z aTM�çÈà}SU]QP�ãOP [ à Z ëRM�ã Z\[ S7ã Z P7è ð äTMNM Z SU];à�ç,ãcP%à Z\[ ä Z M�P [ S�ä!ë [ äCSUMNaTM
ë K ä!ëöâTM k ^!ç,äTP7ãOM;äCSUP�^xäxã [ P ð ä�à Z\[ ã ð äTMRP�aTM�ó(S�à�ã [ à\ç K S1P °Q[ S1MeP�ä9�NP�à Z\[ M`^ K äTS K æ [ M Z ãOSMä Z M�ë K�Z ó�MQSUP7ã K�Z
P�ã{á Z ãcuxë�à [ ã{ó�M}à�ä~aCMRPUP7äTP�aTMi��ü�üN{�ù � ñ

�#M.^xç{äTP;î�à�ä�ë K äCSUP<aTM�ëRM [ S%à�ó\à�ã,çQî�ä Z M�á�S�à Z aTM
à [U[ M Z\[ ã K�Z àp] [ ].^ K S [ ]QM k ç�X K ^ [ ã,évãOP�à [ ã K�Z aTM
ç,à
á�] K é�] [ S�ãcM'aCMRPt^xç K�[ PjaqX]Q^�à�ãcPUP�ãcPUP1M;éNM Z\[ P�M [ çÈàlévã Z ã,évãOP%à [ ã K�Z aCMRP�M�ø8M [ Pt^�à�S�à�P�ã [ MQP�M�å [ S7ã Z P7è ð äTMQP;ñ ò M
SU]QP�äxç [ à [ aCM�ëRM [1[ Me] [ äTaTM�MQP [t[ S7èRP�ä [ ã,çcM<^ K äTSMçÈàlë K�Z ëQMR^ [ ã K�Z ù�ílaTM Z XNã,éN^ K S [ M ð äCM;ç Z à ZCK axãcPU^ K P�ã [ ã·ê
k â�à�ä [ M
ã,éN^b]Ra�à Z ëRM [ M;ç ð äTM
çcMRP Z à ZTK�[ äxæbMRPeaTM
ë;à�S�æ K�Z M\î�çOMQP<axãcPU^ K P�ã [ ã{ê/Pqé K çO]^ë;äxç,à�ãOS1MRP;î'çcMRP<^ K ã Z\[ P
ð ä�à Z\[ ã ð äCMRP;ñ·ñ·ñº÷ Z ä [ ã,ç{ãOP%à Z�[ ëRM�é K axè;çcM�î ZCK äTPqë K�Z\[ ã Z ä K�Z P kNK ^ [ ã{é|ãcPUMRS�çOM�aTMRP7ã,á Z aTM ZTK P�axãcPU^ K P�ã [ ã{ê/P
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àhu Z aqX�à�äxá�éNM Z\[ MRS�çÈà�æxà Z aTM�^�à�P1P%à Z\[ M4aTMQP�axãOP1^ K P7ã [ ã{ê/PL^xà�PUP7ã{ê/P�æ�à�P1]RP�P�äTS�aTMQP�� K�Z ë [ ã K�Z PMæ�à�ç{ãOP [ ã ð äTMQP
M Z}Æ ñ
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ò M�^TS K ëQ]RaT]ÜaTM�ê8à�æTS7ã,ë;à [ ã K�Z aTMRP�axãcPU^ K P�ã [ ã{ê/P>æxà�ç,ãcP [ ã ð äTMRP}^�àhPUP�ã·ê/PmSUMR^ K P1MJM Z�[ ã,èQSUM;éNM Z\[ P�äCS�ç,à
ç,ã [ â K á�S%à�^xâ!ãOM�];çOM^ë [ S K�Z ã ð äTM�ñ

« �T¯´üq� ¬F® öpX �����/ãf� ¬ � ¬ �f�
�����&�:�E�7����� �)�D�����M���� 5¡}�E�D���¢�¤£�¥� 5¡}�G�:�0¥¦¥§�¤¨��E�¢�¤��� ©�ª

◦ «¬ ® ���D�&£ ¡K���¢¯4����£�°!±²£E³Q�u�:´��4£&¨
µ  5¶\������·¢�¢�¤��� ¶$¸ µ�¹0º  n¡}»�»r¼�½�¾ ¿�À�Á Â�Ã!À7Ä7Å7Å�ÆhÇ5È:É²Ê�Ë�Ã�¿�Å7Å7Å�Æ5Ç5È:É²ÊuÈ:Á

ÌuÍ\Î7Î Ä7ÅÏ
Ð�ÑÓÒÓÔEÕ Æ Ö�×�Ë¢Ø Ô�Ñ)Ò Ì Ë Ô�Ù Ë¢ÊGÆ Ñ Ä7Å Î Å�Á Ú�Â7Ë¢ÛuÜ7Ç5Ë:Æ Õ Ü7Ê�Ý Ñ Á�Á5Ü7× Â7Ë¢ÊGÆhÁ
Ð�ÑÓÒÓÔEÕ Æ Þ!Ü Ô Ç9ß Ò Ü7ÊGÂ ÑÓÒ Æ Õ Ü7Ê ¿Dà¢Å á7Å�É²Ê
Ð�Ñ-â ÇhÜ Õ Ý Õ ÁhÁ Ñ É Ñ Ê�Æ ãMä ¿�Å�É²Ê
å  5¶\������·¢�¢�¤��� �)¡}¡}» ¹0º  næ0ç�¾!è ¿�À�Á Â�Ã!á¢éGÅ7Å�ÆhÇ5È:É²Ê�Ë�Ã�¿�Å7Å7Å�Æ5Ç5È:É²ÊuÈ:Á

ÌuÍxÎ á7Å�Ï
Ð�ÑÓÒÓÔEÕ Æ Ö�×�Ë¢Ø Ô�Ñ)Ò Ì Ë Ô�Ù Ë¢ÊGÆ Ñ Ä7Å Î Å�Á

Þ!Ü Ô Ç9ß Ò Ü7ÊGÂ ÑÓÒ Æ Õ Ü7Ê ¿Dà¢Å á7Å�É²Ê
Ð�Ñ-â ÇhÜ Õ Ý Õ ÁhÁ Ñ É Ñ Ê�Æ ãMä ¿�Å�É²Ê
¹  5¶$ê4���0¨D���¢�¤��� ë�Ë¢ÁhØ Ô�Ñ�Ô Ç$ìÓ× ÑÓÒ Æ5ÇqÜ7Ê Õ Ø ÔEÑ7í0î Åï Ññð ò Ü7Á Ñ Ã4¿�Ä7À

µC/cm2

æu 5±²�&óu��¥¤�E�¢�¤���
Ö|Çqì�ÛEË¢Ç5Ë:Æ Õ Ü7Ê ë�ôöõtïnÈ:ôöÖuä À�É²Ê á7Å�É²×�Ã Î Å÷É²× í Ë¢ø Õ ÆùË:Æ Õ Ü7Ê�¿ î Å�ÆhÇùÈ:É Õ Ê
Ð ì-ÂGìÓ×�Ë:Æ Õ Ü7Ê ¿)É²Ê Ë¢ø Õ Æ5Ë:Æ Õ Ü7ÊQ¿7¿�Å�Æ5Ç5È:É Õ Ê
Ð�Õ ÊEú�Ë¢ø Ñ ôöÖuä á7Å�Á Ë¢ø Õ Æ5Ë:Æ Õ Ü7ÊQ¿7¿�Å�Æ5Ç5È:É Õ Ê
û ì Ò Ì Ë¢ø Ñ ä$üÓÜ¢Æ Ñ
¾E 5¡K���D�0¥§¥¦�¦¨Ó�E�7���4� ã Õ È:ä Ô À7Å7ÅÏ9È¢À7Å7Å7ÅÏ
ý  )¸t�¤þñ�²�ÿ ä Ò ì-Æ5Ü7Ê Ñ È�ä9× Ò Ü&Ü7×MÈ û ì Ò Ì Ë¢ø Ñ
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�²���&�:�E�¢�¤��� �)�D�����M���� 5¡}�E�D���¢�¤£�¥� 5¡}�G�:�0¥¦¥§�¤¨��E�¢�¤��� ©�ª
◦ «¬ ® ���:��£ ¡}�G�¢¯4����£�°u±²£�³Q�u�¢´4�4£�¨

µ   ® £�¨Ó�Eê������E�¢�¤��� NH4OH/H2O
À�É²Ê é�É²×4È�À7Å7Å�É²×

Ð�Õ Ê�úDË¢ø Ñ Ú ò ô á7Å�Á ÌuÍ\Î7Î Ä7Å�Ï
û ì Ò Ì Ë¢ø Ñ ä$üÓÜ¢Æ Ñ
À��tÖ�ÇhìÓÛ!Ë¢ÇhË:Æ Õ Ü7Ê � û
	 �,Þ!Ü���¿�À�ÊEÜ7Ê�Ý Õ × Ô ì Ñ Ý!Ë¢ÊEÁ Ô Ê�uì Ò Ì Ñ Ç Ñ ÊfÆhì��EÜ7Ê

î É²Ê ã Ñ É²Û0ìÓÇhË:Æ Ô Ç Ñ Ë¢É� Õ Ë¢Ê�Æ Ñ
Ð�ÑÓÒÓÔEÕ Æ Ö�×�Ë¢Ø Ô�Ñ)Ò Ì Ë Ô�Ù Ë¢ÊGÆ Ñ ¿7¿�Å

◦ � î É²Ê Ö|ÇqìÓÛ!Ë¢Ç5Ë:Æ Õ Ü7Ê�Á Ô EÁhÆhÇ5Ë:Æ
á��tÚ�ÊEÝ ÔEÒ Æ Õ Ü7Ê Ö�ÇhÜ7É²Ü¢Æ ÑÓÔ Ç�Ý�� Ë¢Ý Ì ìÓÇ Ñ Ê Ò�Ñ �9ë ò û À7Å�Á Â�Ãuá7Å7Å7Å÷ÆhÇùÈ:É²Ê ËfÃ4¿�Å7Å7Å�Æ5Ç5È:É²ÊuÈ:Á
é��tÚ�ÊEÝ ÔEÒ Æ Õ Ü7Ê � û
	 �,Þ!Ü���¿�À Î Å�Á Â�Ã�¿ î Å7Å÷ÆhÇùÈ:É²Ê ËfÃ î Å7Å7Å�Æ5Ç5È:É²ÊuÈ:Á

ÌuÍ à¢Å�ÊEÉ
Ð�Ñ-â ÇhÜ Õ Ý Õ Á5Á Ñ É Ñ ÊGÆ ãMä ¿�Å�É²Ê
î �tÚ���ÛuÜ7Á Õ Æ Õ Ü7Ê ë�Ë¢ÁhØ Ô�Ñ�Ô Ç�ìÓ× ÑÓÒ Æ5ÇqÜ7Ê Õ Ø ÔEÑ ò Ü7Á Ñ9Ñ ÊGÂ�� ¿Dà î

µC/cm2 � Á Ñ × Ü7Ê É²Ü¢Æ Õ â��
Î � Ð ì-ÂGì�×�Ë:Æ Õ Ü7Ê ë�ÞCá7À7À�Û Ô Ç á�É²Ê ÁùË¢ÊEÁ�Ë¢ø Õ Æ5Ë:Æ Õ Ü7Ê
Ð�Õ Ê�úDË¢ø Ñ Ú ò ô À�É²Ê
û ì Ò Ì Ë¢ø Ñ ä$üÓÜ¢Æ Ñ
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�²���&�:�E�¢�¤��� �)�D�����M���� 5¡}�E�D���¢�¤£�¥� 5¡}�G�:�0¥¦¥§�¤¨��E�¢�¤��� ©�ª
◦ «¬ ® ���:��£ ¡}�G�¢¯4����£�°u±²£�³Q�u�¢´4�4£�¨

µ   ® £�¨Ó�Eê������E�¢�¤��� NH4OH/H2O
À�É²Ê é�É²×4È�À7Å7Å�É²×

Ð�Õ Ê�úDË¢ø Ñ Ú ò ô á7Å�Á
û ì Ò Ì Ë¢ø Ñ ä$üÓÜ¢Æ Ñ
À��tÖ�ÇhìÓÛ!Ë¢ÇhË:Æ Õ Ü7Ê � û
	 �,Þ!Ü���¿�À�ÊEÜ7Ê�Ý Õ × Ô ì Ñ Ý!Ë¢ÊEÁ Ô Ê�uì Ò Ì Ñ Ç Ñ ÊfÆhì��EÜ7Ê

î É²Ê ã Ñ É²Û0ìÓÇhË:Æ Ô Ç Ñ Ë¢É� Õ Ë¢Ê�Æ Ñ
Ð�ÑÓÒÓÔEÕ Æ Ö�×�Ë¢Ø Ô�Ñ)Ò Ì Ë Ô�Ù Ë¢ÊGÆ Ñ ¿7¿�Å

◦ � î É²Ê Ö|ÇqìÓÛ!Ë¢Ç5Ë:Æ Õ Ü7Ê�Á Ô EÁhÆhÇ5Ë:Æ
á��tÚ�ÊEÝ ÔEÒ Æ Õ Ü7Ê Ö�ÇhÜ7É²Ü¢Æ ÑÓÔ Ç�Ý�� Ë¢Ý Ì ìÓÇ Ñ Ê Ò�Ñ �9ë ò û À7Å�Á Â�Ãuá7Å7Å7Å÷ÆhÇùÈ:É²Ê ËfÃ4¿�Å7Å7Å�Æ5Ç5È:É²ÊuÈ:Á
é��tÚ�ÊEÝ ÔEÒ Æ Õ Ü7Ê � û
	 �,Þ!Ü���¿�À Î Å�Á Â�Ã�¿ î Å7Å÷ÆhÇùÈ:É²Ê ËfÃ î Å7Å7Å�Æ5Ç5È:É²ÊuÈ:Á

ÌuÍ à¢Å�ÊEÉ
Ð�Ñ-â ÇhÜ Õ Ý Õ Á5Á Ñ É Ñ ÊGÆ ãMä ¿�Å�É²Ê
î �tÚ���ÛuÜ7Á Õ Æ Õ Ü7Ê ë�Ë¢ÁhØ Ô�Ñ�Ô Ç�ìÓ× ÑÓÒ Æ5ÇqÜ7Ê Õ Ø ÔEÑ ò Ü7Á Ñ9Ñ ÊGÂ�� á7á7Å

µC/cm2 � Á Ñ × Ü7Ê É²Ü¢Æ Õ â��
Î � Ð ì-ÂGì�×�Ë:Æ Õ Ü7Ê ë�ÞCá7À7À�Û Ô Ç á�É²Ê ÁùË¢ÊEÁ�Ë¢ø Õ Æ5Ë:Æ Õ Ü7Ê
Ð�Õ Ê�úDË¢ø Ñ Ú ò ô À�É²Ê
û ì Ò Ì Ë¢ø Ñ ä$üÓÜ¢Æ Ñ

] ¯��\ýÓ�Ó¯ ¬�« _ � ø

�(M;ç K�Z çÈà [ à�ã{ç,çOM�axä Ý à\ê/MQS�����ô�^xç,à ð äTM}ë K é�^xç{è [ M�îFaTM;évãf^!çÈà ð äTM K ä ð äxà�S [ aCM<^xçÈà ð äCM�õ�î¡çOM ZTK é�æTS1M
aqX�] [ àh^fM�ó\à�S�ãcM<aTMg� k �
ê K ãcP�çÈà.P1] ð äTM Z ëRM`P7äxã{ó\à Z\[ MgS1MRP1^fM^ë [ ã·ó�M^é�M Z�[ ñ

�n¥¤�u¨D³Q� �n�M�¦¨�¨��0��·7£ �)�:£&¨D¨D�¤��� �)�:�0���0�D�¢�¤����¨ ®f«�� �¤�u¨ ® ���:��£
CH4/H2/Ar

À7À î�� Î î É²ãMÜ7ÇqÇ Î È î ÅGÈ&¿�Å éGá7Å ð Î É Õ Ê
O2

¿�Å7Å � ¿�Å7ÅÉ²ãMÜ7ÇqÇ î Å À î Å ¿)É Õ Ê

�����
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�����&�:�E�7����� �)�:�����M� � ©�ª
◦ «�¬ ® ���D�&£ ¡K�G�7¯4�4��£E°!±²£E³p�u�¢´��4£

Ö|Çqì�ÛEË¢Ç5Ë:Æ Õ Ü7Ê ä9Ê Ì#" ÝEÇ Õ Ý Ñ Þ�× Ô Ü7Ç " ÝEÇ Õ Ø ÔEÑ È�Ú ò ô î É Õ Ê À�É²×4È�Ä7Å�É²× í É²ìÓ×�Ë¢ÊEø Ñ
Ð�Ñ ÆhÇ5Ë Õ Æ$� û
	 áß î É Õ Ê ð Ë¢Ç Õ Ë��× Ñ Á Ñ × Ü7Ê ×�Ë�Ý Ô Çqì Ñ Ý Ñ ø7ÇhË�Â Ô Ç Ñ ë�Ú û ä

�4�f�b����è�� ®&%�' �l��üq� ¬F®

�����&�:�E�7����� �)�D�����M���� 5¡}�E�D���¢�¤£�¥� 5¡}�G�:�0¥¦¥§�¤¨��E�¢�¤��� ©�ª
◦ «¬ ® ���D�&£ ¡K���¢¯4����£�°!±²£E³Q�u�:´��4£&¨

µ  5¶\������·¢�¢�¤��� ¶$¸ µ�¹0º  n¡}»�»r¼�½�¾ ¿ î Á Â�ÃEé î Å7Å�ÆhÇ5È:É²Ê�Ë�Ã�¿�Å7Å7Å�Æ5Ç5È:É²ÊuÈ:Á
ÌuÍ á7Å7Å7ÅÏ

Ð�ÑÓÒÓÔEÕ Æ Ö�×�Ë¢Ø Ô�Ñ)Ò Ì Ë Ô�Ù Ë¢ÊGÆ Ñ Ä7Å Î Å�Á Ú�Â7Ë¢ÛuÜ7Ç5Ë:Æ Õ Ü7Ê�Ý Ñ Á�Á5Ü7× Â7Ë¢ÊGÆhÁ
Ð�ÑÓÒÓÔEÕ Æ Þ!Ü Ô Ç9ß Ò Ü7ÊGÂ ÑÓÒ Æ Õ Ü7Ê ¿Dà¢Å á7Å�É²Ê
Ð�Ñ-â ÇhÜ Õ Ý Õ ÁhÁ Ñ É Ñ Ê�Æ ãMä ¿�Å�É²Ê
å  5¶\������·¢�¢�¤��� �)¡}¡}» ¹0º  næ0ç�¾!è ¿�À�Á Â�Ã!À7Ä7Å7Å�ÆhÇ5È:É²Ê�Ë�Ã�¿�Å7Å7Å�Æ5Ç5È:É²ÊuÈ:Á

ÌuÍxÎ á7Å�Ï
Ð�ÑÓÒÓÔEÕ Æ Ö�×�Ë¢Ø Ô�Ñ)Ò Ì Ë Ô�Ù Ë¢ÊGÆ Ñ Ä7Å Î Å�Á

Þ!Ü Ô Ç9ß Ò Ü7ÊGÂ ÑÓÒ Æ Õ Ü7Ê ¿Dà¢Å á7Å�É²Ê
Ð�Ñ-â ÇhÜ Õ Ý Õ ÁhÁ Ñ É Ñ Ê�Æ ãMä ¿�Å�É²Ê
¹  5¶$ê4���0¨D���¢�¤��� ë�Ë¢ÁhØ Ô�Ñ�Ô Ç$ìÓ× ÑÓÒ Æ5ÇqÜ7Ê Õ Ø ÔEÑ7í0î Åï Ññð ò Ü7Á Ñ Ã4¿�Ä7À

µC/cm2

æu 5±²�&óu��¥¤�E�¢�¤���
Ö|Çqì�ÛEË¢Ç5Ë:Æ Õ Ü7Ê ë�ôöõtïnÈ:ôöÖuä À�É²Ê á7Å�É²×�Ã Î Å÷É²× í Ë¢ø Õ ÆùË:Æ Õ Ü7Ê�¿ î Å�ÆhÇùÈ:É Õ Ê
Ð ì-ÂGìÓ×�Ë:Æ Õ Ü7Ê ¿)É²Ê Ë¢ø Õ Æ5Ë:Æ Õ Ü7ÊQ¿7¿�Å�Æ5Ç5È:É Õ Ê
Ð�Õ ÊEú�Ë¢ø Ñ ôöÖuä á7Å�Á Ë¢ø Õ Æ5Ë:Æ Õ Ü7ÊQ¿7¿�Å�Æ5Ç5È:É Õ Ê
û ì Ò Ì Ë¢ø Ñ ä$üÓÜ¢Æ Ñ
¾E 5¡K���D�0¥§¥¦�¦¨Ó�E�7���4� ( Õ È*) Ñ È:ä Ô È�( Õ È:ä Ô À î È:éGÅ7ÅGÈ¢Ä7Å7ÅGÈ î ÅGÈ Î Å7Å Ï
ý  )¸t�¤þñ�²�ÿ ä Ò ì-Æ5Ü7Ê Ñ È�ä9× Ò Ü&Ü7×MÈ û ì Ò Ì Ë¢ø Ñ

N2
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�����&�:�E�7����� �)�D�����M���� 5¡}�E�D���¢�¤£�¥� 5¡}�G�:�0¥¦¥§�¤¨��E�¢�¤��� ©�ª

◦ «¬ ® ���D�&£ ¡K���¢¯4����£�°!±²£E³Q�u�:´��4£&¨
µ  5¶\������·¢�¢�¤��� ¶$¸ µ�¹0º  n¡}»�»r¼�½�¾ ¿�À�Á Â�Ã!À7Ä7Å7Å�ÆhÇ5È:É²Ê�Ë�Ã�¿�Å7Å7Å�Æ5Ç5È:É²ÊuÈ:Á

ÌuÍ\Î7Î Ä7ÅÏ
Ð�ÑÓÒÓÔEÕ Æ Ö�×�Ë¢Ø Ô�Ñ)Ò Ì Ë Ô�Ù Ë¢ÊGÆ Ñ Ä7Å Î Å�Á Ú�Â7Ë¢ÛuÜ7Ç5Ë:Æ Õ Ü7Ê�Ý Ñ Á�Á5Ü7× Â7Ë¢ÊGÆhÁ
Ð�ÑÓÒÓÔEÕ Æ Þ!Ü Ô Ç9ß Ò Ü7ÊGÂ ÑÓÒ Æ Õ Ü7Ê ¿Dà¢Å á7Å�É²Ê
Ð�Ñ-â ÇhÜ Õ Ý Õ ÁhÁ Ñ É Ñ Ê�Æ ãMä ¿�Å�É²Ê
å  5¶\������·¢�¢�¤��� �)¡}¡}» ¹0º  næ0ç�¾!è Â�Ã!á¢éGÅ7Å�ÆhÉ�È:É²Ê�ËfÃ4¿�Å7Å7Å�Æ5Ç5È:É²ÊuÈ:Á

ÌuÍxÎ á7Å�Ï
Ð�ÑÓÒÓÔEÕ Æ Ö�×�Ë¢Ø Ô�Ñ)Ò Ì Ë Ô�Ù Ë¢ÊGÆ Ñ Ä7Å Î Å�Á

Þ!Ü Ô Ç9ß Ò Ü7ÊGÂ ÑÓÒ Æ Õ Ü7Ê ¿Dà¢Å á7Å�É²Ê
Ð�Ñ-â ÇhÜ Õ Ý Õ ÁhÁ Ñ É Ñ Ê�Æ ãMä ¿�Å�É²Ê
¹  5¶$ê4���0¨D���¢�¤��� ë�Ë¢ÁhØ Ô�Ñ�Ô Ç$ìÓ× ÑÓÒ Æ5ÇqÜ7Ê Õ Ø ÔEÑ7í0î Åï Ññð ò Ü7Á Ñ Ã4¿�Ä7À

µC/cm2

æu 5±²�&óu��¥¤�E�¢�¤���
Ö|Çqì�ÛEË¢Ç5Ë:Æ Õ Ü7Ê ë�ôöõtïnÈ:ôöÖuä À�É²Ê á7Å�É²×�Ã Î Å÷É²× í Ë¢ø Õ ÆùË:Æ Õ Ü7Ê�¿ î Å�ÆhÇùÈ:É Õ Ê
Ð ì-ÂGìÓ×�Ë:Æ Õ Ü7Ê ¿)É²Ê Ë¢ø Õ Æ5Ë:Æ Õ Ü7ÊQ¿7¿�Å�Æ5Ç5È:É Õ Ê
Ð�Õ ÊEú�Ë¢ø Ñ ôöÖuä á7Å�Á Ë¢ø Õ Æ5Ë:Æ Õ Ü7ÊQ¿7¿�Å�Æ5Ç5È:É Õ Ê
û ì Ò Ì Ë¢ø Ñ ä$üÓÜ¢Æ Ñ
¾E 5¡K���D�0¥§¥¦�¦¨Ó�E�7���4� ã Õ È:ä Ô À7Å7ÅÏ9È¢À7Å7Å7ÅÏ
ý  )¸t�¤þñ�²�ÿ ä Ò ì-Æ5Ü7Ê Ñ È�ä9× Ò Ü&Ü7×MÈ û ì Ò Ì Ë¢ø Ñ

N2
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���D���Y� ß_AT+t6835 '3¦&(756\�#º'+@;�+w=w*�½�E#7! '7!à|"��'AT*�68")&(*�+wº: #7!;�*�=wº#75>�68+%$<;�"wº#"w*BAT75>�>(E�A
G?IJG

ß M<^TS K ëR]QaT]eaT]^ëRS�ã [ ç,àlê8à�æTS7ã,ë�à [ ã K�Z aTM}ç{ã,á Z MRP�ë K ^xç,à Z à�ãcSUMRP@P�äCSt
 ß 
Æà�ã Z P�ã ð äCM�çÈà�ê8à\æTS�ã{ë�à [ ã K�Z aTM
ì�]QP�ãcP [ à Z ëRMQP'�qã�¤ ß S^ñ ß M�^TS K ëR]QaT]gSUMR^ K P1MgP7äTS�çÈà�ç{ã [ â K á�S%àh^xâxãOM K ^ [ ã ð äTM�ñ

Tpõ ® � ® �����yè ¬F®�+ �*,n�4¯

ò MN^TS K ëQ]RaT]|ä [ ã{ç,ãOP1]dMRP [ çcM�^TS K ëQ]RaT]�� K ó K çÈà�ó�aC]^ó�M^ç K ^C^f] k çYXNý0÷@±��²^fMQS�éNM [U[ à Z\[ a8X K æ [ M Z ãOS�ä Z
^TS K u�çqM Z ë�àhP ð äTM [1[ M\ñ

�²���&�:�E�¢�¤��� �)�:�����M� �D 5¡K�E�:�&�7�¤£�¥� 5¡K���D�0¥§¥¦�¦¨Ó�E�7���4� ©fª
◦ «¬ ® ���:��£ ¡}�G�7¯4�4��£E°!±²£�³Q�u�¢´��4£&¨

µ  ù¶9������·¢�7���4� ä.-M¿ î ¿�Ä ¿�À÷Á ÂpÃ î Å7Å7Å÷ÆhÇùÈ:É²Ê ËfÃEé î Å7Å�ÆhÇùÈ:É²Ê!È:Á
ÌuÍ ¿*� À

µ
É

Ð Ñ�ÒÓÔEÕ Æ Ö|×�Ë¢Ø ÔEÑ)Ò Ì Ë Ô&Ù Ë¢ÊGÆ Ñ ¿7¿�Å Î Å÷Á
ãMÇhË Õ Æ Ñ É Ñ Ê�Æ$Ý Ñ Á Ô Ç â Ë ÒÓÑ ä.-0á7À Î á7Å÷Á û Ë¢ÊEÁ$Ë¢ø Õ ÆùË:Æ Õ Ü7Ê
Ð Õ ÊEú�Ë¢ø Ñ Ú ò ô
å  ù¶�ê����0¨:� �7���4� ë�Ë¢Á5Ø ÔEÑ Ü7Û�Æ Õ Ø Ô�Ñ ¿�À÷Á / ð éGÅ7Å�ÊEÉ í Ö Í à

mW/cm2

Ð Ñ�ÒÓÔEÕ Æ Ö|×�Ë¢Ø ÔEÑ)Ò Ì Ë Ô&Ù Ë¢ÊGÆ Ñ ¿�À7Å Î Å÷Á
¹  n±²�&óu��¥¤�E�¢�¤��� ä.-uéGÅ7Å é î Á Ö|ÇqÜ7Û0Ü7ÇöÆ Õ Ü7ÊEÁ÷¿Ã á
Ð Õ ÊEú�Ë¢ø Ñ Ú ò ô
æ! ù¡K�G�:�0¥¦¥§�¦¨Ó�E�¢�¤��� ( Õ � Ç � Ä7Å#01�öÀ7Å#0 � ÌuÍ î Å7Å�Ï
2�Õ â Æ3�ñÜ Ù ä Ò ì-ÆhÜ7Ê Ñ È:ä9× Ò Ü�Ü7×¤È û ì Ò Ì Ë¢ø Ñ ä$ü�Ü¢Æ Ñ õtË Õ ÊfÁ5Ë¢ÊEÁ9Ë¢ø Õ Æ5Ë:Æ Õ Ü7Ê î Å÷ÆhÇùÈ:É²Ê

ù õFâ54��76B�86

ò M4^TS K ëR]QaT].aTM`aT]R^ ú�[ 
 ß 
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Ð ÑÓÒÓÔEÕ Æ Þ!Ü Ô Ç á7Å�É²Ê
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ätÆqÆ Ñ ÊEÝEÇ Ñ ã=�,À7Å�Á
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Ð�ÑÓÒÓÔEÕ Æ Ö|×�Ë¢Ø ÔEÑ)Ò Ì Ë Ô�Ù Ë¢Ê�Æ Ñ ¿�À7Å ¿)É²Ê
æ! ù¡K���D�0¥§¥¦�¦¨Ó�E�7����� ã Õ ÆùË¢Ê Ñ ã Õ Ú�Â¢Ë¢Û0Ü7ÇhË:Æ Õ Ü7Ê�Á5Ü Ô ÁtÂ Õ Ý Ñ À7Å7ÅÏ
¾� ù¡K���D�0¥§¥¦�¦¨Ó�E�7����� G9Ç ä Ô Ú�Â¢Ë¢Û0Ü7ÇhË:Æ Õ Ü7Ê�Á5Ü Ô ÁtÂ Õ Ý Ñ á7Å7ÅÏ
ý   ® �����!� ä.-ué î Î À éGÅ�Á Â�ÃEéGÅ7Å7Å÷ÆhÇùÈ:É²Ê ËfÃ!á7Å7Å7Å�ÆhÇ5È:É²ÊuÈ:Á

ÌuÍ é
µ
É

Ð�ÑÓÒÓÔEÕ Æ Ö|×�Ë¢Ø ÔEÑ)Ò Ì Ë Ô�Ù Ë¢Ê�Æ Ñ à¢Å á7Å�Á
E  ù±²��ó0��¥¤�E�¢�¤��� ä.-0á î ¿�õxÃ Ú ò ô á7Å�Á Ö|ÇqÜ7ÛuÜ7ÇqÆ Õ Ü7ÊEÁ÷¿�Ã é í Ë¢ø Õ Æ��!É�Ë¢Ê Ô�Ñ × × Ñ
Ð�ÑÓÒÓÔEÕ Æ Þ!Ü Ô Ç Î Å
¼E ù¶9¥¤£&·7�:�:��¥H�4¨�£ é î À7Å�Á ¿*� î

mA/cm2
í ¿�Å7Å÷ÆhÇùÈ:É²Ê

çE ù¶�ê�����¨D���¢�¤��� À7Å�Á / ð ¿Dà
mW/cm2

µ:I  5±²�&óu��¥¤�E�¢�¤��� ä.-0á î ¿�õxÃ Ú ò ô > Å�Á Ö|ÇqÜ7ÛuÜ7ÇqÆ Õ Ü7ÊEÁ÷¿�Ã é í Ë¢ø Õ Æ��!É�Ë¢Ê Ô�Ñ × × Ñ
µuµ  �J �:�&óM���:£f»�� ï\ô'Ý Õ × Ô ì õtË Õ Ê í ÂGìÓÇ Õ @ Ò Ë:Æ Õ Ü7Ê�Ü7Û&Æ Õ Ø ÔEÑ
µ�å  �J �:�&óM���:£f©÷� õtÚSà:� ¿ õtË Õ Ê í ÂGìÓÇ Õ @ Ò Ë:Æ Õ Ü7Ê�Ü7Û&Æ Õ Ø ÔEÑ
µ&¹  5±²£��:�:�0� ��:�&¨D�§�4£ Ð Ú'ëKG ð Ú Ð ¿7¿ Î î û�Ì Õ ÛE× Ñ " Ä7Å À Ì
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|ÓMQPday~OP1^ K Po~ [ ~ � P k á�So~3���OMiaTM zQK ���&d Z aTMpaTM¨��dY��~ [U[ ]QS
d [ �TSUM�SUMQ^ K P1M Z\[d[nK �TPdPo�TSb��Xë� [ ~��3~OPod [ ~ K�Z aTM
á�So~3���cMRP�aTMd^TS K ½�~3�7~ [ ]�e z XMQP [:�Bkq� a$~OSUM k M�0fM [ aTM z c.d��N^ö��d [ ]RS
df��aD��~ Z Po~¸��d&·¸~,á¡�TS1ME�$aÃò!�.î�d�ñ�S1MR^TS1]RP1M Z\[ M
� Z M8í K�Zyz [ ~ K�Z M Z!Æ ^ K P1PU]Qa.d Z\[ aCM���½�á�So~��3�OMQP?��d [ ]RSod��OMQP}���$eK±´�²aK|!d°·�~{á¡�TS1MF�$aÃò!�.î��.ñ`SUMR^CSU]RP1M Z\[ M�� Z
a K �y�$�OM��CSLaTM � S1]�ê=�TM Zyz M��.dhPU]ePo�CS«��d zRK �?�$~ Z d�~cP K�Z aqXH� Z Mví K�Zyz [ ~ K�Z M Z ï M [ aqXH� Z¨z d Z d���e{��d��TS
d Zyz cTM
z M Z�[ S
d��cM�aTM ��d�í K�Zyz [ ~ K�Z M Z ï¹í K �.d Z\[ �OM�S ú �OMeaTM ��d
á�S:~��3�OMd����ef³��²a�|�d7·¸~,á¡�TS1M��$aÃò!�.î z ñ�SUMR^CSU]RP1M Z\[ M`� Z
aTM���~ � d�aTay~ [ ~ K�ZTZ M��TS��.d��3~OP [ ~�ê=�TM K�� ��d��TSod Zyz cTMVs�SUMR^CSU]RP1M Z\[ MÕ��d�á�S:~����cMb��d [ ]RSod��OM~��$�e	*h�²a�¶LMRP
á�S:~����cMRP
��d [ ]RSod��OMQP�P K�Z\[ M ZÕ� d�~ [ aTMRP z d Z d���½Õ~cP K �c]RPt^.dhS�á�S
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aTS K ~ [ M?î z ñ õ M���~ � d�aTay~ [ ~ K�ZTZ M��CS � ��d8�TSod Zyz cTM�á�í K �CM��OM<S ú �OM'aTM���d�á�So~��3�OM�aTMe^TS K ½�~3�7~ [ ]�d\á¡~OP1P
d Z\[ P:�TS
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d$a

ðn~OM Z P ¿ S8�YXH� [ ~3��~OPod [ ~ K�Z aqXH� Z Mgá�S:~��3�OMiaTMp^TS K ½$~3�7~ [ ]N^ K PUPoxQaTM}aTMQPµdt�fd Z\[ d�á�MRP [ M��cP8ê=�qXH� Z M � d��CSo~ �
z d [ ~ K�Z ^$���TP�d�~cPU]RM z d�S�M����cMdMRP [ S1]Bd��3~OP1]RMdM Z � ° ��M [ M��N^TP ê=�TMµ�OMRP �NMRPod$a õ MN^y���TP�eqM Z � [ ~3��~cP
d Z\[ ��d
[ M z c ZTK � K á¡~OMdaCM7�3~ [ c K á�S
dh^ycy~OM`���#��_�Ï�±�xK��Ï���ï�e¸~3�%MRP [ ^ K PUP:~��y�cMdaTMNSU]Bdf��~OP1MRS d�P1PUM �7� d z ~��OM���M Z\[ aTM
[ S:xRP<^bM [ ~ [ P�� K�[ ~ � P�dB��M z � Z M?� K�ZTZ MdSUMQ^TS K ay� z [ ~3�y~��3~ [ ]N�Öòt¼h�²aqx¸d�S zRK�Z�[ SUMb��Xë~ ZyzRK�Z ��] Z ~cM Z\[ �7d�í1M��TS#aTM
z MQPqá�So~��3�OMQP�MRP [ ��d [ M Z Po~ K�Z ]��OM���]RM Z ] z MQPUP
df~OSUM k ��d zRK �7�7d Z aTMfa

¶ K �7�NMµ�OM�� K�Z�[ SUM��OM [ df�y�OM�d��G�$aÃòNSUMR^CSU]RP1M Z\[ d Z�[ ��d [ d��y�cM�� K á¡~3ê{�CMNaCM&��dm^ K S [ Mo���<� õ aTM&��d
·�~,á��TSUM<��a3ò!�yî���ñseO�OM Z ~Ã��M�d���cyd�� [ aTMRP [ M Z P:~ K�Z P�aqX�M Z\[ SU]RM VL

M [ VR
MQP [ aTMÕò¡a�±}V8a�_<S ZTK�[ S1Md] [ �TaTM

Po�TS��OMQPwí K�ZyzQ[ ~ K�Z P �.df��~OP [ ~3ê{�CMRP km[ S K ~cP �TS
d Z$z cTMRP´î�� K ~OS8¶nc.d�^y~ [ SUMµÏ:Ïñ�di� K�Z\[ SU]µê=�TMo^ K �TS�^TS K u [ MQS
^y�OM�~ Z M���M Z\[ aTMRP@^TS K ^TSo~c] [ ]QPjaCM [ S
d Z P1^ K S [ �.d��3~OP [ ~�ê=�TMfe¡~��T] [ d�~ [@Z ] z MRPUPod�~OS1M'aCM �/K�Z$zQ[ ~ K�ZTZ MQSwM Z S1];á¡~3��M
��~ Z ]Bd�~cSUMfa¡� Z M�08M [ e��OMQPj]��OM zQ[ S K�Z PwPUM�Po~ [ �TM Z\[ M Z �fd����c]RM Γ M [ ^ K P1PoxRaCM Z\[ � Z M � d�~3�y�OMn�&d�P1PUM�M�0fM z [ ~3��M'M [
a K�Zyz � Z M��{~ [ MRP1PUM<]��OM zQ[ S K�Z ~3ê{�CM [ S:xRPj]��OM���]QM�a.¶LM z ~qMQP [j[ SoxQP«~��N^ K S [ d Z\[ ^ K �TS@SU]�d���~cPUMQSjaTMQP�ay~cPU^ K Po~ [ ~ � P
�/K�Zyz [ ~ K�ZTZ d Z\[�kd[ S:xRP}c.d�� [ M � SU]�ê=�TM Zyz Mfa
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¶#XMQP [ ^ K �TS z MRP#S
d�~cP K�Z P�ê=�TM ZTK �CP�dB� K�Z P z c K ~OP:~�a8Xë� [ ~��3~OPUMQS}� Z M�á�S:~��3�OMeaTM zQK ���&d Z aTM.� z c K�[U[ ó��
^ K �TS ZTK P`a$~OPU^ K P:~ [ ~ � P��.d��3~OP [ ~�ê=�TMQP`d zQ[ ~ � P´î�·�~,á��TSUMH�$aÃòI�=ñsaRï K � [ aqXëd�� K SUa z MQP�á�S:~����cMRP Z M Z ] z MRP1Po~ [ M Z\[
ê=�qXë� Z M � d�~3�y�OM [ M Z Po~ K�Z aTM zQK ���&d Z aTM�a õ M_^y�3�TP z MRP [ M Z P:~ K�Z PoaTM�á�S:~��3�OMmP K�Z\[¨zQK �N^.d [ ~3�y�OMQP&dB��M z
�OMQP � df~��y�cMRP [ M Z Po~ K�Z PgaqX�df��~��NM Z\[ d [ ~ K�Z aTMRP4ay~OP1^ K Po~ [ ~ � PeS1M�ê=�y~OP1MRP.^ K �TS�S1MRP [ MRS4M Z S1];á¡~3��Mb�3~ Z ]�d�~OS1MdaTM
zRK �CS
d Z\[ M [ a K�Zyz aTM�á�d�Sod Z\[ ~cS�� Z�[ Sod Z PU^ K S [ �.d��3~OP [ ~�ê=�TMfaO|�d zRK �N^.d [ ~��y~3��~ [ ]eaTMRP [ M Z P:~ K�Z P�aTM
á�So~��3�OM
M [ a8X�d��3~��NM Z\[ d [ ~ K�Z MQP [ � Z dB�fd Z\[ d�á�M´~ Z aC] Z ~�d��y�OMN^ K �TS?��d~SU]�d���~cP
d [ ~ K�Z aTM z ~OS z �y~ [ P�a õ M}^y�3�TP.] [ d Z\[
a K�ZTZ ]iê=�TM z M [U[ M [ M z c ZTK � K á¡~cM}MRP [&zQK ��^yd [ ~3�y�OM¨dB��M zYz M��3�OM}aTMQP&���j±iï�P�ev~3��MRP [ a K�Zyz}[nK � [�kö� d�~ [
M Z �{~OPod�á�MBdf�y�OM�aTM zRK �8�y~ Z MQStaTMRP'ay~OP1^ K Po~ [ ~ � P«�yd���~cP [ ~3ê=�TMRP�dB��M z aTMQP [ S
d Z P:~OP [nK S1P����@±�ï�P�a8x¸d�S zRK�Z\[ S1M
ZTK �TP5��MRSUS K�Z P z ~ � aTMQPUP K �TPvê=�TM���d � df�TSo~ z d [ ~ K�Z aTM}��d�á�So~��3�OM�� z c K�[1[ ó��i^ K �TSway~OP1^ K P:~ [ ~ � P®�.df��~OP [ ~3ê{�CMRP%MRP [
^y���CP zRK �N^y�OMs½(M�ê{�CM z M����cMeaqXy� Z Mlá�S:~��3�OM�aTM�^TS K ½�~���~ [ ]�a
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õ d Z P z M [U[ MN^.d�S [ ~cM�e ZTK �CP8d��3� K�Z Pe] [ �Cay~OMQS���d zRK�Zyz MR^ [ ~ K�Z aqXH� Z ~ Z ��MRS1PUM��TS`aTM zRK �TS
d Z\[ �.d�P1]�P:�TS
� Z M�í K�Zyz [ ~ K�Z �.d���~cP [ ~�ê=�TMdM Z ï k á�So~3���cMd� z c Kh[U[ ó���^.dhS��cMµ�y~�d�~cP<aTMNPo~3�?�y��d [ ~ K�Z Pe± K�Z�[ M´¶«dhSo� K�ô�õ a
|5MRP`^CSUM���~�xQSUMQP`Po~3�?�y��d [ ~ K�Z P�� [ ~���~cPUM Z�[ � Z M�í K�Zyz [ ~ K�Z P:�{�N] [ So~�ê=�TM�^y�y~cP ZTK �CP`��MQSUS K�Z P?ê=�TMp^yd�S4aCMRP
� K ay~	u z d [ ~ K�Z P�á�] K ��] [ So~3ê=�TMRP�e5� Z ay~cPU^ K Po~ [ ~ �'K ^ [ ~3�7~cPU]}PUMQS
d K � [ M Z �Oa@� K �TPNSU]�d���~cPUMQS K�Z P�d�� K SUPdaCMRP
Po~3�?�y��d [ ~ K�Z PLaTM�P K�Z�zQK �N^ K S [ M���M Z�[ ~ Z\[ S:~ Z P:x�ê=�TM�M Zm[ S:xRP�c.d�� [ M � S1]�ê=�TM Zyz Mfa
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|!db·¸~,á¡�TS1M;�$aÃò�±yî�d�ñ@S1MR^TS1]RP1M Z\[ M �OM#P z cT]��&d.M [ �OMRPLay~��NM Z P:~ K�Z PLaTM���Xë~ Z ��MRS1PUM��CS«�.d��3~OP [ ~�ê=�TM'aTM zRK � �
S
d Z\[ P:~��?�$�O]�a�|�d���d�S7á�M��TS�M [ ��d�� K�Z á��TM��TS�aTMRPK�TSod Zyz cTMQP@P K�Z\[ aTM�ò ô ¼ Z �2M [ òI$¡¼ Z �2S1MRP1^fM zQ[ ~Ã��M���M Z�[ a

¶ K �7�NM ZCK �TPö�YXëdB� K�Z P�aT] z So~ [ a.d Z Pö�cM z c.d�^y~ [ S1MÁÏ<e ZTK �CP Z M zRK�Z Po~OaC]RS K�Z Pöê=�TM¹��d z d Z d��`aTM
Ga0.3In0.7As ayd Z Pµ� Z M�Po~3�?�y��d [ ~ K�Z ô�õ M Z VK�TMmaTM���df� [ aw� K �TP7dt� K�Z P7d�í:�TP [ ]i��dÄ�fd��OM��TSiaTM���d
aTM Z Po~ [ ]~P:�TS � d z ~�ê=�TM�aTM z c.d�S�á�M σ = 0, 4.1012 cm−2

z M�ê=�y~'a K�ZTZ M�^ K �TS7� Z Mi�fd��cM��TSiay�Da K ^.d\á�M
NDb = 1017 cm−3 e�� Z M}�fd��OM��TSwaTM���d���d�S7á�M��CS@aCM'aT]Q^y�O] [ ~ K�Z Wd = 40 nm aJ� z d��TPUM�aTM���d���~3�7~ [ d [ ~ K�Z
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�YXH~ Z ��MQSUP1M��TS�a

���TS?��dY·�~{á¡�TSUML�$aÃò��$e ZTK �TP?dt� K�Z PdS1MR^TS1]RPUM Z\[ ]Õ�OMQP zRK �TS
d Z\[ P K � [ M Z �TPd^.d�S4Po~��8�y��d [ ~ K�Z a.d Z Pb�OMQP
�TS
d Zyz cTMRP z M Z\[ Sod��OM#M [ á�d�� z cTM IB

M [ IL
M Z´�/K�ZyzQ[ ~ K�Z aTM���d [ M Z P:~ K�Z dh^T^y��~3ê=�T]RM VG

^ K �TS VL = VB =

60 mV ay|ÓMQP zRK �TSod Z\[ P�P K�Z\[ M�½(^TS:~��N]RP�M Z A/m a

�j���t� �$aÃò��L�eV�d��cM��TS1P K � [ M Z �CMRP)^.dhS�P:~��?�y��d [ ~ K�Z ± K�Z\[ M«¶«d�So� K�ôfõ aTMRP zRK �CS
d Z\[ P IB
M [ IL

M Z`�/K�Zyz [ ~ K�Z
aTM VG

î VL = VR = 60 mV ñL^ K �CSw��d�í K�Zyz [ ~ K�Z SUMR^CSU]RP1M Z\[ ]QMHMNM.a

� K �TP K � [ M ZTK�Z P��$~OM Z ��d zRK �7�?� [ d [ ~ K�Z aTMRP zQK �TSod Z\[ PeM ZÄ�/K�ZyzQ[ ~ K�Z aCMb��d [ M Z P:~ K�Z aCM
á�So~3���OM�d�^ �
^y��~3ê=�T]RMfa�|ÓM zQK ��^ K S [ M��NM Z\[ ay��ay~OP1^ K Po~ [ ~ � MRP [ �cM�Po�y~Ã��d Z�[ a�| K SUP:ê{�CM`��d [ M Z P:~ K�Z aTM�á�So~3���cM�d�^T^y�3~�ê=�T]QM
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MRP [�� d�~3�y�OM7î VG < −0.5 V ñse1��d7ê=�.d�P:~ �Y[nK�[ d���~ [ ]eay�Yóy��½_]��OM zQ[ S K�Z ~3ê{�CM`M Z ^TS K ��M Z d Zyz MdaTM?��d��TSod Zyz cTM
aTS K ~ [ MiMQP [ a$~OSo~{á�]RMdayd Z P8��di�CS
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df�OMNM [ IL

��df� [ ¼�aÓxK�$~OP�� K S1Poê=�TM ZCK �TP`d��xá¡�NM Z\[nK�Z P VG

í:�TPoê=�qX k d [U[ M�~ Z aCSUM�¼mV8eR� Z Mvá�S
d Z aTMi^.d�S [ ~OMiay�°ó.��½Ü]��OM zQ[ S K�Z ~3ê{�CMNM Z ^TS K ��M Z d Zyz M�aTM���d¨�TS
d Zyz cTM
aTS K ~ [ M#MRP [ ay~cSo~,á�]RM���MRSUP���d?�CS
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d Zyz cTM
z M Z�[ S
d��cM�a�¶LM zQK �TS
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�j���t� �$aÃò�³��`ï�Sod�í1M z [nK ~cSUMtaTMQP%]��cM zQ[ S K�Z P k ��d#P K S [ ~OM�aTMQP zRK�Z\[ d zQ[ P�a�|�d���~ [ MQPUPUMw~ Z ~ [ ~�d��cM V0
MRP [wK So~cM Z\[ ]QM

aTM �&d Z ~�xQSUM�d��c]Bd [UK ~OS1M�a

|ÓM}P1M zQK�Z aä^ycT] ZCK �7x Z M¨ê=�y~t^bMRSo�NM [ aqXMs½(^y��~3ê{�CMRSb�YX�M�½�~cP [ M Zyz MmaqXH� ZÜzRK �TS
d Z\[ S1]RPo~cay�TM���a.d Z Pµ��d
�TS
d Zyz cTM z M Z\[ Sod��OMÜMRP [ ��XMs½�~OP [ M Zyz MJaCMØ��d zQK ��^ K Pod Z\[ M°��MRS [ ~ z d��cMÜa$� z c.d��N^©]��OM zQ[ S:~�ê=�TMÜM Z\[ S1MØ�cM
zRK�Z\[ d zQ[ aTS K ~ [ M [ �OM zRK�Z\[ d zQ[�z M Z�[ S
d��²a5¶LM [U[ M zQK ��^ K Pod Z\[ M}aT]���~cMÕ��d [ S
d�í1M zQ[nK ~OSUM}aCMRPi]��cM zQ[ S K�Z PdM Z
^TS K ��M Z d Z$z Mgay� zQK�Z\[ d z [ aTS K ~ [ ��MQSUP��OM zQK�Z\[ d z [�z M Z\[ Sod���a
��~ Z Po~O�cM zRK �N^ K S [ M��NM Z\[t[ cT] K So~3ê=�TM�~OaT]�d��qS1MR^TS1]RPUM Z\[ ]gPo�TS}��db·¸~,á¡�TS1M��$aÃò ô`Z X�MRP [ ^yd�Pw��df��d��y�cM z d�S

~���Po�T^T^ K P1MRS
df~ [ � Z M K S:~OM Z\[ d [ ~ K�Z ^.d�S � d�~ [ M��NM Z\[ c K So~ �QK�Z\[ d��cM.ay�°ó.��½�]��OM zQ[ S K�Z ~3ê{�CMNM [ �YXH~ Z Ms½�~OP [ M Zyz M
aqXH� Zµz c.d��N^d]��OM zQ[ So~�ê=�TM«��MRS [ ~ z d���e z Mwê=�y~�MQP [ ~��N^ K PUP:~��y�cMjayxQPKê{�CMw��d��TSod Zyz cTM z M Z\[ S
df�OM�MQP [ ^ K ��d�S:~OPU]QM�a

¶LMR^bM Z a.d Z�[ e®�OM�S
d�^C^ K S [ aTMQP zRK �CS
d Z\[ P K � [ M Z � IB(VG<−0.5 V )
IB(VG>0.0 V )

MRP [ aCM ô a��$e z M´ê=�y~�MQP [ P:�9�NP
d Z\[
^ K �TS K �TPUMQS:��MQS?��d zRK �7�?� [ d [ ~ K�Z aTMQP zRK �TS
d Z\[ P.M [ M�½(^y� K ~ [ MRS z Moa$~OPU^ K P:~ [ ~ � a õ M�^y���TP`��dmay~10f]RS1M Zyz M
Po~{á Z ~cu z d [ ~3��MiM Z�[ SUM´�cMRP zRK �TSod Z\[ P IL

M [ IB
^ K �CS`aTMQP8�fd��OM��TSUPg]��cM���]QMRPdaTM VG

z d�Sod zQ[ ]RSo~cPUM&d��TPUP:~n�cM
[ Sod Z PU^ K S [ �.d��3~OP [ ~�ê=�TMwa.d Z P ZTK�[ SUM!í K�ZyzQ[ ~ K�Z ah��~��OM [ Sod Z PU^ K S [ ]��cM z [ S K�Z ~�ê=�TM�] [ d�~ [ a$~10��TPo~ � a.d Z P��OMRP�ay~ ���
� ]RS1M Z\[ MQP«�TS
d Zyz cTMRP�ey�OM�ay~cPU^ K Po~ [ ~ ���/K �TS Z ~OSod�~ [ aTMQP zRK �CS
d Z\[ P IL

M [ IB
]�ê=�y~3�fd��cM Z\[ P�e�~ Z aT]Q^fM Z a.d�����M Z\[
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aTM��OM��TS K S:~OM Z�[ d [ ~ K�Z î��OMRPn�TS
d Z$z cTMRP K�Z\[ aTMQPtay~��NM Z P:~ K�Z P�M [ aTMQPtSU]QPo~OP [ d Z$z MRP�P:~���~���df~OSUMQP<ñsa{¶ K �7�NM��cM
[ Sod Z PU^ K S [ MQP [ �.df��~OP [ ~3ê{�CM�î K �bd��8� K ~ Z P�ê=�.d�Po~ � �.df��~OP [ ~3ê{�CMtñ�et�cMn� K �$��M��NM Z\[ c K So~ �QK�Z\[ d���aTMQP)]��cM z [ S K�Z P
aTM ��d?�TSod Zyz cTMgaTS K ~ [ M���MQSUP���db�TS
d Zyz cTM�á�d�� z cTM�MQP [}� dB� K S:~OPU]�M [ IL > IB

a
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�'u Z aqX K ^ [ ~���~OPUMQS´�OM �/K�ZyzQ[ ~ K�ZCZ M��NM Z\[ aTMö��Xë~ Z ��MRS1PUM��CSi�yd���~cP [ ~3ê=�TM�aTM zQK �TS
d Z�[ e ZTK �CP�P K ����MQP
^.d�S [ ~OPÓay�`S
d�~cP K�ZTZ M��NM Z\[ P:�y~3�fd Z\[ a´x K �TS���d5í K�Z$zQ[ ~ K�Z �yd���~cP [ ~3ê=�TMwM Z ï!^TS1] z ]RaTM Z�[ M�e�^ K �TS VG > 0.0 V e
ZTK �TP K � [ M ZTK�Z P`� ZØzRK �TS
d Z\[ IL

ô a�� �/K ~OP�Po�C^f]QSo~OM��TS`d�� zQK �TSod Z\[ IB
^ K �TS VG < −0.5 V á�S�� z M7d��

z d�Sod zQ[ xRS1M?�.d��3~OP [ ~�ê=�TMgay� [ Sod Z PU^ K S [ ê=�y~ � dB� K So~OP1M?�OM4aT]R^$��d z M��NM Z\[ aTMQPe]��OM zQ[ S K�Z P#ay� zRK�Z\[ d zQ[ aTS K ~ [
��MQSUPw�OM zRK�Z\[ d zQ[ á¡d�� z cTMfa�±Yd�~cPn� Z¨zQK �TSod Z\[ SU]QPo~Oa$�TM�� IB

MRP [t[nK �qí K �TSUPj^TSU]QPUM Z\[ a�� Z}ZCK �TP«�.dhP
d Z\[ P:�TS
�YX�] [ �TaTM<P:�TSw�OMQP¸í K�ZyzQ[ ~ K�Z P«�.d��3~OP [ ~�ê=�TMQPLM Z¨�/K S:��M#aTM Æ î�¶nc.dh^y~ [ SUM�Ï:Ï@M [ ^y�y�y�3~ z d [ ~ K�Z �Öò¡ò�eOò ô ��ñ�e ZTK �TP
dB� K�Z P}�{�Yê=�qXH~��Ó] [ d�~ [ ^ K P1Po~��$�OM�aTMgay~OS:~,á�MQSw�OM�ó.��½~aqX�]��cM z [ S K�Z P�~ Zyz ~caTM Z\[ M Z � K ay~	u�d Z\[ �YXëd Z á¡�cM<M Z\[ SUM
�OMQP5�TS
d Z$z cTMRP@aTMw��d�í K�ZyzQ[ ~ K�Z M Z.Æ aJ��~ Z Po~�eh^.d�S%aTMQP zRK�Z P:~OaT]QS
d [ ~ K�Z P`á�] K �N] [ So~3ê{�CMRP�e�~��CMQP [ ^ K PUP:~��y�cMtaTM
� K ay~	u�MRSO�cM zRK �N^ K S [ M���M Z\[ a8Xë� Z ay~OP1^ K Po~ [ ~ � �.d��3~OP [ ~�ê=�TMfa�ë��TP:ê{�8X k ^TSU]QPUM Z\[�ZTK P!~ Z ��MQSUPUM��TSUP¸�.d��3~OP [ ~�ê=�TMQP
] [ d�~OM Z�[ �.dhPU]RP�Po�TS7�YXH� [ ~3��~cP
d [ ~ K�Z aTMµí K�Z$zQ[ ~ K�Z PiM Z ï P:�{�N] [ S:~�ê=�TMQP�aj� K �TP7dB� K�Z Poa K�Z$z � [ ~��3~OPU]}aCMRP
Po~3�?�y��d [ ~ K�Z Pd± K�Z�[ M�¶«d�So� K ^ K �TS K � [ M Z ~OSb� Z ~ Z ��MRSUP1M��TS��.d��3~OP [ ~�ê=�TMoaTM zRK �TSod Z\[ ^y���TPiM0� z d z MfewM Z
^.d�S [ ~ z �y��~cMRSj^ K �CS K � [ M Z ~OSw� Z�zQK �TS
d Z�[ S1]RPo~cay�TM�� IB

^ K �TS VG
]��OM���]�^y�3�TP � d�~��y�cM�a

õ d Z P z M [1[ M�^.d�S [ ~OMfe ZTK �TPndB� K�Z PjSU]�d���~cPU]�aTMRPjPo~3�?�y��d [ ~ K�Z P)M Z � K ay~	u�d Z\[ ��d ��d�S7á�M��CS@aCMRPn�CS
d Zyz cCMRP
M [ ��X K S:~OM Z�[ d [ ~ K�Z aTM ��d?�CS
d Zyz cCM z M Z\[ Sod��OM�aTM ��d�í K�ZyzQ[ ~ K�Z �.d��3~OP [ ~�ê=�TM ki[ S K ~cPw�TS
d Z$z cTMRP�a�¶LMQP'P:~��?�$��d �
[ ~ K�Z P K�Z\[ ] [ ]4M�08M zQ[ �T]RMQP'^.dhS#ë¡dB�{~OMQS�±Yd [ M K P�aTM �YX v Z ~Ã��MQSUPo~ [ ]eaTM4�$df��d��7d Zyz d$ay�5���cMRP K�Z\[ ^bMRS:�7~cPtaTM
� K�Z�[ SUMQSw�YXH~ Z ó.�CM Zyz MeaTM �YX K So~cM Z\[ d [ ~ K�Z aTM ��db�TS
d Zyz cTM z M Z�[ S
d��cM�a

¶LMRP_P [ So� zQ[ �CSUMRP°df~ Z P:~`ê=�TMÁ�cM��TS1P�ay~3��M Z Po~ K�Z P�P K�Z\[ SUMR^CSU]RP1M Z\[ ]QMRPÜPo�TS��OMQPÄ·�~{á¡�TSUMO�$aÃò!$.î�d�ñmM [
�$aÃò!$.î��.ñ�a�|5MRP&�fd��cM��TS1PoaTMQP zRK �CS
d Z\[ P z ~OS z �y��d Z\[ a.d Z P&�cMRP [ S K ~cP7�TSod Zyz cTMQP}M ZÔ�/K�Z$zQ[ ~ K�Z aCMY��d [ M Z��
Po~ K�Z aTM�á�So~��3�OM VG

^ K �CS VL = 0 V M [ VB = VR = 0.5 V P K�Z\[e[ S
d z ]RMQPePo�TS���d´·�~{á¡�TS1M��$aÃò!$.î z ñsaO|5MRP
[ M Z Po~ K�Z P VG

[ Sod z ]QMRP K�Z\[ ] [ ] z d�� z �y�c]RMQP@M Z&zQK�Z Po~caT]RSod Z\[ � Z M�c.d�� [ M��TS@aTM��.d�SUS:~�xQSUM'� z c K�[1[ ó��iaTM�¼$a��=±
V K � [ a.¶ K ���NM<^ K �TSw�OMQP�P:~��?�$��d [ ~ K�Z Pj^TSU] z ]QaTM Z\[ MQP�e1��d�á�S:~��3�OMe� z c K�[U[ ó��mSU]RM����cM<MRP [ P:~��?�y�c]RM<^yd�StaTM��{½
á�So~3���cMRPt� z c K�[U[ ó��Õ��d [ ]RS
df�OMRP�ay|�d [ M Z Po~ K�Z a8X�d��3~��NM Z\[ d [ ~ K�Z MRP [ aCM`¼�a ±`V?a
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�j���t� �$aÃò!$e��î²d�ñwM [ î���ñ�{e] K �N] [ So~cMRP@aTMRP«~ Z ��MRS1PUM��TSUPw�.df��~OP [ ~3ê{�CMRP@aTM zRK �TS
d Z\[ P:~��?�$�O]RP�a�î z ñn¶ K �TS
d Z�[ Pz ~cS z �$��d Z\[ a.d Z P7�cMRP [ S K ~cPb�TS
d Z$z cTMRPNM Z �/K�ZyzQ[ ~ K�Z aCMi��d [ M Z Po~ K�Z aTM�á�S:~��3�OM VG
^ K �TS VL = 0 V M [

VB = VR = 0.5 V a

¶ K �7�NM ZCK �TP<^ K �$� K�Z P��OM�� K ~cS�e��YX K So~cM Z\[ d [ ~ K�Z aTM?��d&�TSod Zyz cTM z M Z\[ Sod��OMbdp] [ ]?� K ay~cu�]QM?dhu Z aTM
��~3�7~ [ MRS��cM zRK �TS
d Z\[ S1]RPo~cay�TM�� IB

^ K �TS)aTMQP [ M Z Po~ K�Z P VG
]��OM���]RMQP�a�x K �TS VG

� d�~��y�cM�eq�OMQP)aTM��{½day~cPU^ K Po~ [ ~ � P
�/K�Zyz [ ~ K�ZTZ M Z\[&zRK S1SUM z [ M���M Z�[ en�cMió.�{½ï]��OM z [ S K�Z ~�ê=�TM~] [ d Z\[ ^TS1MRPoê=�TM�M Z\[ ~�xQSUM���M Z�[ ��MRS1P´��d��TS
d Zyz cTM
z M Z�[ S
d��cMbî�·�~,á¡�CSUM��$aÃò!$.î z ñoñsa$|5MRPj^TS K �y��x���MQPnd�^C^.d�S
df~OPUP1M Z\[ ^ K �TS VG

]��OM���] z d�Sv��d`�CS
d Zyz cCM<aTS K ~ [ M�MRP [
zRK �N^y�c] [ M���M Z\[tK �$��MRS [ M4M [ ~OaT]�d��OM���M Z�[ e$�cM zRK �TSod Z\[ a.d Z P}��db�TSod Zyz cTM z M Z\[ Sod��OM�aTM��(Sod�~ [�° [ S1M Z �y�²a

|!d zQK�Z ay~ [ ~ K�Z aCM�^$���TP � d�~3�y�OM zQK �TSod Z\[ IB
^ K �TS VG

]��OM���]RM�MRP [ ��~OM���½µd [1[ M�~ Z\[ M�^ K �TS5�OM�ay~cPU^ K Po~ [ ~ �
î���ñ5^ K �TS��cM�ê=�TM�����d'ay~cSUM z [ ~ K�Z aTMv��d��TS
d Z$z cTM z M Z\[ S
df�OMLMQP [%K ^T^ K PU]RMnd��8ó.�{½.]��OM z [ S K�Z ~�ê=�TMfa�|5M zRK �TSod Z\[
a.d Z Pn��d`�CS
d Zyz cCM<ay�¨�.d�PLMRP [ Po~,á Z ~cu z d [ ~Ã��M���M Z�[ ^y�3�TP � d�~3�y�OM}ê=�TMe^ K �TSn�cM#ay~cPU^ K Po~ [ ~ � î²d¡ñ@^ K �TSn�cM�ê=�TM��
�YX K So~cM Z\[ d [ ~ K�Z aTM���d?�TSod Zyz cTMgay�Õ�.d�P�MQP ['K ^T^ K PU]QM�a

x�d�S zRK�Z�[ SUMfe\^ K �CS VG

� d�~��$�OM�eq�OMQPw]��OM zQ[ S K�Z PwM Z ^TS K ��M Z d Zyz M�ay� zRK�Z\[ d zQ[ á�d�� z cTM�a K ~3��M Z\[ ~ Z ��MQSUP1MRS
�OMwPUM Z P)aTM��OM��TS!� K ����M��NM Z\[ ^ K �TS�P1MLay~cSo~{á�MRSO��MRSUP���d}�TS
d Z$z cTM z M Z\[ Sod��OM@a.d Z P¸�OM z dhP�ay�4ay~OP1^ K P:~ [ ~ � î���ñsa
¶LM z c.d Z á�M��NM Z\[ aTM'P1M Z Pn~��N^y��~3ê{�CMw� Z M#a$~���~ Z � [ ~ K�Z aTM��OM��CS��{~ [ MRP1PUM k �YXH~ Z\[ MQSUP1M zQ[ ~ K�Z aTMQP«�TS
d Zyz cTMRP�a
Ï*��MRP [ ^TS K �.d��y�cM}ê{�CM z M�^ycT] ZTK ��x Z M'M Z\[ Sodh� Z MRS
d � Z M�aT]^á�S
d�ayd [ ~ K�Z aCMRPL^bMRS �/K So�7d Zyz MRPwM Z�� SU]�ê{�CM Zyz M�a
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¶LMR^bM Z a.d Z�[¨� df~OP K�Z P&� Z M_SUM��&d�S:ê=�TM�P:�TS´�OM � d�~ [ ê=�TMÄ� ° �NM�P:~��OMQP Z ~Ã��M�d���½HaTM zRK �TS
d Z\[ P K�Z\[
��M�~��3�OM��CSUP�a.d Z P���d zQK�Z u�á¡�CS
d [ ~ K�Z î���ñse���d�SU]R^ K�Z P1M.aTMQPe]��OM zQ[ S K�Z P#PUM.ay~cSo~{á�MBd Z\[ ��MRS1P���d��TS
d Z$z cTMday�
�.d�P.MQP [ d�P1PUM �´� d�~��y�cM z d�Sb~��cP4a K ~3��M Z\[ a.d Z P z M z dhPb� K ay~cuTMRS zRK �N^y�O] [ M���M Z�[ ��d~a$~OSUM zQ[ ~ K�Z aCM¨�OM��CS
� K �$��M���M Z�[ e z M�ê=�y~K�7x Z MRSod z MRS [ d�~ Z M��NM Z\[4k � Z M�aT]^á�S
dha.d [ ~ K�Z aTMRP4^fMQS �/K S:�&d Zyz MQPgM Z�� S1]�ê=�TM Z$z M
aTM z M [ �F^fM�aTM�P [ So� zQ[ �CSUM�a

��~ Z Po~�~3�8MQP [ ^ K PUP:~��y�cM<aqXëd���]���~ K SUMQSv�cM zRK �N^ K S [ M��NM Z\[ aTM zQK �7�8� [ d [ ~ K�Z aqXH� Z ~ Z ��MRS1PUM��TS�aTM zRK � �
S
d Z\[ �.d���~cP [ ~�ê=�TM8�yd�PU].P:�TS�� Z M�í K�ZyzQ[ ~ K�Z �.d���~cP [ ~�ê=�TM k�[ S K ~OP��TS
d Z$z cTMRP�M Z � K ay~cu�d Z�[ �O]^á¡xRS1M��NM Z\[ ��d
ay~��NM Z Po~ K�Z aTMRP}�TSod Zyz cTMQP'M [ M Z � K ay~cu�d Z�[ �YXH~ Zyz ��~ Z d�~OP K�Z aTM ��d?�TS
d Z$z cTM z M Z\[ Sod��OMfa
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� Z Ms½C^$� K ~ [ d Z\[ �cMRP}S1]RPo�$� [ d [ Pp^TS1] z ]RaTM Z�[ P�e ZTK �CPÕdt� K�Z PÕ� K ay~	u�]Y��d�á�] K ��] [ So~cM�aTMö��Xë~ Z ��MRS1PUM��TS
P:�{�N] [ S:~�ê=�TM�^TS1]RPUM Z\[ ]<a.d Z Pv��de^.d�S [ ~OM��$a ô a��g^ K �TS K � [ M Z ~cSK� Z ~ Z ��MRS1PUM��CSLaTM zRK �TS
d Z\[jK ^ [ ~���~OPU]fa\� K �TP
^TSU]QPUM Z�[UK�Z P��OMQP�S1]RP:�y� [ d [ P K � [ M Z �TP�Po�CS z M [ ~ Z ��MRSUP1M��TS�a

|!d ·�~{á¡�TSUMP�$aÃò!*.î�d�ñoSUMQ^TSU]QPUM Z�[ MÁ�OM�P z cT]��7dDM [ �cMRP�ay~��NM Z P:~ K�Z P}aTM���Xë~ Z ��MRS1PUM��TSY�.df��~OP [ ~3ê{�CM�aTM
zRK �CS
d Z\[ Po~3�?�y�O]fa.|�d���d�S�á�M��TStaTM���db�TSod Zyz cTMlá�d�� z cCM4MQP [ aTM ô ¼¡¼ Z � M [ ��db� K�Z á¡�TM��TStaTM���db�TS
d Zyz cTM
aTS K ~ [ MjaTM�òt¼¡¼ Z ��a¡¶LM����cM�aTM«��d��TS
d Zyz cTMw~ Z�� ]RSo~cM��TS1M�MRP [ aTMQ$¡¼ Z �ia�� K �TPKdB� K�Z Pway~���~ Z �T]v�O];á�xRSUM���M Z\[
�OMQPLay~3��M Z Po~ K�Z PLaCMRP«�TSod Zyz cTMQP�aTS K ~ [ M�M [ ~ Z$� ]RS:~OM��TSUM'^.d�S�Sod�^T^ K S [ d��}ay~cPU^ K Po~ [ ~ �8ZTK�Z}K ^ [ ~���~OP1]�aF� K �TP
dB� K�Z P`^.d�S zRK�Z\[ S1M¨d��xá���M Z�[ ]&��d���dhS�á�M��TS4aCM&��di�TS
d Zyz cTMpaTM|á�d�� z cCM¨dhu Z aCM � dB� K S:~OP1MRS8�cMo^.dhPUP
d\á�M
ay�Õó.��½�aqX�]��cM zQ[ S K�Z P�M Z ^TS K ��M Z d Zyz M4ay� zRK�Z\[ d zQ[ aTS K ~ [ ��MQSUP��OM zRK�Z�[ d zQ[ á�d�� z cTM�M [ �YX K So~cM Z\[ d [ ~ K�Z aTM
��dÕ�TS
d Zyz cTM¨~ Z�� ]RSo~cM��TS1M&d~] [ ] z c K ~cPo~OM�aTM´�7d Z ~3xRSUM k a$~���~ Z �TMRS��OM zRK �TS
d Z\[ S1]RP:~Oay�TM�� IB

� K S1Poê=�TM´��d
[ M Z Po~ K�Z aTM�á�So~3���OM'MRP [ ]��OM���]RMfa
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�j���t� �$aÃò!*N�Øî�d�ñ<� z cT]��&dpaCM?�YXH~ Z ��MQSUP1M��TS��.df��~OP [ ~3ê{�CM4aTM zQK �TSod Z\[eK ^ [ ~���~OPU]gM [ ^ K P:~ [ ~ K�ZTZ M��NM Z\[ aCMRP
á�So~3���cMRP@� z c Kh[U[ ó��&��d [ ]RS
df�OMRP�a=|5MRPMá�S:~��3�OMRPwP K�Z\[ SUMQ^TSU]QPUM Z�[ ]RMQP�M Z}ZTK ~cS�a�î���ñj� z cT]��&d`aCM#^ K ��d�S:~OPod [ ~ K�Z aTM
�YXH~ Z ��MQSUP1M��TS K ^ [ ~���~OP1]�a

���TS?��dY·�~{á¡�TSUML�$a ô ¼$e ZTK �TP?dt� K�Z PdS1MR^TS1]RPUM Z\[ ]Õ�OMQP zRK �TS
d Z\[ P K � [ M Z �TPd^.d�S4Po~��8�y��d [ ~ K�Z a.d Z Pb�OMQP
�TS
d Zyz cTMRP z M Z\[ Sod��OM#M [ á�d�� z cTM IB

M [ IL
M Z´�/K�ZyzQ[ ~ K�Z aTM���d [ M Z P:~ K�Z dh^T^y��~3ê=�T]RM VG

^ K �TS VL = VB =

V = 200 mV abx�d�S'S
d�^T^ K S [<k �YXH~ Z ��MQSUPUM��TS ZCK�Z�K ^ [ ~���~OP1]�e ZTK �TP�dB� K�Z P�d��!á¡��M Z\[ ]���d [ M Z Po~ K�Z aqXëd���~ �
��M Z\[ d [ ~ K�Z V aTM 60 mV

k
200 mV e Z ~3��MBd��~aTM [ M Z Po~ K�Z ^ K �TS��OM�ê{�CM�� ZTK �TP ZTK �CP'P:~ [ � K�Z P [nK ��í K �TSUP

M Z SU];á�~��NMb��~ Z ]Bd�~cSUM.aTM zRK �TS
d Z\[ a¸|�d�á�So~3���cMi� z c K�[1[ ó��ÜSU]QM����cM�d�d��CPUPo~@] [ ]�P:~��?�$�O]RMi^.dhSgaCM���½�á�S:~����cMRP
� z c K�[1[ ó�����d [ ]RSod��OMQP�a�� K �TP¸dt� K�Z P�d�í K � [ ]�� Z M [ M Z P:~ K�Z aTMv¼$a���±tVÙdhu Z aTM [ M Z ~OS zRK �N^ [ MjaTM���dwc.df� [ M��TS
aTM �.d�S1So~�xQSUMg� z c K�[U[ ó=�Õê=�y~ Z XMQP [ ^.d�P}~ Z$z ���CPUM�a.d Z P}�cMRPtPo~3�?�y��d [ ~ K�Z P�a

¶ K �7�NM��cM�� K�Z\[ SUM���d?·¸~,á¡�TS1M;�$a ô ¼$e���d [ M Z P:~ K�Z aCM}á�So~3���cM Z ] z MQPUP
df~OSUMe^ K �TS zRK�Z\[ S ú �OMQSn��d8�TS
d Zyz cTM
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� Z ^TS1M Z d Z\[ aTM [ M��3�OMRPi^TS1] z d�� [ ~ K�Z P�e ZCK �TP´dB� K�Z P´df~ Z P:~}d [U[ M�~ Z\[ �OMQP��NM�~3���cM��TS1MRPdPU^b] z ~cu z d [ ~ K�Z PNay�
�&dhPoê=�TM��CS']��OM z [ S K�Z ~�ê=�TM4aTM��YXHÏ#�j±~�UdB��M z � Z M4^TSU] z ~cPo~ K�Z aqXëd���~{á Z M���M Z�[ aTM��YX K S1aTSUMgaTM ô ¼ k �¡¼ Z �
zRK ���NM��OM�� K�Z\[ S1M���dµ·�~,á��TSUM���a2�¡¼¡ñ�a

���W���YÞ IÜ"wAC"w6b&(3qAT*�>F"%&(*�+wº�X2&(7Ó02$43qAT")&(E'AT7©"@0 �#*�"@º@&C7

õ d Z P z M [U[ M'^.d�S [ ~OMfe ZTK �CPj^TS1]RP1M Z\[nK�Z P«�OMQP@S1]RP:�y� [ d [ P@aTMRP��NMRPo�CSUMRPjSU]�d���~cPU]RMQPwPo�TS��YXH~ Z ��MQSUP1M��TS��.d��3~OP �
[ ~3ê{�CM4aTM zRK �CS
d Z\[ �yd�PU]4Po�TS�� Z M}í K�ZyzQ[ ~ K�Z M Z ïP:~��?�$�O]�d���^yd�S
d�á�S
d�^ycCME�$a ô a��N^y�$~OP#P:�TS���Xë~ Z ��MRS1PUM��TS
a K�Z\[ �OMQP�^fMQS �/K S:�&d Z$z MRP K�Z�[ ] [ ] K ^ [ ~���~OPU]QMRPt^.dhStPo~��8�y��d [ ~ K�Z ± K�Z\[ M`¶«d�S:� K d��m^.d�Sod�á�S
dh^ycTM��$a ô a��$a

þ �bý ¬ ¯ ®R¬ �Ó¯oçy����� ® ����üq� ¬ ö ¬ è��b�Ó¯´�T�f�Nç�� ® õ ® �Ó¯}��� ¬~W �b�yè����/�f� ¬ � á

� æ �Tçy¯´��è��C�����b�

õ d Z P z M [1[ M<^yd�S [ ~OM�e ZTK �TP�^TS1]RPUM Z\[nK�Z Pw�cMRPjSU]RP:�y� [ d [ PjaTM z d�S
d z [ ]QSo~OPod [ ~ K�Z´õ ¶ÂS1]Bd��3~OP1]RM�Po�TS«��Xë~ Z ��MRS1PUM��TS
�.d��3~OP [ ~�ê=�TMgaTM zQK �TS
d Z�[ �.d�PU]`Po�TS�� Z M�í K�Zyz [ ~ K�Z M Z ï¥a K�Z�[ �OM zQK �N^ K S [ M���M Z�[ dB��df~ [ ] [ ]`Po~��8�y�O]8d��
^.d�Sod�á�S
dh^ycTML�$a ô a2�$a!� Z � [ ~��3~OPod Z\[ �cM�^CS K{z ]RaC] [ M z c ZTK � K á¡~3ê{�CM�^TS1]RP1M Z\[ ]payd Z P8��d�^yd�S [ ~OML�$a ô a��ye ZTK �TP
dB� K�Z P � d��CSo~�ê=�T] z M [ ~ Z ��MQSUP1M��TS�aTM zRK �CS
d Z\[ a

¶ K �7�NMµ�OM�� K�Z�[ SUM���di·�~,á��TSUMH�$a�� ô e���dÕ��dhS�á�M��TS�aTM z c.d z � Z M�aTMRP8�TS
d Z$z cTMRP4MRP [ aTMYò ô ¼ Z �µM [
��d�� K�Z á��TM��TS�aTMÁò!$�¼ Z �ian|�dØ��d�S�á�M��TSNaTMö��d�á�So~3���OMmMQP [ d��CPUPo~'aTMÁò ô ¼ Z �ian|5MRP}aCM���½HSUM zQ[ d Z á¡�OMQP
[ Sod Z PU^yd�SUM Z�[ PpaTM~^.d�S [ M [ aqX�df� [ S1M�aTMQP´�TS
d Zyz cTMRPoPo�T^b]RS:~OM��CSUMRPoP K�Z\[ �cMRPo^CS K�[ M zQ[ ~ K�Z P7��d [ ]QS
d��cMRPNM Z
SU]QPo~ Z M}�<�TÚ Z ] z MQPUPod�~OS1MRP@^ K �CS%]��{~ [ MRSK�OM zQK�Z\[ d z [ M Z\[ SUM}��d}á�So~3���OM�� z c K�[1[ ó��iM [ �cM z d Z d��!î�� K ~OS%M Zyz d�S [ ñsa

ô ¼\³



�j���t� �$a2� ô �?Ï Z ��MRSUP1M��TSv�.d��3~OP [ ~�ê=�TM�aCM zRK �TSod Z\[ �.d�PU]�P:�TS5� Z M�í K�Zyz [ ~ K�Z M Z ï�a=|5MRPwSUM zQ[ d Z á¡�OMQP%aTM�^.d�S [
M [ a8X�d�� [ SUMdaCMRP �TS
d Zyz cTMRP�P:�T^f]QSo~cM��TS1MRP�P K�Z\[ �cMRPe^TS K�[ M zQ[ ~ K�Z P���d [ ]QS
d��cMRP<M Z SU]RP:~ Z Mµ�#�TÚ Z ] z MQPUPod�~OS1MRP
^ K �TSt]��{~ [ MRSw�cM zRK�Z\[ d zQ[ M Z\[ S1M`��d�á�So~3���cMe� z c Kh[U[ ó��mM [ �cM z d Z d���î�M Zyz d�S [ ñsa

� �4�T¯���è���õ�¯´� ® �C���/�b�Höy�H��¯���� ® â%�b¯���ç��T��� ® ����üq� ¬

� Z¦[ M Z d Z\[?zQK ��^ [ MNaTM&��di��d�S�á�M��TSgaTMoaT]Q^y�O] [ ~ K�Z aCMY��¼ Z ��e���d���dhS�á�M��TS�ay� z d Z d��@a.d Z P`�OM�ê=�TM��jP1M
aT]R^$��d z M Z\[ �cMRPÓ]��cM z [ S K�Z P�df�4P1M�~ Z aTM���d�í K�Zyz [ ~ K�Z MQP [ aTM"��¼ Z ��e z Mvê=�y~�MRP [ ~ Z$� ]RS:~OM��TS!d��`�3~��TS1M%^.d�S zRK �TS1P
� K ��M Z�k.[ M��N^b]RS
d [ �TS1M�d��?�y~�d Z\[ Mµî#ò!�¡¼ Z � ���h��ñ�ay|ÓM [ S
d Z PU^ K S [ a K ~ [ a K�Zyz�°Q[ SUM��.d��3~OP [ ~�ê=�TMfaZ��u Z aTM
aT]�� K�Z\[ S1MRS��OM z dhS
d z [ xRS1M7�yd���~cP [ ~3ê=�TMiay� [ S
d Z P1^ K S [ e ZTK �TP8dB� K�Z P8�NMRP:�TSU]��YX�]�� K ��� [ ~ K�Z a$�l^ Kh[ M Z\[ ~OM��
aTM¨��d��TS
d Z$z cTM z M Z\[ S
d��cM Vc

aqXH� Z M`í K�Z$zQ[ ~ K�Z M Z ï¾aTM}ay~3��M Z Po~ K�Z P.P:~���~���df~OSUMQP�^ K ��d�So~cPU]QMoM Z � K aCM
^y�TP:c � ^y�$���5î V = VR = −VL

ñjM Z¨�/K�Zyz [ ~ K�Z aTM���d [ M Z Po~ K�Z d�^T^$��~�ê=�T]QM V a$|%XM Zyz d�S [ aTM���d?·�~{á¡�TSUM)�$a��:�
SUMQ^TSU]QPUM Z\[ M z M [U[ M�í K�ZyzQ[ ~ K�Z aCM���d�S�á�M��TS)aCMw�TS
d Z$z cTM`ò ô ³ Z �2M [ aTMw� K�Z á¡�TM��CS%aTMw�TS
d Zyz cTM�ò!$¡¼ Z �ia�|�d
��d�S7á�M��CS�aTM �TS
d Zyz cTMgMRP [�[ SoxRP}�c];á¡xQSUM��NM Z\[ Po�C^f]QSo~OM��TSUM�d��{½°ò ô ¼ Z �saTM ZCK�[ S1M�~ Z ��MQSUPUM��TS��.d���~cP [ ~�ê=�TM�a

ô ¼:$



|!d´�NMRP:�TSUM`ay��^ K�[ M Z\[ ~cM�� Vc
M Z S1];á¡~3��M`��~ Z ]Bd�~cSUMgMRP [ � K�Z\[ SU]RM`Po�TS���d´·�~,á��TSUM��$a2�%�$az� K �TP�dB� K�Z P

^TSU]�d���df�y�OM���M Z�[ S1M [ ~cSU]`��di^.d�S [ ~OM`��~ Z ]Bd�~cSUMeaTM?��d7�NMRP:�TSUM4ay�TMbd��{½�S1]RP:~OP [ d Zyz MRP<aqXëd z�z xRP [UK � [�zRK ���NM
ZTK �TP7�YXëdB��~ K�Z P � d�~ [ a.d Z P´�OMQP7�NMRP:�TSUMQPpM [ Po~3�?�y��d [ ~ K�Z Piay� z c.d�^$~ [ S1MYÏ:Ïµdhu Z aCM Z X K � [ M Z ~OS�ê=�TMÄ�cM
zRK �N^ K S [ M��NM Z\[ ~ Z�[ So~ Z Pox�ê{�CM<aTM���dwí K�ZyzQ[ ~ K�Z aC� K �TP K �CPUMRS� K�Z P�ê=�TM Vc

MRP [wz ��d�~OS1M��NM Z\[ ^.dhS
d�� K ��~3ê=�TM�e
z M�ê=�y~8aT]�� K�Z\[ S1M��OM z d�Sod zQ[ xRSUM��.d���~cP [ ~�ê=�TM#a$� [ S
d Z PU^ K S [ a$|5M [ S
d Z P1^ K S [ df�}PUM�~ Z aTM ZTKh[ SUM�~ Z ��MQSUPUM��TS
MRP [ a K�Zyz �.d��3~OP [ ~�ê=�TMfa

�j���t� �$a��:�Ü�Hx K�[ M Z\[ ~cM�� Vc
M Zû�/K�Z$zQ[ ~ K�Z aTMö��d [ M Z Po~ K�Z d�^T^y�3~�ê=�T]QM V � K SUPoê=�TMö��dÕí K�Zyz [ ~ K�Z M Z ï

SUMQ^TSU]QPUM Z\[ ]RM`ayd Z P}�YX�M Zyz d�S [ MQP [ ^ K ��d�S:~OP1]RM<M Z � K aCMe^y�TPoc � ^y�y�3��î V = VR = −VL
ñ�a

� �4�T¯���è���õ�¯´� ® �C���/�b� ù �

v Z M �/K ~OPn�cM z dhS
d z [ xRS1M��.d��3~OP [ ~�ê=�TM'aTM ZTK�[ SUM�~ Z ��MRSUP1M��TS«��]RS:~cu�]fe ZTK �TP}dB� K�Z PtSU]�d���~cPU]<aTMQPw��MQPo�TS1MRP õ ¶
dhu Z aqX K �TPUMQS:��MQSb��d zRK ���?� [ d [ ~ K�Z aTMRP zRK �TSod Z\[ P.M ZØ�/K�Zyz [ ~ K�Z aTM7��d [ M Z Po~ K�Z aTM|á�So~3���OMfaR|�dY·�~{á¡�TS1M
�$a�� ô S1MR^TS1]RPUM Z\[ M���d«í K�Zyz [ ~ K�Z �.df��~OP [ ~3ê{�CM k á�So~3���OM'� z c K�[U[ ó=�&dB��M z P K�Z P z cT]��&d.aTM'^ K ��d�S:~OP
d [ ~ K�Z a\x K �TS

ô ¼:*



�OMQP¨��MQPo�TS1MRP õ ¶�ew�OMQPi�CS
d Zyz cCMRP~á�d�� z cTMÜM [iz M Z\[ Sod��OM K�Z\[ ] [ ]J^ K ��d�So~cPU]RMQP}aTM°�&d Z ~�xQSUMÄ~caTM Z\[ ~3ê=�TM
î VL = VB = 60 mV ñ'M [ ��d&�TSod Zyz cTMdaCS K ~ [ M`MQP [ S1M���~c]RM k ��d7�7d�P1PUM�aO|!d [ M Z Po~ K�Z VG

dp] [ ].^ K ��d�S:~OPU]
aTM � ò¡a�¼NV k ¼$aÃò`V?a�|!d [ M Z P:~ K�Z dh^T^y��~3ê=�T]RM8d���½ö�CS
d Zyz cCMRPeaTS K ~ [ M`M [ á�d�� z cTMµdp] [ ] z c K ~OP:~OMbdhu Z aTM
PUM<P:~ [ �TMRSja.d Z P«��d �RK�Z M���~ Z ]Bdf~OSUM�aTM zRK �TSod Z\[wz dhS z X�MRP [ a.d Z P z M [1[ M �QK�Z M�ê=�TM ZTK �TP�^ K �$� K�Z P�^TS K u [ MQS
^y�OM�~ Z M���M Z\[ ay��S1];á¡~3��MeaTM [ Sod Z P1^ K S [ �.d���~cP [ ~�ê=�TM zRK �7�NM ZTK �TP��YXëdB� K�Z P�aT]�� K�Z\[ SU]�^.d�S��OM��y~�d�~OPtaCMRP
Po~3�?�y��d [ ~ K�Z P�± K�Z\[ M}¶«dhSo� K d�� z c.d�^$~ [ S1MnÏ:Ï<a\���TS���d�·¸~,á¡�TS1M��$a��%�ye ZTK �CP5dB� K�Z P�SUMR^CSU]RP1M Z\[ ]}�cMRP zQK �TS
d Z�[ P
��MQPo�TS1]RP IL

M [ IB
M Zi�/K�ZyzQ[ ~ K�Z aTM ��d [ M Z P:~ K�Z aTM�á�S:~��3�OM�dh^T^y��~3ê=�T]RM VG

a

�j���t� �$a2���~�?±�MRPo�CSUMRP�M�½(^b]RSo~3��M Z\[ d��cMRP.aTMQP zQK �TSod Z\[ P IB
M [ IL

M ZÜ�/K�ZyzQ[ ~ K�Z aCM VG
î VL = VR =

60 mV ñL^ K �TSw��d�í K�ZyzQ[ ~ K�Z S1MR^TS1]RP1M Z\[ ]QME�$a�� ô a

� K �TP K �TPUMQS:� K�Z PÕ�y~OM Z ��d zRK �7�?� [ d [ ~ K�Z aTMRP zRK �TS
d Z\[ P}M Zû�/K�Zyz [ ~ K�Z aTMö��d [ M Z P:~ K�Z aTM�á�So~��3�OM
d�^T^y�3~�ê=�T]QM�af|ÓM zRK �N^ K S [ M��NM Z\[ ay�`ay~OP1^ K P:~ [ ~ � MQP [ �cMLP:�y~3�fd Z\[ a�| K SUP:ê{�CM«��d [ M Z Po~ K�Z aTMMá�S:~��3�OM�d�^T^y�3~�ê=�T]QM
MRP [�� d�~3�y�OM7î VG < −1.0 V ñse1��d7ê=�.d�P:~ �Y[nK�[ d���~ [ ]eay�Yóy��½_]��OM zQ[ S K�Z ~3ê{�CM`M Z ^TS K ��M Z d Zyz MdaTM?��d��TSod Zyz cTM
aTS K ~ [ MiMQP [ a$~OSo~{á�]RMdayd Z P8��di�CS
d Zyz cCM z M Z\[ S
df�OMNM [ IL

��df� [ ¼�aÓxK�$~OP�� K S1Poê=�TM ZCK �TP`d��xá¡�NM Z\[nK�Z P VG

í:�TPoê=�qX k d [U[ M�~ Z aTSUM�¼$aÃòeV?e.� Z M�á�Sod Z aTM�^.d�S [ ~cMeay�ióy��½m]��cM z [ S K�Z ~�ê=�TM�M Z ^TS K ��M Z d Zyz M4aTM`��d?�TS
d Zyz cTM
aTS K ~ [ M#MRP [ ay~cSo~,á�]RM���MRSUP���d?�CS
d Zyz cCMlá�df� z cTM [nK � [ M Z dB�¡d Z\[ � Z�zQK �TS
d Z�[ S1]RPo~cay�TM�� IB

a

� �4�b�¦ây�T¯���� ® �f�Âö ¬F® ¯�õ ® �y�/���C� ® �\ý ¬ è~� ¬F®i® �������/�C���/�b� ®.« �b�f� ¬ �4�T¯´���

ô òt¼



¶ K ����M`�OM?� K�Z\[ S1M?��d¨·�~{á¡�TS1ME�$a��%�ye��OM.Sod�^T^ K S [ aCMRP zRK �TS
d Z\[ P IB
� K SUP:ê=�TM VG < −1.0 V M [ VG >

0.1 V e IB(VG<−1.0V )
IB(VG>0.1 V )

aTM ô a��`^ K �TSK�YXH~ Z ��MQSUP1M��TS z d�Sod zQ[ ]RSo~cPU]fa�|%Xëd z�zQK SUa�MRP [L[ S:xRPv� K�Z dB��M z ��d��fd��OM��TSwaTM
K � [ M Z �TM�^.d�S'��~3�?�y��d [ ~ K�Z ± K�Z\[ M8¶«dhSo� K ê=�y~5MQP [ aTM ô a��Yîk� K ~cSt^.d�S [ ~OM���a ô a���ñsa

x�d�S zRK�Z\[ SUM�e ZTK �TP4^ K �$� K�Z P K �TPUMQS:��MRS8ê=�TM7�YXH~ Z\[ MQS:�fd��3�OM.aTMµ�fd��OM��TSUP VG
S1M�ê=�y~OPg^ K �TS K � [ M Z ~OS ��d

zRK ���?� [ d [ ~ K�Z ay�_ay~cPU^ K Po~ [ ~ �¸� d��CSo~�ê=�T]�� � ò¡aë¼NV k ¼$aÃòRV#��ay~30�xQSUMgaTM z M����$~�ay��ay~OP1^ K P:~ [ ~ � Po~��8�y�O]N� � ¼$a�±
V k ¼$a�¼dV#�²a

� Z M�0fM [ e=��d [ M Z Po~ K�Z aCM�^$~ Zyz M��NM Z\[ SUM���d [ ~Ã��M���M Z�[ ~3��^ K S [ d Z\[ M�MQP [ ��~c]RM}d�� � d�~ [ ê{�8Xë� Z M#^.d�S [ ~cMtaTM
��d�á�S:~����cM%SUMQ^ K P1MjP:�TS���d��#�TÚHaTMQP�^TS K�[ M zQ[ ~ K�Z P���d [ ]RSod��OMQP�aë|�dqá�S:~��3�OM � d��CSo~�ê=�T]QMjMQP [ a K�Zyz ��d zRK �8�y~ Z df~OP K�Z
aqXH� Z M�á�S:~����cMj� z c K�[1[ ó��dPo�CS5�OMLaCMRPUP:�TP@M [ aqXH� Z M�á�So~��3�OML±~] [ d��$ÏBP K ��d Z�[ �(M���~ ��zRK�Z a$� zQ[ M��TS}î�±�Ï��yñ�P:�TS5�OMQP
zRú�[ ]RP@aTMRPv��MQP
d zRK ����Mw�cM�� K�Z\[ S1M}�YX�M Zyz d�S [ aTM���d�·�~,á¡�CSUMQ�$a�� ô a{|�d [ M Z P:~ K�Z�Z ] z MRP1P
d�~cSUM#^ K �TSw^y~ Zyz MQS
��d}�TS
d Zyz cTM�á�d�� z cTM�MRP [ d�� K SUP!�O]^á¡xRS1M��NM Z\[ P:�T^f]QSo~cM��TS1M k�z M����cMjS1M�ê=�y~cPUM�^.dhS�� Z M�á�So~3���OM@� z c K�[U[ ó��.Po~ [ �T]QM
d��maTMRP1Po�TP'ay� z d Z df��a õ X K�� �OMeaC] z df��d�á�MeaCMRP [ M Z Po~ K�Z P�aTM zRK ���?� [ d [ ~ K�Z a
� �4�b��è\��� ® ���b�

x K �CS zQK�Zyz �3�TSUMmP:�TS&�cMRPiSU]QPo�y� [ d [ P K � [ M Z �TP�Po�TS��YXH~ Z ��MRSUP1M��TS��.d��3~OP [ ~�ê=�TM}aCM zQK �TS
d Z�[ �.d�P1]�P:�TS7� Z M
í K�Zyz [ ~ K�Z M Z ï�e ZTK �TP4^ K ��� K�Z P4ay~OS1M7ê=�TM&�7~cP k ^.d�S [ ��d�ay~308]QSUM Zyz M7ê{�yd Z\[ ~ [ d [ ~Ã��MNPo�TS���d�^y��d\á�MiaTM
�fd�So~�d [ ~ K�Z aTMµ��d [ M Z P:~ K�Z aTM�á�So~3���cM VG

eR�OMQPgP:~��?�$��d [ ~ K�Z P ô�õ M [ �OMRP �NMRP:�TSUMQP4P K�Z\[ ê=�.df��~ [ d [ ~Ã��M���M Z�[
M Z�[ SoxQP�� K�Z d z�zQK SUaOa�|%Xë� [ ~��3~OP
d [ ~ K�Z a$�_Po~3�?�y��d [ M��CS<± K�Z�[ Mµ¶«d�S:� KÕô�õ MRP [ ^yd�S � d�~ [ M���M Z�[ d�a.dh^ [ ]QM k
��d zQK�Zyz MQ^ [ ~ K�Z aTM�ay~OP1^ K P:~ [ ~ � P«�.df��~OP [ ~3ê{�CMRP}d z [ ~ � P�e z M ê=�y~ÓPUMQS
d kNZCK �$��M�d���aT]�� K�Z\[ S1]gayd Z P���d.^.d�S [ ~cM
Po�y~Ã�fd Z\[ M�a

þ �bý ¬ ¯ ®R¬ �Ó¯oçy����� ® ����üq� ¬ ö ¬ è��b�Ó¯´�T�f�N�bâÓ�����l� ® õ

� æ �Tçy¯´��è��C�����b�

õ d Z P z M [1[ M<^yd�S [ ~OM�e ZTK �TP�^TS1]RPUM Z\[nK�Z Pw�cMRPjSU]RP:�y� [ d [ PjaTM z d�S
d z [ ]QSo~OPod [ ~ K�Z´õ ¶ÂS1]Bd��3~OP1]RM�Po�TS«��Xë~ Z ��MRS1PUM��TS
�.d��3~OP [ ~�ê=�TM.aCM zQK �TSod Z\[�K ^ [ ~3�7~cPU].a K�Z\[ �cM zRK �N^ K S [ M��NM Z\[ dB��df~ [ ] [ ]iPo~3�?�y�O]?d��J^yd�S
d�á�S
d�^ycCM(�$a ô a2�$a
� Z � [ ~3��~OPod Z\[ �cM.^TS K�z ]RaT] [ M z c ZTK � K á¡~3ê=�TM`^TS1]RP1M Z\[ ]Na.d Z P���do^.dhS [ ~cME�$a ô a��ye ZCK �TP dB� K�Z P � d��TSo~3ê=�T] z M [
~ Z ��MQSUP1M��TS�aTM zRK �CS
d Z\[ a

ô ò¡ò



¶ K �7�NM?�cMb� K�Z\[ SUMb��d¨·¸~,á¡�TS1M<�$a���±�eO��d´��d�S7á�M��CS<aTMµ��d´�TSod Zyz cTM�á�df� z cTMiMRP [ aCM ô�ô ¼ Z � [ d Z ay~cP
ê=�TM z M��3�OMiaTMNaTS K ~ [ MiaTM�òt¼¡¼ Z ��a�|�dÕ��d�S7á�M��CSgaCM7��di�TSod Zyz cTM7~ Z$� ]QSo~cM��TS1MNMQP [ aTML$¡¼ Z �ia�|5MRPgaTM��{½
SUM zQ[ d Z á¡�OMQP ZTK ~OSUP�aTM�^.dhS [ M [ aqXëd�� [ SUM�aCM«��d��TS
d Z$z cTM�á�d�� z cCM�P K�Z\[ �cMRP�^TS K�[ M z [ ~ K�Z P���d [ ]QS
d��cMRPyM Z SU]QPo~ Z M
�<�TÚ Z ] z MRP1P
d�~cSUMRP�^ K �TS�]��{~ [ MRSw�cM zRK�Z\[ d zQ[ M Z\[ S1M`��d�á�So~3���cMe� z c Kh[U[ ó��mM [ �cM z d Z d���î�� K ~OS�M Zyz dhS [ ñsa

�j���t� ��a2��±g�´Ï Z ��MRS1PUM��TS��.d��3~OP [ ~�ê=�TMeaCM zQK �TSod Z\[#K ^ [ ~���~OP1]�a$|ÓMQP'S1M z [ d Z á��OMRP ZTK ~OSUP�aTMg^.d�S [ M [ aqXëd�� [ S1M
aTM?��d&�TS
d Zyz cTM
á�d�� z cTM.P K�Z�[ �cMRP'^TS K�[ M z [ ~ K�Z P���d [ ]RSod��OMQP#M Z SU]RP:~ Z M?�<�TÚ Z ] z MRP1P
d�~cSUMRP�^ K �TS']��{~ [ MRS��cMzRK�Z\[ d zQ[ M Z\[ SUM ��d�á�S:~��3�OMe� z c K�[U[ ó��mM [ �OM z d Z d���î/M Zyz d�S [ ñ�a

� �4�T¯���è���õ�¯´� ® �C���/�b� ù �

� K �CP}dt� K�Z P�SU]�d���~cPU]<aTMQP}��MQPo�TS1MRP õ ¶ d´u Z aqX K �TPUMQS:��MQS���d zRK ���?� [ d [ ~ K�Z aTMQP zQK �TSod Z\[ P�M Z¨�/K�Zyz [ ~ K�Z
aTM���d [ M Z Po~ K�Z aTM}á�S:~����cM�a{|�db·�~,á��TSUM)�$a2�¡±`SUMR^CSU]RP1M Z\[ M ��d}í K�Zyz [ ~ K�Z �.d���~cP [ ~�ê=�TM k á�So~��3�OM'� z c Kh[U[ ó��ÕdB��M z
P K�Z P z cT]��7d�aTMp^ K ��dhSo~OPod [ ~ K�Z aÓx K �TSb�OMQP?�NMRPo�CSUMRP õ ¶�e®�OMQP?�TS
d Zyz cTMRP
á¡d�� z cTM}M [bz M Z�[ S
d��cM K�Z\[ ] [ ]
^ K ��d�S:~OPU]QMRPdaTMÕ�7d Z ~3xRSUM¨~caTM Z\[ ~�ê=�TM�î VL = VB = 200 mV ñ.M [ ��dÄ�CS
d Zyz cCM�aTS K ~ [ M}MRP [ SUM���~c]RM k ��d

ô ò ô



�&dhPUPUMfa!|!d [ M Z Po~ K�Z VG
d�] [ ]�^ K ��d�S:~OPU]daCM � ¼�a��mV k ¼$a ô V?a!|�d [ M Z P:~ K�Z d�^T^y�3~�ê=�T]QM&d��{½Ø�CS
d Zyz cCMRP

aTS K ~ [ M'M [ á�df� z cTM d.] [ ] z c K ~cPo~OM�dhu Z aTM<P1MgP:~ [ �TMRS�ayd Z Pw��d �RK�Z M��3~ Z ]�d�~OS1M'aCM zRK �TSod Z\[}z d�S z X�MRP [ a.d Z P
z M [U[ M �RK�Z Mµê{�CM ZTK �TP4^ K �$� K�Z Pg^TS K u [ MQS4^y�cM�~ Z M��NM Z\[ ay�ÜSU]^á¡~��NMdaTM [ S
d Z PU^ K S [ �.df��~OP [ ~3ê{�CM zRK ���NM
ZTK �TPn�YXëdt� K�Z P�aC]�� K�Z\[ SU]#^.d�S«�cM��y~�d�~OPjaTMRPtP:~��?�y��d [ ~ K�Z Pj± K�Z\[ M�¶«d�So� K d�� z c.d�^$~ [ S1M�ÏoÏ<aT���TS«��d8·�~{á¡�TS1M
�$a����$e ZTK �CP�dB� K�Z P#S1MR^TS1]RPUM Z\[ ]?�cMRP zRK �TSod Z\[ P���MQPo�TS1]RP IL

M [ IB
M Z��/K�Zyz [ ~ K�Z aCM`��d [ M Z P:~ K�Z aTMlá�So~��3�OM

d�^T^y�3~�ê=�T]QM VG
î��3~,á Z MRPtP K ��~OaCMRP<ñsa

�j���t� �$a2�����?±�MRPo�CSUMRP�M�½(^b]RSo~3��M Z\[ d��cMRP.aTMQP zQK �TSod Z\[ P IB
M [ IL

M ZÜ�/K�ZyzQ[ ~ K�Z aCM VG
î VL = VR =

200 mV ñ�^ K �TSw��d�í K�Z$zQ[ ~ K�Z SUMQ^TSU]QPUM Z\[ ]RME��a2��±{a

� K �TP K �TPUMQS:� K�Z PÕ�y~OM Z ��d zRK �7�?� [ d [ ~ K�Z aTMRP zRK �TS
d Z\[ P}M Zû�/K�Zyz [ ~ K�Z aTMö��d [ M Z P:~ K�Z aTM�á�So~��3�OM
d�^T^y�3~�ê=�T]QM�af|ÓM zRK �N^ K S [ M��NM Z\[ ay�`ay~OP1^ K P:~ [ ~ � MQP [ �cMLP:�y~3�fd Z\[ a�| K SUP:ê{�CM«��d [ M Z Po~ K�Z aTMMá�S:~��3�OM�d�^T^y�3~�ê=�T]QM
MRP [�� d�~3�y�OM7î VG < −0.4 V ñse1��d7ê=�.d�P:~ �Y[nK�[ d���~ [ ]eay�Yóy��½_]��OM zQ[ S K�Z ~3ê{�CM`M Z ^TS K ��M Z d Zyz MdaTM?��d��TSod Zyz cTM
aTS K ~ [ MiMQP [ a$~OSo~{á�]RMdayd Z P8��di�CS
d Zyz cCM z M Z\[ S
df�OMNM [ IL

��df� [ ¼�aÓxK�$~OP�� K S1Poê=�TM ZCK �TP`d��xá¡�NM Z\[nK�Z P VG

í:�TPoê=�qX k d [U[ M�~ Z aTSUM�¼$a ô V?e.� Z M�á�Sod Z aTM�^.d�S [ ~cMeay�ióy��½m]��cM z [ S K�Z ~�ê=�TM�M Z ^TS K ��M Z d Zyz M4aTM`��d?�TS
d Zyz cTM
aTS K ~ [ M#MRP [ ay~cSo~,á�]RM���MRSUP���d?�CS
d Zyz cCMlá�df� z cTM [nK � [ M Z dB�¡d Z\[ � Z�zQK �TS
d Z�[ S1]RPo~cay�TM�� IB

a

ô ò!�



� �4�b�¦ây�T¯���� ® �f�Âö ¬F® ¯�õ ® �y�/���C� ® �\ý ¬ è~� ¬F®i® �������/�C���/�b� ®.« �b�f� ¬ �4�T¯´���

���TS���d´·�~{á¡�TS1ME�$a����$e1�OMQP zRK �TS
d Z\[ P K � [ M Z �TPe^.d�S'Po~��8�y��d [ ~ K�ZYô�õ î/M Z �e¤q�´ñ K�Z\[ ] [ ] ZTK S:�&d��3~OP1]RP�M Z
�?�y� [ ~O^$��~�d Z�[ �cM��TS��fd��OM��TSL^.dhSn� Z Me]Q^.d�~cPUPUM��TS�aTM8ò�±�¼ Z � dhu Z aCMe^TSUM Z aTSUM#M ZÕzRK �N^ [ M���d4ay~OS1M zQ[ ~ K�Z��
ZTK�Z Po~��8�y�O]QM4M Z VK�TM`aCM?��df� [ a�¶LM���d�^bMRSo�NM [ aqX K � [ M Z ~cS�� Z M.aTM Z Po~ [ ]`P:�TS � d z ~�ê=�TM4aqX]��OM zQ[ S K�Z P ns

aTM
1, 5.1012 cm−2 P:~���~���df~OSUM kbz M����OM K � [ M Z �CM4Ms½C^b]RS:~��NM Z\[ df�OM��NM Z\[ a

¶ K �7�NMÕ�OMÕ� K�Z\[ SUMÕ��d�·¸~,á¡�TS1M[�$a2���$e5�OMmS
dh^T^ K S [ aTMRP zRK �CS
d Z\[ P IB
� K S1Poê=�TM VG < −0.4 V M [

VG > 0.2 V e IB(VG<−0.4V )
IB(VG>0.2 V )

aTM��ya ô ^ K �TS8��Xë~ Z ��MRS1PUM��TS z dhS
d z [ ]RS:~OP1]�a®|%Xëd z�zQK SUa!MQP [.[ SoxQP?� K�Z dt��M z ��d
�fd��OM��TS�aTM K � [ M Z �TMg^.d�S'��~3�?�y��d [ ~ K�Z ± K�Z\[ M8¶«dhSo� K ê=�y~5MQP [ aTM��ya���îk� K ~cSt^.d�S [ ~OM���a ô a���ñsa

� K �TPL^ K ��� K�Z P K �TPUMQS:��MRSwê=�TM���Xë~ Z�[ MRS��df���OMtaCM��fd��OM��TSUP VG
S1M�ê=�y~cP�^ K �TS K � [ M Z ~OSn��d zQK �7�8� [ d [ ~ K�Z

ay�lay~cPU^ K Po~ [ ~ �«� d��TS:~�ê=�T]_� � ¼�a���V k ¼$a ô V#�LMRP [ �O];á�xRSUM���M Z\[ ~ Z�� ]RSo~cM��TS kYz M����y~jay�lay~cPU^ K Po~ [ ~ � Po~3�?�y�O]
� � ¼$a�±�V k ¼$a���V'� z dhS?��d [ M Z P:~ K�Z¦Z ] z MRPUPod�~OS1Mm^ K �CS`^y~ Zyz MQS?��dY�CS
d Zyz cCM>á�d�� z cTMoM Z � [ ~���~cP
d Z\[ aTM��{½
á�So~3���cMRP#� z c K�[1[ ó��ö��d [ ]RSod��OMQPbî�� K ayx��cMtñ�MRP [ ^$���TP�~3��^ K S [ d Z\[ M`ê=�TM z M����OM`SUM�ê=�y~cPUMb� K SUP<aCMb�YXH� [ ~3��~OPod [ ~ K�Z
aqXH� Z M�á�So~3���cMe� z c Kh[U[ ó���Po~ [ �T]QM�d��maTMRP1Po�TP'ay� z d Z d��²a.|%X]�� K �3� [ ~ K�Z aTMRP zRK �TS
d Z\[ P�P:~��?�$�O]RPtM [ ��MQPo�TS1]RP
MRP [ a K�Zyze[ S:xRP�Po~3�7~3��d�~cSUM�a

� �4�b��è\��� ® ���b�

|5MRPmPo~3�?�y��d [ ~ K�Z P}± K�Z�[ MÁ¶«dhSo� K?ZTK �TP K�Z\[ a K�Zyz ^fMQSo��~OPpaqX K ^ [ ~���~OP1MRS´�cM zQK �N^ K S [ M���M Z�[ aCM ZCK P
~ Z ��MQSUP1M��TS1P¨�.d���~cP [ ~�ê=�TMRPNaTM zRK �TSod Z\[ ^TS K �$�fd Z\[ � Z M ZTK �$��M��3�OM �/K ~OP���d��fd��3~Oay~ [ ]}ay�û� K ayx��cM_± K�Z�[ M
¶«d�So� K�ô�õ VK�TM�aTM���d�� [ a

�4�f�Jâ%�b¯�� ¬ � ¬ �f��öU&Ó�Ó���l��üq� ¬ ç�� ®�®R¬ ûW¯�õFüq� ¬ �yè ¬ ö ¬ ��X	���fý ¬ ¯ ®R¬ �Ó¯�çy����� ® ����üq� ¬ ö ¬ è��b�Ó¯����f�
�¶ây�����l� ® õ

�#^TS:xRP�dB� K ~OS�] [ �Tay~O]��OM zRK ��^ K S [ M��NM Z\[ P [ d [ ~�ê=�TMgaTM`�YXH~ Z ��MQSUPUM��TS��yd���~cP [ ~3ê=�TM�aTM zQK �TSod Z\[ek á�So~��3�OM
� z c K�[1[ ó�� K ^ [ ~3�7~cPU]�SUMQ^TSU]QPUM Z�[ ]dPo�TS���d7·�~,á¡�CSUM��$a��\³�e ZTK �TP�dt� K�Z P�� K �y�3� K �TP1MRS:��MRS���d zQK �7�8� [ d [ ~ K�Z
aTMRP zQK �TSod Z\[ P�a�x K �TS¨��X] [ �TaTM�aCM�P K�Z zRK ��^ K S [ M��NM Z\[ �.dhPUPUM � S1]�ê=�TM Z$z M�e}��dÕí K�Zyz [ ~ K�Z d?a K�Zyz ] [ ]
^ K ��d�S:~OPU]QM zQK ����M�^ K �CS8�YX�] [ �TaTMpP [ d [ ~�ê=�TM°î VR = VB = 0.2 V ñ�M [ VL = 0 V a)� K �TPµdB� K�Z P?d�� K S1P

ô òI�



~ Z í1M zQ[ ]öd�� Z ~Ã��MBdf�ÂaTMö��d�á�So~3���OMi� Z P:~,á Z df� z dhSUSU] k �YXëd�~OaTM�aqXH� Z á�] Z ]RS
d [ M��CS¨�.d�PUP1M � SU]�ê{�CM Zyz MÜM [
K �TP1MRS:��]`��X]�� K �3� [ ~ K�Z aTMQP zQK �TSod Z\[ P k ��X�df~OaTM<a8Xë� Z�K P z ~��3� K P zRK ^bM Z �y�N]RS:~�ê=�TM�a

¶ K �7�NM ZTK �TPt^ K �$� K�Z P«�cM�� K ~OSLP:�TS«��d?·�~,á��TSUM��$a��:$$e ZTK �TP K �TPUMQS:� K�Z Pw�y~OM Z ��d zRK ���?� [ d [ ~ K�Z aCMRP
zRK �CS
d Z\[ P`î�~ z ~ ��£ ò é � � ñ�a

�j���t� ��a2�\³Ü�û��MQ^TSU]QPUM Z�[ d [ ~ K�Z ay� �7d�P:ê{�CMJaTM°��Xë~ Z ��MRS1PUM��CS��.df��~OP [ ~3ê{�CM�aTM zRK �TSod Z\[�K ^ [ ~3�7~cPU]fa}¶LM
�&dhPoê=�TM Z Xëdi^yd�P�] [ ] zQK�ZTå ��^ K �TS�aTMRP}�NMRP:�TSUMQP�c.df� [ M � SU]�ê=�TM Zyz M�a

ô ò�±



�j���t� �$a��:$N�Y�®� K �3� [ ~ K�Z a.d Z P��cM [ M���^CPeaTMRP zRK �TS
d Z\[ Pea.d Z P��cMRP��TSod Zyz cTMQPgaCS K ~ [ M IR
M [ �.dhP IB

M Z�/K�Zyz [ ~ K�Z aTM���d [ M Z Po~ K�Z aTM�á�So~3���OM�d�^C^y��~3ê{�C]RM VG
î � ¼$a��`VM [ ¼$aë¼`V ñ�a�|�d zRK ���?� [ d [ ~ K�Z aTMRP zQK �TS
d Z�[ P

MRP [ �$~OM ZmK �CPUMRS��]QM�a

x K �TSe^ K �$� K ~OSeMs½(^y� K S1MRS��cM �/K�Zyz [ ~ K�ZTZ M��NM Z\[ M Z�[ SoxQP�cyd�� [ M � S1]�ê=�TM Zyz MNaTM ZTK�[ SUMµ~ Z ��MRSUP1M��TS �.d �
��~cP [ ~3ê=�TM'aCM zRK �CS
d Z\[ e�~��bMRP [tZ ] z MRP1P
d�~cSUMeaTM zQK�Zyz M�� K ~OS�aTMQP«� K�[ ~ � Pn�}�(^bMRS«·¶S1]�ê=�TM Zyz M K ^ [ ~���~OP1]RP@^ K �CS
ay~���~ Z �TMQS}�OMRP'SU]QPo~OP [ d Z$z MRP#M [�z d�^.d z ~ [ ]RP<^.dhS
d�P:~ [ MQP#^TS K ��M Z d Z\[ aTMRP zRK�Z\[ d zQ[ P zRK ����M z M���d´dN] [ ] � d�~ [
^ K �TSw�OMeS1MRaTS1MRPUP1M��TS��.d��3~OP [ ~�ê=�TM ��·Ø��MQSUP õ ¶©a.d Z P}�OM z c.d�^$~ [ S1M ÏoÏ<a

ô ò��
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"@6¶&(*�à|>

|ÓM�^TS K�z ]RaT]�aTM � d��CSo~ z d [ ~ K�Z aTMQP~a$~OPU^ K P:~ [ ~ � P´d z [ ~ � P}SUMR^ K P1MÜP:�TS z M��3�y~<aTMQPmay~OP1^ K P:~ [ ~ � Pp^.dhPUPo~ � P
^TSU]QPUM Z�[ ]öd�� z cyd�^y~ [ SUM�ÏoÏ<a�Ï*� � d�� [ d�í K � [ MQS k�z M_^TS K�z ]RaT]��YX�] [ dh^fM~aTM�S1]Bd��3~OP
d [ ~ K�Z aCMY��d�á�So~3���cM}aTM
zRK ���7d Z aTM�� z c K�[1[ ó��bê=�y~TP1MtaT] zQK ��^ K P1MtM Z aTM���½i] [ d�^bMRP � ��d<SU]�d���~cP
d [ ~ K�Z aTMRPw^TS K�[ M zQ[ ~ K�Z P���d [ ]RS
df�OMRP
M Z �<�TÚ¥M [ ��d.S1]Bd��3~OPod [ ~ K�Z aTM ��d
á�S:~��3�OM#^CS K ^TS1M��NM Z\[ ay~ [ M�a

ô ò�³



« �T¯´üq� ¬F® öpX �����/ãf� ¬ � ¬ �f�

�����&�:�E�7����� �)�D�����M���� 5¡}�E�D���¢�¤£�¥� 5¡}�G�:�0¥¦¥§�¤¨��E�¢�¤��� ©�ª
◦ «¬ ® ���D�&£ ¡K���¢¯4����£�°!±²£E³Q�u�:´��4£&¨

µ  5¶\������·¢�¢�¤��� ¶$¸ µ�¹0º  n¡}»�»r¼�½�¾ ¿�À�Á Â�Ã!À7Ä7Å7Å�ÆhÇ5È:É²Ê�Ë�Ã�¿�Å7Å7Å�Æ5Ç5È:É²ÊuÈ:Á
ÌuÍ\Î7Î Ä7ÅÏ

Ð�ÑÓÒÓÔEÕ Æ Ö�×�Ë¢Ø Ô�Ñ)Ò Ì Ë Ô�Ù Ë¢ÊGÆ Ñ Ä7Å Î Å�Á Ú�Â7Ë¢ÛuÜ7Ç5Ë:Æ Õ Ü7Ê�Ý Ñ Á�Á5Ü7× Â7Ë¢ÊGÆhÁ
Ð�ÑÓÒÓÔEÕ Æ Þ!Ü Ô Ç9ß Ò Ü7ÊGÂ ÑÓÒ Æ Õ Ü7Ê ¿Dà¢Å á7Å�É²Ê
Ð�Ñ-â ÇhÜ Õ Ý Õ ÁhÁ Ñ É Ñ Ê�Æ ãMä ¿�Å�É²Ê
å  5¶\������·¢�¢�¤��� �)¡}¡}» ¹0º  næ0ç�¾!è ¿�À�Á Â�Ã!á¢éGÅ7Å�ÆhÉ�È:É²Ê�ËfÃ4¿�Å7Å7Å�Æ5Ç5È:É²ÊuÈ:Á

ÌuÍxÎ á7Å�Ï
Ð�ÑÓÒÓÔEÕ Æ Ö�×�Ë¢Ø Ô�Ñ)Ò Ì Ë Ô�Ù Ë¢ÊGÆ Ñ Ä7Å Î Å�Á

Þ!Ü Ô Ç9ß Ò Ü7ÊGÂ ÑÓÒ Æ Õ Ü7Ê ¿Dà¢Å á7Å�É²Ê
Ð�Ñ-â ÇhÜ Õ Ý Õ ÁhÁ Ñ É Ñ Ê�Æ ãMä ¿�Å�É²Ê
¹  5¶$ê4���0¨D���¢�¤��� ë�Ë¢ÁhØ Ô�Ñ�Ô Ç$ìÓ× ÑÓÒ Æ5ÇqÜ7Ê Õ Ø ÔEÑ7í0î Åï Ññð ò Ü7Á Ñ Ã4¿�Ä7À

µC/cm2

æu 5±²�&óu��¥¤�E�¢�¤���
Ö|Çqì�ÛEË¢Ç5Ë:Æ Õ Ü7Ê ë�ôöõtïnÈ:ôöÖuä À�É²Ê á7Å�É²×�Ã Î Å÷É²× í Ë¢ø Õ ÆùË:Æ Õ Ü7Ê�¿ î Å�ÆhÇùÈ:É Õ Ê
Ð ì-ÂGìÓ×�Ë:Æ Õ Ü7Ê ¿)É²Ê Ë¢ø Õ Æ5Ë:Æ Õ Ü7ÊQ¿7¿�Å�Æ5Ç5È:É Õ Ê
Ð�Õ ÊEú�Ë¢ø Ñ ôöÖuä á7Å�Á Ë¢ø Õ Æ5Ë:Æ Õ Ü7ÊQ¿7¿�Å�Æ5Ç5È:É Õ Ê
û ì Ò Ì Ë¢ø Ñ ä$üÓÜ¢Æ Ñ
¾E 5¡K���D�0¥§¥¦�¦¨Ó�E�7���4� ã Õ È:ä Ô À7Å7ÅÏ9È¢À7Å7Å7ÅÏ
ý  )¸t�¤þñ�²�ÿ ä Ò ì-Æ5Ü7Ê Ñ È�ä9× Ò Ü&Ü7×MÈ û ì Ò Ì Ë¢ø Ñ

N2

ô ò!$



_ ���Tâ ¬�� ã¶¯�����öÂ� ¬(® ���

�²���&�:�E�¢�¤��� �)�D�����M���� 5¡}�E�D���¢�¤£�¥� 5¡}�G�:�0¥¦¥§�¤¨��E�¢�¤��� ©�ª
◦ «¬ ® ���:��£ ¡}�G�¢¯4����£�°u±²£�³Q�u�¢´4�4£�¨

µ   ® £�¨Ó�Eê������E�¢�¤��� NH4OH(30H2O
À�É²Ê é�É²×4È�À7Å7Å�É²×

Ð�Õ Ê�úDË¢ø Ñ Ú ò ô á7Å�Á ÌuÍ\Î7Î Ä7Å�Ï
û ì Ò Ì Ë¢ø Ñ ä$üÓÜ¢Æ Ñ
À��tÖ�ÇhìÓÛ!Ë¢ÇhË:Æ Õ Ü7Ê � û
	 �,Þ!Ü���¿�À�ÊEÜ7Ê�Ý Õ × Ô ì Ñ Ý!Ë¢ÊEÁ Ô Ê�uì Ò Ì Ñ Ç Ñ ÊfÆhì��EÜ7Ê

î É²Ê ã Ñ É²Û0ìÓÇhË:Æ Ô Ç Ñ Ë¢É� Õ Ë¢Ê�Æ Ñ
Ð�ÑÓÒÓÔEÕ Æ Ö�×�Ë¢Ø Ô�Ñ)Ò Ì Ë Ô�Ù Ë¢ÊGÆ Ñ ¿7¿�Å

◦ � î É²Ê Ö|ÇqìÓÛ!Ë¢Ç5Ë:Æ Õ Ü7Ê�Á Ô EÁhÆhÇ5Ë:Æ
á��tÚ�ÊEÝ ÔEÒ Æ Õ Ü7Ê Ö�ÇhÜ7É²Ü¢Æ ÑÓÔ Ç�Ý�� Ë¢Ý Ì ìÓÇ Ñ Ê Ò�Ñ �9ë ò û À7Å�Á Â�Ãuá7Å7Å7Å÷ÆhÇùÈ:É²Ê ËfÃ4¿�Å7Å7Å�Æ5Ç5È:É²ÊuÈ:Á
é��tÚ�ÊEÝ ÔEÒ Æ Õ Ü7Ê � û
	 �,Þ!Ü���¿�À Î Å�Á Â�Ã�¿ î Å7Å÷ÆhÇùÈ:É²Ê ËfÃ î Å7Å7Å�Æ5Ç5È:É²ÊuÈ:Á

ÌuÍ à¢Å�ÊEÉ
Ð�Ñ-â ÇhÜ Õ Ý Õ Á5Á Ñ É Ñ ÊGÆ ãMä ¿�Å�É²Ê
î �tÚ���ÛuÜ7Á Õ Æ Õ Ü7Ê ë�Ë¢ÁhØ Ô�Ñ�Ô Ç�ìÓ× ÑÓÒ Æ5ÇqÜ7Ê Õ Ø ÔEÑ ò Ü7Á Ñ9Ñ ÊGÂ�� ¿Dà î

µC/cm2 � Á Ñ × Ü7Ê É²Ü¢Æ Õ â��
Î � Ð ì-ÂGì�×�Ë:Æ Õ Ü7Ê ë�ô,ÞCá7À7ÀÛ Ô Ç á�É²Ê ÁùË¢ÊEÁ�Ë¢ø Õ Æ5Ë:Æ Õ Ü7Ê
Ð�Õ Ê�úDË¢ø Ñ Ú ò ô À�É²Ê
û ì Ò Ì Ë¢ø Ñ ä$üÓÜ¢Æ Ñ

ô ò!*



_ ���Tâ ¬�� â ¬ �����N� ¬F® ���

�²���&�:�E�¢�¤��� �)�D�����M���� 5¡}�E�D���¢�¤£�¥� 5¡}�G�:�0¥¦¥§�¤¨��E�¢�¤��� ©�ª
◦ «¬ ® ���:��£ ¡}�G�¢¯4����£�°u±²£�³Q�u�¢´4�4£�¨

µ   ® £�¨Ó�Eê������E�¢�¤��� NH4OH(30H2O
À�É²Ê é�É²×4È�À7Å7Å�É²×

Ð�Õ Ê�úDË¢ø Ñ Ú ò ô á7Å�Á ÌuÍ\Î7Î Ä7Å�Ï
û ì Ò Ì Ë¢ø Ñ ä$üÓÜ¢Æ Ñ
À��tÖ�ÇhìÓÛ!Ë¢ÇhË:Æ Õ Ü7Ê � û
	 �,Þ!Ü���¿�À�ÊEÜ7Ê�Ý Õ × Ô ì Ñ Ý!Ë¢ÊEÁ Ô Ê�uì Ò Ì Ñ Ç Ñ ÊfÆhì��EÜ7Ê

î É²Ê ã Ñ É²Û0ìÓÇhË:Æ Ô Ç Ñ Ë¢É� Õ Ë¢Ê�Æ Ñ
Ð�ÑÓÒÓÔEÕ Æ Ö�×�Ë¢Ø Ô�Ñ)Ò Ì Ë Ô�Ù Ë¢ÊGÆ Ñ ¿7¿�Å

◦ � î É²Ê Ö|ÇqìÓÛ!Ë¢Ç5Ë:Æ Õ Ü7Ê�Á Ô EÁhÆhÇ5Ë:Æ
á��tÚ�ÊEÝ ÔEÒ Æ Õ Ü7Ê Ö�ÇhÜ7É²Ü¢Æ ÑÓÔ Ç�Ý�� Ë¢Ý Ì ìÓÇ Ñ Ê Ò�Ñ �9ë ò û À7Å�Á Â�Ãuá7Å7Å7Å÷ÆhÇùÈ:É²Ê ËfÃ4¿�Å7Å7Å�Æ5Ç5È:É²ÊuÈ:Á
é��tÚ�ÊEÝ ÔEÒ Æ Õ Ü7Ê � û
	 �,Þ!Ü���¿�À Î Å�Á Â�Ã�¿ î Å7Å÷ÆhÇùÈ:É²Ê ËfÃ î Å7Å7Å�Æ5Ç5È:É²ÊuÈ:Á

ÌuÍ à¢Å�ÊEÉ
Ð�Ñ-â ÇhÜ Õ Ý Õ Á5Á Ñ É Ñ ÊGÆ ãMä ¿�Å�É²Ê
î �tÚ���ÛuÜ7Á Õ Æ Õ Ü7Ê ë�Ë¢ÁhØ Ô�Ñ�Ô Ç�ìÓ× ÑÓÒ Æ5ÇqÜ7Ê Õ Ø ÔEÑ ò Ü7Á Ñ9Ñ ÊGÂ�� á7á7Å

µC/cm2 � Á Ñ × Ü7Ê É²Ü¢Æ Õ â��
Î � Ð ì-ÂGì�×�Ë:Æ Õ Ü7Ê ë�ô,ÞCá7À7ÀÛ Ô Ç á�É²Ê ÁùË¢ÊEÁ�Ë¢ø Õ Æ5Ë:Æ Õ Ü7Ê
Ð�Õ Ê�úDË¢ø Ñ Ú ò ô À�É²Ê
û ì Ò Ì Ë¢ø Ñ ä$üÓÜ¢Æ Ñ

] ¯��\ýÓ�Ó¯ ¬�« _ � ø

�(M�� K�Z ��d [ d�~3���OM�ay� Ý d � MQS ô �?î�^y��d�ê=�TM zRK ��^y�3x [ M�eFaTM���~f^$��d�ê=�TM K �¨ê{�yd�S [ aCM<^y��dfê{�CMtñ�e��OM ZTK �?�TS1M
aqX�] [ dh^fM��fd�So~cM<aTMg� k � �/K ~cPw��d.P1]�ê=�TM Z$z M`P:�y~3�fd Z\[ MgS1MRP1^fM zQ[ ~Ã��M���M Z�[ a

�n¥¤�u¨D³Q� �n�M�¦¨�¨��0��·7£ �)�:£&¨D¨D�¤��� �)�:�0���0�D�¢�¤����¨ ®f«�� �¤�u¨ ® ���:��£
CH4/H2/Ar

À7À î�� Î î É²ãMÜ7ÇqÇ Î È î ÅGÈ&¿�Å éGá7Å ð Î É Õ Ê
O2

¿�Å7Å � ¿�Å7ÅÉ²ãMÜ7ÇqÇ î Å À î Å ¿)É Õ Ê

ô¡ô ¼



T ¬ ��¯������iö ¬ ��� ���! 

�²���&�:�E�¢�¤��� �)�:�4���M��� ©fª
◦ «¬ ® ���:��£ ¡K���¢¯4����£�°!±²£E³Q�u�:´��4£

Ö|ÇqìÓÛ!Ë¢Ç5Ë:Æ Õ Ü7Ê ä9Ê Ì" ÝEÇ Õ Ý Ñ Þ�× Ô Ü7Ç " ÝEÇ Õ Ø Ô�Ñ È¢Ú ò ô î É Õ Ê À�É²×�È�Ä7Å�É²× í É²ì�×�Ë¢Ê�ø Ñ
Ð�Ñ ÆhÇ5Ë Õ Æ$� ûo	 á�ß î É Õ Ê ð Ë¢Ç Õ Ë�E× Ñ Á Ñ × Ü7Ê ×�Ë�Ý Ô Çhì Ñ Ý Ñ ø7ÇhË�Â Ô Ç Ñ ë�Ú û ä

�4�f�b����è�� ®&%�' �l��üq� ¬F®

�����&�:�E�7����� �)�D�����M���� 5¡}�E�D���¢�¤£�¥� 5¡}�G�:�0¥¦¥§�¤¨��E�¢�¤��� ©�ª
◦ «¬ ® ���D�&£ ¡K���¢¯4����£�°!±²£E³Q�u�:´��4£&¨

µ  5¶\������·¢�¢�¤��� ¶$¸ µ�¹0º  n¡}»�»r¼�½�¾ ¿ î Á Â�ÃEé î Å7Å�ÆhÇ5È:É²Ê�Ë�Ã�¿�Å7Å7Å�Æ5Ç5È:É²ÊuÈ:Á
ÌuÍ á7Å7Å7ÅÏ

Ð�ÑÓÒÓÔEÕ Æ Ö�×�Ë¢Ø Ô�Ñ)Ò Ì Ë Ô�Ù Ë¢ÊGÆ Ñ Ä7Å Î Å�Á Ú�Â7Ë¢ÛuÜ7Ç5Ë:Æ Õ Ü7Ê�Ý Ñ Á�Á5Ü7× Â7Ë¢ÊGÆhÁ
Ð�ÑÓÒÓÔEÕ Æ Þ!Ü Ô Ç9ß Ò Ü7ÊGÂ ÑÓÒ Æ Õ Ü7Ê ¿Dà¢Å á7Å�É²Ê
Ð�Ñ-â ÇhÜ Õ Ý Õ ÁhÁ Ñ É Ñ Ê�Æ ãMä ¿�Å�É²Ê
å  5¶\������·¢�¢�¤��� �)¡}¡}» ¹0º  næ0ç�¾!è ¿�À�Á Â�Ã!À7Ä7Å7Å�ÆhÇ5È:É²Ê�Ë�Ã�¿�Å7Å7Å�Æ5Ç5È:É²ÊuÈ:Á

ÌuÍxÎ á7Å�Ï
Ð�ÑÓÒÓÔEÕ Æ Ö�×�Ë¢Ø Ô�Ñ)Ò Ì Ë Ô�Ù Ë¢ÊGÆ Ñ Ä7Å Î Å�Á

Þ!Ü Ô Ç9ß Ò Ü7ÊGÂ ÑÓÒ Æ Õ Ü7Ê ¿Dà¢Å á7Å�É²Ê
Ð�Ñ-â ÇhÜ Õ Ý Õ ÁhÁ Ñ É Ñ Ê�Æ ãMä ¿�Å�É²Ê
¹  5¶$ê4���0¨D���¢�¤��� ë�Ë¢ÁhØ Ô�Ñ�Ô Ç$ìÓ× ÑÓÒ Æ5ÇqÜ7Ê Õ Ø ÔEÑ7í0î Åï Ññð ò Ü7Á Ñ Ã4¿�Ä7À

µC/cm2

æu 5±²�&óu��¥¤�E�¢�¤���
Ö|Çqì�ÛEË¢Ç5Ë:Æ Õ Ü7Ê ë�ôöõtïnÈ:ôöÖuä À�É²Ê á7Å�É²×�Ã Î Å÷É²× í Ë¢ø Õ ÆùË:Æ Õ Ü7Ê�¿ î Å�ÆhÇùÈ:É Õ Ê
Ð ì-ÂGìÓ×�Ë:Æ Õ Ü7Ê ¿)É²Ê Ë¢ø Õ Æ5Ë:Æ Õ Ü7ÊQ¿7¿�Å�Æ5Ç5È:É Õ Ê
Ð�Õ ÊEú�Ë¢ø Ñ ôöÖuä á7Å�Á Ë¢ø Õ Æ5Ë:Æ Õ Ü7ÊQ¿7¿�Å�Æ5Ç5È:É Õ Ê
û ì Ò Ì Ë¢ø Ñ ä$üÓÜ¢Æ Ñ
¾E 5¡K���D�0¥§¥¦�¦¨Ó�E�7���4� ( Õ È*) Ñ È:ä Ô È�( Õ È:ä Ô À î È:éGÅ7ÅGÈ¢Ä7Å7ÅGÈ î ÅGÈ Î Å7Å Ï
ý  )¸t�¤þñ�²�ÿ ä Ò ì-Æ5Ü7Ê Ñ È�ä9× Ò Ü&Ü7×MÈ û ì Ò Ì Ë¢ø Ñ

N2

ô¡ô ò



ô �/��� ® ö�X õFây��� ®�® � ®�®R¬ � ¬ �f� ®

�����&�:�E�7����� �)�D�����M���� 5¡}�E�D���¢�¤£�¥� 5¡}�G�:�0¥¦¥§�¤¨��E�¢�¤��� ©�ª
◦ «¬ ® ���D�&£ ¡K���¢¯4����£�°!±²£E³Q�u�:´��4£&¨

µ  5¶\������·¢�¢�¤��� ¶$¸ µ�¹0º  n¡}»�»r¼�½�¾ ¿�À�Á Â�Ã!À7Ä7Å7Å�ÆhÇ5È:É²Ê�Ë�Ã�¿�Å7Å7Å�Æ5Ç5È:É²ÊuÈ:Á
ÌuÍ\Î7Î Ä7ÅÏ

Ð�ÑÓÒÓÔEÕ Æ Ö�×�Ë¢Ø Ô�Ñ)Ò Ì Ë Ô�Ù Ë¢ÊGÆ Ñ Ä7Å Î Å�Á Ú�Â7Ë¢ÛuÜ7Ç5Ë:Æ Õ Ü7Ê�Ý Ñ Á�Á5Ü7× Â7Ë¢ÊGÆhÁ
Ð�ÑÓÒÓÔEÕ Æ Þ!Ü Ô Ç9ß Ò Ü7ÊGÂ ÑÓÒ Æ Õ Ü7Ê ¿Dà¢Å á7Å�É²Ê
Ð�Ñ-â ÇhÜ Õ Ý Õ ÁhÁ Ñ É Ñ Ê�Æ ãMä ¿�Å�É²Ê
å  5¶\������·¢�¢�¤��� �)¡}¡}» ¹0º  næ0ç�¾!è Â�Ã!á¢éGÅ7Å�ÆhÉ�È:É²Ê�ËfÃ4¿�Å7Å7Å�Æ5Ç5È:É²ÊuÈ:Á

ÌuÍxÎ á7Å�Ï
Ð�ÑÓÒÓÔEÕ Æ Ö�×�Ë¢Ø Ô�Ñ)Ò Ì Ë Ô�Ù Ë¢ÊGÆ Ñ Ä7Å Î Å�Á

Þ!Ü Ô Ç9ß Ò Ü7ÊGÂ ÑÓÒ Æ Õ Ü7Ê ¿Dà¢Å á7Å�É²Ê
Ð�Ñ-â ÇhÜ Õ Ý Õ ÁhÁ Ñ É Ñ Ê�Æ ãMä ¿�Å�É²Ê
¹  5¶$ê4���0¨D���¢�¤��� ë�Ë¢ÁhØ Ô�Ñ�Ô Ç$ìÓ× ÑÓÒ Æ5ÇqÜ7Ê Õ Ø ÔEÑ7í0î Åï Ññð ò Ü7Á Ñ Ã4¿�Ä7À

µC/cm2

æu 5±²�&óu��¥¤�E�¢�¤���
Ö|Çqì�ÛEË¢Ç5Ë:Æ Õ Ü7Ê ë�ôöõtïnÈ:ôöÖuä À�É²Ê á7Å�É²×�Ã Î Å÷É²× í Ë¢ø Õ ÆùË:Æ Õ Ü7Ê�¿ î Å�ÆhÇùÈ:É Õ Ê
Ð ì-ÂGìÓ×�Ë:Æ Õ Ü7Ê ¿)É²Ê Ë¢ø Õ Æ5Ë:Æ Õ Ü7ÊQ¿7¿�Å�Æ5Ç5È:É Õ Ê
Ð�Õ ÊEú�Ë¢ø Ñ ôöÖuä á7Å�Á Ë¢ø Õ Æ5Ë:Æ Õ Ü7ÊQ¿7¿�Å�Æ5Ç5È:É Õ Ê
û ì Ò Ì Ë¢ø Ñ ä$üÓÜ¢Æ Ñ
¾E 5¡K���D�0¥§¥¦�¦¨Ó�E�7���4� ã Õ È:ä Ô À7Å7ÅÏ9È¢À7Å7Å7ÅÏ
ý  )¸t�¤þñ�²�ÿ ä Ò ì-Æ5Ü7Ê Ñ È�ä9× Ò Ü&Ü7×MÈ û ì Ò Ì Ë¢ø Ñ

N2

ô¡ô¡ô



ô ¯���� ¬ è����/�b� ® �/�C��õ�¯���� ¬F®.¬ �`���¸ 

�²�����D�E�7���4� �)�:�4���M���� ù¡K�E�D���7��£E¥  ù¡K�G�:�0¥¦¥§�¦¨Ó�E�¢�¤��� ©�ª
◦ «�¬ ® ���:��£ ¡}�G�7¯4�4��£E°!±²£�³Q�u�¢´��4£&¨

µ   ® £&¨Ó�Eê��4���E�7���4� NH4OH(30H2O
À÷É²Ê éÉ²×�È�À7Å7ÅÉ²×

Ð Õ ÊEú�Ë¢ø Ñ Ú ò ô á7Å÷Á ÌuÍ\Î7Î Ä7ÅÏ
û ì Ò Ì Ë¢ø Ñ ä$ü�Ü¢Æ Ñ
À��'Ö|ÇqìÓÛ!Ë¢ÇhË:Æ Õ Ü7Ê � û
	 �öë�ôöõtï 0ì Ò Ì Ñ Ç Æhì��EÜ7Ê í ÛEÇqÜ7Û0Ü7ÇöÆ Õ Ü7ÊCÃ4¿*� î É²×�Ã á÷É²×

î É²Ê ã Ñ É²ÛuìÓÇhË:Æ Ô Ç Ñ Ë¢É� Õ Ë¢ÊGÆ Ñ
Ð ÑÓÒÓÔEÕ Æ Ö�×�Ë¢Ø ÔEÑ)Ò Ì Ë Ô�Ù Ë¢Ê�Æ Ñ ¿7¿�Å

◦ � î É²Ê Ö|Çqì�ÛEË¢Ç5Ë:Æ Õ Ü7Ê�Á Ô �ÁhÆhÇ5Ë:Æ
á��'Ú|Ê�Ý ÔEÒ Æ Õ Ü7Ê Ö�ÇhÜ7É²Ü¢Æ ÑÓÔ Ç$Ý�� Ë¢Ý Ì ìÓÇ Ñ Ê ÒÓÑ �9ë ò û À7Å÷Á ÂpÃEá7Å7Å7Å÷ÆhÇùÈ:É²Ê ËfÃ4¿�Å7Å7Å�ÆhÇùÈ:É²Ê!È:Á
é��'Ú|Ê�Ý ÔEÒ Æ Õ Ü7Ê � û
	 �,Þ!Ü²��¿�À Î Å÷Á ÂpÃEÀ7Å7Å7Å÷ÆhÇùÈ:É²Ê ËfÃ4¿�Å7Å7Å�ÆhÇùÈ:É²Ê!È:Á

ÌuÍ á7Å�ÊEÉ
Ð Ñ-â ÇqÜ Õ Ý Õ ÁhÁ Ñ É Ñ Ê�Æ ãMä ¿�Å÷É²Ê
î �'Úq�&ÛuÜ7Á Õ Æ Õ Ü7Ê ë�Ë¢ÁhØ ÔEÑÓÔ Ç�ìÓ× ÑÓÒ ÆhÇqÜ7Ê Õ Ø Ô�Ñ ò Ü7Á Ñ)Ñ ÊGÂ�� á7Å7Å

µC/cm2 � Á Ñ × Ü7Ê�É²Ü¢Æ Õ âk�
Î � Ð ìÓÂGìÓ×�Ë:Æ Õ Ü7Ê ë�ô,Þ2á7À7À�Û Ô Ç ¿\É²Ê ÁùË¢ÊEÁ$Ë¢ø Õ ÆùË:Æ Õ Ü7Ê
Ð Õ ÊEú�Ë¢ø Ñ Ú ò ô À÷É²Ê
û ì Ò Ì Ë¢ø Ñ ä$ü�Ü¢Æ Ñ

ô¡ô �



] ¯´����� ¬ ö ¬ è��f�¦�¦���yö ¬ �5è ' �����I56&
�����&�:�E�7����� �)�:�4���M���� ù¡K�E�:�&�7��£E¥  ù¡K���D�0¥§¥¦�¦¨Ó�E�7����� ©�ª

◦ «¬ ® ���:��£ ¡K���¢¯4����£�°!±�£�³Q�u�¢´4�4£�¨
µ  5¶\������·¢�¢�¤��� ¶9¸ µ&¹0º  �¡}»�»
¼�½�¾ ¿ î Á Â�ÃEé î Å7Å�ÆhÇùÈ:É²ÊfËfÃ�¿�Å7Å7Å�Æ5Ç5È:É²ÊuÈ:Á

ÌuÍ á7Å7Å7ÅÏ
Ð�ÑÓÒÓÔEÕ Æ Ö|×�Ë¢Ø ÔEÑ)Ò Ì Ë Ô�Ù Ë¢Ê�Æ Ñ Ä7Å Î Å÷Á Ú�Â¢Ë¢ÛuÜ7Ç5Ë:Æ Õ Ü7Ê�Ý Ñ Á$ÁhÜ7× Â7Ë¢ÊGÆ5Á
Ð�ÑÓÒÓÔEÕ Æ Þ!Ü Ô Ç$ß Ò Ü7ÊGÂ Ñ�Ò Æ Õ Ü7Ê ¿Dà¢Å á7Å÷É²Ê
Ð�Ñ-â ÇhÜ Õ Ý Õ ÁhÁ Ñ É Ñ Ê�Æ ãMä ¿�Å÷É²Ê
å  5¶\������·¢�¢�¤��� �)¡}¡x» ¹0º  \æ�ç0¾!è ¿�À÷Á Â�Ã!À7Ä7Å7Å�ÆhÇùÈ:É²ÊfËfÃ�¿�Å7Å7Å�Æ5Ç5È:É²ÊuÈ:Á

ÌuÍ�Î á7Å÷Ï
Ð�ÑÓÒÓÔEÕ Æ Ö|×�Ë¢Ø ÔEÑ)Ò Ì Ë Ô�Ù Ë¢Ê�Æ Ñ Ä7Å Î Å÷Á

Þ!Ü Ô Ç$ß Ò Ü7ÊGÂ Ñ�Ò Æ Õ Ü7Ê ¿Dà¢Å á7Å÷É²Ê
Ð�Ñ-â ÇhÜ Õ Ý Õ ÁhÁ Ñ É Ñ Ê�Æ ãMä ¿�Å÷É²Ê
¹  5¶$ê4���0¨D���¢�¤��� ë�Ë¢Á5Ø ÔEÑÓÔ Ç�ìÓ× Ñ�Ò ÆhÇhÜ7Ê Õ Ø ÔEÑ7í0î Åï Ññð ò Ü7Á Ñ Ã4¿�Ä7À

µC/cm2

æu 5±²�&óu��¥¤�E�¢�¤���
Ö|Çqì�ÛEË¢Ç5Ë:Æ Õ Ü7Ê ë�ôöõtïnÈ:ôöÖuä À�É²Ê á7Å�É²×�Ã Î Å�É²× í Ë¢ø Õ Æ5Ë:Æ Õ Ü7Ê�¿ î Å�Æ5Ç5È:É Õ Ê
Ð ì-ÂGìÓ×�Ë:Æ Õ Ü7Ê ¿9É²Ê Ë¢ø Õ Æ5Ë:Æ Õ Ü7Ê�¿7¿�Å�Æ5Ç5È:É Õ Ê
Ð�Õ ÊEú�Ë¢ø Ñ ôöÖuä á7Å÷Á Ë¢ø Õ Æ5Ë:Æ Õ Ü7Ê�¿7¿�Å�Æ5Ç5È:É Õ Ê
û ì Ò Ì Ë¢ø Ñ ä9üÓÜ¢Æ Ñ
¾E 5±²£�·7£&¨D¨
ò ìÓÁ5Ü²� " Ý!Ë:Æ Õ Ü7Ê

HCl/H2O
á7Å÷Á î É²×�Ã4¿�Å7Å�É²×

Ð�ÑÓÒÓÑ Á5Á ä ÒÓÕ Ý Ñ û ÔEÒÓÒÓÕ Ê Õ Ø ÔEÑ È
H2O2

á7Å�ß÷é î Á Î Å�É²×�Ã!Ä�É²× í Ë¢ø Õ Æ5Ë:Æ Õ Ü7Ê�¿�Å÷Á
Ð�Õ ÊEú�Ë¢ø Ñ

H2O
î É Õ Ê

ý  5¡K���D�0¥§¥¦�¦¨Ó�E�7���4�4þ ã Õ È¢Ö�ÆùÈ:ä Ô À î ÅGÈ¢À î ÅGÈ¢À î Å7Å�Ï
E  \¸t�¤þñ�²��ÿ ä Ò ìÓÆhÜ7Ê Ñ È÷ä$× Ò Ü�Ü7×MÈ û ì Ò Ì Ë¢ø Ñ

N2

ô¡ô �
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�ÃòQ� Æ a Æ a�¶ncTM Z áyef��a�±�abë¡d Z áye1¶�aë�`a Æ �Oeb��a�¶�af��� Z eb±�a��i|�~�d Z áye)o ��+qs��~L)�0#kj���#u�w%'���!�x%'���B#E�0*,+�%t34*5�
*5�q¦5l��?+-�)(7�0#sl7�6�0(¢%'*��'+:�0*5�!�0(D#u+:�6" 80+-��sr�{�'�'#!��s��0�Z80+-*§8M�!84v4"�+:��{ %'���
;DN�¢!º = e¸Ï Z�[ MRS zRK�ZTZ M zQ[ ïyM z c ZCKf�
� K á���eOò!*:*%*$a$Ï#�K�K�ÔÏ Z\[ MRS Z d [ ~ K�Z df��¶ K�Z$� MQSUM Z$z M�eb^T^OaRòI*:� � òI*�±�e ô � �ô �i±Yd�~5ò!*:*%*$a

� ô ���`a�· K �TSUS1]�e1·na õ ~cM [U[ M�e\�8a�¶«d�^T^���e¸¢�0*5�!�0(�+-I'��¦��0(y�0(7�!��+-��sr�#j}*q%'(�(D+:�!��l7�w%'(7�!�)���µm0��r2%Mob8*�$m0��ob*¤ob8
���bm0�$uk%'���K�6�0(:%'�6��#¢L)��+:�Kmu��r2%Mo 8*�$mu��ob*¤o 82���Yr2%Mo 8C" 80+-��sb80"n�!�0+-�)+:�A%��0+����)�{�'�'#!��s��0��L)�0#E��{S+����
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