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7KH� HOHFWURFRQGXFWLYLW\� RI� LURQ� �,,,�� R[LGH� VROXWLRQV� LQ� WKH�PHOWHG� OHDG�ERURQ�EDULXPIOXRULGH� VROYHQW�KDV�EHHQ� VWXGLHG��7KH�SVHXGR�ELQDU\�SKDVH�GLDJUDP�RI� WKH�)H�2�±�3E2±%�2�±%D2±%D)�� V\VWHP�KDV�EHHQ�FRQVWUXFWHG��7KH�GLVVRFLDWLRQ�VFKHPH�RI�LURQ�R[LGH�LQ�WKHVROXWLRQ�PHOW� LV� SURSRVHG�� 7KH� GLVVRFLDWLRQ� GHJUHHV� DQG� FRQVWDQWV� DUH� GHWHUPLQHG� LQ� WKH����Ü�����z�WHPSHUDWXUH�UDQJH�
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7KH�EDVLF�ZD\�WR�SUHSDUH�WKH�VLQJOH�FU\V�WDO� IHUULWH� JDUQHW� ILOPV� LV� OLTXLG�SKDVH� HSL�WD[\� �/3(�� RQ� QRQPDJQHWLF� JDUQHWV� VLQJOHFU\VWDO� VXEVWUDWHV�� )RU� WKH� UHFHQW� \HDUV�3E2±%�2�±%D2±%D)� VROYHQW�ZLWK� ORZ� OHDGFRQWHQW�KDV�EHHQ�XVHG�WR�SURGXFH�WKH�JDUQHWILOPV� >�@�� 7KH� \WWULXP�LURQ� JDUQHW�<�)H�2���� VROXWLRQV� DUH� REWDLQHG� E\� GLVVR�OXWLRQ� RI� JDUQHW�IRUPLQJ� R[LGHV� LQ� D� PHOW�VROYHQW��WKHUHIRUH��WKH�JDUQHW�IRUPLQJ�VROX�WLRQ�PHOW� FDQ� EH� UHSUHVHQWHG� DV� KRPRJHQH�RXV� PL[WXUH� RI� WKH� LURQ� �,,,�� DQG� \WWULXPR[LGHV� VROXWLRQV�� ,Q� WKLV� SDSHU�� SUHVHQWHGDUH�WKH�SK\VLFR�FKHPLFDO�DQDO\VLV�UHVXOWV�RILURQ� �,,,�� R[LGH� VROXWLRQV� LQ� 3E2±%�2�±%D2±%D)� VROYHQW�ZLWK�%�2� FRQWHQW�ZLWKLQ��Ü���PRO���UDQJH��%D2 Û���Ü���PRO���%D)� Û���Ü���PRO�����WKH�UHPDLQGHU�EHLQJ3E2 GHVFULEHG�� 7KH� VROYHQW� VWXGLHG� FRUUH�VSRQGV�LQ�TXDOLWDWLYH�DQG�TXDQWLWDWLYH�FRP�SRVLWLRQ�WR�WKDW�GHVFULEHG�LQ�>�@�7KH� H[SHULPHQWV� ZHUH� FDUULHG� RXW� LQ� DVKDIW� IXUQDFH�� SODWLQXP� HTXLSPHQW� ZDVXVHG�� 7KH� WHPSHUDWXUH� FRQWURO� V\VWHP� FRQ�VLVWHG� RI� D� SUHFLVLRQ� SURJUDPPHG� WHPSHUD�WXUH� FRQWUROOHU� 5,)������ D� SODWLQXP�SODWL�QRUKRGLXP� WKHUPRFRXSOH�� DQG� D� )����l�

GLJLWDO�YROWPHWHU��7KH�UHVLVWDQFH�RI�WKH�PHOWPHDVXUHG�E\�WKH�PXOWLPHWHU�p������WKH�FHOOZDV�FDOLEUDWHG�RQ�PHOWHG�SRWDVVLXP�FKORULGH>�@�� 7KH� H[SHULPHQWV� ZHUH� FDUULHG� RXWZLWKLQ� WHPSHUDWXUH� UDQJH� IURP� ����� WR�����z�7KH�UHVHDUFK�EDVLV�RI�DQ\�FU\VWDOOL]DWLRQSURFHVV� LV� WKH� SKDVH� GLDJUDP��7R� FRQVWUXFWWKH� GLDJUDP� LQ� RXU� H[SHULPHQWV�� WKUHHPHWKRGV�RI�SKDVH�WUDQVLWLRQ�WHPSHUDWXUH�GH�WHUPLQDWLRQ� ZHUH� XVHG�� H[DPLQDWLRQ� RI� WKHPHOW�FRQGXFWDQFH�>�@��WKHUPDO�DQDO\VLV��DQGPLFURVWUXFWXUH�PHWKRG�>�@�)LJ����UHSUHVHQWV�WKH�W\SLFDO�WHPSHUDWXUHGHSHQGHQFHV�RI�HOHFWULFDO�FRQGXFWLYLW\�RI�WKHLURQ��,,,��R[LGH�VROXWLRQV�PHOWV��$W�WKH�WHP�SHUDWXUHV� DERYH� FU\VWDOOL]DWLRQ� SRLQW�� WKHSRO\WKHUPV�RI�WKH�VROXWLRQ�PHOW�FRQGXFWDQFHDUH� OLQHDU� ZLWK� D� KLJK� FRUUHODWLRQ� FRHIIL�FLHQW� DQG� VPDOO� WHPSHUDWXUH� JUDGLHQWV�� %\WKH�HTXDWLRQ�
χ = $ ⋅ H[S(−:Dχ ⁄ 5 ⋅ 7)� ���

ZKHUH�χ LV�HOHFWULFDO�FRQGXFWLYLW\�RI�WKH�VR�OXWLRQ�PHOW�� :Dχ�� DFWLYDWLRQ� HQHUJ\� RI� WKH
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HOHFWULFDO� FRQGXFWLYLW\��5�� JDV� FRQVWDQW��7�WHPSHUDWXUH�>����@��WKH�DFWLYDWLRQ�HQHUJ\�RIHOHFWULFDO� FRQGXFWLYLW\� IRU� LURQ� �,,,�� R[LGHVROXWLRQV� LQ� WKH� PHOWHG� VROYHQW� ZDV� FDOFX�ODWHG��7KH�WHPSHUDWXUH�DQG�FRQFHQWUDWLRQ�RIWKH�VROXWLRQ�PHOW�LQIOXHQFH�FRQVLGHUDEO\�WKHHOHFWULF� FRQGXFWLYLW\� DFWLYDWLRQ� HQHUJ\� YDO�XHV� �7DEOH�����7KH�GHWHUPLQHG�YDOXHV�RI�WKHHOHFWURFRQGXFWLYLW\� DFWLYDWLRQ� HQHUJ\� IRUWKH� LURQ� �,,,�� VROXWLRQV� H[FHHG� FRQVLGHUDEO\WKH� FRQGXFWLYLW\� HQHUJ\� RI� ZHOO� GLVVRFLDWHGVDOW�PHOWV� �DONDOL�PHWDO� FKORULGHV�� >�@�� WKXVFRQILUPLQJ� WKH�ZHDN� LRQLF� VWUXFWXUH� RI� WKHR[LGH�VROXWLRQV�PHOWV�>�@�,Q� SUH�HXWHFWLF� ]RQH�� WKH� ILUVW� OLQH� EHQGFRUUHVSRQGV� WR� WKH� VWDUWLQJ� WHPSHUDWXUH� RIRI� PXOWLFRPSRQHQW� VROYHQW� FU\VWDOOL]DWLRQ�)LJ����� FXUYH�����ZKLOH� LQ� WKH�SRVW�HXWHFWLFDUHD�� WR� WKH� EHJLQQLQJ� RI� FU\VWDOOL]DWLRQ� RIWKH�LURQ��,,,��R[LGH�>�@��)LJ�����FXUYHV�������7KH�FU\VWDOOL]DWLRQ�WHPSHUDWXUHV�FRUUHVSRQGWR�OLTXLGXV�WHPSHUDWXUHV��7/��7KH�LURQ��,,,�R[LGH� VROXWLRQV� KDUGHQHG� DW� WHPSHUDWXUH����±�� z�� ZKLFK� FRUUHVSRQGV� WR� VROLGXVWHPSHUDWXUH�� 7V�� 2QH� PRUH� EHQG� ZDV� RE�VHUYHG�RQ�WKH�WHPSHUDWXUH�GHSHQGHQFHV��Ü��7KH� GHSHQGHQFH� �� FRUUHVSRQGV� WR� HXWHFWLFFRPSRVLWLRQ� RI� WKH� V\VWHP� �)LJ������ 7KHEHQG� FRRUGLQDWHV� RI� WKH� FXUYHV� ZHUH� GHWHU�PLQHG� E\� QXPHULFDO� GLIIHUHQWLDWLRQ�� 7KHSKDVH�FKDQJH�WHPSHUDWXUHV�GHWHUPLQHG�IURP

FRQGXFWDQFH� SRO\WKHUPV� ZHUH� FRQILUPHG� E\WKHUPDO� DQG�PLFURVWUXFWXUH� DQDO\VLV� RI� WKHV\VWHP� �WHPSHUDWXUH� RI� WKH� SKDVH� FKDQJHVDUH� SUHVHQWHG� LQ� 7DEOH����� 7KH� FRQGXFWDQFHJURZV� FRQVLGHUDEO\� ZLWK� UDLVLQJ� WKH� WHP�SHUDWXUH�DW�DQ\�FRPSRVLWLRQ�RI�WKH�VROXWLRQ�PHOW� EHFDXVH� RI� UHGXFWLRQ� RI� WKH� PHGLXPYLVFRVLW\� >�@�� LQFUHDVH� WKH� PRELOLW\� RI� WKHLRQV�DQG�WKH�GLVVRFLDWLRQ�GHJUHHV�RI�WKH�VR�OXWLRQ�PHOW�FRPSRQHQWV�8VLQJ� WKH� H[SHULPHQWDO� GDWD� REWDLQHG�WKH� OLPLWHG� SVHXGRELQDU\� SKDVH� GLDJUDP� RIWKH� )H�2�±�3E2±%�2�±%D2±%D)�� V\VWHPZDV� FRQVWUXFWHG� �)LJ������ 7KH� VWXGLHG� VROX�WLRQ�PHOW�LV�UHSUHVHQWHG�DV�D�VLPSOH�HXWHFWLFV\VWHP� ZLWK� HXWHFWLF� FRPSRVLWLRQ� �� PRO��)H�2� DW� ����� .�� 7KH� V\VWHP� LV� GHVFULEHGE\�WKH�HTXDWLRQ�
OQ; = −

∆+PHOW5 ⋅ 7 + &� ���
ZKHUH� ∆+PHOW LV� WKH� PHOWLQJ� KHDW��;�� FRQ�FHQWUDWLRQ� RI� WKH� FU\VWDOOL]LQJ� FRPSRQHQW�PROH� IUDFWLRQ�� 5�� JDV� FRQVWDQW�� &�� D� FRQ�VWDQW�>������@��)URP�WKH�VORSHV�RI�OLQHDU�GH�SHQGHQFHV�RI�WKH�PROH�IUDFWLRQ�ORJDULWKP�RQLQYHUVH� WHPSHUDWXUH�� WKH� PHOWLQJ� KHDWV� RIWKH� VROYHQW� FU\VWDOV� �s  ���� N-�PRO�� DQGLURQ��,,,��R[LGH�RQHV��s  ����N-�PRO��LQ�WKHVROXWLRQ�PHOW�ZHUH�FDOFXODWHG�

7DEOH���� 3KDVH� WUDQVLWLRQ� DQG� DFWLYD�WLRQHQHUJLHV�RI�HOHFWULF�FRQGXFWLYLW\�LQ�WKH)H�2�±�3E2±%�2�±%D2±%D)�� V\VWHP�)H�2�FRQFHQWUDWLRQ�PRO�� 7/��. 76��. :Dχ�N-�PRO� ����
 Ü ������� ���� ���� ������� ���� ���� ������� ���� ���� ������� ���� ���� ������� ���� ���� ������� ���� ���� ������� ���� ���� ������� Ü ���� ������� ���� ���� ������� ���� ���� �������� ���� ���� �������� ���� ���� �������� ���� ���� ����

 PHOWLQJ� WHPSHUDWXUH� RI� WKH� FRPSRXQG

)LJ����� 'HSHQGHQFHV� RI� VSHFLILF� HOHFWULF� FRQ�GXFWLYLW\� ORJDULWKP� RQ� LQYHUVH� WHPSHUDWXUH���� SXUH� VROYHQW� 3E2±%�2�±%D2±%D)��� ������ PRO��� )H�2��� ��� ���� PRO��� )H�2��� ������PRO���)H�2�����������PRO���)H�2���
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,Q� WKH� VROXWLRQ�PHOW�� WKH� \WWULXP�LURQJDUQHW� LV� VXEMHFWHG� WR� JDUQHW�IRUPLQJ� R[�LGHV�� KHQFH�� WKH� JDUQHW� GLVVRFLDWLRQ�PHFKD�QLVP�VKRXOG�EH�FRQVLGHUHG�DV�GLVVRFLDWLRQ�RIWKH�R[LGHV��7R�GHWHUPLQH�WKH�QXPEHU�RI�WKHQHZ�LRQV�Û�SURGXFWV�RI�WKH�)H�2� GLVVRFLD�WLRQ�� GLVWLQFW� IURP� SURGXFWV� RI� WKH� VROYHQWGLVVRFLDWLRQ�� WKH� FRUUHODWLRQ� RI� FU\RVFRSLFFRQVWDQWV� ZDV� XVHG� >��@�� 7KHRUHWLFDOFU\RVFRSLF�FRQVWDQW�ZDV�FDOFXODWHG�DV�
.WKHRU\ =

57$�
∆+PHOW ⋅ ���� ⋅ 0$� ���

ZKHUH� 5 LV� WKH� JDV� FRQVWDQW�� 7$�� PHOWLQJWHPSHUDWXUH�RI�WKH�VROYHQW��∆+PHOW��PHOWLQJKHDW�RI�WKH�VROYHQW�FU\VWDOV�LQ�WKH�VROXWLRQ�0D��WKH�VROYHQW�PRODU�PDVV��7KH�FRQVWDQW�LV���z⋅NJ�PRO�� 7KH� H[SHULPHQWDO� FU\RVFRSLFFRQVWDQW�� DV� GHWHUPLQHG� E\� H[WUDSRODWLQJWKH� GHSHQGHQFH� RI� WKH�PRODOO\� UHGXFWLRQ� RIWKH� VROXWLRQ�PHOW� VROLGLILFDWLRQ� WHPSHUDWXUHRQ� LURQ� R[LGH� PRODO� FRQFHQWUDWLRQ�� HTXDOV����z⋅NJ�PRO�� $FFRUGLQJ� WR� FDOFXODWLRQV�WKH� QXPEHU� RI� WKH� QHZ� LRQV� SUDFWLFDOO\HTXDOV� WZR�� 7DNLQJ� LQWR� DFFRXQW� WKDW� WKHPROH� IUDFWLRQ� RI� ERURQ� R[LGH� LV� PXFK� OHVVWKDQ�WKH�WRWDO�RQH�RI�EDULXP�DQG�OHDG�R[LGHV�WKH�PHOW� EDVLFLW\� FDOFXODWHG� LQ� >��@� LV� ��Ü���PRO�����ZH� SURSRVH� WKH� IROORZLQJ� R[LGHGLVVRFLDWLRQ�VFKHPH�)H�2� → )H2+ + )H2�−�LQ�GLOXWHG�VROXWLRQV��LURQ��,,,��R[LGH�GLVVRFL�DWHV� LQWR� R[\JHQ� FRPSOH[HV� WKDW� FRQWULEXWHWR� IRUPDWLRQ� RI� WKH� IHUULWH�JDUQHW� FU\VWDOODWWLFH�7R� GHWHUPLQH� WKH� GLVVRFLDWLRQ� GHJUHHVDQG� IRUPDO� GLVVRFLDWLRQ� FRQVWDQWV� RI� WKHJDUQHW�IRUPLQJ� R[LGHV�� LW� LV� H[SHGLHQW� WRXVH� QRW� VSHFLILF�� EXW�PRODU� FRQGXFWLYLW\� RIWKH�VROXWLRQ��7KH�PRODU�HOHFWULFDO�FRQGXFWLY�LW\� RI� WKH� HOHFWURO\WH� VROXWLRQV� GHSHQGV� RQWZR�IDFWRUV��GHJUHH�RI�WKH�HOHFWURO\WH�GLVVR�FLDWLRQ� DQG� HOHFWULFDO� LQWHUDFWLRQ� EHWZHHQLRQV�� ,Q� GLOXWHG� VROXWLRQV� RI� ZHDN� HOHFWUR�O\WHV�� HOHFWURVWDWLF� LQWHUDFWLRQ�EHWZHHQ� LRQV

LV� LQVLJQLILFDQW� DQG� WKH� IROORZLQJ� HTXDWLRQZLOO�EH�YDOLG�
α = λ ⁄ λ∞� ���

ZKHUH�α LV�WKH�GLVVRFLDWLRQ�GHJUHH��λ��PRODUHOHFWULF� FRQGXFWLYLW\� RI� WKH� VROXWLRQ�� λ∞�PRODU�HOHFWULF�FRQGXFWLYLW\�RI�WKH�LQILQLWHO\GLOXWHG� VROXWLRQ��$FFRUGLQJ� WR� WKH� GLVVRFLD�WLRQ� VFKHPH� SUHVHQWHG� DERYH�� LURQ� R[LGH� LVGLVVRFLDWHG� LQWR� XQLYDOHQW� FRPSOH[� LRQV�ZLWKORZ� GLVVRFLDWLRQ� GHJUHHV�� DQG� LQ� WKH� GLOXWHGVROXWLRQ� RI� WKH� ZHDN� XQL�XQLYDOHQW� HOHFWUR�O\WH��WKH�GLVVRFLDWLRQ�FRQVWDQW�LV�H[SUHVVHG�DV�
. = F ⋅ α�

(� − α)
� ���

7KH� FDOFXODWHG� GLVVRFLDWLRQ� GHJUHHV� DQGFRQVWDQWV�RI� LURQ�R[LGH� LQ�WKH�GLOXWHG�VROX�WLRQ� DUH� SUHVHQWHG� LQ� 7DEOH���� WKH� YDOXHVWKHUHRI� FRQILUP� ZHDN� LRQLF� QDWXUH� RI� WKHLQYHVWLJDWHG�VROXWLRQ�PHOW�7KXV�� LQ� WKLV� ZRUN�� WKH� FRQGXFWDQFH� RILURQ� �,,,�� R[LGH� VROXWLRQV� LQ� WKH�PHOWHG�VRO�YHQW� 3E2±%�2�±%D2±%D)� KDV� EHHQ� VWXG�LHG��2Q� WKH�EDVLV�RI� WKH�H[SHULPHQWDO�GDWD�WKH�SVHXGR�ELQDU\�SKDVH�GLDJUDP�RI�)H�2�±�3E2±%�2�±%D2±%D)�� V\VWHP�KDV�EHHQ�FRQ�7DEOH����'LVVRFLDWLRQ�GHJUHHV�DQG�FRQVWDQWV�RI�WKH�IHUUXP��,,,��R[LGH�LQ�WKH�PHOW�VROXWLRQ�RQ�WKHEDVLV�RI�3E2±%�2�±%D2±%D)�
'LVVRFLDWLRQ�GHJUHHV�FRQVWDQWV�DW�F�)H�2��  ���PRO��

7HPSHUDWXUH��.���� ���� ���� ���� ���� ����
α ����� ����� ����� ����� ����� �����. ����� ����� ����� ����� ����� �����

)LJ����� 3VHXGR�ELQDU\� SKDVH� GLDJUDP� RI� WKH)H�2�±�3E2±%�2�±%D2±%D)�� V\VWHP��
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VWUXFWHG�� WKH� PHOWLQJ� KHDWV� RI� WKH� VROYHQWDQG�LURQ��,,,��R[LGH�FU\VWDOV�LQ�WKH�VROXWLRQ�PHOW�KDYH�EHHQ�GHWHUPLQHG��2Q�WKH�EDVLV�RIFU\RVFRSLF� FDOFXODWLRQV�� WKH� GLVVRFLDWLRQVFKHPH� RI� WKH� LURQ� �,,,�� R[LGH� LQ� WKH� XVHGVROYHQW� LV� SURSRVHG�� GLVVRFLDWLRQ� GHJUHHVDQG� FRQVWDQWV� LQ� WKH� ZRUNLQJ� WHPSHUDWXUHLQWHUYDO�DUH�FDOFXODWHG�5HIHUHQFHV���(�,�1LNRODHY��,�$�.UDVLQ��.ULVWDOORJUDILD�� �����������������8665�$XWKRU±V�&HUW�������������v����{�������v����{�����������������'�'RERVK�� (OHFWURFKHPLFDO� &RQVWDQWV�� 5HIHU�HQFH� %RRN� IRU� (OHFWURFKHPLVWV��0LU��0RVFRZ�������>LQ�5XVVLDQ@����2�0�.RQRYDORY��0�<D�.RQRYDORYD�� LQ��6LQJOH&U\VWDOV� DQG� (QJLQHHULQJ�� �WK� ,VVXH�� 91,,03XEO���.KDUNRY���������S����>LQ�5XVVLDQ@�

���9�<D�$QRVRY�� 0�,�2]HURYD�� <X�<D�)LDONRY�3ULQFLSOHV� RI� 3K\VLFR�&KHPLFDO� $QDO\VLV�1DXND��0RVFRZ��������>LQ�5XVVLDQ@����<D�,�)UHQNHO��� .LQHWLF� 7KHRU\� RI� /LTXLGV�1DXND��/HQLQJUDG��������>LQ�5XVVLDQ@����<X�.�'HOLPDUVN\�� &KHPLVWU\� RI� ,RQLF� 0HOWV�1DXNRYD�'XPND��.LHY��������>LQ�5XVVLDQ@����3�'H� *DVSHULV�� 5�$�0DUFHOOL�� 0DW��5HV��%XOO��������������������9�9�0RUHQNR��$�9�%HO\L��'RS��1$18�� ��� ��������������9�$�7LPRIHHYD�� &U\VWDO� *URZWK� IURP� 6ROX�WLRQV�0HOWV�� 1DXND�� 0RVFRZ� ������� >LQ� 5XV�VLDQ@�����/�0�9LWWLQJ�� +LJK�7HPSHUDWXUH� 6ROXWLRQV�0HOWV�� 0*8� 3XEO��� 0RVFRZ� ������� >LQ� 5XV�VLDQ@�����<X�.�'HOLPDUVN\�� /�3�%DUFKXN�� $SSOLHG&KHPLVWU\� RI� ,RQLF� 0HOWV�� 1DXNRYD� 'XPND�.LHY��������>LQ�5XVVLDQ@��
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iº°ãL�ÎËÓº�ËãË}�¯º¹¯ºmL�ÓL°�	 ¯ºÏ�ÒÓLm�º}°Ò���ÏÈãLÏÈ��,,,����¯ºÏ¹ãÈmL�°mÒÓ�Ëmº�­º¯�­È¯L®�Á�º¯Ò�Óº�º�¯ºÏ�ÒÓÓÒ}È��¹º­��ºmÈÓº�¹°Ëm�º­LÓÈ¯Ó���LÈ�¯Èä��°�ÈÓ��°Ò°�ËäÒ�°}ãÈ����)H�2�±�3E2±%�2�±%D2±%D)���� ~È¹¯º¹ºÓºmÈÓº� °²Ëä���Ò°º�LÈ�L�� º}°Ò��� ÏÈãLÏÈ� �� ¯ºÏ��ÒÓL�¯ºÏ¹ãÈmL�� mÒÏÓÈ�ËÓº� °��¹LÓL� �È� }ºÓ°�ÈÓ�Ò� �Ò°º�LÈ�L�� �� �LÈ¹ÈÏºÓL� �Ëä¹Ë¯È��¯����÷�����z�
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