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���,QWURGXFWLRQ�
3RLQW�FRQWDFWV�DUH�DPRQJ�WKH�PRVW�SURP�

LVLQJ�KLJK�WHFK�QDQRREMHFWV�DQG�FDQ�EHFRPH
WKH�EDVLV�RI�KLJKO\�VHQVLWLYH�VHQVRU\�GHYLFHV
>����@� DQG� VSLQ� HOHFWURQLFV� HTXLSPHQW� >�@�
8WLOL]DWLRQ� RI� SRLQW�FRQWDFWV� IXQGDPHQWDO
SURSHUWLHV� DOORZV� RI� DGGLWLRQ� RI� QHZ� IXQF�
WLRQDO� SURSHUWLHV� WR� VWDQGDUG� PDWHULDOV� DV
ZHOO�DV�FUHDWLRQ�RI�QHZ�REMHFWV�ZLWK�XQLTXH
WHFKQLFDO�IHDWXUHV� >�@��7UDQVLWLRQ�IURP�IXQ�
GDPHQWDO� UHVHDUFK� WR� WKH� DSSOLHG�SRLQW�FRQ�
WDFW�EDVHG�WHFKQRORJLFDO�REMHFWV�LV�DVVRFLDWHG
ZLWK� QHFHVVLW\� WR� FUHDWH� QHZ� PHWKRGV� IRU
V\QWKHVL]LQJ� QDQRVWUXFWXUHV� PHQWLRQHG

DERYH�� $SSOLFDWLRQ� RI� HOHFWURFKHPLFDO
PHWKRG�SURYLGHV�WKH�VLJQLILFDQW�DGYDQFHV�LQ
VROXWLRQ� RI� WKH� GHVFULEHG� SUREOHP� >�Ü�@�
7KHUHIRUH��QDWXUDOO\��HVWDEOLVKHG�PHFKDQLFDO
PHWKRGV� IRU� SRLQW�FRQWDFW� SURGXFWLRQ� >�@
ZHUH�UHFHQWO\�DXJPHQWHG�E\�HOHFWURFKHPLFDO
PHWKRG� WKDW� DOORZV� WR� SURGXFH� QDQRVWUXF�
WXUHV� LQ� WKH� WRXFKLQJ� SRLQW� RI� KLJKO\� RU�
GHUHG�PHWDO� GHQGULWH� DQG� FRXQWHU� HOHFWURGH
>��@��6XFK�REMHFWV�KDYH�VL]H�WKDW�LV�FRPSDUD�
EOH� ZLWK� HOHFWURQ� PHDQ� IUHH� SDWK� IRU� WKH
JLYHQ� PHWDO� >�@� ZKHUHDV� WKH� WHFKQLFDO� WDVN
RI�GLUHFW�SKRWRJUDSKLF�UHFRUGLQJ�LV�GLIILFXOW
HQRXJK��DQG�LV�QRW�DFFRPSOLVKHG�\HW�EHFDXVH
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RI� VKLHOGLQJ� RI� SRLQW�FRQWDFW� FRQGXFWLYLW\
FKDQQHO� E\� WKH� FXUUHQW�IHHGLQJ� FRQGXFWRUV�
7KXV� QHHG� IRU� ODUJH�VFDOH� PRGHOLQJ� DULVHV�
,Q�WKH�IXQGDPHQWDO�ORZ�WHPSHUDWXUH�H[SHUL�
PHQWV� SRLQW�FRQWDFWV� DUH� FUHDWHG� DQG� RSHU�
DWHG� LQ�QRQ�FRQGXFWLYH�HQYLURQPHQW�� ,Q� WKH
PHDQWLPH��HOHFWUR�FKHPLFDO�V\QWKHVLV�RI�WKLV
QDQRREMHFW� LV� SHUIRUPHG� LQ� WKH� LRQ� FRQGXF�
WRU�HQYLURQPHQW��WKDW�FDOOV�IRU�GHYHORSPHQW
RI�D�QHZ�PRGHO��

(YHU\� PHWDOOLF� FRQGXFWRU� WKDW� LV� LP�
PHUVHG� LQ� HOHFWURO\WLF� HQYLURQPHQW� DQG
SODFHG� LQ� HOHFWULF� ILHOG� FRQVWLWXWHV� DQ� HORQ�
JDWHG� HOHPHQW� WKDW� FDQ� EH� FRQVLGHUHG� DV
PXOWLHOHFWURGH� V\VWHP� ZLWK� PRQRWRQLF� GLV�
WULEXWHG�SRWHQWLDO�>������@��,QYHVWLJDWLRQ�RQ
WKLV� PRGHO� ZDV� VKRZQ� WKDW� YROWDJH� DSSOLHG
WR� WKH� HOHFWURFKHPLFDOO\� V\QWKHVL]HG� GHQ�
GULWLF� SRLQW� FRQWDFW� FDXVHG� SDUDOOHO� HOHF�
WURQLF�DQG�LRQLF�FXUUHQWV�LQ�WKH�V\VWHP�

,Q� WKLV� SDSHU� DQ� HORQJDWHG� HOHPHQW� DV� D
PRGHO�RI�SRLQW�FRQWDFW�LQ�WKH�LRQ�FRQGXFWLQJ
HQYLURQPHQW�ZDV� VWXGLHG� LQ� RUGHU� WR�GHWHU�
PLQH� FXUUHQW� GLVWULEXWLRQ� IRU� WKH� VDNH� RI
GHYHORSLQJ� PHWKRGV� IRU� HOHFWUR�FKHPLFDO
V\QWKHVLV�RI�GHQGULWLF�SRLQW�FRQWDFW� VHQVRU\
QDQRVWUXFWXUHV�� 0HWKRGRORJLFDO� DSSURDFK
DQG�PHWKRGLF�VWHSV�IRU�UHVHDUFK�LQ�SRLQW�FRQ�
WDFW�ILHOG�WKDW�DUH�SUHVHQWHG�LQ�WKLV�SDSHU�FDQ
EH�DSSOLHG�IRU�DOO�JURXSV�RI�KRPRJHQRXV�DQG
FRPSRVLWH�FRQGXFWLYH�PDWHULDOV���

���([SHULPHQWDO��
([SHULPHQWV� ZHUH� SHUIRUPHG� DW� URRP

WHPSHUDWXUH� LQ� DWPRVSKHULF� HQYLURQPHQW�
8�RU�,�VKDSHG�PHWDOOLF�FRQGXFWRU�ZDV�SODFHG
LQ� WKH� UHFWDQJXODU� RUJDQLF� JODVV� FHOO
�)LJ������$V�D�FRQGXFWRU�D�FRSSHU�ZLUH�ZLWK
GLDPHWHU� RI� ���� PP� ZDV� XVHG�� (OHFWURO\WH
VROXWLRQ� ZDV� ���� 0� &X62���+�2� VROXWLRQSUHSDUHG� ZLWK� FKHPLFDOO\� SXUH� VDOW� DQG� UH�
GLVWLOOHG� ZDWHU�� (OHFWULF� LQIOXHQFH� RQ� WKH
V\VWHP� ZDV� SHUIRUPHG� XVLQJ� 3,17(.� 3:�
����5� VWDELOL]HG� SRZHU� VXSSO\��0����� DP�
SHUH�PHWHUV�ZHUH�XVHG�WR�GHWHFW�DQG�UHJLVWHU
FXUUHQW� GLVWULEXWLRQ�� .HLWKOH\������ PXO�
WLPHWHUV�ZHUH� XVHG� WR�PHDVXUH� YROWDJH� DQG
SRWHQWLDO� GLVWULEXWLRQ� DORQJ� WKH� HORQJDWHG
FRQGXFWRU� LQ� HOHFWURO\WH� VROXWLRQ�� 6SHFLDO
VWUXFWXUH� IOX[�JDWH�PDJQHWRPHWHU�ZDV�XVHG
LQ�VXFK�H[SHULPHQWV�IRU�WKH�ILUVW�WLPH�>��@�

���5HVXOWV�DQG�GLVFXVVLRQ�
9ROWDJH� 9� DSSOLHG� WR� KRPRJHQHRXV� FURVV

VHFWLRQ� HORQJDWHG� FRQGXFWRU� LV� GLVWULEXWHG
DORQJ� WKH� ORQJLWXGLQDO� D[LV� RI� WKDW� FRQGXF�
WRU��0D[LPXP�YROWDJH�GURS� LV� REVHUYHG� EH�
WZHHQ�WKH�ZDWHUOLQHV�RI�WKH�RSSRVLWH�HQGV�RI

WKLV�FRQGXFWRU��:KHQ�GHFRPSRVLWLRQ�YROWDJH
RI� JLYHQ� HOHFWURGH� V\VWHP� LV� DFKLHYHG� >��@�
LRQLF� FXUUHQW� DULVHV� LQ� WKH� SDUDOOHO� HOHFWUR�
FKHPLFDO�DUP�DORQJ�ZLWK�WKH�HOHFWURQLF�FXU�
UHQW� WKDW� UXQV� DORQJ� WKH� FRQGXFWRU�� 6RPH
HOHFWURQV� WKDW�PRYH� IURP� WKH� QHJDWLYH� WHU�
PLQDO� RI� WKH� SRZHU� VXSSO\� DORQJ� WKH� PDLQ
D[LV� RI� WKH� HORQJDWHG� FRQGXFWRU� FURVV� WKH
ERXQGDU\� OLQH� EHWZHHQ� WKH� FRQGXFWRU� DQG
HOHFWURO\WH�VROXWLRQ�WKXV�WDNLQJ�SDUW�LQ�HOHF�
WURFKHPLFDO� UHGXFWLRQ� UHDFWLRQV�� (OHFWURQLF
GHQVLW\� ZLWKLQ� WKH� PHWDO� FRQGXFWRU� GH�
FUHDVHV� DQG� UXQV� LQWR� WKH�PLQLPXP� LQ� WKH
LQYHUVLRQ� SRLQW�� ,Q� WKLV� SRLQW� QHJDWLYH� DQG
SRVLWLYH� SRWHQWLDOV� DUH� PXWXDOO\� FRPSHQ�
VDWHG� DQG� HOHFWURFKHPLFDO� UHDFWLRQV� YHORFL�
WLHV�HTXDO�WR�]HUR�UHJDUGOHVV�RI�DQ\�YROWDJHV
DSSOLHG� WR� WKH� HQGV� RI� WKH� FRQGXFWRU� >��@�
7UDQVLWLRQ�WKURXJK�WKH�SRLQW�LV�DFFRPSDQLHG
E\� FRQWLQXRXV� JURZWK� RI� FRQGXFWLYLW\� HOHF�
WURQV�GHQVLW\�LQ�WKH�PHWDO��,I�WKH�PHWDO�FRQ�
GXFWRU�LV�KRPRJHQHRXV��LW�LV�SRVVLEOH�WR�FRQ�
VLGHU�LQYHUVLRQ�SRLQW�RI�HOHFWURGH�DV�LWV�JHR�
PHWULF� FHQWHU� LQ� WKH� EHJLQQLQJ� VWDJH� RI
HOHFWURO\VLV�ZKHQ�DVVXPLQJ�V\PPHWU\�RI�DQ�
RGLF� DQG� FDWKRGLF� DUPV�RI�SRODUL]DWLRQ�SDW�
WHUQ��(OHFWURQLF�GHQVLW\� FRPHV�XS� WR� LQLWLDO
YDOXH�RQ�WKH�ZDWHUOLQH�DGMDFHQW�WR�WKH�SRVL�
WLYH� WHUPLQDO� RI� WKH� SRZHU� VXSSO\�� 7KHUH�
IRUH�� HOHFWURQ� IORZV� GLIIHU� DW� WKH� HQWUDQFH
DQG� LQYHUVLRQ� SRLQWV� RI� WKH� HORQJDWHG� FRQ�
GXFWLYH� HOHPHQW�� 7KLV� GLIIHUHQFH� LV� FDXVHG
E\� SDUWLFLSDWLRQ� RI� VRPH� FRQGXFWLYH� HOHF�

)LJ����� 6FKHPDWLF� UHSUHVHQWDWLRQ� RI� HOHFWUR�
FKHPLFDO� FHOO�� D�Û� ZLWK�8�VKDSHG� HORQJDWHG
FRQGXFWLYH�HOHPHQW��E�Û�ZLWK�,�VKDSHG�HORQ�
JDWHG�FRQGXFWLYH�HOHPHQW��$���$��Û�DPSHUH
PHWHUV� DW� WKH� HQWU\� DQG� H[LW� SRLQWV� RI� DQ
HORQJDWHG�HOHPHQW��UHVSHFWLYHO\��$��Û�LQYHU�
VLRQ�SRLQW�DPSHUH�PHWHU�
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WURQV� LQ� WKH� HOHFWURFKHPLFDO� FRQYHUVLRQ� UH�
DFWLRQV�RQ�WKH�ERUGHUOLQH��ZKLFK�DOORZV�HVWL�
PDWLQJ� FKDUJH� FDUULHUV�� GLVWULEXWLRQ� DORQJ
WKH� HORQJDWHG� HOHPHQW�� L�H�� HOHFWURFKHPLFDO
FRQYHUVLRQ�FXUUHQW�GHWHUPLQDWLRQ��7R�GHWHU�
PLQH� LQWHJUDWHG� YHORFLW\� RI� HOHFWURFKHPLFDO
UHDFWLRQV�LW�LV�HQRXJK�WR�GHWHUPLQH�FXUUHQWV
GLIIHUHQFH�EHWZHHQ�WKH�VWDUWLQJ�SDUW�DQG�LQ�
YHUVLRQ� SRLQW� RI� WKH� HORQJDWHG� FRQGXFWRU�
7KLV� PHDVXUHPHQW� LV� HDVLHVW� WR� SHUIRUP
XVLQJ� 8�VKDSHG� HORQJDWHG� FRQGXFWLYH� HOH�
PHQW��)LJ������7R�SHUIRUP�WKLV�PHDVXUHPHQW
RQH� FDQ� PRYH� JHRPHWULF� FHQWHU� �L�H�� LQYHU�
VLRQ�SRLQW��RI� WKH�FRQGXFWRU�RXW�RI� WKH�FHOO
DQG�PHDVXUH�FXUUHQW�VWUHQJWK�LQ�WKDW�SRLQW�
&KDUJH� IUDFWLRQ� 4� WKDW� LV� WUDQVIHUUHG� E\
LRQV�FDQ�EH�FDOFXODWHG�DV�UDWLR�RI�LRQLF�FXU�
UHQW� YDOXH� ,L� DQG� WRWDO� FXUUHQW� YDOXH� ,� LQWKH�HQWUDQFH�SRLQW�RI�WKH�HORQJDWHG�FRQGXF�
WRU��:KHQ�WKH�YROWDJH�ELDV�LV�ORZ��HOHFWURQLF

FXUUHQW� FKDQJHV� LQ� D� OLQHDU� IDVKLRQ� DFFRUG�
LQJ� WR� WKH� 2KP�V� ODZ�� DQG� LRQLF� FXUUHQW
FKDQJHV�H[SRQHQWLDOO\�GHSHQGLQJ�RQ�YROWDJH
>��@�� ZKLFK� SURYHV� IRUPXOD� G�4�G9��!��� LV
FRUUHFW�� ,Q� WKH� PHDQWLPH� WKH� H[SHULPHQW
KDG�VKRZQ�WKDW�FRUUHODWLRQ�4�9��KDV�DUFKHG
VKDSH� ZLWKLQ� WKH� UDQJH� RI� 9� ��Ü����P9
DQG� LV� GHVFULEHG� E\� WKH� HTXDWLRQ� \� �D[E�
ZKHUH�D� �������E� ������)LJ������7KLV�UHGLV�
WULEXWLRQ�RI�HOHFWURQLF�DQG�LRQLF�FXUUHQWV�LV
FKDUDFWHULVWLF� IRU� HORQJDWHG� FRQGXFWLYH� HOH�
PHQW� ZKHUH� FRQMXJDWLRQ� RI� HOHFWURQ� WUDQVIHU
UHVLVWDQFH�DQG�SRODUL]DWLRQ�UHVLVWDQFH�RI�ERU�
GHU� EHWZHHQ� PHWDO� DQG� HOHFWURO\WH� SKDVHV� LV
LPSOHPHQWHG�EDVHG�RQ�PXWXDO�FRUUHODWLRQ��

,W�LV�ZHOO�WR�EHDU�LQ�PLQG�WKDW�SRLQW�FRQ�
WDFW�FRQGXFWLYLW\�FKDQQHO�LV�D�OLQHDU�FRQGXF�
WRU�>�����@��7KHUHIRUH�LW�ZLOO�EH�PRVW�UHDVRQ�
DEOH� WR� PRGHO� SRLQW� FRQWDFW� DV� ,�VKDSHG
HORQJDWHG� FRQGXFWLYH� HOHPHQW��&RQYHQWLRQDO
JDOYDQRPHWULF� PHDVXUHPHQW� RI� HOHFWUR�
FKHPLFDO� FXUUHQW� LV� FRPSOLFDWHG� WKLV� ZD\
VLQFH�LQYHUVLRQ�SRLQW��L�H��HOHFWURQLF�FXUUHQW
PHDVXUHPHQW�SRLQW��RI�WKH�FRQGXFWRU�LV�LP�
PHUVHG� LQWR� WKH� HOHFWURO\WH� VROXWLRQ�� &RQ�
WDFWOHVV�FXUUHQW�GHWHFWLRQ�YLD�IOX[�JDWH�VHQ�
VRU�FRXOG�EH�WKH�PRVW�DSSURSULDWH�PHWKRG�RI
PHDVXUHPHQW�LQ�VXFK�V\VWHP�>��@��0HDVXUH�
PHQWV�SHUIRUPHG�ZLWK�IOX[�JDWH�PDJQHWRPH�
WHU�KDYH�VKRZQ�WKDW�LQYHUVLRQ�SRLQW�LV�FKDU�
DFWHUL]HG� ZLWK� PLQLPXP� PDJQHWLF� ILHOG
VWUHQJWK� �)LJ���D��� 1RWDEO\�� WKLV� PLQLPXP
EHFRPHV�PRUH� HYLGHQW�ZLWK� LQFUHDVH� LQ�FXU�
UHQW� LQWHQVLW\� WKURXJK� WKH� HORQJDWHG� FRQ�
GXFWLYH�HOHPHQW��7KH�PLQLPXP�LQ�PDJQHWLF
ILHOG�VWUHQJWK�GLVWULEXWLRQ�LV�LQ�JRRG�FRUUH�

)LJ�����&KDUJH�IUDFWLRQ�4�WUDQVIHUUHG�E\�LRQV
WKURXJK� WKH� VXUIDFH� RI� WKH� HORQJDWHG� FRSSHU
FRQGXFWRU� YHUVXV� DSSOLHG� YROWDJH�9�� &RQGXF�
WRU�OHQJWK�LV�����P�

)LJ����� D�Û�0DJQHWLF� ILHOG� VWUHQJWK�+� DORQJ� WKH� ,�VKDSHG� HORQJDWHG� FRSSHU� FRQGXFWLYH� HOHPHQW�
&XUUHQW�LQWHQVLW\�LQ�WKH�FRQGXFWRU��P$������������������������������������/�Û�OHQJWK�RI�WKH�HORQJDWHG
FRQGXFWLYH�HOHPHQW��E�Û�HOHFWURFKHPLFDO�FXUUHQW�PHDVXUHG�YLD�IOX[�JDWH�VHQVRU�����DQG�JDOYDQRPHWULF
PHWKRG�����YHUVXV�YROWDJH�DSSOLHG�WR�WKH�HQGV�RI�WKH�HORQJDWHG�,�VKDSHG�FRQGXFWLYH�HOHPHQW�
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ODWLRQ�ZLWK� D�PLQLPDO� HOHFWURQLF� FXUUHQW� LQ
WKDW� SRLQW� REWDLQHG� YLD� VKRUW�FLUFXLW� HIIHFW
RI� HOHFWURFKHPLFDO� SURFHVVHV�� 7KLV� WXUQV� XS
DV�DQ�H[SHULPHQWDO�HYLGHQFH�RI�H[LVWHQFH�RI
LQYHUVLRQ�SRLQW� LQ� WKH� HORQJDWHG�FRQGXFWLYH
HOHPHQW�� ,W� LV� REYLRXV� WKDW� LQYHUVLRQ�SRLQW�
VHSDUDWHG� DQRGH�� DQG� FDWKRGH�SRODUL]HG
]RQHV� ZLOO� EH� FUHDWHG� RQ� WKH� ERUGHUOLQH� EH�
WZHHQ�PHWDO�DQG�HOHFWURO\WH�SKDVHV�ZKHQ�WKH
HOHFWULF� FXUUHQW� IORZV� WKURXJK� WKH� FRQGXF�
WLYLW\� FKDQQHO� RI� WKH� SRLQW�FRQWDFW� LPPHUVHG
LQ� HOHFWURO\WH� VROXWLRQ�� (OHFWURFKHPLFDO� FXU�
UHQW�LQWHQVLW\�YDOXHV�PHDVXUHG�ZLWK�IOX[�JDWH
VHQVRU�FRUUHVSRQG�WR�YDOXHV�PHDVXUHG�YLD�JDO�
YDQRPHWULF�PHWKRG��)LJ���E���

���&RQFOXVLRQV
7KXV�SRVVLELOLW\�IRU�GHWHUPLQDWLRQ�RI�ILQH

PRUSKRORJLF� IHDWXUHV� RI� QDQRREMHFW� XQGHU
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