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SRURXV� VWUXFWXUH� RQ� D� 6L� VXUIDFH�� 7KH� ILOP� FRPSRVLWLRQ� DQG� FKDUJH� VWDWH� RI� WKH� GLHOHF�
WULF�VHPLFRQGXFWRU� V\VWHP� REWDLQHG�KDYH� EHHQ� VWXGLHG�� 7KLFNQHVV� DQG� SRURVLW\� GHJUHH� RI
WKH� V\QWKHVL]HG� ILOPV� KDYH� EHHQ� HVWLPDWHG�� 7KH� ILOPV� KDYH� EHHQ� VKRZQ� WR� EH� VLPLODU� LQ
VWUXFWXUH� WR� VLOLFD� DHURJHO�� 7KH� ILOPV� XVLQJ� LQ� WKH� VHPLFRQGXFWRU� PLFURHOHFWURQLFV�� LQ
SDUWLFXODU��IRU�VHQVRUV�DQG�VRODU�FHOOV�LV�SURSRVHG�
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7KH� 6L±6L2�� VWUXFWXUHV� DUH� EHLQJ� XVHGZLGHO\� IRU� D� ORQJ� WLPH� LQ� WKH� PLFURHOHF�
WURQLF�WHFKQRORJLHV��7KH�WHFKQLTXH�SURSRVHG
LQ�WKLV�ZRUN�IRU�VLOLFD�ILOP�V\QWKHVLV�PDNHV
LW�SRVVLEOH�� LQ�FRQWUDVW�WR�WUDGLWLRQDO�R[LGD�
WLRQ�WHFKQLTXH�>�@��WR�REWDLQ�SRURXV�FKDUJHG
ILOPV� ZLWK� WKH� VWUXFWXUH� VLPLODU� WR� VLOLFD
DHURJHO�ZKLFK�� GXH� WR� LWV� RXWVWDQGLQJ� WKHU�
PDO� DQG� HOHFWULF� LQVXODWLRQ� SURSHUWLHV�� ORZ
GHQVLW\��DQG�KLJK�SRURVLW\��PLJKW�EHORQJ�WR
SURPLVLQJ� PDWHULDOV� IRU� PRGHUQ� WHFKQROR�
JLHV� >�Ü�@��,Q�FRQWUDVW�WR�WKH�H[LVWLQJ�WHFK�
QLTXHV� RI� DHURJHO� V\QWKHVLV� >�Ü�@�� WKH� 6L
VXEVWUDWH�PDWHULDO� LV� XVHG� IRU� IRUPDWLRQ�RI
WKH� ILOPV�� WKXV�� D� GLHOHFWULF�VHPLFRQGXFWRU
V\VWHP�W\SLFDO�RI�PLFURHOHFWURQLF�VWUXFWXUHV
LV� GLUHFWO\� V\QWKHVL]HG�� 7R� SURYLGH� FRQGL�
WLRQV� VXLWDEOH� IRU� IRUPDWLRQ� RI� WKH� SRURXV
VLOLFD� ILOPV��6L� LV� R[LGL]HG� LQ� DTXHRXV� VROX�
WLRQ�RI�.2+�RU�1D2+��WKXV�IDYRULQJ�IRUPD�
WLRQ� RI� VLOR[DQH� ERQGV� RI� WKH� JHO� VSDWLDO
VWUXFWXUH�XQGHU�URWDWLRQ�RI�WKH�6L�ZDIHU�
7KH� RQ�VLOLFRQ� SRURXV� GLHOHFWULF� VLOLFD

ILOPV� ZHUH� V\QWKHVL]HG� RQ� PRQRFU\VWDOOLQH

ERURQ�GRSHG�6L�ZDIHUV�ZLWK�HOHFWULF�FRQGXF�
WLYLW\�RI����2KP�FP��7KH�ZDIHU� VXUIDFH�FR�
LQFLGHG� ZLWK� WKH� FU\VWDOORJUDSKLF� SODQH
������� 7KH� ZDIHUV� ZHUH� FKHPLFDOO\� WUHDWHG
XVLQJ� D� VWDQGDUG� SURFHGXUH� XVXDOO\� HP�
SOR\HG� SULRU� WR� WKHUPDO� R[LGDWLRQ� >�@�
7KHUHDIWHU��WKH�ZDIHUV�KDG�EHHQ�SODFHG�RQ�D
FHQWULIXJH� VWDJH� DQG� URWDWHG� DW� ����� WR
����� USP�� .2+� VROXWLRQ� RI� ���Ü�Ü�����0
FRQFHQWUDWLRQ�ZDV�VXSSOLHG�WR�WKH�ZDIHU�VXU�
IDFH�E\�PHDQV�RI�D�GRVLQJ�XQLW��7KH�IRUPHG
ILOPV�SRVVHVV�D�ELOD\HU�VWUXFWXUH��7KH�XSSHU
OD\HU�RI�UHVLGXDO�.2+�DQG�SRWDVVLXP�VLOLFDWH
IRUPHG� LQ� WKH� FRXUVH� RI� WKH� UHDFWLRQ� ZDV
UHPRYHG� E\� ZDVKLQJ� ZLWK� GHLRQL]HG� ZDWHU�
1R� FRPSRXQGV� RU� LPSXULWLHV� XQW\SLFDO� RI
6L±6L2��V\VWHP�KDYH�EHHQ�IRXQG�LQ�WKH�ILOPVE\�$XJHU�VSHFWURPHWU\�DQG�ODVHU�PDVV�VSHF�
WURVFRS\��7KH�ILOP�LPSHGDQFH�ZDV�PHDVXUHG
E\� SXWWLQJ� DQ� LQGLXP� SUREH� LQ� WKH� FRQWDFW
ZLWK� WKH� ILOP� VXUIDFH� DQG� DSSO\LQJ� ERWK� D
FRQVWDQW�YROWDJH�DQG�5)�WHVWLQJ�VLJQDO��7KH
REWDLQHG�GHSHQGHQFHV�ZHUH�W\SLFDO�RI�WKH�5)
&�9� FXUYHV� VSHFLILF� IRU� WKH� PHWDO�VHPLFRQ�
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GXFWRU� VWUXFWXUHV��7KLV�HYLGHQFHG�GLHOHFWULF
QDWXUH�RI�WKH�IRUPHG�ILOPV��7KH�EUHDNGRZQ
YROWDJH�GHSHQGV�RQ�FRQFHQWUDWLRQ�RI� WKH�DO�
NDOL�VROXWLRQ�
7KH� FKDUJH� VWDWH� RI� WKH� GLHOHFWULF�VHPL�

FRQGXFWRU� VWUXFWXUH� ZDV� VWXGLHG� XVLQJ� WKH
G\QDPLF�FDSDFLWRU�WHFKQLTXH�>�Ü�@��,Q�WKHVH
LQYHVWLJDWLRQV�� YROWDJH�9N� LV�PHDVXUHG� WKDWDSSHDUV� EHWZHHQ� WKH� YLEUDWLQJ� SUREH� HOHF�
WURGH�DQG�WKH�VHPLFRQGXFWRU�ZDIHU��$�YDUL�
DEOH�YROWDJH�9Nz��EHWZHHQ�WKH�HOHFWURGHV�RI�WKHG\QDPLF� FDSDFLWRU� DULVHV� LI� D� WKHUPRHOHFWULF
ZRUN� IXQFWLRQ� GLIIHUHQFH� H[LVWV� EHWZHHQ� WKH
SUREH�HOHFWURGH�PDWHULDO��RQ�WKH�RQH�KDQG��DQG
WKH� VHPLFRQGXFWRU�� RQ� WKH� RWKHU� RQH�� 2QH
PRUH� UHDVRQ� IRU� DSSHDUDQFH� RI� WKLV� YROWDJH
LV�WKH�SUHVHQFH�RI�FKDUJH�4G�LQVHUWHG�LQVLGHWKH�GLHOHFWULF�ILOP�FRYHULQJ�WKH�VHPLFRQGXF�
WRU�PDWHULDO�� 7KH�9N� YROWDJH�ZDV�PHDVXUHGERWK� LQ� GDUN� DQG� XQGHU� LOOXPLQDWLRQ�� WKXV
DOORZLQJ�XV�WR�VHSDUDWH�WKH�FRQWULEXWLRQV�WR
9N� IURP� FKDUJHV� ORFDWHG� LQ� WKH� GLHOHFWULFDQG� LQ� WKH� VHPLFRQGXFWRU�� ,Q� WKH� VSRW� RI
PHDVXUHPHQW�� WKH� VDPSOH� ZDV� LOOXPLQDWHG
ZLWK� ODVHU� OLJKW� RI�O� ������PP�ZDYHOHQJWK
DQG���P:�SRZHU��7KH�9N�PHDVXUHPHQW�ZDVSHUIRUPHG� LQ� ���� SRLQWV� RQ� D� VXUIDFH� RI
HDFK� RI� WKH� SODWHV�ZLWK� VXEVHTXHQW� DYHUDJ�
LQJ� RI� WKH� REWDLQHG� UHVXOWV�� 'LVSHUVLRQ� RI
WKH�PHDVXUHG�YDOXHV�FRQVWLWXWHG���RU�����
IRU� ERWK� ZLWKLQ� D� VLQJOH� ZDIHU� DQG� ZLWKLQ
HDFK���ZDIHU� VWDFN�� ,W�VKRXOG�EH�QRWHG�WKDW
WKH� GHVFULEHG� H[SHULPHQWV� DQG� LQYHVWLJD�
WLRQV� ZHUH� DOVR� DFFRPSOLVKHG� ZLWK� XVLQJ
1D2+� VROXWLRQ��7KHLU� UHVXOWV�DUH�VLPLODU�WR
WKRVH�REWDLQHG�ZLWK�.2+��
7\SLFDO� UHVXOWV� RI� 9N� YROWDJH� PHDVXUH�PHQWV� DV� D� IXQFWLRQ� RI� FRQFHQWUDWLRQ�0� RI

WKH� VROXWLRQ� XVHG� WR� SUHSDUH� WKH� ILOP� DUH
SUHVHQWHG�LQ�)LJ����� ,Q�WKH�GDUN�FRQGLWLRQV�
9N� �9NG�ZLWK�9NG�EHLQJ�D�YDOXH�WKDW�FKDUDF�WHUL]HV�WKH�FKDUJH�VWDWH�RI�WKH�V\VWHP�LQ�WKH
HTXLOLEULXP��FXUYH�����8QGHU�LQWHQVH�LOOXPL�
QDWLRQ� RI� WKH� VDPSOH�� HQHUJ\� ]RQHV� RI� WKH
VHPLFRQGXFWRU� VXUIDFH� OD\HU� EHFRPH
VWUDLJKWHQHG��DQG�FRQGXFWLYLW\�RI�WKLV�OD\HU
DSSUR[LPDWHV� WR� WKDW� RI� D� PHWDO�� ,Q� WKLV
FDVH�� 9N� �9NO� �ZLWK� 9NO� EHLQJ� D� YROWDJHPHDVXUHG� EHWZHHQ� WKH� SUREH� HOHFWURGH� DQG
WKH� VLOLFRQ��� SURYLGHG� WKDW� ERWK� WKH� QHDU�
VXUIDFH�EHQGLQJ�RI�WKH�HQHUJ\�]RQHV�MV�DQGZLGWK�O�RI�WKH�VSDWLDO�FKDUJH�DUHD�DUH�HTXDO
WR� ]HUR� �FXUYH� ���� &XUYH� ��� )LJ����� FDOFX�
ODWHG� E\� IRUPXOD�9NI� �9NGÜ9NO� LV� HTXDOWR� MV�� 8QGHU� LOOXPLQDWLRQ�� MV|��� DQG� YDOXHV9N� �9NI�JLYHQ�E\�FXUYH���DUH�YDOXHV�RI�WKHVXUIDFH�SKRWRHOHFWULF�HOHFWURPRWLYH�IRUFH�
,Q� FXUYHV� 9N�0��� )LJ����� WZR� SURQRXQFHG

VHFWLRQV�DUH�REVHUYHG��7KH�ILUVW�RQH� LV�D�SOD�

WHDX� ZLWKLQ� WKH� LQWHUYDO� RI� ��Ü��Ü���0�� ,Q
WKLV� LQWHUYDO�� HTXDWLRQ� 9NI�0�� �9NGÜ9NO|��FXUYH����LV�YDOLG�DQG��KHQFH��WKH�]RQH�EHQG�
LQJ� LV�MV|���:LWKLQ� WKH� VHFRQG� VHFWLRQ�� IRU
0!��Ü��� WKH� 9NG� DQG� 9NO� YDOXHV� VWDUW� WRWUHQG�WRZDUGV�QHJDWLYH�YDOXHV��DQG�DEVROXWH
YDOXH� RI� 9NI�0�� �9NGÜ9NO� VWDUWV� WR� ULVHVKDUSO\�� 7KLV� LV� DQ� HYLGHQFH� RI� WKH� VKDUS
ULVH�RI�MV��GRZQZDUG�EHQGLQJ�RI�WKH�]RQHV��ZKLFK� LV�SRVVLEOH�RQO\� LI� WKH�4G�FKDUJH�� LQ�VHUWHG� LQWR� WKH� GLHOHFWULF� ILOP�� JHWV� LQ�
FUHDVHG��,WV�YDOXH�EHJLQV�WR�SUHYDLO�RYHU�WKH
VXUIDFH� VWDWH� FKDUJH� ORFDWHG� DW� WKH
ILOP�VHPLFRQGXFWRU� LQWHUIDFH�� ZLWK� WKH
FKDUJH� VLJQ� EHLQJ� SRVLWLYH�� 7KHUHIRUH�� WKH
9N�0�� FXUYHV� LQ�)LJ����UHSUHVHQW�YDULDWLRQV
RI�4G� FKDUJH� ZLWK� LQFUHDVH� RI� WKH� VROXWLRQFRQFHQWUDWLRQ�0��6XFK�D�EHKDYLRU�LV�FDXVHG
E\� LQVHUWLRQ�RI�.�� LRQV� LQWR�WKH�ILOP�V�EXON
LQ� WKH� FRXUVH� RI� LWV� IRUPDWLRQ� LQ� WKH�.2+
VROXWLRQ�� 7KH� FXUYHV� 9NG�0�� DQG� 9NO�0�
VKRZQ� VRPH�YDULDWLRQ� LQ� WKHLU�DUUDQJHPHQW
UHODWLYH� WR� WKH� RUGLQDWH� D[LV� IRU� GLIIHUHQW
ZDIHU� VWDFNV��7KLV�ZDV�GXH� WR�XQFRQWUROOHG
YDULDWLRQV� RI� WKH� ERURQ� GRSDQW� FRQWHQW� LQ
6L�� 7KLV� JLYHV� D� VPDOO� FKDQJH� LQ� WKH� FXUYH
VKDSH�� DQG� WKHLU� RULJLQ� DW�0� ��� IDOOV� LQWR
WKH�UHJLRQ�RI�9N� �r����9�&XUYH� �� LQ� )LJ���� VKRZV� GDWD� REWDLQHG
ZKHQ�PHDVXULQJ�WKH�ILOP�WKLFNQHVV�E\�HOOLS�
VRPHWHU��6LQFH�WKH�ILOP�SHUPLWWLYLW\�ZDV�XQ�
NQRZQ�� WKH� YDOXH� H� ��� ZDV� WDNHQ� ZKHQ
PHDVXULQJ�G�� ZKLFK� FKDUDFWHUL]HV� WKH� WKHU�
PDOO\�JURZQ�6L2���:KHQ�FRPSDULQJ�FXUYH���
)LJ����� DQG� FXUYH� ��� )LJ���� LW� LV� VHHQ� WKDW
ERWK� WKH� ILOP� WKLFNQHVV� DQG� WKH� FKDUJH
WKHUHLQ� LQFUHDVH� DV� IXQFWLRQV� RI�0� DFFRUG�
LQJ�WR�DQ�DSSUR[LPDWHO\�WKH�VDPH�ODZ��6XS�
SRVLQJ� WKH� .�� LRQ� GLVWULEXWLRQ� DFURVV� WKH
ILOP� WKLFNQHVV� WR� EH� KRPRJHQHRXV�� ZH� FDQ

)LJ�����'HSHQGHQFHV�RI�9N�0���&XUYHV���DQG��
FRUUHVSRQG� WR� 9N� �9NG� DQG�9N� �9NO�� UHVSHF�WLYHO\��&XUYH���FRUUHVSRQGV�WR�9NI� �9NGÜ9NO�
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HVWLPDWH� WKH� ILOP� WKLFNQHVV� EDVLQJ� RQ� H[�
SHULPHQWDO�GDWD�REWDLQHG�IURP�WKH�YLEUDWLQJ
FDSDFLWRU�PHDVXUHPHQWV��:LWK�9NO�DQG�9NI� 9NGÜ9NO|MV� EHLQJ� NQRZQ�� ZH� FDQ� FDOFXODWHFDSDFLW\� &VF� DQG� FKDUJH� 4VF� RI� WKH� VSDFH�FKDUJH� UHJLRQ� >�@�� 1HJOHFWLQJ� WKH� VXUIDFH
VWDWH� FKDUJH� LQ� FRPSDULVRQ� ZLWK� WKDW� LQ�
VHUWHG�LQ�WKH�ILOP��ZH�WDNH�4VF|4G�DQG�HVWL�PDWH�WKH�GLHOHFWULF�ILOP�WKLFNQHVV�XVLQJ�WKH
SODQH�FDSDFLWRU�IRUPXOD�ZLWK�WDNLQJ�LQWR�DF�
FRXQW� WKDW�4G� FKDUJH� LV�GLVWULEXWHG�KRPRJH�QHRXVO\� DFURVV� WKH� ILOP� WKLFNQHVV�� 7KH� VLOLFD
JUDWLQJ�FRQVWDQW�ZDV�WDNHQ�DV�D�PLQLPDO�GLV�
WDQFH�EHWZHHQ�WKH�.��LRQV�DQG�WKH�ILOP�VLOLFRQ
LQWHUIDFH�
7KH� G�0�� FDOFXODWLRQ� UHVXOW� LV� SUHVHQWHG� E\

FXUYH���LQ�)LJ�����$W�WKH�VHFWLRQ�RI����Ü�Ü�����0�
WKLV� GHSHQGHQFH� LV� GHVFULEHG� DSSUR[LPDWHO\
E\� HPSLULF� IRUPXOD� G� �NOJ0� ZLWK� N� EHLQJ
SURSRUWLRQDOLW\� FRHIILFLHQW�� )URP� FRPSDUL�
VRQ�RI� WKH�FXUYHV��� DQG��� LW� LV� VHHQ� WKDW�G
YDOXH� REWDLQHG� IURP� WKH� 9N�0�� PHDVXUH�
PHQWV� LV� �� WR� �� WLPHV� ODUJHU� WKDQ� WKDW� RE�
WDLQHG�IURP�WKH�HOOLSVRPHWULF�PHDVXUHPHQWV
IRU� WKH� VDPH� H� YDOXHV�� 6LQFH� WKH� SODQH�FD�
SDFLWRU� FDOFXODWLRQV� RI� WKH� ILOP� WKLFNQHVV
JLYH� GaH�� DQG� WKH� HOOLSVRPHWULF� PHDVXUH�
PHQWV� JLYH� Ga���HÜVLQ�M������ WKHQ� VXFK� D
GLIIHUHQFH�FDQ�EH�H[SODLQHG�RQO\�E\�WKH�ILOP
SRURVLW\� DQG� E\� D� GLIIHUHQFH� EHWZHHQ� WKH
SHUPLWWLYLW\� HIIHFWLYH� YDOXH� HHII� DQG� WKHYDOXH� WDNHQ� IRU� WKH� FDOFXODWLRQ�� %\� DGMXVW�
PHQW� RI� WKH� H� YDOXH�� RQH� FDQ� DFKLHYH� DQ
DSSUR[LPDWH� FRLQFLGHQFH� RI� WKH� G�0�� GH�
SHQGHQFHV�� )LJ����� ZLWKLQ� WKH� LQYHVWLJDWHG
VHFWLRQ� RI� 0� FRQFHQWUDWLRQ�� ZKHQ� WDNLQJ
HHII|�����,Q�WKH�SUHVHQFH�RI�SRUHV��WKH�HIIHF�WLYH� SHUPLWWLYLW\� HHII� RI� D� SRURXV� PDWHULDOFDQ� EH� GHWHUPLQHG� XVLQJ� WKH� /LFKWHQHFNHU
IRUPXOD� IRU� WZR�FRPSRQHQW� GLHOHFWULFV�� ,I
WKH� HOHFWULF� ILHOG� LV� GLUHFWHG� QRUPDOO\� UHOD�
WLYH� WR� WKH� SRUHV� RULHQWDWLRQ�� WKHQ� ��HHII� ��ÜD��H��� ��D�H�� ZLWK� D� EHLQJ� YROXPH� FRQ�FHQWUDWLRQ� RI� WKH� SRUHV�� DQG� H�� DQG� H�� DUHSHUPLWWLYLWLHV� RI� WKH� VROLG�PDWHULDO� DQG� WKH
SRUHV�� UHVSHFWLYHO\�� :KHQ� WDNLQJ� H�� ���DLU�ILOOHG� SRUHV�� DQG� H�� ���� ZH� REWDLQD|�����$OO�WKH�DERYH�VWDWHG�DOORZV�XV�WR�FRQ�
FOXGH� WKDW� VWUXFWXUH� RI� WKH� LQYHVWLJDWHG
ILOPV�LV�RI�SRURXV�W\SH�
7KH� HSLWD[LDO� GHVWUXFWLYH� JURZWK� >�@� LV

WKH�PRVW�SUREDEOH�PHFKDQLVP�RI�WKH�SRURXV
VLOLFD�ILOP�IRUPDWLRQ�RQ�D�VLOLFRQ�ZDIHU�VXU�
IDFH�� 6LOLFD� DQG� LWV� K\GUDWHG� PROHFXOHV
QHHGHG� IRU� V\QWKHVLV� RI� WKH� ZHW� JHO� DUH
IRUPHG�LQ�WKH�FRXUVH�RI�WKH�NQRZQ�UHDFWLRQ
EHWZHHQ�VLOLFRQ�DQG�ZDWHU��6WUXFWXUH�RI�WKH

IRUPHG� JHO� DQG� LWV� SRURVLW\� GHJUHH� DUH� GH�
WHUPLQHG� E\� WKH� HOHPHQWDU\� LVODQG� WHWUDKH�
GURQV�>6L2�@�±�DQG�WKHLU�FRPSOH[�VSDWLDO�IRU�PDWLRQV��7KH� JHO� VWUXFWXUH� DOVR�GHSHQGV� RQ
WKH� HQHUJ\� VWDWH� RI� WKH� VLOLFRQ� VXUIDFH�� LWV
FRPSRVLWLRQ��DQG�FRQGLWLRQV�RI�WKH�UHDFWLRQ�
7KH�SRURXV�VWUXFWXUH�RI�WKH�ILOP�IRUPHG�GXH
WR�WKH�P\FHOLD�FROORLGDO�VROXWLRQ�SRO\PHUL]D�
WLRQ��VLPLODU�WR�UHDFWLRQV�ZKLFK�DUH�XVHG�IRU
VLOLFD�DHURJHO�V\QWKHVLV��7KH�SRURVLW\�GHJUHH
RI� WKH� V\QWKHVL]HG� ILOPV� �D|����� LV� FORVH� WR
WKH�GDWD�RI�UHIHUHQFHV� >�Ü�@��7RJHWKHU��WKLV
SHUPLWV�XV�WR�FRQFOXGH�WKDW�VWUXFWXUH�RI�WKH
LQYHVWLJDWHG� ILOPV� LV� VLPLODU� WR� VLOLFD� DHUR�
JHO�VWUXFWXUH�
7KH� VWXGLHG� QRYHO� WHFKQLTXH� IRU� RQ�VLOL�

FRQ�IRUPDWLRQ�RI�SRURXV�VLOLFD�ILOPV�HQDEOHV
WR� IRUP� GLHOHFWULF� ILOPV� ZLWK� D� QHHGHG
DPRXQW�RI�WKH�LQVHUWHG�FKDUJH�DW�URRP�WHP�
SHUDWXUH�� 6XFK� ILOPV� PD\� EH� HPSOR\HG� LQ
LQVXODWLRQ� FRPSRQHQWV� RI� PLFURHOHFWURQLF
GHYLFHV� DQG� IRU� SDVVLYDWLRQ� RI� VLOLFRQ� VXU�
IDFH��7KH� IHDWXUHV�RI�SRURVLW\�DQG�SUHVHQFH
RI� WKH� HPEHGGHG� FKDUJH� SURYLGH� DGGLWLRQDO
SRVVLELOLWLHV�� 7KH� FKDUJH� LQVLGH� WKH� GLHOHF�
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