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7KH� UHVXOWV� RI� WKH� UHOD[DWLRQ� SURFHVVHV� LQYHVWLJDWLRQ� LQ� SRO\FU\VWDOOLQH� SLH]RHOHFWULF

HOHPHQWV�DIWHU�H[LWLQJ�WKHP�IURP�WKH�VWDWH�RI�WKH�WKHUPRG\QDPLF�EDODQFH�XQGHU�DFWLRQ�RI
$&� YROWDJH� RI� WKH� UHVRQDQFH� IUHTXHQF\�� KHDWLQJ� DQG� XQLD[LDO� PHFKDQLFDO� VWUHVVHV� DUH
SUHVHQWHG�� 7KH� ORQJ�WLPH� UHFRQVWUXFWLRQ� RI� HODVWLF� SDUDPHWHUV� WDNHV� SODFH�ZKHQ� HOHPHQWV
DUH�UHWXUQHG�LQWR�WKH�LQLWLDO�WKHUPRG\QDPLF�FRQGLWLRQ��2EVHUYHG�UHOD[DWLRQ�LV�GHVFULEHG�E\
WKH� ORJDULWKPLF� IXQFWLRQ� RI� WLPH�� 7KH� PRGHO�� WDNLQJ� LQWR� DFFRXQW� WKH� SRO\FU\VWDOOLQH
VWUXFWXUH�RI� FHUDPLFV�DQG�SUHVHQFH�RI�QRQFRPSHQVDWHG�PHFKDQLFDO� VWUHVVHV�RQ�FU\VWDOOLQH
ERXQGDULHV��LV�RIIHUHG�IRU�H[SODQDWLRQ�RI�WKH�REVHUYHG�UHVXOWV��
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7KH� SLH]RHOHFWULF� IHUURHOHFWULF� �)(�� FH�
UDPLFV�LV�DPRQJ�WKH�PRVW�LPSRUWDQW�FODVVHV
RI� IXQFWLRQDO�PDWHULDOV� >����@��$�ZLGH�YDUL�
HW\� RI� FRQYHUWHUV� IRU� GLIIHUHQW� SXUSRVH� LV
SURGXFHG�EDVLQJ� WKHUHRQ��7KH�FRQYHUWHUV�RI
UHVRQDQFH� DQG� QRQUHVRQDQFH� W\SHV� >�@� DUH
GLVWLQJXLVKHG�� ,Q� WKH� ILUVW� FDVH�� WKH� SLH]R�
HOHFWULF� HOHPHQWV�ZRUN� LQ� WKH�PRGH�RI�KLJK
LQWHQVLW\� DFRXVWLF� DQG� HOHFWULFDO� DFWLRQV�
7KH� �RYHUH[FLWDWLRQ�� RI� HOHPHQWV� DQG� IDLO�
XUHV�WKHUHRI�WDNH�RIWHQ�SODFH�>�@��7KHUHIRUH�
WKH� LQYHVWLJDWLRQ� RI� WKH� LQIOXHQFH� RI� WKH
GULYLQJ�VWUHVV�OHYHO��HOHFWULFDO�DQG�PHFKDQL�
FDO�� RQ� WKH� SDUDPHWULF� VWDELOLW\� RI�ZRUNLQJ
SLH]RHOHFWULF� FHUDPLF� HOHPHQWV� �3&(�� LV� D
WRSLFDO�WDVN��7KHUH�DUH�WZR�PDLQ�DSSURDFKHV
WR�VXFK�VWXGLHV��,Q�WKH�ILUVW�FDVH��WKH�PDWH�
ULDO� EHKDYLRU� LV� VWXGLHG� LPPHGLDWHO\� LQ� WKH

FRXUVH�RI�H[WHUQDO�DFWLRQV�>����@��,Q�WKH�VHF�
RQG� FDVH�� WKH� DIWHUHIIHFW� �WKH� EHKDYLRU� RI
WKH� SLH]RHOHFWULF� PDWHULDO� SDUDPHWHUV� DIWHU
H[WHUQDO�DFWLRQV��LV�LQYHVWLJDWHG�>�@��

7KH� SXUSRVH� RI� WKLV� ZRUN� ZDV� WR� VWXG\
WKH� UHOD[DWLRQ� EHKDYLRU� RI� WKH� SLH]RHOHFWULF
�DQG� HODVWLF�� 3&(� FKDUDFWHULVWLFV� DIWHU� WKH
HOHPHQW� ZDV� WDNHQ� RXW� RI� WKH� WKHUPRG\�
QDPLF� HTXLOLEULXP� VWDWH�� 7KH� IHUURHOHFWULF
FHUDPLFV� RI� WKH� OHDG� ]LUFRQDWH�WLWDQDWH
�3=7��VROLG�VROXWLRQV�>3E�=U�±[7L[�2�@�ZDV�VH�OHFWHG� DV� WKH� VWXG\� REMHFW�� ,W� KDV� EHHQ
VKRZQ� WKDW� WKH� UHOD[DWLRQ� LV� D� ORQJ�WHUP
RQH��7KH�UHDVRQV�IRU�WKH�SURORQJHG�UHVWRUD�
WLRQ� RI� SURSHUWLHV� �HYHQ� DIWHU� D� FRPSDUD�
WLYHO\�VKRUW�WLPH�DFWLRQ��DUH�GLVFXVVHG��

7KH�GLVN�VKDSHG�3&(�RI�VWDQGDUG�VL]H��G
 ����PP��K� ���PP��DFFRUGLQJ�WR�>����@�ZHUH
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XVHG� LQ� WKLV� VWXG\�� 7KH� HOHPHQWV� ZHUH� PDGH
IURP�WKH�HQJLQHHULQJ�JUDGH�SLH]RHOHFWULF�PDWH�
ULDO� 7V7&6W±�� >�3E����6U������=U����7L�����2��@>�@�� )RU� FRQWURO� PHDVXUHPHQWV�� WKH� SLH]R�
HOHFWULF� HOHPHQWV� ZHUH� SUHSDUHG� IURP
3E�=U����7L�����2�� ZLWK� ���� PRO��� RI� 0Q2�PRGHO� VROLG� VROXWLRQ�� ,Q� WKH� �FRPSRVLWLRQ
�=U�7L�� Ü� WHPSHUDWXUH�� SKDVH� VWDWH� GLDJUDP
ERWK�PDWHULDOV�DUH�DW�WKH�FHQWHU�RI�PRUSKRW�
URSLF� UHJLRQ� �035�� RI� UKRPERKHGUDO� �5K�
DQG� WHWUDJRQDO� �7�� SKDVHV� FR�H[LVWHQFH� LQ
WKH� VDPSOH� YROXPH�� )RU� FRPSDULVRQ� RI� UH�
VXOWV��WKH�VDPSOHV�IURP�7�DQG�5K�UHJLRQV�RI
GLDJUDP�ZHUH�SUHSDUHG�DQG�VWXGLHG�DOVR�

7KH� FHUDPLFV� VDPSOHV� ZHUH� REWDLQHG� E\
WKH� WUDGLWLRQDO� FHUDPLF� WHFKQRORJ\� YLD� WZR�
VWDJH� VLQWHULQJ� DW� ����&� DQG� �����&�� 7KH
VLQJOH�SKDVH�QDWXUH�RI�FHUDPLFV�ZDV�FRQWURO�
OHG� E\� WKH� ;�UD\� GLIIUDFWRPHWHU� '521��
XVLQJ�ILOWHUHG�&X.D�HPLVVLRQ��7KH�TXDOLW\�RIWKH� VLQWHUHG� VDPSOHV� ZDV� FKDUDFWHUL]HG� E\
WKH� UHVLGXDO� SRURVLW\� YDOXH� �QRW� H[FHHGLQJ
�������� 6LOYHU� HOHFWURGHV�ZHUH� XVHG� IRU� GL�
HOHFWULF� DQG� SLH]RHOHFWULF� PHDVXUHPHQWV�
7KH�TXDOLW\�RI�HOHFWURGH�EXUQLQJ�LQ�ZDV�FRQ�
WUROOHG�E\�PHDVXULQJ�WKH�WDQJHQW�RI�WKH�GL�
HOHFWULF� ORVVHV� WJG�� 7KH� VDPSOH� SRODUL]DWLRQ
ZDV� FDUULHG� RXW� DW� ����&� LQ� OLTXLG� VLOLFRQ
3(6��� LQ� D� '&� ILHOG� RI� �� N9�PP� IRU� �� K
IROORZHG� E\� FRROLQJ� LQ� WKH� ILHOG� GRZQ� WR
URRP�WHPSHUDWXUH�

$V� WKH� H[WHUQDO� DPELHQW� FRQGLWLRQV� IRU
3&(�WXUQLQJ�RXW�RI�WKHUPRG\QDPLF�HTXLOLE�
ULXP� VWDWH�� WKH�$&� VLQXVRLGDO� HOHFWULF� ILHOG
RI� WKH� UHVRQDQFH� IUHTXHQF\� DQG� GLIIHUHQW
DPSOLWXGH� �IURP� ��� WR� ����� P9�PP� DW
���� P9�PP� VWHS�� ZHUH� XVHG� DV� ZHOO� DV
KHDWLQJ�RI�VDPSOHV��DQG�XQLD[LDO�PHFKDQLFDO
ORDGLQJ��7KH�UHVRQDQFH�IU�DQG�DQWLUHVRQDQFHID� IUHTXHQFLHV� DV� ZHOO� DV� WKH� �UG� KDUPRQLFIU�� RI� WKH� IXQGDPHQWDO� IUHTXHQF\� DQG� WKHWHPSHUDWXUH� FKDQJH� LQ� WKH� FRXUVH� RI� H[FLWD�
WLRQ�ZHUH�FRQWUROOHG��7HPSHUDWXUH�ZDV�PHDV�
XUHG� ZLWK� GLIIHUHQWLDO� FKURPHO�DOXPHO� �&K$�
PLFURWKHU�PRFRXSOH�WR�ZLWKLQ�r�����&�

7KH�VDPSOHV�ZHUH�KHDWHG�LQ�D�ORZ�LQHUWLD
HOHFWULF�IXUQDFH�ZLWK�WKH�WKHUPRFRXSOH�&K$�
7KH� KHDWLQJ� WHPSHUDWXUH� ZDV� YDULHG� IURP
��� WR� ����&�� WKH� KROGLQJ� WLPH�ZDV� ���PLQ
DQG�IROORZHG�E\�UDSLG�FRROLQJ�WR�URRP�WHP�
SHUDWXUH�� 7KH� 3&(� VDPSOHG� ZHUH� KHDWHG
ERWK� LQ� WKH� �HOHFWULFDOO\� VKRUW�FLUFXLWHG�
DQG� �QRQVKRUWHG�� VWDWHV�� 7KH� XQLD[LDO� PH�
FKDQLFDO� ORDG� ����� ����� DQG� ���� NJ�FP�
SUHVVXUH�� ZDV� FUHDWHG� XVLQJ� D� VSULQJ� SUHVV
ZLWK� WKH� IRUFH� XS� WR� �����NJ��7KH� KROGLQJ
WLPH�XQGHU�WKH�ORDG�ZDV����PLQ�

:KHQ� VWXG\LQJ� WKH� UHOD[DWLRQ� EHKDYLRU
RI� SLH]RHOHFWULF� PDWHULDOV�� WKH� UHVRQDQFH

FKDUDFWHULVWLFV� RI� HOHPHQWV� ZHUH� PHDVXUHG
WKURXJK� WKH� VSHFLILHG� WLPH� LQWHUYDOV
���PLQ���7R�UHGXFH�WKH�HUURU�DW�WKH�PHDVXUH�
PHQWV�� WKH� IROORZLQJ� VHTXHQFH� ZDV� DOZD\V
UHWDLQHG�� DW� ILUVW�� WKH� UHVRQDQFH� IUHTXHQF\
IU� ZDV� GHWHUPLQHG�� WKHQ� WKH� DQWLUHVRQDQFHIUHTXHQF\�ID�DQG�DW�ODVW�WKH�WKLUG�KDUPRQLFIUHTXHQF\� IU��� 7KH� 3RLVVRQ� UDWLR� V�� UDGLDOHOHFWURPHFKDQLFDO� IRUFH� IDFWRU� NU�� PHFKDQL�FDO�TXDOLW\�4P�ZHUH�IRXQG�XVLQJ�NQRZQ�IRU�PXODV�>����@��$IWHU�SORWWLQJ�RI�WLPH�GHSHQG�
HQFHV� V�W��� GU�V��� IU�V��� NU�V��� 4P�V��� WKHPRVW� UHOLDEOH� ORJDULWKPLF� IXQFWLRQV� ZHUH
IRXQG� E\� WKH� ORJDULWKPLF� DSSUR[LPDWLRQ
WDNLQJ�LQWR�DFFRXQW�WKH�YDOXHV�RI�YDOLGLW\��

7KH�EHKDYLRU�RI�UHVRQDQFH�IUHTXHQF\��DQ�
WLUHVRQDQFH� IUHTXHQF\�� DQG� WKH� WKLUG� KDU�
PRQLF�IUHTXHQF\�DW�YDU\LQJ�VWUHQJWK�RI�WKH
$&�ILHOG�ZHUH�VWXGLHG��$V�WKH�DPSOLWXGH�RI
WKH� H[FLWLQJ�$&� ILHOG� RI� WKH� UHVRQDQFH� IUH�
TXHQF\� LQFUHDVHV� IURP� ��� P9�PP� WR
����� P9�PP�� WKH� IROORZLQJ� SKHQRPHQD
WDNH� SODFH�� D� UHGXFWLRQ� LQ� WKH� PHFKDQLFDO
TXDOLW\� 4P� �DSSUR[LPDWHO\� E\� �� WLPHV��FXUYH��� LQ� )LJ������ D� GHFUHDVH� RI� WKH� UHVR�
QDQFH�IUHTXHQF\��WR��Ü������FXUYH���LQ�)LJ�
���� D� GHFUHDVH� RI� WKH� HODVWLF� FRPSOLDQFH� V���E\��Ü������D�GHFUHDVH�RI�WKH�3RLVVRQ�UDWLR
V� �E\���Ü�������DQ�LQFUHDVH�LQ�WKH�UHODWLYH
UHVRQDQFH� VSDFH�GI� �E\��Ü������DQ� LQFUHDVH
LQ� WKH�HOHFWURPHFKDQLFDO� IRUFH� IDFWRU�NU� �E\�������D�GHFUHDVH�LQ�WKH�UHDO�FRPSRQHQW�RI
WKH� 3&(� LPSHGDQFH� DW� WKH� UHVRQDQFH� IUH�
TXHQF\� 5U� �|�� WLPHV�� WDNH� SODFH�� DQG� KHDW�LQJ� RI� WKH� 3&(� RFFXUV� �FXUYH� �� LQ� )LJ�����
7KH� PHDVXUHPHQWV� DW� WKH� ILUVW� KDUPRQLF
IUHTXHQF\� UHYHDO� D� VLPLODU� UHGXFWLRQ� LQ� WKH

)LJ����� ,QIOXHQFH�RI� WKH� H[FLWLQJ�YROWDJH� DP�
SOLWXGH�RQ� WKH�3&(�KHDWLQJ�DQG�3&(�FKDUDF�
WHULVWLFV�����PHFKDQLFDO�TXDOLW\����� UHVRQDQFH
IUHTXHQF\�� ��� KHDWLQJ� DW� WKH� UHVRQDQFH� IUH�
TXHQF\����� �UG� KDUPRQLF� IUHTXHQF\����� KHDW�
LQJ�DW�WKH��UG�KDUPRQLF�IUHTXHQF\�����KHDWLQJ
DW� WKH� DQWLUHVRQDQFH� IUHTXHQF\�� ��� DQWLUHVR�
QDQFH�IUHTXHQF\�

'�9�.X]HQNR�HW�DO����5HOD[DWLRQ�SURFHVVHV�LQ�KDUG����
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UHVRQDQFH�IUHTXHQF\��FXUYH���LQ�)LJ�����DQG
WKH� VDPSOH�KHDWLQJ� �FXUYH��� LQ�)LJ������ EXW
WKH� 3&(� PD[LPXP� WHPSHUDWXUH� ZDV� ORZHU
�����&�DJDLQVW�����&��

,Q� FRQWUDVW� WR� WKH�3&(�H[FLWDWLRQ�DW� WKH
UHVRQDQFH� IUHTXHQF\�� WKDW� DW� WKH� DQWLUHVR�
QDQFH�RQH�SUDFWLFDOO\�GRHV�QRW�UHVXOW�LQ�WKH
VDPSOH�KHDWLQJ� �FXUYH��� LQ�)LJ������7KH�DQ�
WLUHVRQDQFH� IUHTXHQF\� DOVR� LV� QRW� FKDQJHG�
ZKHQ� WKH� H[FLWLQJ� ILHOG� VWUHQJWK� LQFUHDVHV
�FXUYH���LQ�)LJ������

$IWHU� WKH� H[FLWDWLRQ� YROWDJH� LV� VZLWFKHG
RII�� WKH� 3&(� WHPSHUDWXUH� LV� UHGXFHG� GRZQ
WR� URRP� RQH� GXULQJ� �� PLQ�� 7KH� PHDVXUH�
PHQW�RI�SLH]RUHVRQDQFH�FKDUDFWHULVWLFV�DIWHU
WKH� H[FLWDWLRQ� �DQG� DIWHU� FRROLQJ� WR� URRP
WHPSHUDWXUH�� VKRZV� WKDW� WKH� SDUDPHWHUV� RI
SLH]RHOHFWULF� HOHPHQWV� DUH� UHVWRUHG� WR� WKH
LQLWLDO�YDOXHV��)RU�DOO�H[FLWDWLRQ�ILHOG�LQWHQ�
VLWLHV��WKH�FXUYHV�DUH�GHVFULEHG�E\�WKH�IXQF�
WLRQV�� IU� �$�OQ�W����&�� ZKHUH� $�� &� DUH� WKHFRQVWDQW�YDOXHV��)LJ����VKRZV�WKH�IU�UHOD[D�WLRQ� GHSHQGHQFHV� DIWHU� WKH� 3&(� H[FLWDWLRQ
DW� WKH�UHVRQDQFH� IUHTXHQF\�ZLWK�WKH�GLIIHU�
HQW� ILHOG� LQWHQVLWLHV�� ,W� LV� VHHQ� WKDW� DQ� LQ�
FUHDVH�LQ�WKH�H[FLWDWLRQ�DPSOLWXGH�UHVXOWV�LQ
KLJKHU�UHOD[DWLRQ�UDWHV��

7KH�HIIHFW�RI�WKH�LVRWKHUPDO�DQQHDOLQJ�RQ
WKH� 3&(� SDUDPHWHU� UHOD[DWLRQ� ZDV� VWXGLHG
LQ� D� VLPLODU�PDQQHU��KROGLQJ� DW�D� WHPSHUD�
WXUH� ���Ü�����&�GXULQJ����PLQ�IROORZHG�E\
FRROLQJ� GRZQ� WR� URRP� WHPSHUDWXUH�� )URP
WKH� GHSHQGHQFHV� VKRZQ� LQ� )LJ����� WKH� 3&(
SDUDPHWHUV� DUH� VHHQ� WR� UHOD[� WR� WKH� YDOXHV

FORVH� WR� WKH� LQLWLDO� RQHV�� 7KH� UHOD[DWLRQ
FXUYHV� �DV� LQ� WKH� SUHFHGLQJ� FDVH�� DUH� GH�
VFULEHG�E\�GHSHQGHQFH�IU� �$c�OQ�W����&c�� �$c�&c� DUH� FRQVWDQWV��� 7KH� UHOD[DWLRQ� LV� ORQJ�
WHUP��$Q�LQFUHDVH�LQ�WKH�DQQHDOLQJ�WHPSHUD�
WXUH� UHVXOWV� LQ� LQFUHDVHG� UHOD[DWLRQ� UDWHV�
7KHUH� DUH� QR� QRWLFHDEOH� GLIIHUHQFHV� DIWHU
KHDWLQJ� RI� HOHPHQWV� LQ� WKH� �HOHFWULFDOO\
VKRUW�FLUFXLWHG��DQG��QRQ�VKRUWHG��VWDWH��

7KH� XQLD[LDO� PHFKDQLFDO� ORDG�� �SUHVVXUH
RI����������DQG�����NJ�FP���WKH�DFWLRQ�GX�

)LJ�����'HSHQGHQFHV�RI�UHODWLYH�UHVRQDQFH�IUH�
TXHQF\� RQ� WKH� WLPH�DIWHU� WKH�3&(� H[FLWDWLRQ
DW� WKH� UHVRQDQFH� IUHTXHQF\�� 8H[F�� P9�PP������ ����� ����� ����� ����� �����7LPH� VFDOH�� �D�
OLQHDU���E���ORJDULWKPLF�

)LJ����� 'HSHQGHQFHV� RI� UHODWLYH� UHVRQDQFH� IUH�
TXHQF\� RQ� WKH� WLPH�DIWHU� WKH�PHFKDQLFDO� FRP�
SUHVVLRQ� RI� 3&(�� 3�� NJ�FP��� ��� ����� ���� ����
���������7LPH�VFDOH���D��OLQHDU���E���ORJDULWKPLF�

)LJ�����'HSHQGHQFHV�RI�UHODWLYH�UHVRQDQFH�IUH�
TXHQF\�RQ�WKH�WLPH�DIWHU�WKH�3&(�KHDWLQJ��7�
�&�������������������7LPH�VFDOH���D��OLQHDU���E��
ORJDULWKPLF�
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UDWLRQ����PLQ��FDXVHV�D�UHGXFWLRQ�LQ�WKH�IUH�
TXHQF\�DQG�VXEVHTXHQW�UHOD[DWLRQ��)LJ�����DF�
FRUGLQJ� WR� WKH� ODZ�� IU� �$cc�OQ�W����&cc�� $QLQFUHDVH�LQ�WKH�SUHVVXUH�DFFHOHUWDWHV�WKH�UH�
OD[DWLRQ�

:KHQ� VWXG\LQJ� 3&(� IURP� WKH� PRUSKRW�
URSLF�� WHWUDJRQDO� RU� UKRPERKHGUDO� UHJLRQV
RI�WKH�3=7�SKDVH�GLDJUDP��QR�HVVHQWLDO�GLI�
IHUHQFHV� LQ� WKH� UHOD[DWLRQ� EHKDYLRU� RI� WKH
SLH]RHOHFWULF� SDUDPHWHUV� KDYH� EHHQ� RE�
VHUYHG�� :LWKLQ� WKH� PHDVXUHPHQW� DFFXUDF\
OLPLWV�� WKH� UHOD[DWLRQ� FXUYHV� LQ� WKHVH� WKUHH
FDVHV� FRLQFLGH�� WKHUHIRUH�� WKHVH� JUDSKV� DUH
QRW�SUHVHQW�LQ�WKH�DUWLFOH��

$W�SUHVHQW��WKH�3=7�EDVHG�VROLG�VROXWLRQV
IURP� WKH� VR�FDOOHG� PRUSKRWURSLF� UHJLRQ� RI
WKH� SKDVH� VWDWH� GLDJUDP� DUH� XVHG� IRU� WKH
SUDFWLFDO� DSSOLFDWLRQV�� ,Q� WKLV� FDVH�� WKH� GR�
PDLQV�RI�)(�SKDVHV�ZLWK�5K�DQG�7�W\SHV�RI
WKH�FU\VWDO� ODWWLFH�GLVWRUWLRQV�FRH[LVW�LQ�WKH
3&(� YROXPH�� 7KHUHIRUH�� LQ� WKH�PRVW� FDVHV�
WKH� H[SHULPHQWDO� UHVXOWV� REWDLQHG� IRU� VXFK
VROLG� VROXWLRQV� DUH� H[SODLQHG� MXVW� E\� WKH
SK\VLFDO�SURFHVVHV�FDXVHG�E\�WKH�VDLG�FR�H[�
LVWHQFH�� LQ� SDUWLFXODU�� E\� WKH� PRWLRQ� �LQ�
FOXGLQJ� YLEUDWLRQV�� RI� LQWHUSKDVH� ERXQGD�
ULHV��6XFK�D�VLWXDWLRQ�LV�FRQQHFWHG�ZLWK�WKH
IDFW�WKDW�HOHFWULF�ILHOG�PD\�FDXVH�WKH�SKDVH
WUDQVLWLRQ� EHWZHHQ� 5K� DQG� 7� SKDVHV� >���
��@�� +RZHYHU�� WKH� UHVXOWV� REWDLQHG� LQ� WKLV
VWXG\�VKRZ�WKDW�WKH�UHOD[DWLRQ�SURFHVVHV�GR
QRW�GHSHQG�RQ�WKH�VROLG�VROXWLRQ�SRVLWLRQ�LQ
WKH� SKDVH� VWDWH� GLDJUDP�� SUDFWLFDOO\� HVVHQ�
WLDOO\� LGHQWLFDO� UHVXOWV� EHLQJ� REWDLQHG� IRU
ERWK� WKH� VLQJOH�SKDVH� DQG� WZR�SKDVH� 3&(�
7KLV� LQGLFDWHV� XQDPELJXRXVO\� WKDW� WKH� GLV�
FXVVHG� HIIHFWV� DUH� QRW� FRQQHFWHG� ZLWK� WKH
PRUSKRWURSLF� UHJLRQ� RI� WKH� VWDWH� GLDJUDP�
7KHUHIRUH�� RWKHU� PHFKDQLVPV�� ZKLFK� GHILQH
ORQJ�WLPH�UHOD[DWLRQ�LQ�WKH�LQYHVWLJDWHG�SLH�
]RHOHFWULF� PDWHULDOV� VKRXOG� EH� VHDUFKHG�
7KH�3&(�WHPSHUDWXUH�FKDQJH�ZKHQ�WKH�UHVR�
QDQFH�YROWDJH� LV� LQFUHDVHG� �)LJ�����FXUYHV��
DQG���� LV�ZRUWK� WR�QRWH��7KH� UHOD[DWLRQ� HI�
IHFW� LV� WKH�PRUH� SURQRXQFHG�� WKH� KLJKHU� LV
WKH� VDPSOH� KHDWLQJ� LQ� WKH� FRXUVH� RI� H[FLWD�
WLRQ�� 7KH� 3&(� KHDWLQJ� LV� H[SODLQHG� UDWKHU
VLPSO\��,W� LV�DFFHSWHG�WR�ZRUN�ZLWK�WKH�SLH�
]RHOHFWULF� HOHPHQWV� LQ� WKH� VR�FDOOHG� OLQHDU
PRGH��ZKHQ�DPSOLWXGHV� RI�GULYLQJ�$&�HOHF�
WULF� YROWDJH� DQG� RI� HODVWLF� YLEUDWLRQV� DUH
VPDOO� DQG� WKH� +RRNH�V� ODZ� LV� PHW�� $V� WKH
YLEUDWLRQ�DPSOLWXGH� LQFUHDVHV�� WKH�HODVWLF� HQ�
HUJ\� DQKDUPRQLFLW\� GHJUHH� RI� WKH� SLH]RHOHF�
WULF� HOHPHQW� ULVHV� DQG� DV� D� UHVXOW� GHYLDWLRQ
IURP�+RRNH�V� ODZ�DULVHV�� ,Q� VXFK�FRQGLWLRQV�
WKH�VR�FDOOHG�LQWHUQDO�IULFWLRQ�PXVW�EH�FRQVLG�
HUHG�� ,Q� WKLV� FDVH�� WKH� WHUPV� GHVFULELQJ� WKH
HQHUJ\�GLVVLSDWLRQ�DSSHDU�LQ�WKH�GLIIHUHQWLDO�HTXD�

WLRQ�� �U���[������K���KR����[� ���V�����[�� ���� ZKHUH
U�LV�WKH�3&(�GHQVLW\��V�LV�WKH�HODVWLF�FRPSOL�
DQFH��K�DQG�KR�DUH�WKH�YLVFRVLWLHV�FDXVHG�E\ORVVHV� RQ� WKH� HOHFWULF� ORDG� DQG� LQWULQVLF
ORVVHV� RI�3&(�� UHVSHFWLYHO\��� ,Q� RXU� H[SHUL�
PHQWDO� FRQGLWLRQV�� WKH� YLVFRVLW\�K� LV� VPDOO�
7KH�YLVFRVLW\�KR�LQFUHDVHV�ZLWK�WKH�$&�UHVR�QDQFH�ILHOG�DPSOLWXGH��

$V� LW� ZDV� VKRZQ� LQ� H[SHULPHQW�� WKH� LQ�
FUHVLQJ�H[FLWLQJ�ILHOG�DPSOLWXGH�FDXVHV�D�GH�
FUHDVH� LQ� WKH� UHDO� FRPSRQHQW� RI� WKH� 3&(
LPSHGDQFH�DW� WKH�PHFKDQLFDO� UHVRQDQFH�IUH�
TXHQF\��7KLV�LV�MXVW�WKH�PDLQ�IDFWRU�FDXVLQJ
WKH�KHDWLQJ�RI�HOHPHQWV��7KLV�LV�FOHDUO\�FRQ�
ILUPHG� E\� FXUYH� �� LQ� )LJ���� ZKLFK� UHSUH�
VHQWV�WKH�HOHPHQW�WHPSHUDWXUH�LQ�WKH�FRXUVH
RI�KHDWLQJ� DW� WKH� WKLUG�KDUPRQLF� IUHTXHQF\
RI�PHFKDQLFDO�RVFLOODWLRQV�� ,Q� WKLV� FDVH�� WKH
VDPH� VWUHQJWK� RI� WKH� H[FLWLQJ� HOHFWULF� ILHOG
UHVXOWV� LQ� D� VPDOOHU� DPSOLWXGH�RI�SLH]RHOHF�
WULF� RVFLOODWLRQV�DQG� WKH�KHDWLQJ�RI� HOHPHQW
LV�ORZHU����

5HOD[DWLRQ� LV� WKH� UHWXUQLQJ� SURFHVV� RI
WKH� REMHFW� XQGHU� LQYHVWLJDWLRQ� WR� WKH� HTXL�
OLEULXP�VWDWH�DIWHU�OHDYLQJ�WKHUHIURP�XQGHU
H[WHUQDO� DFWLRQV�� 7KH� UHVXOWV� REWDLQHG� WHV�
WLI\�WKDW�D�FKDQJH�LQ�3&(�WHPSHUDWXUH��ZLWK
DQ�LQFUHDVH�LQ�WKH�GULYLQJ�YROWDJH��FDQ�EH�D
PDLQ� GULYLQJ� IRUFH� RI� WKH� SURFHVV� ZKLFK
GULYHV� SLH]RHOHFWULF� HOHPHQWV� RXW� RI� WKH
HTXLOLEULXP� WKHUPRG\QDPLF� VWDWH�� )RU� WKLV
UHDVRQ��ZH�KDYH�VWXGLHG�WKH�UHOD[DWLRQ�SURF�
HVV� DIWHU� WKH� WKHUPDO� KHDWLQJ� RI� 3&(�� 7KH
UHVXOWV�DUH�VKRZQ�LQ�)LJ�����$V�LV�VHHQ��FRP�
SOHWHO\�LGHQWLFDO�SK\VLFDO�UHVXOWV�IRU�UHOD[D�
WLRQ� DUH� REWDLQHG� ERWK� LQYHVWLJDWHG� SURF�
HVVHV��WKH�UHVRQDQFH�ILHOG�H[FLWDWLRQ�DQG�WKH
WKHUPDO�KHDWLQJ���7KLV�DOORZHG�XV�WR�SURSRVH
D�VLPSOH�PRGHO�PDNLQJ�LW�SRVVLEOH�WR�H[SODLQ
WKH�REWDLQHG�UHVXOWV�

7KH� SRO\FU\VWDOOLQH� VWUXFWXUH� RI� SLH]R�
HOHFWULF� FHUDPLFV� VKRZQ� VFKHPDWLFDOO\� LQ
)LJ���D� IRUPV� WKH� EDVLV� IRU� RXU� PRGHO�� $W
WHPSHUDWXUHV� ORZHU� WKDQ� WKH� &XULH� SRLQW�
WKH� VSRQWDQHRXV� SRODUL]DWLRQ� 3V�� GLUHFWHGDORQJ� RQH� RI� WKH� FU\VWDOORJUDSKLF� D[HV� RI
FU\VWDOOLWH�DULVHV� LQ�HDFK�JUDLQ�� ,Q� WKH�QRQ�
SRODUL]HG� VWDWH� RI�3&(�� WKH�SRODUL]DWLRQ�GL�
UHFWLRQV�LQ�DOO�FU\VWDOOLWHV�DUH�QRW�FRUUHODWHG
DQG�DUH�GLUHFWHG�LQ�WKH�VSDFH�UDQGRPO\��7KH
UHPDQHQW�SRODUL]DWLRQ�RI�HOHPHQW�LV�HTXDO�WR
]HUR�� 7KH� 3&(� GRHV� QRW� SRVVHVV� DQ\� SLH]R�
HOHFWULF�SURSHUWLHV��$IWHU�WKH�SRODUL]DWLRQ�RI
HOHPHQWV�E\�DQ�H[WHUQDO�'&�HOHFWULF�ILHOG��LQ
HDFK�FU\VWDOOLWH�WKH�VSRQWDQHRXV�SRODUL]DWLRQ
LV� GLUHFWHG� DORQJ� WKH� FU\VWDOORJUDSKLF� D[LV
KDYLQJ� WKH� PRVW� FORVH� GLUHFWLRQ� WR� WKDW� RI
WKH� SRODUL]LQJ� ILHOG�� 7KLV� VLWXDWLRQ� LV� VFKH�
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PDWLFDOO\� LOOXVWUDWHG� LQ� )LJ���D� �ULJKW��
7KH�PDLQ� WKLQJ�RI� LQWHUHVW� LQ�ZKDW� IROORZV
LV�WKH�QRQFRLQFLGHQFH�RI�WKH�VSRQWDQHRXV�SR�
ODUL]DWLRQ�GLUHFWLRQV�LQ�QHLJKERULQJ�FU\VWDO�
OLWHV�� 7KLV� QRQFRLQFLGHQFH� UHVXOWV� LQ� PH�
FKDQLFDO� VWUHVVHV� DORQJ� WKH� JUDLQ� ERXQGD�
ULHV�� 7KH� DSSHDUDQFH� PHFKDQLVP� RI� VXFK
VWUHVVHV�LV�LOOXVWUDWHG�LQ�)LJ���E�DQG��F��)LJ�
�E� VKRZV� VFKHPDWLFDOO\� WKH� GHSHQGHQFH� RI
VWUDLQ� RQ� WKH� VSRQWDQHRXV� SRODUL]DWLRQ
YDOXH�� X� �G�3���4�3��� ZKHUH� G� DQG� 4� DUH
WKH�SLH]R�FRHIILFLHQW�DQG�WKH�HOHFWURVWULFWLRQ
FRHIILFLHQW�� UHVSHFWLYHO\�� :LWKLQ� OLPLWV� RI
HDFK� FU\VWDOOLWH�� WKH� VSRQWDQHRXV� GHIRUPD�
WLRQ�LV�XQLIRUP��EXW�ZLWKLQ�WKH�HQWLUH�SLH]R�
HOHFWULF� HOHPHQW� VXFK� XQLIRUPLW\� LV� QRW� UH�
WDLQHG�� 7KLV� LV� LOOXVWUDWHG� LQ� )LJ���F� ZKLFK
VKRZV�WKH�SURMHFWLRQV�RI�VSRQWDQHRXV�SRODUL�
]DWLRQ� RQ� WKH� WDQJHQW� SODQH� IRU� WZR� DGMD�
FHQW�FU\VWDOOLWHV�� ,W� LV� VHHQ� WKDW� WKH�SURMHF�
WLRQV� DUH� XQHTXDO� IRU� WKH� DGMDFHQW� JUDLQV
�3�V� �3�V�� 3�Wz3�W�� 3V� LV� WKH� VSRQWDQHRXVSRODUL]DWLRQ���ZKLFK�PHDQV�WKH�LQHTXDOLW\�RI
VSRQWDQHRXV�VWUDLQV�LQ�WKH�YLFLQLW\�RI�JUDLQ
ERXQGDULHV��6LQFH�QR�FUDFNV�DUH�DSSHDUHG�RQ
WKH� JUDLQ� ERXQGDULHV� DIWHU� FRROLQJ� ORZHU
WKDQ�&XULH�SRLQW� DQG�DIWHU� WKH�SRODUL]DWLRQ
RI� HOHPHQWV� �RWKHUZLVH�� WKH� HOHPHQW� FRXOG
QRW� ZRUN� DV� WKH� UHVRQDWRU��� HODVWLF� VWUDLQV
�LQ� WKLV� FDVH� WDQJHQWLDO�� DSSHDU� DORQJ� WKH
JUDLQ�ERXQGDULHV�� ,Q� WKH� VDPH�ZD\��QRUPDO
HODVWLF� VWUDLQV� DSSHDU� �VLQFH� 3�Qz3�Q��� 7KH,(((� 6WDQGDUG� RQ� 3LH]RHOHFWULFLW\� UHTXLUHV

WR� KROG� WKH� 3&(� GXULQJ� �� GD\V� DIWHU� WKH
SRODUL]DWLRQ� RI� WKH� HOHPHQWV� SULRU� WR� WKHLU
FRQWUROOLQJ� DQG� XVH�� 5HOD[DWLRQ� RI� LQWHUQDO
VWUHVVHV� LQ� WKH� SLH]RHOHFWULF� HOHPHQW� RFFXUV
LQ�WKLV�SHULRG��DQG�WKH�HOHPHQW�LWVHOI�LV�VWD�
ELOL]HG�LQ�WKH�ZRUNLQJ�HTXLOLEULXP�VWDWH�

$W� LQ� RXU� H[SHULPHQWV�� WKH� LQFUHDVLQJ
WHPSHUDWXUH� FDXVHV� D� GHFUHDVH� RI� VSRQWDQH�
RXV�SRODUL]DWLRQ�ZLWKLQ�HDFK�JUDLQ� �FU\VWDO�
OLWH���7KLV�FDXVHV�D�FKDQJH� LQ�WKH�VSRQWDQH�
RXV� VWUDLQV� DQG�� DV� D� UHVXOW�� WR� D� YDOXH
FKDQJH�DQG�UHGLVWULEXWLRQ�RI�HODVWLF�VWUDLQV�
7KXV��D�QHZ�HTXLOLEULXP�VWDWH�LV�UHDOL]HG�DW
HDFK� VSHFLILF� WHPSHUDWXUH�� +RZHYHU�� DIWHU
UDSLG� FRROLQJ� GRZQ� WR� URRP� WHPSHUDWXUH�
WKH� QHZ� VWDWH� EHFRPHV� DOUHDG\� QRQHTXLOL�
EULXP��DQG�LWV�UHOD[DWLRQ�WR�WKH�HTXLOLEULXP
RQH�IRU����&�RFFXUV��7KH�KLJKHU�LV�WKH�KHDW�
LQJ� WHPSHUDWXUH�� WKH� JUHDWHU� LV� WKH� GHYLD�
WLRQ�RI��KHDWHG��VWDWH�IURP�WKH�HTXLOLEULXP
ORZ�WHPSHUDWXUH� RQH�� $OO� VDLG� HIIHFWV� DUH
REVHUYHG�XQGHU�WKH�H[SHULPHQWDO�FRQGLWLRQV
XVHG�LQ�WKH�SUHVHQW�ZRUN��

7R� FRQILUP� WKH� SURSRVHG�PRGHO�� WKH� H[�
SHULPHQWV� ZHUH� FDUULHG� RXW� ZLWK� WKH� LQFOX�
VLRQ�RI�PHFKDQLFDO� VWUHVVHV� �)LJ������ ,Q�WKLV
FDVH�� LW� LV�SRVVLEOH�WR�DVVHUW�XQDPELJXRXVO\
WKDW� D� FKDQJH� LQ� WKH� LQWHUQDO� WKHUPRG\�
QDPLF� VWDWH� RI� WKH� HOHPHQWV� LV� FRQQHFWHG
ZLWK� PHFKDQLFDO� VWUHVVHV� LQVLGH� WKHP�� 7KH
UHOD[DWLRQ� SURFHVV� RI� UHFRYHU\� LQWR� WKH� LQ�
LWLDO� HTXLOLEULXP�VWDWH� DIWHU� WKH� UHPRYDO� RI
PHFKDQLFDO�ORDGV�LV�LGHQWLFDO�WR�WKDW�IROORZLQJ

)LJ�����6FKHPDWLF�UHSUHVHQWDWLRQ�RI�FU\VWDOOLWH�VWUXFWXUH�RI�SRODUL]HG�SLH]RFHUDPLFV��D���GHSHQGHQFH
RI� WKH� FU\VWDOOLWH� VWUDLQ� WKH� SRODUL]DWLRQ� �WKH� YDOXHV� G� DQG� 4� DUH� FKDUDFWHULVWLF� IRU� WKH� KDUG
SLH]RHOHFWULF� PDWHULDOV�� �E��� WDQJHQWLDO� DQG� QRUPDO� FRPSRQHQWV� RI� SRODUL]DWLRQ� YHFWRU� RI� LQ� WKH
DGMDFHQW�JUDLQV��F���
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WKH�KHDWLQJ�DQG�FRROLQJ�RI�HOHPHQWV��ZKDW� LV
HYLGHQW� IURP� WKH� FRPSDULVRQ� RI� WKH� H[SHUL�
PHQWDO� UHVXOWV� VKRZQ� LQ� )LJV���� DQG� ��

7R�FRQFOXGH��PXFK�DWWHQWLRQ� LV�JLYHQ�UH�
FHQWO\�WR�WKH�EHKDYLRU�RI�SLH]RHOHFWULF�ZRUN�
LQJ�HOHPHQWV�XQGHU�KLJK�ORDGLQJV��HOHFWULFDO�
PHFKDQLFDO�� WKHUPDO��� ,Q� WKLV�ZRUN�� WKH� DI�
WHUHIIHFW� �UHOD[DWLRQ� WR� WKH� LQLWLDO� VWDWH
DIWHU� WKH� WHUPLQDWLRQ� RI� VXFK� DFWLRQV�� KDV
EHHQ� VWXGLHG��:H�KDYH� VKRZ� WKDW� WKH� SURF�
HVVHV�XQGHU� LQYHVWLJDWLRQ�DUH�QRW� FRQQHFWHG
ZLWK� WKH� VR�FDOOHG� PRUSKRWURSLF� UHJLRQ� RI
WKH�3=7� VROLG� VROXWLRQV�EHLQJ� WKH�PDWHULDOV
RI� WKH� FHUDPLF� HOHPHQWV��$�PRGHO� EDVHG�RQ
WKH� DSSHDUDQFH� RI� LQWHUQDO� PHFKDQLFDO
VWUHVVHV� ORFDOL]HG� QHDU� WKH� ERXQGDULHV� RI
FU\VWDOOLQH� JUDLQV� LV� SURSRVHG�� :LWKLQ� WKH
IUDPHZRUN� RI� WKH� PRGHO�� QRQFRQWUDGLFWRU\
H[SODQDWLRQ� RI� WKH� HIIHFWV� RI� H[WHUQDO� DF�
WLRQV� DQG� WKH� UHVWRUDWLRQ� RI� WKH� LQLWLDO
ZRUNLQJ�VWDWH�RI�HOHPHQWV�DIWHU�WKH�WHUPLQD�
WLRQ�RI�DFWLRQV�DUH� IRXQG�� ,Q� WKLV�ZRUN��ZH
GR� QRW� H[DPLQH� WKH� PHFKDQLVPV� ZKLFK� GH�
WHUPLQH� WKH� ORQJ�WHUP� UHOD[DWLRQ�� 7KLV� LV
WKH� REMHFW� RI� DQRWKHU� DUWLFOH�� +HUH� ZH� ZLOO
SRLQW�RXW�WR�WKH�IDFW�WKDW�WKLV�UHOD[DWLRQ�LV
WKH�FRQVHTXHQFH�RI�GLIIXVLRQ�SURFHVVHV�QHDU
WKH� JUDLQ� ERXQGDULHV� XQGHU� WKH�PHFKDQLFDO
VWUHVVHV�� ,Q� JHQHUDO� FDVH� IRU� VROLGV�� VXFK
SURFHVVHV� ZHUH� FRQVLGHUHG� LQ� >������@�� DQG
IRU�WKH�3=7�EDVHG�VROLG�VROXWLRQV�ZKHUH��WKH
)(�RU�$)(�VWDWH�LV�UHDOL]HG��LQ�>������@�
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