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)LOPV� RI� SRO\PHULF� FRPSRVLWLRQV� �3&)�
FRQWDLQLQJ�D]REHQ]HQH�G\HV�>�Ü�@�RU�D]REHQ�
]HQH�ODWHUDO�JURXSV�>�Ü�@�DUH�RI�LQWHUHVW�IRU
WKHLU� DSSOLFDWLRQ� DV� RSWLFDOO\� DFWLYH� PHGLD�
LQ�SDUWLFXODU�DV�SRODUL]DWLRQ�VHQVLWLYH�PHGLD
IRU� UHFRUGLQJ� RI� RSWLFDO� KRORJUDPV� >�@� DQG
HOHFWUR�RSWLF� PRGXODWRUV� >�����@�� 7KH� 3&)
FRQWDLQLQJ� D]R� G\HV� EDVHG� RQ� WKH� ��K\�
GUR[\TXLQROLQH� DUH� NQRZQ� WR� VKRZ� D� SKR�
WRLQGXFHG� RSWLFDO� DQLVRWURS\� >��Ü��@��+RZ�
HYHU�� WKH� HOHFWUR�RSWLFDO� SURSHUWLHV� RI� 3&)
FRQWDLQLQJ�VXFK�G\HV�DUH�QRW�LQYHVWLJDWHG�WR
GDWH�� 7KH� DLP� RI� WKLV� ZRUN� ZDV� WR� V\QWKH�
VL]H� 3&� DQG� WR� LQYHVWLJDWH� WKH� HOHFWUR�RSWL�
FDO� FKDUDFWHULVWLFV� RI� WKH� ILOPV� FRQWDLQLQJ
��K\GUR[\TXLQROLQH� D]R� G\HV� DW� GLIIHUHQW

FRQFHQWUDWLRQV�� GHSHQGLQJ� RQ� SUHVHQFH� RI
PHWDO�LRQV�LQ�WKH�FKURPRSKRUHV�DW�GLIIHUHQW
GLSROH� PRPHQWV� RI� D]REHQ]HQH� LVRPHUV�� $
PRGHO�RI�WKH�HOHFWULFDO�ILHOG�LQIOXHQFH�RQ�WKH
ILOP� WUDQVPLVVLRQ� RI� WKH�PRQRFKURPDWLF� SR�
ODUL]HG� OLJKW� LV� FRQVLGHUHG�� )RU� WKH� VWXGLHV�
V\QWKHVL]HG� ZHUH� WKH� EXW\O� PHWKDFU\ODWH�
QRQ\O�PHWKDFU\ODWH��%0$�10$�������DQG����
UDWLRV���EXW\O�PHWKDFU\ODWH��YLQ\O�EXW\O�HWKHU
����� UDWLR�� FRSRO\PHUV� DV� ZHOO� DV� D]R� G\HV�
��K\GUR[\TXLQROLQH� GHULYDWLYHV�� ��SKHQ\OD]R�
��K\GUR[\TXLQROLQH��$���DQG�LWV�FRPSOH[�ZLWK
&R� �$��&R��� ����5�PHWKR[\SKHQ\O�D]R���K\�
GUR[\TXLQROLQH� �$��� DQG� LWV� FRPSOH[� ZLWK
&R� �$��&R��� ����5�QLWURSKHQ\O�D]R���K\�
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GUR[\TXLQROLQH� �$��� DQG� LWV� FRPSOH[� ZLWK
&R��$��&R������

7KH�D]R�G\HV�ZHUH�SUHSDUHG�DFFRUGLQJ�WR
WKH� SURFHGXUH� >��@�� 7KH� VWUXFWXUHV� RI� WKH
D]R�G\HV�ZHUH�FRQILUPHG�E\�WKH�105�VSHF�
WURVFRS\�� 7KH�&R� FRPSOH[HV� RI� WKH� V\QWKH�
VL]HG� D]R� G\HV� ZHUH� SUHSDUHG� E\� WKH� H[�
FKDQJH� UHDFWLRQ� EHWZHHQ� WKH� FREDOW� QLWUDWH
&R�12�����+�2� DQG� FRUUHVSRQGLQJ� FKHODWLQJDJHQW� LQ� DOFRKRO�1D2+� VROXWLRQ� XVHG� WR
UHJXODWH�WKH�V\VWHP�S+��7KH�PHWDO�FRPSOH[
IRUPDWLRQ� ZDV� FRQILUPHG� E\� WKH� ,5� VSHF�
WURVFRS\��7KH�FRSRO\PHUL]DWLRQ�RI�WKH�EXW\O
PHWKDFU\ODWH�� QRQ\O� PHWKDFU\ODWH�� YLQ\O
EXW\O�HWKHU�ZDV�FDUULHG�RXW�LQ�'0)�VROXWLRQ
ZLWK�D]R�LVREXW\URQLWULOH��$,%1��DV�WKH�IUHH
UDGLFDO� LQLWLDWRU� ��� ZW��� ZLWK� UHVSHFW� WR
PRQRPHU�� DW� ���&� GXULQJ� ��� KRXUV�� 7KH
%0$�10$�������FRSRO\PHU�ZDV�VHOHFWHG�IRU
LQYHVWLJDWLRQV�� 6DPSOHV� ZLWK� WKH� IUHH� VXU�
IDFH��JODVV�VXEVWUDWH�Û�6Q2��,Q�2��FRQGXFW�LQJ�OD\HU�Û�SRO\PHULF�ILOP��ZHUH�SUHSDUHG�
7KH� FRQFHQWUDWLRQV� RI� D]R� G\HV� DQG� PHWDO
FRPSOH[HV� ZHUH� YDULHG� LQ� WKH� �Ü��� ZW�� �
ZLWK� UHVSHFW� WR� WKH� FRSRO\PHU�� 7KH� VDPSOH
SUHSDUDWLRQ�SURFHGXUH�ZDV�GHVFULEHG� LQ� >�@�
7KH�3&�WKLFNQHVV�ZDV��Ü��PP�

0HDVXUHG� ZHUH� WKH� RSWLFDO� GHQVLW\� �'�
VSHFWUD�RYHU�WKH�OLJKW�ZDYHOHQJWK�UDQJH�O� 
���Ü���� QP�� WKH� YDOXH� G,(� ��,(Ü,���,��ZKHUH� ,�� DQG� ,p� DUH� WKH� PRQRFKURPDWLFOLJKW� LQWHQVLWLHV� SDVVHG� WKH� 3&)� SULRU� WR
DQG� DIWHU� WKH� HOHFWULFDO� ILHOG� VZLWFKLQJ� RQ�
UHVSHFWLYHO\�� 7KH� SRODUL]HG� OLJKW� ZDV� XVHG
WR� LUUDGLDWH� WKH� VDPSOHV�� 7KH� VDPSOH� ZDV
ORFDWHG�EHWZHHQ�WZR�SRODUL]HUV�ZLWK�WKH�SR�
ODUL]DWLRQ� SODQHV� URWHWHG� E\� ����� 7KH� YDOXH
G,(�ZDV�GHWHUPLQHG�DIWHU�D�ORQJ�WHUP�H[SR�VXUH� ���� PLQ�� RI� WKH� VDPSOH� WR� SRODUL]HG
OLJKW�ZLWK�O�!�����QP��WKH�H[SRVXUH�WLPH�LV
VHOHFWHG� ODUJHU� WKDQ� WKH� W\SLFDO� VHWWOLQJ
WLPH�RI�SKRWRFKHPLFDO�SURFHVVHV� LQ� WKH�V\V�
WHP���7KH�HOHFWULF�ILHOG��p� �������9�P��ZDV
SURGXFHG�XVLQJ�WKH�FRURQD�GLVFKDUJH�MXVW�DV
LQ�>�����@��7KH�G,(�YDOXH�ZDV�GHWHUPLQHG�DVD�IXQFWLRQ�RI�WKH�WLPH��W��DIWHU�WKH�HOHFWULFDO
ILHOG�(�VZLWFKLQJ�RQ�DQG�VZLWFKLQJ�RII��DQG
WKH� ZDYHOHQJWK� O�� $OO� �PHDVXUHPHQWV�ZHUH
FDUULHG�RXW�DW�URRP�WHPSHUDWXUH��

7KH� DEVRUSWLRQ� VSHFWUD� RI� WKH� VWXGLHG
SRO\PHULF� ILOPV� DUH� VKRZQ� LQ� )LJ����� 7KH
QRUPDOL]HG� DEVRUSWLRQ� VSHFWUD� DUH� ZHDNO\
VHQVLWLYH� WR� WKH� SUHVHQFH� RI� PHWDO� LRQV� LQ
FKURPRSKRUHV� DQG� WR� WKH� FKURPRSKRUH� FRQ�
FHWUDWLRQ��7KH�EDWKRFKURPLF�VKLIW�RI�WKH�DE�
VRUSWLRQ�EDQG�DW�WKH�WUDQVIHU�IURP�$��WR�$�
DQG� $�� LV� FRQQHFWHG� ZLWK� WKH� SUHVHQFH� RI
GRQRU�DQG�DFFHSWRU�VXEVWLWXHQWV�LQ�WKH�FKUR�
PRSKRUH�ZKLFK�UHGXFH�WKH�H[FLWHG�VWDWH�HQ�
HUJ\�RI�RUJDQLF�G\HV�>��@��$IWHU�WKH�VDPSOH
LUUDGLDWLRQ� E\� SRODUL]HG� OLJKW� IURP� WKH� D]R
FRPSRXQG�DEVRUSWLRQ� UHJLRQ� ����Ü����QP��
WKH� LQWHQVLW\� RI� WKH� SRODUL]HG� OLJKW� SDVVHG
WKURXJK� WKH� VDPSOH� LV� GHFUHDVHG� ZKHQ� WKH
HOHFWULF�ILHOG�LV�VZLWFKHG�RQ��DQG�LV�UHVWRUHG
WR�WKH�RULJLQDO�YDOXH��)LJ�����ZKHQ�WKH�ILHOG
LV�VZLWFKHG�RII�

�������������%0$�10$�FRSRO\PHU

��$]R�G\HV��;� �+��$����&+���$����12���$��

������0HWDO�FRPSOH[HV��;� �+��$��&R���
�������������&+���$��&R���12���$��&R�

)LJ����� $EVRUSWLRQ� VSHFWUD� RI� %0$�10$
SRO\PHULF�ILOPV�ZLWK���ZW����$�������$��&R
��c���$�������$��&R���c���$�������$��&R���c��
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7KH� OLJKW� LQWHQVLW\�FKDQJH�NLQHWLFV� IURP
,�� WR� ,(� DQG� DIWHU� WKH� HOHFWULF� ILHOG� LVVZLWFKHG�RII�FDQ�EH�GHVFULEHG�E\�VLPSOH�FRU�
UHODWLRQV�� ,�W�� �,���� ��,(Ü,����ÜH[S�ÜW�W(��DQG�,�W�� �,�����,(Ü,���H[S�ÜW�W(����7KH�WLPHFRQVWDQW� W(� LQ� WKHVH� FRUUHODWLRQV� LV
���r���V��7KH�HOHFWULF�ILHOG�LQIOXHQFH�RQ�WKH
WUDQVPLVVLRQ� RI� WKH� OLQHDUO\� SRODUL]HG� OLJKW
LQFUHDVHV� LQ� WKH� VHTXHQFH� $��� $��&R�� $��
$��&R�� $��� $��&R�� ,Q� )LJ����� GHSHQGHQFHV
,(�,��O�� DUH� VKRZQ�� 7KH� HOHFWULFDO� ILHOG� LQ�IOXHQFH� RQ� WKH� WUDQVPLVVLRQ� RI� WKH� OLQHDUO\
SRODUL]HG� OLJKW� LQFUHDVHV� LQ� WKH� ORQJ�ZDYH
DEVRUSWLRQ� UDQJH� RI� WKH� LQYHVWLJDWHG� 3&)
DIWHU�D�SURORQJHG�LUUDGLDWLRQ�ZLWK�SRODUL]HG
OLJKW� IURP� WKH� D]R� G\HV� DEVRUSWLRQ� UDQJH�
7KH� PD[LPXP� _G,(_� YDOXHV� KDYH� EHHQ� RE�WDLQHG� IRU� D]R� G\HV� FRQFHQWUDWLRQ� �� ZW���
ZLWK� UHVSHFW� RI� WKH� %0$�10$� FRSRO\PHU
DQG� WKRVH� DUH� WKUHH� WR� IRXU� WLPHV� KLJKHU
WKDQ�IRU�3&)�ZLWK���ZW����RI�D]R�G\HV��7KH
FRQFHQWUDWLRQ�LQFUHDVH�WR������UHVXOWV�LQ�WKH
ILOP�VXUIDFH�GHWHULRUDWLRQ��WKH�SKDVH�IROLDWLRQ
DQG�WKH�LQFUHDVHG�OLJKW�VFDWWHULQJ�WKHUHLQ�

,Q�WKH�VWXGLHG�3&)�VDPSOHV��WKH�SKRWRLQ�
GXFHG�RSWLFDO� DQLVRWURS\�DULVHV�GXH� WR� LUUD�
GLDWLRQ�ZLWK�D�OLQHDUO\�SRODUL]HG�OLJKW�FDXV�
LQJ� WKH� WUDQV�FLV� LVRPHUL]DWLRQ� RI� WKH� D]R
G\H�PROHFXOHV��$Q�H[WHUQDO�HOHFWULF�ILHOG�H[�
HUWV�DQ�RULHQWLQJ�HIIHFW�RQ�WKH�SKRWRLQGXFHG
GLSROH�PRPHQWV�RI�WKH�D]R�FRPSRXQGV��7KLV
HIIHFW�PDQLIHVWV� LWVHOI�DV�WKH�HOHFWUR�RSWLFDO
HIIHFW� RYHU� WKH� OLJKW�ZDYHOHQJWK� UDQJH� FRU�
UHVSRQGLQJ� WR� WKH� ORQJ�ZDYH� SDUW� RI� WKHVH
D]R� G\H� DEVRUSWLRQ� VSHFWUD�� 7KH� WLPH� FRQ�
VWDQW�YDOXH�W(�H[FHHGV�VLJQLILFDQWO\�WKH�JHR�PHWULFDO� FDSDFLWDQFH� FKDUJLQJ� GXUDWLRQ� RI

WKH� FRUUHVSRQGLQJ� VDPSOHV�� 7KLV� IDFW� LQGL�
FDWHV� WKDW� WKH�GLSROH�PRPHQWV� RI� D]R�PROH�
FXOH�LVRPHUV�LQ�WKHVH�ILOPV�URWDWH�VORZO\�GXH
WR� KLJK� YLVFRVLW\� RI� WKH� SRO\PHULF� PDWUL[
DQG� VWHULF� KLQGUDQFHV� FDXVHG� E\� WKH� SUHV�
HQFH�RI�VLGH�JURXSV�LQ�WKHLU�VWUXFWXUHV�

7KH�PD[LPXP�LQIOXHQFH�RI�H[WHUQDO�HOHF�
WULF�ILHOG�LV�REVHUYHG�ZLWKLQ�WKH�YLVLEOH�VSHF�
WUDO� UDQJH� FORVH� WR� ORQJ�ZDYH� DEVRUSWLRQ
SDUW�RI�WKH�D]R�FKURPRSKRUH�JURXSV��,Q�WKH
H[WHUQDO�HOHFWULF�ILHOG��WKH�SKRWRLQGXFHG�GL�
SROH�PRPHQWV�FKDQJH�WKHLU�RULHQWDWLRQ�ZLWK
UHVSHFW�WR�WKH�HOHFWULF�YHFWRU�RI�WKH�LQFLGHQW
OLJKW� ZDYH�� 6XFK� UHRULHQWDWLRQ� SURYRNHV� D
FKDQJH� RI� RSWLFDO� DQLVRWURS\� RI� WKH� VWXGLHG
ILOPV�� 7KH� H[WHUQDO� HOHFWULF� ILHOG� SURGXFHV
DOLJQPHQW�RI�WKH�SKRWRLQGXFHG�GLSROHV�DORQJ
WKH� IRUFH� OLQHV� RI� WKH� ILHOG�� WKH� LQWHUDFWLRQ
EHWZHHQ� SRODUL]HG� OLJKW� DQG� WKHVH� GLSROHV
ZHDNHQV� DQG� G,(������ 7KH� _G,(_� YDOXH� LQ�FUHDVHV�LQ�WKH�VHTXHQFH�RI�3&�ILOPV�ZLWK�$��
$���$���GXH�WR�LQFUHDVLQJ�GLSROH�PRPHQWV�RI
D]R�G\H�PROHFXOH�LVRPHUV��7KH�VDPH�HIIHFW�LV
REVHUYHG�IRU�WKH�FREDOW�LRQ�FRQWDLQLQJ�RQHV�LQ
3&�ILOPV�ZLWKLQ�WKH�$��&R��$��&R�VHTXHQFH�
7KH�YDOLGLW\�RI�WKH�DERYH�VXSSRVLWLRQV�DERXW
WKH� SKRWRLQGXFHG� RSWLFDO� DQLVRWURS\�PHFKD�
QLVP� LQ� WKH� VWXGLHG� 3&� ILOPV� LV� FRQILUPHG
E\� WKH�PRGHO� FDOFXODWLRQV�XVLQJ� WKH�0RQWH�
&DUOR�PHWKRG�IRU�WKH�HTXLOLEULXP�FRQILJXUD�
WLRQ� RI� WKH� D]R� FKURPRSKRUH� JURXS� LVRPHU
DQG� WKH� VDPH� LVRPHU� ZLWK� FRQQHFWHG� LRQ
&R��� LQ� WKH� H[WHUQDO� HOHFWULF� ILHOG�(� XQGHU
DFFRXQW�IRU�WKH�SRVLWLRQ�RI�WKH�&R���LRQ�DQG
WKH�D]REHQ]HQH�JURXS�LVRPHU�GLSROH�S�LQ�WKH
VHOHFWHG� FRRUGLQDWH� V\VWHP�� 7KH� LQFUHDVLQJ
RI�D]R�FKURPRSKRUH�GLSROH�PRPHQW�KDV�EHHQ
IRXQG�WR�EH�DEOH�WR�OHYHO�WKH�LQIOXHQFH�RI�WKH
HOHFWULFDO� ILHOG� LQWHUDFWLRQ� ZLWK� &R��� LRQ�
WKDW� IDFW� ZDV� REVHUYHG� H[SHULPHQWDOO\� LQ

)LJ����� 'HSHQGHQFHV� RI� G,(� RQ� O� IRU� WKH
%0$�10$�SRO\PHULF�ILOPV�ZLWK���ZW����$�
����� $��&R� ��c��� $�� ����� $��&R� ��c��� $�� ����
$��&R� ��c��DIWHU� LUUDGLDWLRQ�ZLWK� OLQHDUO\�SR�
ODUL]HG�OLJKW��O�������QP��GXULQJ����PLQ�

)LJ����� 'HSHQGHQFHV� RI� G,(� RQ� WLPH� W� DIWHUDSSOLFDWLRQ� RI� H[WHUQDO� HOHFWULF� ILHOG� DQG� LWV
VZLWFKLQJ� RII� DIWHU� �� PLQ� PHDVXUHG� DW� O� 
���� QP� IRU� WKH� %0$�10$� SRO\PHULF� ILOPV
ZLWK� �� ZW�� �� $�� ����� $��&R� ��c��� $�� ����
$��&R� ��c��� $�� ����� $��&R� ��c��� 7KH� VDPSOHV
ZHUH� SUHOLPLQDULO\� LUUDGLDWHG� ZLWK� OLQHDUO\
SRODUL]HG�OLJKW�GXULQJ����PLQ�
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WKH� FRUUHVSRQGLQJ� VHULHV� RI� 3&� ILOPV� ZLWK
$��&R��$��&R�

7KXV�� WKH� H[WHUQDO� HOHFWURVWDWLF� ILHOG� HI�
IHFW�RQ�OLJKW�WUDQVPLVVLRQ�LQ�WKH�%0$�10$
ILOPV�GRSHG�ZLWK���K\GUR[\TXLQROLQH�GHULYD�
WLYH�D]R�G\HV�DIWHU�D�ORQJ�WHUP�SUHYLRXV�LU�
UDGLDWLRQ�ZLWK�OLQHDUO\�SRODUL]HG�OLJKW�IURP
WKH� ZDYHOHQJWK� UDQJH� FRUUHVSRQGLQJ� WR� D]R
FKURPRSKRUH�DEVRUSWLRQ�UHJLRQ�LV�FDXVHG�E\
D� UHRULHQWDWLRQ� RI� WKH� SKRWRLQGXFHG� D]R
PROHFXOH� LVRPHUV� LQ� WKH� H[WHUQDO� HOHFWULF
ILHOG��7KH�LQFUHDVLQJ�GLSROH�PRPHQWV�RI�WKH
D]R� G\HV� E\� DGGLQJ� HOHFWURQ� GRQRU� RU� DF�
FHSWRU�VXEVWLWXHQWV�WR�WKH�D]R�FKURPRSKRUHV
LQFUHDVH�WKLV�HIIHFW��7KH�LQFUHDVH�RI�WKH�D]R
G\H� FRQFHQWUDWLRQ� LQ� WKH� SRO\PHULF� PDWUL[
IURP�����WR�����OHDGV� �WR�WKH� LQWHQVLILFD�
WLRQ� RI� WKH� HOHFWUR�RSWLFDO� HIIHFW�� EXW� WKH
IXUWKHU� LQFUHDVLQJ� G\H� FRQFHQWUDWLRQ� FDXVH
WKH�GHWHULRUDWLRQ�RI�WKH�3&�ILOP�RSWLFDO�KR�
PRJHQHLW\�

5HIHUHQFHV
� ���6�.�<HVRGKD��&�.�6DGDVKLYD��3�3LOODL��1�7VXW�
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