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���,QWURGXFWLRQ
$W� SUHVHQW�� WKH� ODERUDWRU\� VDPSOHV� RI

WKLQ�ILOP�VRODU�FHOOV��6&��EDVHG�RQ�Q�&G6�S�
&G7H� VKRZ�PD[LPXP� HIILFLHQF\� RI� ������
>�@�� ,Q� VXFK� 6&�� RSDTXH� EDFN� HOHFWURGH� DUH
XVHG�� 7KH� EDVH� &G7H� OD\HU� LV� LOOXPLQDWHG
WKURXJK� D� WKLQ� &G6� OD\HU� DQG� WUDQVSDUHQW
IURQW� HOHFWURGHV�PDGH� RI� KLJK�GRSHG� R[LGHV
RI� ,Q��6Q� RU�&G� ZLWK� Q��W\SH� FRQGXFWLYLW\�
,Q� WDQGHP� GHYLFH� VWUXFWXUHV� >�@�� VHYHUDO
EDVH� OD\HUV�ZLWK�GLIIHUHQW�EDQG�JDS�(J�YDO�XHV�DUH�XVHG��,Q�WKH�6&�ZLWK�KLJK�EDVH�OD\HU
(J��ERWK�IURQW�DQG�EDFN�HOHFWURGHV�VKRXOG�EHWUDQVSDUHQW��7KLV�DOORZV�ORZ�HQHUJ\�SKRWRQV
DWWDLQ� WKH�QH[W�6&�RI�WKH�WDQGHP�VWUXFWXUH
KDYLQJ� D� ORZHU� EDVH� OD\HU� (J� >����@�� 7KH

ILOP�6&�ZLWK�&G7H�DQG�&X,Q6H��EDVH�OD\HUVLV�RI�JRRG�SURPLVH�IRU�XVH�LQ�WDQGHP�6&�>�@
�(J&G7H� ������H9�DQG�(J&X,Q6H�� ������H9��+RZHYHU��WKH�ILOP�6&�RQ�&G6�&G7H�EDVH
DUH�QRW�XVHG�LQ�WDQGHP�VWUXFWXUHV��VLQFH�QR
WUDQVSDUHQW�EDFN�HOHFWURGHV�WR�S�W\SH�OD\HUV
RI�FDGPLXP�WHOOXULGH�DUH�GHYHORSHG�WR�GDWH�
:KHQ� WKH� �FRPE�� HOHFWURGHV� DUH� XVHG�� WKH
KLJK�VSHFLILF�UHVLVWDQFH�RI�&G7H�EDVH�OD\HUV
OLPLWV�WKH�HIILFLHQF\�RI�VXFK�6&�DW�WKH�OHYHO
RI������7KH�KHWHURV\VWHP�&X�$X�LV�D�WUDGL�
WLRQDO� ORZ�RKPLF� WXQQHO�EDFN�FRQWDFW� IRU�S�
W\SH�&G7H� >�@��:KHQ�XVLQJ� VXFK� HOHFWURGHV
LQ�6&�RQ�&G6�&G7H�EDVH��WKH�PDLQ�SUREOHP
FRQVLVWV�LQ�GLIIXVLRQ�RI�&X�IURP�WKH�FRQWDFW
WR� WKH� S�Q� MXQFWLRQ�� WKXV� FDXVLQJ� GHJUDGD�
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WLRQ� RI� RXWSXW� FKDUDFWHULVWLFV� >�@�� ,Q� >�@�� D
OD\HU� RI� GHJHQHUDWH� VHPLFRQGXFWRU� FRQVLVW�
LQJ�RI� LQGLXP�DQG�WLQ�R[LGHV� �,72��ZDV�DS�
SOLHG� DV� WKH� WUDQVSDUHQW� WXQQHO� FRQWDFW� IRU
S�&G7H� OD\HUV�� +RZHYHU� WKH� HIILFLHQF\� RI
VXFK�6&�GLG�QRW�H[FHHG��������7KHUHIRUH��WR
GHYHORS�D� WUDQVSDUHQW�DQG�VWDELOH�EDFN�FRQ�
WDFW� IRU� 6&� RQ�&G6�&G7H� EDVH�� ZH� FDUULHG
RXW� LQ� WKLV� ZRUN� FRPSDUDWLYH� LQYHVWLJDWLRQ
RI� SKRWRHOHFWULF� SURFHVVHV� LQ� VXFK� 6&� ZLWK
,72�DQG�&X�$X�EDFN�HOHFWURGHV��

���([SHULPHQWDO
7KH� &G6�&G7H�,72� ILOP� KHWHURV\VWHP

ZDV�SUHSDUHG�E\�WKHUPDO�YDFXXP�GHSRVLWLRQ
RQ� JODVV� VXEVWUDWHV� FRDWHG� ZLWK� D� 6Q2[�)OD\HU��3ULRU�WR�IRUPDWLRQ�RI�EDFN�HOHFWURGHV�
WKH�VWDQGDUG��FKORULGH��WUHDWPHQW�ZDV�UHDO�
L]HG�E\�GHSRVLWLRQ�RI�D�&G&O�� ILOP�RQWR�WKH&G7H� VXUIDFH� DQG� IROORZHG� E\� DQQHDOLQJ� LQ
DLU�DW�����&��7KHQ�WKH�&G7H�EDVH�OD\HU�VXU�
IDFH�ZDV�HWFKHG�LQ�D�EURPLQH�PHWKDQRO�VROX�
WLRQ� >�@��7R� IRUP�WKH�EDFN�HOHFWURGH�RQ� WKH
JODVV�6Q2[�)�&G6�&G7H�,72� VRODU� FHOO�� WKH���Ü���� QP� WKLFN� ,72� OD\HUV� ZHUH� GHSRV�
LWHG� RQ� WKH� HWFKHG� VXUIDFH� E\� QRQUHDFWLYH
KLJK�IUHTXHQF\� PDJQHWURQ� VSXWWHULQJ� DW
����&�� 7R� IRUP� WKH� EDFN� HOHFWURGH� RQ� WKH
JODVV�6Q2[�)�&G6�&G7H�&X�$X� VRODU� FHOO�DERXW� ��� QP� WKLFN� &X� ILOPV� DQG� ��� QP
WKLFN� $X� ILOPV� ZHUH� VHTXHQWLDOO\� GHSRVLWHG
RQWR� WKH� HWFKHG�EDVH� OD\HU� VXUIDFH� E\� WKHU�
PDO� YDFXXP� HYDSRUDWLRQ�� 7KHQ� WKH� VRODU
FHOOV� ZHUH� DQQHDOHG� LQ� DLU� DW� ����&� IRU
���PLQ�

7R� LQYHVWLJDWH� WKH� HIILFLHQF\� RI� WKH
FKDUJH� FDUULHU� JHQHUDWLRQ� DQG� VHSDUDWLRQ
SURFHVVHV� LQ�6&�� WKH�VSHFWUDO�GHSHQGHQFH�RI
TXDQWXP�HIILFLHQF\�FRHIILFLHQW�4�O��>��@�ZDV
VWXGLHG�� 7R� WKDW� SXUSRVH�� WKH� VKRUW�FLUFXLW
FXUUHQW� -VF� ZDV�PHDVXUHG� DV� D� IXQFWLRQ� RIWKH� UDGLDWLRQ�ZDYHOHQJWK� O�� 7KH�PHDVXULQJ
V\VWHP� SURYLGHG� DQ� RSSRUWXQLW\� WR� DSSO\� D
FRQVWDQW� YROWDJH�9� DFURVV� WKH� KHWHURV\VWHP
WR� EH� VWXGLHG� LQ� WKH� FRXUVH� RI� PHDVXUH�
PHQWV�� 7KLV� DOORZHG� WR� FKDQJH� WKH� VL]HV� RI
VSDFH�FKDUJH�UHJLRQV� �6&5��LQ�WKH�Q�&G6�S�
&G7H� KHWHURMXQFWLRQ� DQG� DW� WKH� ERXQGDU\
S�&G7H�EDFN� HOHFWURGH� LQWHUIDFH�� 7KH� SKR�
WRFXUUHQW�SRODULW\� LQ�&G6�&G7H�&X�$X�KHW�
HURV\VWHP� DW�9� ��� ZDV� DGRSWHG� DV� SRVLWLYH�
ZKLOH� WKH� RSSRVLWH�� DV� QHJDWLYH�� )RU� D� FRP�
SDUDWLYH�DQDO\VLV�RI�GLIIHUHQW�6&��WKH�DEVROXWH
YDOXHV� RI�4�O��ZHUH� QRUPDOL]HG� WR� WKH�PD[L�
PXP�YDOXH�RI�WKH�TXDQWXP�HIILFLHQF\�FRHIIL�
FLHQW�PHDVXUHG� IRU� WKH�&G6�&G7H�&X�$X� 6&
DW� 9� ���� 7KH� RXWSXW� SDUDPHWHUV� DQG� OLJKW
GLRGH� FKDUDFWHULVWLFV� RI� 6&� ZHUH� IRXQG� E\

SURFHVVLQJ� RI� OLJKW� FXUUHQW� YROWDJH� �,9�
FKDUDFWHULVWLFV� PHDVXUHG� XVLQJ� DQ� DXWR�
PDWHG� ����$� 6HPLFRQGXFWRU� $QDO\]HU
�+HZOHWW� 3DFNDUG�� DW� WKH� OLJKW� IOX[� SRZHU
����P:�FP���

���5HVXOWV�DQG�GLVFXVVLRQ
$W� ILUVW� VWXGLHV� RI� WKH�4�O�� GHSHQGHQFHV

IRU� &G6�&G7H�&X�$X� DQG� &G6�&G7H�,72
6&V�� WKRVH�ZHUH� LOOXPLQDWHG� IURP� WKH� IURQ�
WDO� VLGH� �IURP� WKH� JODVV� VXEVWUDWH� VLGH�� DW
9�  ���� 7KH� FRUUHVSRQGLQJ� 4�O�� GHSHQGHQFH
IRU�&G6�&G7H�&X�$X�6&��KDV�VKRZQ�KLJKHU
YDOXHV�LQ�WKH�ZKROH�VSHFWUDO�UDQJH�RI�SKRWR�
VHQVLWLYLW\� DV� FRPSDUHG� WR� WKDW� IRU� WKH
&G6�&G7H�,72� �)LJ������ 7KH� ODUJHVW� GLIIHU�
HQFH�EHWZHHQ�WKH�4�O��YDOXHV�RI�WKH�LQYHVWL�
JDWHG� 6&� ZDV� ���� DW� WKH� ZDYHOHQJWK
O�  � ���� QP� �)LJ����� FXUYH� ���� 7KH� DEVRUS�
WLRQ�EDQG�HGJH�RI�WKLV�VXEVWDQFH�LV�VLWXDWHG
DW� ���Ü���� QP�� VR� WKDW�� ZKHQ� WKH� VWXGLHG
KHWHURV\VWHPV� ZHUH� LOOXPLQDWHG� IURP� WKH
&G6�VLGH��WKH�����QP�SKRWRQV�KDG�WKH�KLJK�
HVW� HQHUJ\� DPRQJ� WKRVH� WKDW� ZHUH� QRW� DE�
VRUEHG�VXEVWDQWLDOO\�LQ�WKH�FDGPLXP�VXOILGH
OD\HU� DQG� UHDFKHG� WKH� FDGPLXP� WHOOXULGH
EDVH� OD\HU�� ,Q� WKLV�FDVH�� LQ�DFFRUGDQFH�ZLWK
WKH� HQHUJ\� RI� SKRWRQV�� WKH� DEVRUSWLRQ� UH�
JLRQ�WKHUHRI�ZDV�ORFDWHG�QHDU�WKH�&G6�&G7H
LQWHUIDFH��7KXV�� WKH� UHYHDOHG�GLIIHUHQFH� EH�
WZHHQ� WKH� FRUUHVSRQGLQJ�4�O�� YDOXHV� RI� WKH
LQYHVWLJDWHG�6&�HYLGHQFHV�WKDW�WKH�UHFRPEL�
QDWLRQ� ORVVHV� QHDU� &G6�&G7H� LQWHUIDFH� RI

)LJ����� 4XDQWXP� HIILFLHQF\� FRHIILFLHQW� 4�O�
IRU� &G6�&G7H�&X�$X� 6&� DW� 9� ��� �FXUYH� ��
DQG� &6� &G6�&G7H�,72� DW� 9� ��� �FXUYH� ���
TXDQWXP�HIILFLHQF\�GLIIHUHQFH�4&X�$XÜ4,72�DW9� ����FXUYH����
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WKH� &G6�&G7H�&X�$X� 6&� ZHUH� ORZHU� WKDQ
WKRVH�LQ�WKH�&G6�&G7H�,72�6&�LWVHOI��

7KH� DXWKRUV� >��@� EHOLHYH� WKDW� FRSSHU
DWRPV� GLIIXVLQJ� RYHU� WKH� JUDLQ� ERXQGDULHV
SDVVLYDWH� WKH� JUDLQ�ERXQGDU\� VXUIDFH� QHDU
WKH�&G6�&G7H�LQWHUIDFH�LQ�WKH�FRXUVH�RI�WKH
$X�&X�EDFN�FRQWDFW�IRUPDWLRQ��7KLV�UHGXFHV
WKH� UHFRPELQDWLRQ� UDWH� LQ� WKDW� OD\HU� DQG
UHVXOWV� LQ� DQ� LQFUHDVH� RI� 4�O�� IRU� WKH
&G6�&G7H�&X�$X�6&��7KXV��ZH�KDYH�VKRZQ
WKDW��WR�HQKDQFH�WKH�TXDQWXP�HIILFLHQF\�FR�
HIILFLHQW�4�O�� RI� WKH�&G6�&G7H�,72�KHWHUR�
V\VWHP�� LW� LV� QHFHVVDU\� WR� UHGXFH� WKH� QHJD�
WLYH�LQIOXHQFH�RI�WKH�GHYHORSHG�JUDLQ�ERXQG�
DU\� VXUIDFH� RI� WKH� EDVH� OD\HU� RQ� WKH
SURFHVVHV� RI� GLIIXVLRQ� DQG� GLVWULEXWLRQ� RI
QRQ�HTXLOLEULXP� FXUUHQW� FDUULHUV� JHQHUDWHG
QHDU�WKH�&G6�&G7H�LQWHUIDFH�XQGHU�WKH�DFWLRQ
RI�SKRWRQV�IURP�WKH�VKRUW�ZDYH�UDQJH�RI�WKH
YLVLEOH�VSHFWUXP��

,I� WKH�&G6�&G7H�,72�6&�ZDV� LOOXPLQDWHG
IURP�WKH�IURQWDO�VLGH�DQG�WKH�DSSOLHG�HOHFWULF
ELDV�ZDV�SRVLWLYH��WKH�JURZWK�RI�HOHFWULF�YROW�
DJH�UHVXOWHG� LQ�D�UHGXFWLRQ�RI�4�O��YDOXHV�LQ
WKH� ZKROH� VSHFWUDO� SKRWRVHQVLWLYLW\� UDQJH
�)LJ����� FXUYHV��Ü����7KH�4�O�� GHFUHDVH� DW�O
LQFUHDVLQJ� IURP� ���� WR� ���� QP� EHFRPHV
PRUH� HVVHQWLDO�� $Q� LQFUHDVH� RI� WKH� GLUHFW
ELDV� UHVXOWHG� LQ� D� UHGXFWLRQ� RI� WKH� HOHFWULF
ILHOG�LQ�WKH�VSDFH�FKDUJH�UHJLRQ�RI�WKH�IURQ�
WDO� KHWHURMXQFWLRQ�� 7KLV� VWLPXODWHG� WKH� LQ�
FUHDVLQJ� UHFRPELQDWLRQ� ORVVHV� RI� QRQ�HTXL�
OLEULXP� FXUUHQW� FDUULHUV� LQ� WKH� 6&5�� 7KH
LQFUHDVLQJ�GLUHFW�ELDV�DOVR�UHVXOWHG�LQ�D�QDU�
URZLQJ� RI� WKH� 6&5�� ZKLFK� FDXVHG� DQ� LQ�
FUHDVLQJ� UHFRPELQDWLRQ� ORVVHV� RI� JHQHUDWHG
FXUUHQW� FDUULHUV� LQ� WKH� EXON� ZKHQ� O� LQ�
FUHDVHG�� :KHQ� PHDVXULQJ� -VF�O�� IRU
&G6�&G7H�,72�6&�DW�9�!�����9��D�FKDQJH�RI
WKH� SKRWRFXUUHQW� SRODULW\� IURP� SRVLWLYH� WR
QHJDWLYH� ZDV� UHJLVWHUHG�� 7KH� UHOHYDQW� GH�
SHQGHQFHV� 4�O�� DUH� SUHVHQWHG� LQ� )LJ���
�FXUYHV� �Ü���� 7KH� SKRWRFXUUHQW� SRODULW\
FKDQJH�ZDV� FDXVHG� E\� WKH� H[LVWHQFH� RI� WZR
KHWHURMXQFWLRQV� LQ� WKH� &G6�&G7H�,72� KHW�
HURV\VWHP� EHLQJ� LQ� WKH� RSSRVLWH� FRQQHFWLRQ
>��@�� QDPHO\�� WKH� Q�&G6�S�&G7H� DQG� S��
&G7H�Q��,72� RQHV�� 7KH� HOHFWULF� UHVLVWDQFH
RI� WKH� Q�&G6�S�&G7H� KHWHURMXQFWLRQ� GH�
FUHDVHG� DV� WKH� GLUHFW� ELDV� JUHZ�� VR� WKDW� D
JUHDWHU� SDUW� RI� WKH� YROWDJH� EHJDQ� WR� GURS
DFURVV� WKH� S��&G7H�Q��,72� RQH�� IRU� ZKLFK
VXFK� D� YROWDJH� SRODULW\� FDXVHG� D� UHYHUVH
ELDV��$V�D�UHVXOW��WKH�6&5�GLPHQVLRQV�RI�WKH
S��&G7H�Q��,72� KHWHURMXQFWLRQ� VWDUWHG� WR
JURZ�� ZKLFK� OHG� WR� DQ� HIIHFWLYH� UHGLVWULEX�
WLRQ� RI� QRQ�HTXLOLEULXP� FXUUHQW� FDUULHUV� E\
LWV�SRWHQWLDO�EDUULHU��

,Q� VXFK� D� VWUXFWXUH�� PRVW� HIIHFWLYHO\
VHSDUDWHG� ZHUH� WKH� FXUUHQW� FDUULHUV� JHQHU�
DWHG� QHDU� WKH� 6&5� RI� WKH� S��&G7H�Q��,72
KHWHURMXQFWLRQ�ZKHQ�WKH�6&�ZDV�LOOXPLQDWHG
IURP� LWV� EDFN� VLGH� ZLWK� SKRWRQV� IURP� WKH
ORQJ�ZDYH� VSHFWUDO� UDQJH�� 7KH� KHWHURMXQF�
WLRQ�S��&G7H�Q��,72�ZDV� VWXGLHG� E\�XV� EH�
IRUH�>��@�,W�KDV�EHHQ�VKRZQ�WKDW�WKH�KHLJKW
RI�WKH�&G7H�,72�SRWHQWLDO�EDUULHU�LV�����H9
ZKHUHDV� IRU� FRQWDFW�&G7H�&X�$X�� LW� LV� OHVV
WKDQ� ���� H9�� 7KXV�� WKH� ILOP� HOHFWURGH� Q��
,72� DQG� EDVH� OD\HU� S��&G7H� IRUP� D� ORZ�
TXDOLW\�WXQQHO�FRQWDFW��,W�LV�WKH�PDLQ�UHDVRQ
UHVWULFWLQJ� WKH� HIILFLHQF\� RI� 6&� ZLWK� ,72
FRQWDFW� LQ� FRQWUDVW� WR� 6&� ZLWK� WKH� &X�$X
EDFN�FRQWDFW�

7KH� LQYHVWLJDWLRQ� RI� TXDQWXP� HIILFLHQF\
DOORZV�WR�DVVXPH�WKDW�LW� LV�MXVW�WKH�&X�,72
EDFN�FRQWDFW�WKDW�LV�WKH�RSWLPXP�IRU�XVH��,Q
WKLV� FRQWDFW�� WKH� WKLFNQHVV� RI�&X� VKRXOG�EH
PLQLPL]HG� WR� QRW� UHVWULFW� LWV� WUDQVSDUHQFH�
7KH� 6&V� ZLWK� WKH� QHZ� EDFN� FRQWDFW� W\SH
JODVV�6Q2[�)�&G6�&G7H�&X�,72� ZHUH� SUH�SDUHG�XVLQJ�WKH�WHFKQRORJ\�GHVFULEHG�DERYH�
7KH�GLIIHUHQFH�ZDV� WKDW�SULRU� WR�GHSRVLWLRQ
RI� ,72� OD\HU� E\� YDFXXP� HYDSRUDWLRQ�
QDQRVL]HG� &X� ILOPV� �OHVV� WKDQ� �� QP� WKLFN�
ZHUH�GHSRVLWHG�RQWR�WKH�&G7H�OD\HU�VXUIDFH�

7KH� OLJKW� ,9� FKDUDFWHULVWLFV� RI� 6&
JODVV�6Q2[�)�&G6�&G7H�,72�� JODVV�6Q2[�)�&G6�&G7H�&X�,72�� DQG� JODVV�6Q2[�)�&G6�&G7H�&X�$X� ZHUH� H[SORUHG�� 7KHLU� RXWSXW
FKDUDFWHULVWLFV� DQG� GLRGH� SDUDPHWHUV� LQ� LQ�
LWLDO� VWDWH� DUH� JLYHQ� LQ� 7DEOH�� 7KH� ORZHU

)LJ����� 4XDQWXP� HIILFLHQF\� FRHIILFLHQW� 4�O�� IRU
&G6�&G7H�,72�6&�DW�WKH�IURQWDO�LOOXPLQDWLRQ�DQG
GLIIHUHQW� YROWDJH��9� ��� �FXUYH���������9��FXUYH
���� ���� 9� �FXUYH� ���� ���� 9� �FXUYH� ����� ���� 9
�FXUYH����������FXUYH����DQG�����9��FXUYH����
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HIILFLHQF\� RI� 6&� ZLWK� WKH� ,72� FRQWDFW� LV
FRQQHFWHG� ZLWK� KLJK� YDOXHV� RI� WKH� GLRGH
VDWXUDWLRQ�FXUUHQW�GHQVLW\�-��DQG�VHULHV�UH�VLVWDQFH� 5V� �VHH� 7DEOH��� LQ� FRQWUDVW� WR� 6&ZLWK�WKH�&X�$X�EDFN�FRQWDFW��7KXV��WKH�XVH
RI� D� FRSSHU� ILOP� LQ� WKH� EDFN� FRQWDFW� VWUXF�
WXUH� FDXVHV� D� GHFUHDVHG� GLRGH� VDWXUDWLRQ
FXUUHQW� DQG� VHULHV� UHVLVWDQFH�� DQG�� DV� D� UH�
VXOW��DQ�LQFUHDVHG�6&�HIILFLHQF\�

7KH� VWDELOLW\� VWXGLHV� RI� 6&� FKDUDF�
WHULVWLFV�KDYH�VKRZQ�WKDW�WKH�OHDVW�VWDEOH�LV
6&� ZLWK� &X�$X� EDFN� FRQWDFW� �)LJ����
FXUYHV�����7KH�GHFUHDVHG�HIILFLHQF\�RI�WKHVH
6&� LV� GXH� PDLQO\� WR� GHFUHDVH� RI� VKXQWLQJ
UHVLVWDQFH� E\� �� WLPHV� �IURP� ���� XS� WR
����:�FP��� DQG� LQFUHDVH� RI� WKH� GLRGH� VDWX�
UDWLRQ� FXUUHQW�GHQVLW\� E\��� WLPHV� �IURP���
XS�WR�����Q$�FP����7KDW��DV�LV�NQRZQ�>��@�
LV� FRQQHFWHG� ZLWK� FRSSHU� GLIIXVLRQ� WR� WKH
Q�&G6�S�&G7H� KHWHURMXQFWLRQ� DUHD�� 2Q� WKH
FRQWUDU\�� 6&� ZLWK� ,72� DQG� &X�,72� EDFN
FRQWDFWV�GHPRQVWUDWH�D�UDWKHU�KLJK�VWDELOLW\
DQG�HYHQ�LPSURYHPHQW�RI�DOO�FKDUDFWHULVWLFV
DW� WKH� LQLWLDO� VHUYLFH� VWDJH� DV� FRPSDUHG� WR
LQLWLDO�VWDWH��VHH�)LJ�����FXUYHV���DQG�����)RU
H[DPSOH�� WKH� HIILFLHQF\� RI� 6&�ZLWK�&X�,72
EDFN� FRQWDFW� LQFUHDVHV� IURP� ���� �� WR
�������GXULQJ�WKH�ILUVW�VL[�PRQWKV�RI�VHUY�
LFH�DQG�UHPDLQV�KLJKHU�WKDQ������DIWHU�VL[�
\HDU� VHUYLFH�� 7KLV� LQFUHDVLQJ� HIILFLHQF\� LV
GXH� WR� ORZHULQJ� GLRGH� VDWXUDWLRQ� FXUUHQW
GHQVLW\� DQG� VHULHV� UHVLVWDQFH�� ZKLFK� DW
UHDFKLQJ�RI�D�SHDN�HIILFLHQF\�UHFHLYH�YDOXHV
-�� ���P$�FP��� 5V� ���2KP�FP�� IRU� ,72
EDFN� FRQWDFW� DQG� -�� ������ Q$�FP��
5V� �����:�FP�� IRU� &X�,72� EDFN� FRQWDFW�
7KH� VHULHV� UHVLVWDQFH� SURORQJV� WR� GHFUHDVH
GXULQJ� WKH� ZKROH� VHUYLFH� SHULRG�� 7KLV� GH�
FUHDVH� LV� IURP���GRZQ�WR�����:�FP�� IRU�6&

ZLWK� &X�$X� EDFN� FRQWDFW�� IURP� �� GRZQ� WR
����:�� IRU� 6&� ZLWK� ,72� EDFN� FRQWDFW�� DQG
IURP� ���� GRZQ� WR� �����:�FP�� IRU� 6&� ZLWK
&X�,72�EDFN�FRQWDFW�

7KH�REVHUYHG�5V� ORZHULQJ�IRU�DOO� LQYHVWL�JDWHG�VRODU�VHOOV�FDQQRW�EH�H[SODLQHG�RQO\�E\
FRSSHU� GLIIXVLRQ� IURP� WKH� EDFN� FRQWDFW�
&RSSHU� LV� SUHVHQW� RQO\� LQ� WZR� H[SORUHG� 6&
W\SHV�� IXUWKHU�� IRU� FRSSHU�IUHH� ,72� EDFN
FRQWDFW�� WKH� GHFUHDVH� RI� 5V� LV� HYHQ� PRUHWKDQ�IRU�&X�$X�RQH��7KH�FU\VWDOOL]DWLRQ�RI�D
WKLQ� �a�� QP�� DPRUSKRXV� WHOOXULXP� OD\HU
IRUPHG� DIWHU� HWFKLQJ� RI� &G7H� VXUIDFH� LQ
EURPLQH�PHWKDQRO� LV� KDUGO\� SUREDEOH� WR
FDXVH� WKH� 5V� ORZHULQJ�� ,Q� VRODU� FHOOV� ZLWKFRSSHU�OD\HU�LQ�WKH�EDFN�FRQWDFWV��DIWHU�WKH
&X� GHSRVLWLRQ� DQG�GHSRVLWLRQ�RI� WKH� IROORZ�
LQJ� OD\HU� �$X� RU� ,72�� WKH�ZKROH�DPRUSKRXV
WHOOXULXP� OD\HU� LV� VSHQW� IRU� IRUPDWLRQ� RI
&X�±[7H� FRPSRXQG� ZKLFK� SURYLGHV� D� ORZHU5V�WKDQ�WKDW�RI�WHOOXULXP�OD\HU��,Q�6&�ZLWK,72�FRQWDFW��WKH�VXEVWUDWH�WHPSHUDWXUH�GXU�
LQJ� WKH� ,72� OD\HU� GHSRVLWLRQ� H[FHHGV� ����&
DQG� WKH� GHSRVLWLRQ� WLPH� LV� DERXW� ��� PLQ�
WKDW� LV� HQRXJK� IRU� IXOO� FU\VWDOOL]DWLRQ� RI
DPRUSKRXV� WHOOXULXP��7KH�DEVHQFH�RI�DPRU�
SKRXV�WHOOXULXP�OD\HU�LV�FRQILUPHG�DOVR�E\�D
UDWKHU�KLJK�TXDOLW\�RI�WKH�,72�EDFN�FRQWDFW
DOUHDG\� LQ� WKH� LQLWLDO� VWDWH� WKDW� ZRXOG� EH
LPSRVVLEOH�LQ�WKH�SUHVHQFH�RI�DQ�DPRUSKRXV
WHOOXULXP�OD\HU�

$V�ZDV�VKRZQ�LQ�>��@��WZR�W\SH�RI�GHIHFW
FRPSOH[HV��QDPHO\�� HOHFWULFDOO\� DFWLYH�&O7H±9&G�DQG�HOHFWULFDOO\�LQDFWLYH��&O7H±9&G�RQHV�PD\� EH� IRUPHG� LQ� WKH� EDVH� OD\HU� DIWHU� WKH
�FKORULGH��WUHDWPHQW��7KHUHIRUH��LW�LV�SRVVL�
EOH� WR� DVVXPH� WKDW� WKH� PDLQ� FDXVH� RI� GH�
FUHDVLQJ�5V� LV� WKH� SKRWR�VWLPXODWHG� GHFRP�SRVLWLRQ� RI� HOHFWULFDOO\� LQDFWLYH� �&O7H±9&G

7DEOH��2XWSXW�SDUDPHWHUV�DQG�OLJKW�GLRGH�FKDUDFWHULVWLFV�RI�6&�ZLWK�GLIIHUHQW�W\SH�EDFN�FRQWDFWV
LQ�LQLWLDO�VWDWH

2XWSXW�SDUDPHWHUV
DQG�OLJKW�GLRGH
FKDUDFWHULVWLFV

7\SH�RI�EDFN�FRQWDFW
&X�$X ,72 &X�,72

9RF��P9 ��� ��� ����
-VF��P$�FP� ���� ���� ����

)) ���� ���� �����
K��� ���� ��� ���������


5V��:�FP� ��� ��� ����
5VK��:�FP� ��� ���� ���
-���$�FP� ����Ü� ������Ü� ������Ü�

$ ��� ��� ����
-SK��P$�FP� ���� ���� ����
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GHIHFW� FRPSOH[HV� DQG� WUDQVIRUPDWLRQ
WKHUHRI� LQWR�HOHFWULFDOO\� DFWLYH�&O7H±9&G�GH�IHFW�FRPSOH[HV��7KLV�UHVXOWV�LQ�DQ�DGGLWLRQDO
GRSLQJ�RI�&G7H�EDVH�OD\HU�

���&RQFOXVLRQ
7KH� LQYHVWLJDWLRQ� LQ� VSHFWUDO� GHSHQGHQFH

RI� TXDQWXP� HIILFLHQF\� KDV� HVWDEOLVKHG� WKDW
WKH�ORZHU�HIILFLHQF\�RI�6&�RQ�WKH�&G6�&G7H
EDVH�ZLWK� ,72�EDFN� FRQWDFW� DV� FRPSDUHG� WR
WKRVH�ZLWK�&X�$X�EDFN�FRQWDFW�LV�FDXVHG�E\
IROORZLQJ�UHDVRQV��)LUVW��WKH�QHJDWLYH�LQIOX�
HQFH� RI� WKH� VXUIDFH� JUDLQ�ERXQGDU\� RI� WKH
EDVH� OD\HU� RQ� WKH� GLIIXVLRQ� DQG� VHSDUDWLRQ
RI�QRQ�HTXLOLEULXP�FDUULHUV�ZKLFK�DUH�JHQHU�

DWHG� E\� VKRUW�ZDYH� SKRWRQV�� 7KLV� QHJDWLYH
LQIOXHQFH� LV� FRPSHQVDWHG� E\� IRUPDWLRQ� RI
S�S��LVRW\SH�MXQFWLRQ�EHWZHHQ�WKH�JUDLQ�YRO�
XPH� DQG� ERXQGDU\� DW� WKH� JUDLQ�ERXQGDU\
GLIIXVLRQ� RI�&X� ZKLFK� LV� DQ� DFFHSWRU�� 6HF�
RQG�� IRUPDWLRQ� RI� D� ORZ�TXDOLW\�Q��,72�S��
&G7H�WXQQHO�KHWHURMXQFWLRQ�UHVXOWV�LQ�D�OLP�
LWHG�FROOHFWLRQ�HIILFLHQF\�RI�QRQ�HTXLOLEULXP
FDUULHUV�� 7KLV� QHJDWLYH� LQIOXHQFH� DOVR� LV
FRPSHQVDWHG�E\�XVLQJ�RI�&X�LQ�EDFN�FRQWDFW
DW�IRUPDWLRQ�RI�GHJHQHUDWH�S��&X�±[7H�OD\HUZLWK�KLJK�FRQGXFWLYLW\�

$�QHZ�VWUXFWXUH�RI�WKH�WUDQVSDUHQW�EDFN
HOHFWURGH� EDVHG� RQ� &X�,72� FRPSRVLWLRQ� LV
SURSRVHG�� %\� FRPSDUDWLYH� VWXGLHV� RI
JODVV�6Q2[�)�&G6�&G7H�,72��JODVV�6Q2[�)�&G6�&G7H�&X�,72� DQG� JODVV�6Q2[�)�&G6�&G7H�&X�$X� ILOP� 6&V�� LW� KDV� EHHQ� VKRZQ
WKDW� WKH� IRUPDWLRQ�RI�D�&X�QDQROD\HU�SULRU
WR� WKH� GHSRVLWLRQ� RI� WUDQVSDUHQW� ,72� ILOP
FRQWDFW� SURYLGHV� WKH� VWDEOH� ELIDFLDO� VRODU
FHOOV�ZLWK�HIILFLHQF\�H[FHHGLQJ�������ZKLFK
FDQ�EH�XVHG�IRU�WDQGHP�6&��

$FNQRZOHGJPHQWV�� 7KH� ZRUN� ZDV� VXS�
SRUWHG�E\�67&8�XQGHU�3URMHFW�������

5HIHUHQFHV
� ���0�$�*UHHQ�� .�(PHU\�� '�/�.LQJ� HW� DO��� 3UR�

JUHVV�LQ�3KRWRYROWDLF�5HV��$SSO�����������������
� ���$�)DKUHQEUXFK��5�%XEH��6RODU�'HYLFHV��7KHRU\

DQG� ([SHULPHQW�� 1HZ�<RUN�� $FDGHPL\D�� ����
�(QHUJRDWRPL]GDW��0RVFRZ�������LQ�5XVVLDQ��

� ���0�$�*UHHQ�� 3URJUHVV� LQ� 3KRWRYROWDLF�� 5HV�
$SSO�����������������

� ���$�'H�9RV��-��3K\V��'��$SSO��3K\V������������������
� ���$�5RKDWJL��6�6XGKDUVDQ��$�5LQJOHO��0�+�0DF�

'RXJDO��6RODU�&HOOV�����������������
� ���&�6�)HUHNLGHV�� 9�9LVZDQDWKDWKDQ�� '�/�0RUHO�

LQ�� 3URF����WK� ,(((� 3KRWRYROWDLF� 6SHFLDOLVWV
&RQI���$QDKHLP��86$���������S�����

� ���.�'�'REVRQ�� ,�9LVRO\�)LVKHU�� *�+RGHV�
'�&DKHQ��6RODU�(QHUJ\�0DWHU��	�6RODU�&HOOV�
���������������

� ���$�1�7LZDUL��*�.KU\SXQRY��)�.XUW]HVDX�HW�DO��
3URJUHVV� LQ� 3KRWRYROWDLF�� 5HV�� DQG� $SSO��� ���
����������

���$�5RPHR��'�%DW]QHU��+�=RJJ��$�1�7LZDUL�� LQ�
3URF����WK� (XURS�� 3KRWRYROWDLF� 6RODU� (QHUJ\
&RQI���*ODVJRZ��(QJODQG���������S�����

����5�+�%XEH��3URSHUWLHV�RI�6HPLFRQGXFWRU�0DWH�
ULDOV��3KRWRYROWDLF�0DWHULDOV��,PSHULDO�&ROOHJH
3UHVV��/RQGRQ��Y�����������

����'�%RQQHW��3�0H\HUV��-��0DWHU��5HV��� ���� ����
�������

����*�6�.KU\SXQRY�� 6HPLFRQGXFWRUV�� ���� ���
�������

����'�/�%DWUQHU��5�:HQGW��$�5RPHR�HW�DO���7KLQ
6ROLG�)LOP�����Ü����������������

����-�9DOGQD��(�+LOO��LQ��3URF����WK�(XURS��3KRWR�
YROWDLF�6RODU�(QHUJ\�&RQI���0XQLFK��*HUPDQ\
��������S������

)LJ�����&KDQJH�RI�VKRUW�FLUFXLW�FXUUHQW��D���RSHQ
FLUFXLW�YROWDJH� �E��DQG�HIILFLHQF\� �F��6&�GXULQJ
WKH�VHUYLFH�WLPH��FXUYH����&X�$X�FRQWDFW��FXUYH
���,72�FRQWDFW��FXUYH����&X�,72�FRQWDFW�
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