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5HFHLYHG�1RYHPEHU��������
7KH�&D<E�6��SKDVHV�ZLWK�WKH�RYHU�VWRLFKLRPHWULF�FRQWHQW�RI�&D6�DQG�<E�6��KDYH�EHHQVWXGLHG�� 7KH� UDQJH� RI� VROLG� VROXWLRQV�� WKH� WHPSHUDWXUH� HOHFWURO\WLF� LQWHUYDO�� WKH� DYHUDJH

LRQ��FDWLRQLF��DQLRQLF�DQG�HOHFWURQLF�WUDQVIHU�QXPEHUV�KDYH�EHHQ�GHWHUPLQHG��7KH�GHQVLW\
YDOXHV� REWDLQHG� E\� ERWWOH� PHWKRG� DQG� E\� UDGLRJUDSK\� DUH� FRPSDUHG�� 7KH� GDWD� REWDLQHG
DOORZ�WR�FRQVLGHU�WKH�&D6�VROLG�VROXWLRQV�LQ�FDOFLXP�VXOIR\WWHUELDWH�DV�PL[HG�LRQ�FRQGXF�
WRUV�ZLWK� D� VXEVWDQWLDO� FRQWULEXWLRQ� IURP� HOHFWURQLF� FRQGXFWLYLW\��ZKLOH� WKH� SKDVHV�ZLWK
WKH�RYHU�VWRLFKLRPHWULF�<E�6��FRQWHQW��DV�VXOILGH�LRQLF�VROLG�HOHFWURO\WHV�ZLWK�WKH�YDFDQF\GHIHFW�IRUPDWLRQ�PHFKDQLVP�
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,Q� WKH�PRGHUQ�PDWHULDOV� WHFKQRORJ\�� WKH
ELQDU\� DQG� WHUQDU\� FKDOFRJHQLGHV� RI� KLJK�
PHOWLQJ� �PDLQO\�UDUH��PHWDOV�DUH�RI�D�JUHDW
LQWHUHVW�>����@��7KH�GHIHFW�SKDVHV�RI�JHQHUDO
IRUPXOD�0_/Q�6�� �0_� �&D��%D��/Q� �/D��<�7P��1G��6P��FU\VWDOOL]HG�LQ�ODWWLFHV�VXFK�DV
&D)H�2��DQG�7K�3���KDYH�EHHQ�VKRZQ�WR�EHVROLG�HOHFWURO\WHV��6(��ZLWK�SUHGRPLQDQW�VXO�
ILGH�LRQ� FRQGXFWLRQ��7KH� DSSHDUDQFH� RI� VXO�
ILGH�LRQ�FRQGXFWLYLW\� LQ�WKRVH�FRPSRXQGV�LV
FRPELQHG� ZLWK� IRUPDWLRQ� RI� GRXEOH�LRQL]HG
YDFDQFLHV�LQ�WKH�VXOIXU�VXEODWWLFH�DV�D�UHVXOW
RI� DOOR\LQJ� WHUQDU\� VXOILGHV� ZLWK� ELQDU\
RQHV�
'HIHFW� SKDVHV� RQ� WKH� EDVLV� RI� FDOFLXP

WKLR\WWHUELDWH� DUH� FU\VWDOOL]HG� LQ�DQ�RUWKRU�
KRPELF�ODWWLFH�RI�WKH�<E�6��W\SH�ZKHUH�LRQV<E��� DUH� GLVSODFHG� E\�&D��� RQHV�� 7KH� RQO\
NQRZQ� VXOILGH�FRQGXFWLYH� VROLG� HOHFWURO\WH

RI� WKH� VDPH� VWUXFWXUDO� W\SH� LV�&D<�6�� >�@�7KLV� ZRUN� PDNHV� LW� SRVVLEOH� WR� H[WHQW� WKH
ILHOG� RI� WKH� NQRZQ� VXOILGH�FRQGXFWLYH� VROLG
HOHFWURO\WHV��,Q�WKH�ZRUN�IUDPH��WKH�V\QWKH�
VLV� DQG� DQQHDOLQJ� WHFKQLTXHV� KDYH� EHHQ� GH�
YHORSHG�IRU�&D<E�6�� WHUQDU\�FRPSRXQG�DQGSKDVHV� RQ� LWV� EDVLV� DV�ZHOO� WKH� VDPSOHV� RE�
WDLQHG� KDYH� EHHQ� LGHQWLILHG�� 7R� GHWHUPLQH
WKH� GHIHFW� IRUPDWLRQ� FKDUDFWHU�� WKH� ERWWOH
GHQVLW\� ZDV� FRPSDUHG� WR� WKH� UDGLRJUDSKLF
RQH�FDOFXODWHG�DVVXPLQJ�WKH�YDFDQF\�DQG�LQ�
WHUVWLWLDO� PHFKDQLVP� RI� GHIHFW� IRUPDWLRQ�
7KH� WHPSHUDWXUH� HOHFWURO\WLF� LQWHUYDO� DQG
H[WHQVLRQ� RI� GHIHFW� SKDVHV� RQ� WKH� WHUQDU\
&D<E�6�� � EDVLV�ZHUH� VWXGLHG�XQGHU� DFFRXQWIRU� GHSHQGHQFH� RI� HOHFWULF� FRQGXFWLYLW\� RQ
WKH� WHPSHUDWXUH� DQG� SKDVH� VWUXFWXUH�� 7R
HOXFLGDWH� WKH� HIIHFW� RI� HOHFWURQ� WUDQVIHU� RQ
WKH� HOHFWURO\WLF� SURSHUWLHV� RI� REWDLQHG
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&D<E�6�� SKDVHV�� HOHFWURQ� DQG� DYHUDJH� LRQWUDQVIHU� QXPEHUV� ZHUH�PHDVXUHG�� 7KH� VXE�
GLYLVLRQ� RI� WKH� LRQ� FRQGXFWLYLW\� FRPSRQHQW
LQWR�FDWLRQLF�DQG�DQLRQLF�RQHV�KDV�FRQILUPHG
WKH�H[LVWHQFH�RI�VXOILGH�WUDQVIHU�LQ�WKH�SKDVHV
ZLWK�RYHU�VWRLFKLRPHWULF�<E�6��FRQWHQW�7KH� VXOILGH� PDWHULDO� ZDV� V\QWKHVL]HG� E\
D� FHUDPLF� PHWKRG�� 7KH� DQDO\WLFDO� SXULW\
JUDGH� FDOFLXP� R[LGH� DQG� \WWHUELXP� �,,,�
R[LGH� ZHUH� XVHG� DV� LQLWLDO� PDWHULDOV�� 7KH
GULHG�DQG�SXOYHUL]HG�PL[WXUHV�LQ�D�JUDSKLWH
ERDW�ZHUH�ORDGHG�LQWR�WKH�UHDFWRU��KHDWHG�WR
�����z�LQ�DUJRQ�IORZ��WKHQ��WKH�UHDFWRU�ZDV
IHG�ZLWK�DUJRQ�DQG�FDUERQ�GLVXOILGH��YROXPH
IORZ� RI� WKH� VXOILGL]LQJ� PL[WXUH� ���Ü
����GP��K��� 7KXV� WHPSHUDWXUH� ZDV� LQ�
FUHDVHG� XS� WR� ����� .� DQG� KROG� GXULQJ
�� KRXUV�� WKHQ� WKH� FKDUJH� ZDV� FRROHG� LQ
DUJRQ� IORZ�� 7R� REWDLQ�PRUH� GHQVH� VDPSOHV�
WKH� V\QWKHVL]HG� SRZGHUV� ZHUH� FRPSDFWHG
LQWR� WDEOHWV� DQG� H[SRVHG� WR� KRPRJHQL]LQJ
DQQHDOLQJ� LQ� D� IORZ� RI� DUJRQ� ZLWK� FDUERQ
GLVXOILGH� �WR� VXSSUHVV� GHVXOILGDWLRQ�� IRU
��� KRXUV� DW� ����Ü����� .�� 7KH� VXOILGDWLRQ
FRPSOHWHQHVV�ZDV�FRQWUROOHG�E\�WKH�LRGRPHW�
ULF�PHWKRG��7KH�FKHPLFDO�DQDO\VLV�UHVXOWV�RI
WKH�VDPSOH�V\QWKHVL]HG�KDYH�FRQILUPHG�WKDW
WKH�VHOHFWHG�PHWKRG�DQG�WKH�PRGH�RI�V\QWKH�
VLV� SURYLGH� FRPSOHWH� VXOILGDWLRQ� RI� WKH� LQ�
LWLDO�R[LGHV�
7KH�;�UD\�SKDVH�H[DPLQDWLRQ�RI�VDPSOHV

ZDV� FDUULHG� RXW� XVLQJ� D�'521��l�GLIIUDF�
WRPHWHU� �&X.D� HPLVVLRQ�� DW� WKH� VFDQQLQJ
VWHS� ������ H[SRVXUH� WLPH� �� V�� WKH� VFDQQLQJ
UDQJH����Ü�����6LOLFRQ�ZDV�XVHG�DV�DQ�LQWHU�
QDO� VWDQGDUG� IRU� FDOFXODWLQJ� WKH� XQLW� FHOO
SDUDPHWHUV��7KH�FRPSOH[�HOHFWULF�FRQGXFWLY�
LW\�RI�DOO�WKH�V\QWKHVL]HG�VDPSOHV�ZDV�PHDV�
XUHG� E\� WKH� WZR�HOHFWURGH� PHWKRG� ZLWK
JUDSKLWH� HOHFWURGHV� XVLQJ� D� GLJLWDO�PHDVXU�
LQJ� LQVWUXPHQW� (������ ZLWKLQ� WKH� UDQJH� RI
URRP� WHPSHUDWXUH� XS� WR� ���� .� DW� ��� N+]
IUHTXHQF\��7KH�HUURU�ZDV������RI�WKH�QRPL�
QDO�PHDVXUHG�YDOXH��
7KH�DYHUDJH�LRQ�WUDQVIHU�QXPEHUV��WBL��ZHUHPHDVXUHG� LQ� D� JDOYDQLF� FHOO� ZLWK� WKH� HOHF�

WURGHV�UHYHUVLEOH�UHODWLYHO\�WR�VXOILGH�LRQV�
&_)H_)H6_&D<E�6����<E�6��&D6�_&X�6_&X_&���
DQG�GHWHUPLQHG�IURP�WKH�UDWLR�RI�WKH�PHDV�
XUHG� DQG� WKHRUHWLFDO� (0)� FDOFXODWHG� XQGHU
FRQGLWLRQ�RI�XVH� LQ�WKH�FHOO� ����K\SRWKHWLFDO
6(�ZLWK�RQO\�LRQ�FRQGXFWLYLW\���

7KH� HOHFWURQ� WUDQVIHU� QXPEHUV� �WH�� ZHUHGHWHUPLQHG�XVLQJ�SRODUL]DWLRQ�PHWKRG�>�@�LQ
DQ�HOHFWURFKHPLFDO�FHOO�

���&_)H_)H6_&D<E�6����<E�6��&D6�_&��� ���

LQ�WKH�YROWDJH�UDQJH����Ü��9��7KH�HOHFWURQLF
FRQGXFWLYLW\�ZDV�FDOFXODWHG�DV�

VHO� � ]���)���O5���7���6��,�
���

ZKHUH� ,� LV� WKH� VDWXUDWLRQ� HOHFWURQ� FXUUHQW�
]�� LRQ� FKDUJH�� )�� WKH� )DUDGD\� QXPEHU�� 5�
XQLYHUVDO�JDV�FRQVWDQW��O�DQG�6�Û�JHRPHWULF
SDUDPHWHUV�RI�WKH�VROLG�HOHFWURO\WH��7KH�HOHF�
WURQ�WUDQVIHU�QXPEHUV�ZHUH�GHWHUPLQHG�WDN�
LQJ� LQ� WR� DFFRXQW� WKH� FRPSOH[� HOHFWULF� FRQ�
GXFWLYLW\�

7KH� LRQ� FRPSRQHQW� RI� FRQGXFWLYLW\� ZDV
VXEGLYLGHG� LQWR� FDWLRQLF� DQG� DQLRQLF� RQHV
XVLQJ� WKH� &KHERWLQ�2EURVRY� PHWKRG� >�@� LQ
FRQFHQWUDWLRQ�FHOOV�ZLWK�WUDQVIHU��UHYHUVLEOH
UHODWLYH�WR�VXOILGH�LRQ�DQG�FDOFLXP�LRQ�

&_)H_)H6_&D<E�6�_&D<E�6����
Ü�[�PRO��<E�6�_)H6_)H_&������

���

&_&D_&D<E�6���
�Ü�[�PRO���<E�6�_&D<E�6�_&D_&�

���

'XH� WR� KLJK� DFWLYLW\� RI� FDOFLXP� HOHF�
WURGHV�� WKH� H[SHULPHQWV� ZHUH� FRQGXFWHG
XVLQJ� WKH� LQVWDQWDQHRXV� WDQJHQF\� PHWKRG
>�@�� 7KH� GLIIXVLRQ� SRWHQWLDO� LQ� ERWK� FHOOV
DULVHV�DW�WKH�LQWHUIDFH�RI�WKH�VWRLFKLRPHWULF
FRPSRXQG�DQG�VROLG�VROXWLRQV�RI�ELQDU\�VXO�
ILGHV� RQ� LWV� EDVLV��7KH�(0)�RI� WKH�HOHPHQW
����UHYHUVLEOH�UHODWLYH�WR�FDOFLXP�LRQV� �(&D�LV� FRQQHFWHG� ZLWK� WUDQVIHU� QXPEHUV� RI� VXO�
IXU� DQG� \WWHUELXP� LRQV�� 7KH� (0)� RI� WKH
HOHPHQW� ���� UHYHUVLEOH� UHODWLYH� WR� VXOILGH
LRQV� �(6�� LV� FRQQHFWHG� ZLWK� WUDQVIHU� QXP�EHUV�RI�FDOFLXP�DQG�\WWHUELXP��3URYLGHG�WKH
GDWD� VWDWLVWLFV� LV� ODUJH� HQRXJK�� WKH�PHWKRG
DOORZV�WR�GHILQH�WUDQVIHU�QXPEHUV�RI�LRQV�DW
DQ�DFFXUDF\�RI�r������7KH�PDMRU�FDUULHU�LRQ
W\SH�ZDV�GHWHUPLQHG�XQGHU�DFFRXQW�IRU�LVR�
WKHUPDO� UHODWLRQV� p6� �I�(&D�� IRU� HOHFWUR�O\WHV�RI�GLIIHUHQW�VWUXFWXUH�XVLQJ�HTXDWLRQV�

W6��� �W&D ���

�W6� �W&D��� ���
ZKHUH�W6�LV�WKH�FRQFHQWUDWLRQ�FKDQJHV�LQ�WKH
FHOO������W&D��WKRVH�LQ�WKH�FHOO������W6����WUDQV�
IHU� QXPEHUV� RI� VXOILGH� LRQV�� W&D���� WKRVH� RI
FDOFLXP�LRQV��������

7KH�ERWWOH�GHQVLW\�ZDV�GHWHUPLQHG�LQ�DF�
FRUGDQFH� ZLWK� ,QWHUQDWLRQDO� 6WDQGDUG� ,62
��������
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8VLQJ� FHUDPLF� WHFKQRORJ\�� WKH
VWRLFKLRPHWULF� FRPSRXQG�&D<E�6�� DQG�VDP�SOHV�ZLWK� RYHU�VWRLFKLRPHWULF� FRQWHQW� RI� EL�
QDU\� VXOILGHV� &D6� DQG� <E�6�� ZHUH� V\QWKH�VL]HG�� 7KH� ;�UD\� SKDVH� DQDO\VLV� �;3$�� RI
WKH� VDPSOHV� LQ� WKH� UDQJH� ����Ü[�&D6Ü
²<E�6��� ZKHUH� ²� ���� WR� ��� PRO��� <E�6��KDV� VKRZQ� WKH� SUHVHQFH� RI� D� VLQJOH� SKDVH
&D<E�6��ZKLFK�LV�FU\VWDOOL]HG�LQ�RUWKRUKRP�ELF� VWUXFWXUH� RI� WKH�<E�6�� W\SH��7KH�;�UD\GLIIUDFWLRQ� �;5'�� SDWWHUQV� RI� V\QWKHVL]HG
VDPSOHV� ZKHUH� [�������� DQG� [�!������ PROH
IUDFWLRQ�RI�<E�6��FRQWDLQHG�UHIOHFWLRQV�IURPWKH�VHFRQG�SKDVH��FDOFLXP�VXOILGH�DQG�\WWHU�
ELXP� VXOILGH�� UHVSHFWLYHO\�� 7KH� ;5'� SDW�
WHUQV� IRU� VDPSOHV� RI� VWRLFKLRPHWULF� VWUXF�
WXUH� DQG� IRU� WKRVH� FRQWDLQLQJ� DQ� H[FHVV
�� PRO��� RI� <E�6�� DUH� VKRZQ� LQ� )LJ����7KXV�� WKH� V\QWKHVL]HG� VDPSOHV� FDQ� EH� SUH�
VHQWHG� DV� SKDVHV� &D<E�6�±[<E�6�� DQG
&D<E�6�±\&D6� �ZKHUH� ²� YDULHV� IURP� �� WR���PRO����<E�6��DQG�\�IURP���WR���PRO���&D6��DQG�WKH�JHQHUDO�FKHPLFDO�IRUPXODV�IRU
VROLG� VROXWLRQV� RI� WKH�KLJKHVW� FRQFHQWUDWLRQ
FDQ� EH� SUHVHQWHG� DV� &D<E����6����� DQG&D���<E�6����7KH� WHPSHUDWXUH� GHSHQGHQFH� RI� FRPSOH[
HOHFWULF� FRQGXFWLYLW\� ZDV� VWXGLHG� LQ� WKH
���Ü���� .� UDQJH�� 7KH� VHOHFWLRQ� RI� WKH
XSSHU�WHPSHUDWXUH�OLPLW�LV�FRQGLWLRQHG�E\�D
SRVVLELOLW\� RI� FKDQJHV� LQ� WKH� VDPSOH� VWUXF�
WXUH�GXH�WR�VXOIXU�ORVV�UHVXOWLQJ�IURP�WKHU�
PDO�GLVVRFLDWLRQ�DW�WKH�IXUWKHU�WHPSHUDWXUH
ULVH�� )RU� VDPSOHV� RI� DOO� VWUXFWXUHV� LQ� WKH
LQYHVWLJDWHG�V\VWHP��WKH�UHODWLRQVKLSV�OJV� 
I�����7�� KDYH� VKRZQ�D� FKDQJH� LQ� WKH�FXUYH
VORSH� DW� ���Ü���� .� LQ� WKH� VDPSOHV� ZLWK
&D6� H[FHVV� LQ�&D<E�6��� DQG� DW� ���Ü����.LQ� WKH� VDPSOHV� ZLWK� <E�6�� H[FHVV� LQ&D<E�6��� 7KH� WHPSHUDWXUH� FRHIILFLHQW� RIHOHFWULF� FRQGXFWLYLW\� LQ� WKH� KLJK�WHPSHUD�

WXUH�VHJPHQW�RI�FXUYHV�YDULHV�IURP������WR
����� H9�� ZKLFK� FRUUHVSRQGV� PDLQO\� WR� LRQ
FRQGXFWLYLW\�
(OHFWULF� FRQGXFWLYLW\� LQ� SKDVHV� ZLWK� H[�

FHVV�FDOFLXP�VXOILGH�LQ�&D<E�6��LV�KLJKHU�E\�Ü���� GHFLPDO� RUGHUV� WKDQ� LQ� SKDVHV� ZLWK
H[FHVV�<E�6���ZKLFK�FDQ�EH�H[SODLQHG�E\�DQLQFUHDVHG� FRQWULEXWLRQ� IURP� WKH� HOHFWURQLF
FRQVWLWXHQW�LQWR�FRQGXFWLYLW\�DW�FDOFLXP�VXO�
ILGH� DOOR\LQJ� RI�&D<E�6�� GXH� WR� LQFRPSOHWHLRQL]DWLRQ� RI� YDFDQFLHV� LQ� WKH� \WWHUELXP
VXEODWWLFH��VLQFH�\WWHUELXP�LV�SRO\YDOHQW�DQG
FKDQJHV�LWV�R[LGDWLRQ�VWDWHV�HDVLO\�
)URP� WKH� FRQGXFWRPHWULF� GDWD�� GHSHQG�

HQFHV�ZHUH�FRQVWUXFWHG�IRU�LVRWKHUP�RI�HOHF�
WULF�FRQGXFWLYLW\�ORJDULWKP�DQG�LVRWKHUP�RI
DFWLYDWLRQ�HQHUJ\�RQ�WKH�V\VWHP�FRPSRVLWLRQ
RI�DW�����.��)LJ������7KH�VKRZQ�OJV�DQG�pÈGHSHQGHQFHV� QHDU� VWRLFKLRPHWULF� &D<E�6�DUH� ZHOO� GHVFULEHG� IURP� WKH� YLHZSRLQW� RI
YDFDQF\�GHIHFW� IRUPDWLRQ�PHFKDQLVP�LQ� WKH
FDVH� RI� IRUPDWLRQ� RI� WZR�VLGHG� UDQJH� RI
VROLG� VROXWLRQV� DQG� DOORZ� WR� HYDOXDWH� WKH
VROLG� VROXWLRQ� ILHOG� ERXQGDULHV� IRU� RYHU�
VWRLFKLRPHWULF�FRQWHQW�&D6�DQG�<E�6��ZKLFKDJUHH�ZHOO�ZLWK�;3$�GDWD�
7KH� HOHFWURQLF� WUDQVIHU� QXPEHUV� ZHUH

PHDVXUHG� E\� WKH� +HEE�:DJQHU� PHWKRG� LQ
WKH� HOHFWURFKHPLFDO� FHOO� ����ZLWK� RQH� EORFN�
LQJ� HOHFWURGH� DQG� RQH� HOHFWURGH� UHYHUVLEOH
UHODWLYH�WR�VXOILGH� LRQ�DW�WHPSHUDWXUHV�����
�����DQG�����.��7KH�VDPSOHV�ZLWK�WKH�RYHU�
VWRLFKLRPHWULF� FDOFLXP� VXOILGH� FRQWHQW� DV
ZHOO� D� WKRVH� DOOR\HG�ZLWK� \WWHUELXP�VXOILGH
ZHUH� VWXGLHG�� 7KH� FXUUHQW�YROWDJH� FKDUDF�
WHULVWLFV� �,9&��IRU�VROLG�VROXWLRQV�RI�&D6� LQ

)LJ����� 'HSHQGHQFHV� RI� HOHFWULF� FRQGXFWLYLW\
ORJDULWKP�DQG�DFWLYDWLRQ�HQHUJ\�RQ�VROLG�HOHF�
WURO\WH� FRPSRVLWLRQ� RI� &D<E�6�Ü[�PRO��<E�6���&D6��V\VWHP�DW�����.�

)LJ����� ;5'� SDWWHUQV� IRU� &D<E�6�� ���� DQG&D<E�6��Ü���PRO����<E�6������
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&D<E�6�� KDG� QR� SODWHDXV� FRUUHVSRQGLQJ� WRWKH� VDWXUDWLRQ� FXUUHQW�� $V� WKH� +HEE�:DJ�
QHU� PHWKRG� LV� XVHG� WR� GHWHUPLQH� WKH� HOHF�
WURQ� WUDQVIHU�QXPEHUV� LQ�PL[HG�FRQGXFWRUV
ZLWK�SUHGRPLQDQW�LRQ�FRQGXFWLYLW\��WBL�t�����>�@�� WKH� DEVHQFH� RI� UHVXOWV� DW� WKH� XVDJH� RI
WKDW�WHFKQLTXH�FRQILUPV�WKH�FRQFOXVLRQ�RQ�D
FRQVLGHUDEOH�FRQWULEXWLRQ�IURP�HOHFWURQ�FRQ�
GXFWLYLW\� IRU� WKH� SKDVH� ZLWK� RYHU�
VWRLFKLRPHWULF� FRQWHQW� RI�&D6�PDGH� EDVLQJ
RQ�FRQGXFWRPHWULF�UHVHDUFK��
7KH� JHQHUDO� YLHZ� RI� ,9&V� REWDLQHG� DW

HOHFWURQ� WUDQVIHU� QXPEHUV� GHWHUPLQDWLRQ� DW
����� ����� DQG� ���� .� LV� WKH� VDPH� ERWK� IRU
VWRLFKLRPHWULF� &D<E�6�� DQG� VDPSOHV� ZLWKH[FHVV�\WWHUELXP�VXOILGH��7KH�HOHFWURQ�VDWX�
UDWLRQ� FXUUHQW� LQFUHDVHV� UHJXODUO\� DV� WKH
WHPSHUDWXUH�ULVHV��7KLV�FDQ�EH�H[SODLQHG�E\
WKH� DELOLW\� RI� WKH� VWXGLHG� VXOILGHV� WR� ORVH
VXOIXU� HDVLO\� DW� D� KLJK� WHPSHUDWXUH� GXH� WR
WKHUPDO�GLVVRFLDWLRQ�WKDW�PD\�FDXVH�D�GHYLD�
WLRQ� IURP� VWRLFKLRPHWU\� WRZDUGV� H[FHVV� RI
PHWDO� DQG� WR� DSSHDUDQFH� RI� HOHFWURQLF� FRQ�
GXFWLYLW\� UHVXOWLQJ� IURP� WKH� PHWDO� LRQL]D�
WLRQ� DFFRPSDQLHG�E\� WUDQVLWLRQ�RI�HOHFWURQV
LQWR� FRQGXFWLRQ� ]RQH��7KH�HOHFWURQ� WUDQVIHU
QXPEHUV� ZHUH� FDOFXODWHG� IURP� WKH� GDWD� RQ
HOHFWURQ� VDWXUDWLRQ� FXUUHQW� �7DEOH����� 7KH
IUDFWLRQ�RI�HOHFWURQ�WUDQVIHU�LQ�SKDVHV�ZLWK
RYHU�VWRLFKLRPHWULF� <E�6�� FRQWHQW� LV� LQVLJ�QLILFDQW� �WH�a���Ü���� +RZHYHU�� LW� LV� WR� QRWHWKDW� XVH� RI� JUDSKLWH� DV� WKH� EORFNLQJ� HOHF�
WURGH� UHVXOWV� LQ� RYHUHVWLPDWHG� HOHFWURQ
WUDQVIHU� QXPEHUV�� 7KHUHIRUH�� WKH� HOHFWUR�
O\WLF� SURSHUWLHV� RI� LQYHVWLJDWHG� VROLG� HOHFWUR�
O\WHV� DUH� EHWWHU� DQG� WKH� WUXH� FRQWULEXWLRQ
IURP�HOHFWURQ��QRW�KROH��FRQGXFWLYLW\�LV�ORZHU
WKDQ� LW�IROORZV�IURP�WKH�GDWD�REWDLQHG�XVLQJ
WKH�+HEE�:DJQHU�PHWKRG��WH�d���Ü���>�@�7KH� VWXG\� RI� HOHFWULF� FRQGXFWLYLW\� DQG
HOHFWURQ� WUDQVIHU� QXPEHUV� KDV� VKRZQ� WKDW
VROLG� VROXWLRQV� RQ� WKH� EDVLV� RI� FDOFLXP
WKLR\WWHUELDWH� DOOR\HG� ZLWK� FDOFLXP� VXOILGH

DUH�PL[HG�LRQ�FRQGXFWRUV�ZLWK�D�VXEVWDQWLDO
FRQWULEXWLRQ� IURP� HOHFWURQ� FRQGXFWLYLW\�
7KHUHIRUH�� WKH� HOHFWURO\WLF� SURSHUWLHV� ZHUH
VWXGLHG� RQO\� IRU� SKDVHV� RQ� WKH� EDVLV� RI
&D<E�6��ZLWK�WKH�RYHU�VWRLFKLRPHWULF�\WWHU�ELXP�VXOILGH�FRQWHQW�
7KH� DYHUDJH� LRQ� WUDQVIHU� QXPEHUV� RE�

WDLQHG� E\� WKH� (0)� PHWKRG� GHSHQG� ZHDNO\
RQ� FRPSRVLWLRQ� DQG� WHPSHUDWXUH�� KRZHYHU�
LQFUHDVH� VRPHZKDW� DW� WKH� WHPSHUDWXUH� RI
���� z� FORVH� WR� ORZHU� OLPLW� RI� WKH� HOHFWUR�
O\WLF� WHPSHUDWXUH� LQWHUYDO� �7DEOH����� 7KLV
PD\� EH� FRQQHFWHG� WR� UHGXFWLRQ� RI� WKHUPDO
GLVVRFLDWLRQ� DFFRPSDQLHG� E\� WKH� DSSHDUDQFH
RI�PRELOH� HOHFWURQV�DW�WHPSHUDWXUH�GURSSLQJ�
)URP�WKH�GDWD�RI�7DEOH����LW�FDQ�EH�FRQFOXGHG
WKDW� VWRLFKLRPHWULF� &D<E�6�� DQG� VROLG� VROX�WLRQV� RI� <E�6�� RQ� LWV� EDVLV� DUH� FRQGXFWRUVZLWK�SUHGRPLQDQW�FDUULHUV�RI�LRQ�W\SH�
7KH� VXEGLYLVLRQ� RI� WKH� LRQ� FRQGXFWLYLW\

FRPSRQHQW� LQWR� FDWLRQLF� DQG� DQLRQLF� RQHV
ZDV�SHUIRUPHG�LQ�FRQFHQWUDWLRQ�FHOOV�����DQG

)LJ����� ,VRWKHUPDO� GHSHQGHQFHV� p6� �I�(&D�IRU�WKH�VROLG�HOHFWURO\WH�&D<E�6��Û�²�PRO��
<E�6��� &D<E�6�� Û� �� PRO��� <E�6�� ����
&D<E�6��Û� ��PRO���<E�6�� �����&D<E�6�� Û�� PRO��� <E�6�� ����� &D<E�6�� Û� ��� PRO��
<E�6������

7DEOH����$YHUDJH�LRQ�DQG�HOHFWURQLF�WUDQVIHU�QXPEHUV�IRU�&D<E�6��Ü�²�PRO���<E�6��V\VWHP

&RPSRVLWLRQ�
&D<E�6��Ü²�PRO���<E�6�

����z ����z ����z
WBLr���� WH���� WBLr���� WH���� WBLr���� WH����

� ���� ���� ���� ���� ���� ����
� ���� ���� ���� ���� ���� ����
� ���� ���� ���� ���� ���� ����
� ���� ���� ���� ���� ���� ����
� ���� ���� ���� ���� ���� �����
�� ���� Ü ���� ���� ���� ����
�� ���� ���� ���� ���� ���� ����
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���� >�@�� ,VRWKHUPDO� GHSHQGHQFHV�(6� �I�(&D�IRU� HOHFWURO\WHV� RI�YDULRXV�FRPSRVLWLRQV�DUH
SUHVHQWHG� LQ� )LJ����� 7KH� WUDQVIHU� QXPEHUV
IRU�FDOFLXP�DQG�VXOIXU�LRQV�FDOFXODWHG�IURP
H[SHULPHQWDOO\� REWDLQHG� �G(6�G(&D�� YDOXHVDUH� OLVWHG� LQ�7DEOH����7KH� WUDQVIHU�QXPEHUV
IRU� FDOFLXP� LRQV� DUH� ZLWKLQ� WKH� PHWKRG
HUURU��,W�FDQ�EH�VWDWHG�DW�D�KLJK�SUREDELOLW\
WKDW� WKH� VWXGLHG� VDPSOHV� RI� VROLG� VROXWLRQV
RQ� WKH� EDVLV� RI� FDOFLXP� WKLR\WWHUELDWH� ZLWK
RYHU�VWRLFKLRPHWULF� <E�6�� FRQWHQW� LQ� WKHWHPSHUDWXUH�UDQJH�RI����Ü����.�DUH�SUDFWL�
FDOO\�XQLSRODU� VXOILGH� FRQGXFWLYH� VROLG�HOHF�
WURO\WHV�
)RUPDWLRQ� RI� VROLG� VROXWLRQV� RI� ELQDU\

VXOILGHV�RQ�WKH�EDVLV�RI�&D<E�6��PD\�IROORZWZR�PDLQ�VWUXFWXUH�PRGHOV��
���� VXEVWLWXWLRQ� E\� LPSXULW\� FDWLRQV� DQG

DQLRQV�RI�WKHLU�LQWULQVLF�SRVLWLRQV�LQ�WKH�WHU�
QDU\� FRPSRXQG� ODWWLFH� ZLWK� YDFDQFLHV� IRU�
PDWLRQ� LQ� VXEODWWLFHV� RI� VXOIXU� DQG� RI� WKH
VHFRQG�FDWLRQ� �YDFDQF\�PHFKDQLVP�RI�GLVRU�
GHULQJ��

&D6��o�&D<E�6���/
/�&D&D
 ���66
 ����9<Eccc ����96���

���

<E�6���o�&D<E�6���/
/��<E<E
 ����66
 ���9&Dcc ���96���

���

+RZHYHU�� DV� LWV� IROORZV� IURP� FRQGXF�
WRPHWULF�UHVHDUFK�DQG�IURP�PXOWLYDOHQF\�RI
\WWHUELXP��WKH�GHIHFW�IRUPDWLRQ� LQ�WKH�FDVH
RI� WHUQDU\� FRPSRXQG� DOOR\LQJ�ZLWK� FDOFLXP
VXOILGH�PD\� UHVXOW� LQ� DQ� LQFRPSOHWH� LRQL]D�
WLRQ�RI�WKH�\WWHUELXP�YDFDQFLHV�DQG�DSSHDU�
DQFH�RI�PRELOH�HOHFWURQV�LQ�WKH�FRQGXFWLYLW\
]RQH�

&D6��o�&D<E�6���/
/�&D&D
 ���66
 ����9D<Ecc ����96������H
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���� LQWURGXFWLRQ�RI� WKH� LPSXULW\�FDWLRQ�DQG
DQLRQ� LQ� LQWHUVWLFH� RI�&D<E�6�� ODWWLFH� ZLWK

IRUPDWLRQ� RI� EDODQFHG� LQWHUVWLWLDO� GHIHFWV
�LQWHUVWLWLDO�PHFKDQLVP�RI�GLVRUGHULQJ��

&D6��o�&D<E�6���/
/�&DL�����6Lcc���&D&D
 ����<E<E
 ����66
 �

����

<E�6���o�&D<E�6���/
/��<EL������6Lcc���&D&D
 ����<E<E
 ����66
 ����

����

7R� HOXFLGDWH� WKH� SRVVLEOH� GHIHFW� IRUPD�
WLRQ�FKDUDFWHU��ZH�PHDVXUHG�WKH�ERWWOH�GHQ�
VLW\�RI�VWRLFKLRPHWULF�FDOFLXP�WKLR\WWHUELDWH
DQG� WKDW� RI� WKH� VDPSOHV� DOOR\HG� ZLWK� FDO�
FLXP� DQG� \WWHUELXP� VXOILGHV� LQ� TXDQWLWLHV
FRUUHVSRQGLQJ�WR�WKH�DUHD�RI�VROLG�VROXWLRQV
GHWHUPLQHG�EHIRUH��0RUHRYHU��IRU�K\SRWKHWL�
FDO� YDFDQF\� DQG� LQWHUVWLWLDO� GLVRUGHULQJ
PRGHOV�� WKH� UDGLRJUDSKLF� �WKHRUHWLFDO�� GHQ�
VLW\� RI� VROLG�SKDVHV�XQGHU� VWXG\�ZDV�FDOFX�
ODWHG�� 7KH� GHSHQGHQFH� RI� WKH� H[SHULPHQWDO
�ERWWOH�� DQG� UDGLRJUDSKLF� GHQVLW\� FDOFXODWHG
IRU�GLIIHUHQW�GHIHFW�IRUPDWLRQ�PRGHOV�RQ�WKH
FRPSRVLWLRQ�RI�ELQDU\�VXOILGH�VROLG�VROXWLRQV
LQ�&D<E�6��LV�SUHVHQWHG�LQ�)LJ�����7KH�FKDU�DFWHU� RI� WKH� ERWWOH� GHQVLW\� GHSHQGHQFH� RQ
FRPSRVLWLRQ�LV�GHVFULEHG�ZHOO�HQRXJK�ZLWKLQ

7DEOH����&DWLRQLF�DQG�DQLRQLF�WUDQVIHU�QXPEHUV�LQ�WKH�&D<E�6�Ü<E�6��V\VWHP�

&RPSRVLWLRQ�
²�PRO���
<E�6�

7HPSHUDWXUH��z
��� ��� ��� ���

W6�Ür���� W&D��r���� W6�Ür���� W&D��r���� W6�Ür���� W&D��r���� W6�Ür���� W&D��r����
� ���� ���� ���� ���� ���� ���� ���� ����
� ���� ���� ���� ���� ���� ���� ���� ����
� ���� ���� ���� ���� ���� ���� ���� ����
�� ���� ���� ���� ���� ���� ���� ���� ����

)LJ����� 'HSHQGHQFH� RI� GHQVLW\� RQ� WKH� VROLG
HOHFWURO\WH� FRPSRVLWLRQ� LQ� WKH� ����Ü²�&D6� Ü
²<E�6��V\VWHP��ERWWOH�GHQVLW\������;�UD\�GHQ�VLW\�FDOFXODWHG�EDVLQJ�RQ�YDFDQF\�PHFKDQLVP
����DQG�LQWHUVWLWLDO�PHFKDQLVP�����
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WKH� YDFDQF\� GLVRUGHULQJ� PHFKDQLVP�� 3HU�
KDSV� IRUPDWLRQ� RI� VROLG� VROXWLRQV� RQ� WKH
EDVLV� RI� WHUQDU\� &D<E�6�� LQ� WKH� V\VWHPXQGHU�VWXG\�LV�DFFRPSDQLHG�E\�IRUPDWLRQ�RI
LRQL]HG�YDFDQFLHV�DFFRUGLQJ�WR�HTXDWLRQV�����
������0RUHRYHU��WKH�UHVHDUFK�KDV�VKRZQ�WKDW
WKH� V\QWKHVL]HG� VDPSOHV� VKRZ�JRRG�FHUDPLF
SURSHUWLHV�� DV� WKHLU� H[SHULPHQWDO� GHQVLW\� LV
��Ü�����RI�WKH�WKHRUHWLFDO�RQH�
7KH� GHSHQGHQFHV� RI� DYHUDJH� LRQ�� HOHF�

WURQLF� WUDQVIHU� QXPEHUV� DQG� HOHFWULF� FRQ�
GXFWLYLW\� RQ� WKH� FRPSRVLWLRQ� LV� VKRZQ� LQ
)LJ����� 7KH� VWRLFKLRPHWULF�&D<E�6�� LV� VHHQWR�EH�FKDUDFWHUL]HG�E\�PLQLPXP�DYHUDJH�LRQ
WUDQVIHU� QXPEHUV� DQG� PD[LPXP� DYHUDJH
HOHFWURQ�RQHV�� WKDW� LV� FRQQHFWHG�ZLWK� D� ORZ
FRQFHQWUDWLRQ�RI�WKH�LRQ�GHIHFWV�RULJLQDWLQJ
RQO\�GXH�WR�LQWULQVLF�GLVRUGHULQJ��7KHUHIRUH�
WKH� IUDFWLRQ� RI� HOHFWURQ� FRQGXFWLYLW\� RULJL�
QDWLQJ� VXH� WR� WKH� VXOIXU� H[FKDQJH� EHWZHHQ
WKH�VROLG�HOHFWURO\WH�DQG� WKH�JDV�SKDVH� ����
LQFUHDVHV�

&D<E�6��/
/�&D&D
 ����<E<E
 ����66
 �����6�n���96������H
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$W� LQWURGXFWLRQ� RI� �� WR� �� PRO��� <E�6�DV�DQ�DOOR\LQJ�LPSXULW\��WKH�HOHFWULF�FRQGXF�
WLYLW\�DQG�LRQ�WUDQVIHU�QXPEHUV�LQFUHDVH�EXW
HOHFWURQLF� WUDQVIHU� QXPEHUV� GURS�� EHFDXVH�
DFFRUGLQJ� WR� ������ WKH� FRQFHQWUDWLRQ� RI� LRQ
GHIHFWV� LQFUHDVHV�� 2EYLRXVO\�� IRU� WKHVH
VWUXFWXUHV�� LRQL]HG� YDFDQFLHV� RI� VXOIXU� DQG
PHWDO�DWRPV�DUH�PRVW�OLNHO\�LQ�DPRXQWV�DQ�
VZHULQJ� WR� WKH� �GLOXWH� VROXWLRQ�� FRQFHSW
>��@��7KH�YDFDQF\�PRELOLW\�YDOXHV�LQ�VXFK�D
VROXWLRQ� DUH�PD[LPXP��+RZHYHU�� D� IXUWKHU
LQFUHDVH� FRQFHQWUDWLRQ� RI� DOOR\LQJ�<E�6�� WR�Ü��PRO���UHVXOWV�LQ�UHGXFWLRQ�RI�FRQWULEX�
WLRQ� IURP� LRQ� WUDQVIHU�DQG� LQFUHDVH�RI� WKDW
IURP�HOHFWURQ�RQH��PRVW�OLNHO\�GXH�WR�IRUPD�
WLRQ�RI�RSSRVLWHO\�FKDUJHG�GHIHFWV�DVVRFLDWHV
�96�����9&Dcc ��� 7KH� FRQVWDQW� YDOXHV� RI� DYHUDJH
LRQ�DQG�HOHFWURQ�WUDQVIHU�QXPEHUV�IRU�VDP�
SOHV�FRQWDLQLQJ�PRUH�WKDQ���PRO���RI�\WWHU�
ELXP� VXOILGH� DOORZ� WR� VXJJHVW� WKH� DWWDLQ�
PHQW� RI� WKH� VROLG� VROXWLRQ� UHJLRQ� ERXQGDU\
DQG�WUDQVLWLRQ�WR�D�WZR�SKDVH�V\VWHP�
7R� FRQFOXGH�� WKH� VWXG\� KDV� DOORZHG� WR

FRQILUP�WKH�H[LVWHQFH�DQG�GHWHUPLQH�WKH�H[�
WHQVLRQ�RI�&D6�<E�6��VROLG�VROXWLRQV�DUHD�RQWKH� EDVLV� RI� &D<E�6�� �6�� <E�6���� WR� FRQ�VLGHU� SKDVHV� ZLWK� WKH� RYHU�VWRLFKLRPHWULF
FDOFLXP� VXOILGH� FRQWHQW� DV� PL[HG� LRQ� FRQ�
GXFWRUV� ZLWK� VXEVWDQWLDO� FRQWULEXWLRQ� IURP
HOHFWURQ� FRQGXFWLYLW\�� WR� FRQVLGHU� WKH� VXO�
ILGLF� FHUDPLFV� ZLWK� WKH� RYHU�VWRLFKLRPHWULF
\WWHUELXP� VXOILGH� FRQWHQW� DV� VROLG� HOHFWUR�

O\WHV� ZLWK� SUHGRPLQDQW� LRQ� FRQGXFWLYLW\�
7KH�GHIHFW�VWUXFWXUH�RI�SKDVHV�RQ�WKH�EDVLV
RI�&Z<E�6��LV�LGHQWLILHG�DV�D�YDFDQF\�RQH�7KH�ZRUN�KDV�EHHQ�FDUULHG�RXW�XQGHU�WKH
*UDQW� IURP� WKH� 5XVVLDQ� )XQG� IRU� )XQGD�
PHQWDO�5HVHDUFKHV�1R�������������

5HIHUHQFHV
� ���/�$�.DOLQLQD�� *�,�6KLURNRYD�� ,�9�0XULQ�

-X�1�8VKDNRYD��-��$SSO��&KHP�������������������
� ���/�$�.DOLQLQD�� -X�1�8VKDNRYD�� +�*�)RPL�

Q\NK�� 2�9�0HGYHGHYD�� &XUU��$SSO��3K\V��
GRL���������M�FDS��������������������

� ���/�$�.DOLQLQD��*�,�6KLURNRYD��0�9�/MDOLQD��LQ�
7UDQV��RI� 8&��5XVVLDQ� $FDGHP\� RI� 6FLHQFHV�
(OHFWURGLFV�RI�6ROLG�6WDWH�6\VWHPV��6YHUGORYVN
��������S����

� ���5�9�*XVHMQRY�� )�,�.XNR]�� (OHFWURQLF� 3URF�
HVVHV� LQ� 6ROLG� (OHFWURO\WHV�� 5RVWRY� QD� 'RQX
8QLY���������>LQ�5XVVLDQ@��

� ���1�9�&KHERWLQ�� 9�3�2EURVRY�� LQ�� 3DSHUV� RI
,QVW�� (OHFWURFKHPLVWU\� 8)$6� 8665�� Y����
6YHUGORYVN���������S�����

� ���<D�,�*HUDVLPRY��,�9�.XWVHQRN��9�$�*HLGHULNK�
'RNO��$1�8665�����������������

� ���-X�<D��*XUHYLWFK�� 6ROLG�(OHFWURO\WHV��1DXND�
0RVFRZ��������>LQ�5XVVLDQ@�

� ���2�9�0HGYHGHYD�� /�$�.DOLQLQD�� -X�1�8VKDN�
RYD��)XQFWLRQDO�0DWHULDOV�����������������

)LJ�����&RPSRVLWLRQ�SURSHUW\�GHSHQGHQFHV�IRU
&D<E�6�� Ü� ²�PRO����<E�6�� V\VWHP�� HOHFWULFFRQGXFWLYLW\� ����� DYHUDJH� LRQ� WUDQVIHU� QXP�
EHUV������HOHFWURQ�WUDQVIHU�QXPEHUV�����
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� ���/�$�� .DOLQLQD�� -X�1�� 8VKDNRYD�� 2�9�� 0HG�
YHGHYD��=K��)L]��.KLP������������������� ����9�1�&KHERWLQ� �� 0�9�3HUILO�HY�� (OHFWURFKHPLV�

WU\� RI� 6ROLG� (OHFWURO\WHV�� .KLPL\D�� 0RVFRZ
�������>LQ�5XVVLDQ@�

~ÈãËÎÓ�°�	�¼ãË}�¯ºãL�Ò�ÓÒ²��È�}Ë¯ÈäL�ÓÒ²mãÈ°�Òmº°�Ë®�ÁÈÏ�ÓÈ�º°ÓºmL�&D<E�6��mL�ÓÈ�°�Ë²LºäË�¯Ò�Óº�º�mäL°���­LÓÈ¯ÓÒ²�°�ã	ÁL�Lm
��|�zÈãLÓLÓÈ����l���È}ºmÈ��r�|�kÓÈÓ�ËÓ}º�|���nºäLÓÒ²����,�bÒ¯º}ºmÈ

iº°ãL�ÎËÓ�� ÁÈÏÒ� ÓÈ� º°ÓºmL� &D<E�6�� Ï� ÓÈ�°�Ë²LºäË�¯Ò�ÓÒä� mäL°�ºä� &D6� �È� <E�6��{ÒÏÓÈ�ËÓº�º­ãÈ°�	��mË¯�Ò²�¯ºÏ�ÒÓLm���Ëä¹Ë¯È��¯ÓÒ®�ËãË}�¯ºãL�Ò�ÓÒ®�LÓ�Ë¯mÈã��°Ë¯Ë�ÓL
LºÓÓL��}È�LºÓÓL��ÈÓLºÓÓL��È�ËãË}�¯ºÓÓL��Ò°ãÈ�¹Ë¯ËÓº°����º¯LmÓ«Óº�¹L}ÓºäË�¯Ò�Ó���È�¯ËÓ��Ë�
Óº�¯ÈÁL�Ó����°�ÒÓ���|�Ë¯ÎÈÓL��ÈÓL��ºÏmºã«
�	�mmÈÎÈ�Ò��mË¯�L�¯ºÏ�ÒÓÒ�&D6����LºL��Ë¯­LÈ�L
}Èã	�L
�ÏäL�ÈÓÒäÒ�LºÓÓÒäÒ�¹¯ºmL�ÓÒ}ÈäÒ�Ï�mÈ�ºäÒä�m}ãÈ�ºä�ËãË}�¯ºÓÓºL�¹¯ºmL�Óº°�L��È
ÁÈÏÒ�Ï�ÓÈ�°�Ë²LºäË�¯Ò�ÓÒä�mäL°�ºä�<E�6��Û�F�ã	ÁL��LºÓÓÒäÒ��mË¯�ÒäÒ�ËãË}�¯ºãL�ÈäÒ��Ï
mÈ}ÈÓ°L®ÓÒä�äË²ÈÓLÏäºä��ËÁË}�º��mº¯ËÓÓ«�

/�k�.DOLQLQD�HW�DO����'HSHQGHQFH�RI�HOHFWURO\WLF����

)XQFWLRQDO�PDWHULDOV������������� ���


