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7KH�GHPDQG�IRU�LPSURYHG�SHUIRUPDQFH�RI
PLFURHOHFWURQLF� GHYLFHV� KDV� OHG� WR� WKH� GUD�
PDWLF�SURJUHVV�LQ�GHYHORSPHQW�RI�WKH�VLOLFRQ
�6L�� EDVHG� PHWDO�R[LGH�VHPLFRQGXFWRU� ILHOG
HIIHFW�WUDQVLVWRU��026)(7��LQ�WKH�SDVW�GHF�
DGHV�>�@��$Q�DOWHUQDWLYH�URXWH�WR�KLJKHU�SHU�
IRUPDQFH�LV�WKH�XVH�RI�PDWHULDOV�RI�VXSHULRU
FDUULHU�PRELOLWLHV�VXFK�DV�VLOLFRQ�JHUPDQLXP
�6L�±[*H[�� RU� JHUPDQLXP� FDUELGH� �*H�±[&[�*URXS�,9�DOOR\V��,Q�WKH�SDVW�PDWHULDO�LVVXHV
DVVRFLDWHG� ZLWK� WKH� IRUPDWLRQ� RI� LQVXODWRU
OD\HUV� KDYH� HVWDEOLVKHG� 6L� DV� WKH� PDLQ�
VWUHDP� PDWHULDO� GXH� WR� LWV� VXSHULRU� R[LGH
�VLOLFRQ� GLR[LGH��� 6LOLFRQ� GLR[LGH� �6L2��VHHPV�WR�EHFRPH�LQVXIILFLHQW�IRU�WKH�IXWXUH
JHQHUDWLRQ� RI� GHYLFHV�� ,Q� V\QHUJ\� GHYHORS�
PHQW�� LQ� KLJK�N� GLHOHFWULF� PDWHULDOV� KDYH
HOLPLQDWHG� WKH� QHHG� WR� XVH� 6L2��� &RQVH�TXHQWO\�� WKH� *URXS� ,9� DOOR\V� RU� PDWHULDOV
VXFK�DV�JHUPDQLXP��*H��FDQ�QRZ�EH�DFWLYHO\
SXUVXHG�

*H�±[&[� LV� FRQVLGHUHG� WR� EH� D� SURPLVLQJPDWHULDO� IRU� SKRWRYROWDLF� DQG� HOHFWUR�RSWLF

DSSOLFDWLRQV� EHFDXVH� WKH� DGGLWLRQ� RI� FDUERQ
�&�� LQ� *H� UHVXOWV� LQ� WKH� LQFUHDVH� RI� WKH
EDQG�JDS�DQG� UHGXFHV� WKH� ODWWLFH�SDUDPHWHU
RI�*H� >�@�� 7KH� UHGXFWLRQ� RI� WKH� ODWWLFH� SD�
UDPHWHUV� DOORZV� IRU� WKH� RUGHUHG� JURZWK� RQ
6L� VXEVWUDWHV�� 7KHUH� DUH� IHZ� SUHYLRXV� H[�
SHULPHQWDO�DQG�WKHRUHWLFDO�VWXGLHV�RQ�*H�±[&[>����@��,W� LV�WR�QRWH�WKDW�WKH�VROXELOLW\�RI�&
LQ� *H� LV� YHU\� ORZ�� 1HYHUWKHOHVV�� KLJK� &
FRQFHQWUDWLRQV� LQ� *H� FDQ� EH� LQWURGXFHG
XVLQJ� WHFKQLTXHV�� VXFK� DV� PROHFXODU� EHDP
HSLWD[\� �0%(��� ,Q� UHFHQW� VWXGLHV�� LW� KDV
EHHQ�GHPRQVWUDWHG�H[SHULPHQWDOO\�WKDW�DUVH�
QLF� �$V�� GLIIXVLRQ� LQ�*H� LV� UHWDUGHG� E\� WKH
SUHVHQFH� RI� &� >�@�� 7KLV� LV� LPSRUWDQW� DV� LW
LPSOLHV� WKDW� GHIHFW� HQJLQHHULQJ�ZLWK�&� FDQ
FRQWURO� WKH� FRQFHQWUDWLRQ� SURILOH� RI� $V� LQ
*H�� ,W� VKRXOG� EH� QRWHG� WKDW� WKH� SUHFLVH� DU�
UDQJHPHQW�RI�GRSDQWV� LQ�WKH�VHPLFRQGXFWRU
VXEVWUDWHV�LV�FULWLFDOO\�LPSRUWDQW�DV�GHYLFHV
DUH�EHFRPLQJ�VPDOOHU�DQG�VPDOOHU�
7KH�LQFRUSRUDWLRQ�RI�DOXPLQLXP��$O�� LQWR

*H�±[&[� GHFUHDVHV� WKH� FU\VWDOOLQLW\� EXW� HQ�
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KDQFHV� WKH� DEVRUSWLRQ� RI� SKRWRQV� DQG� LV
WKHUHIRUH� LPSRUWDQW� IRU� WKH� RSWRHOHFWURQLF
SURSHUWLHV� RI� WKH� PDWHULDO�� $WRPLF� VFDOH
VLPXODWLRQV� FDQ� SURYLGH� XVHIXO� LQIRUPDWLRQ
FRQFHUQLQJ�WKH�VWUXFWXUH�DQG�GHIHFW�FKHPLV�
WU\�RI�PDWHULDOV��IRU�H[DPSOH�>����@�DQG�UHI�
HUHQFHV� WKHUHLQ��� 7KH� DLP� RI� WKH� SUHVHQW
VWXG\� LV� WR� LQYHVWLJDWH� WKH� VWUXFWXUH� DQG
ELQGLQJ� HQHUJLHV� RI� DOXPLQLXP�YDFDQF\
SDLUV� LQ� *H�±[&[� XVLQJ� GHQVLW\� IXQFWLRQDOWKHRU\��')7���7R�H[SORUH�WKH�QDWXUH�RI�ELQG�
LQJ�RI�DOXPLQLXP�YDFDQF\�FOXVWHUV�ZLWK�&��D
UDQJH� RI� $O�9� DQG� $O9�� FOXVWHUV� KDYH� DOVREHHQ�FRQVLGHUHG�
,Q� WKLV� VWXG\�� WKH�JURXQG�VWDWH� WRWDO� HQ�

HUJLHV� DUH� SUHGLFWHG� XVLQJ� WKH� SODQH�ZDYH
')7� FRGH� &$67(3� >����@�� 7KH� SODQH�ZDYH
EDVLV� VHW� KDV� EHHQ� H[SDQGHG� WR� DQ� HQHUJ\
FXW�RII� RI� ���� H9� DQG� WKH� N�SRLQW� VHW� LV
EDVHG�RQ�D��u�u��0RQNKRUVW�3DFN�JULG��7KH
JHQHUDOL]HG� JUDGLHQW� DSSUR[LPDWLRQ� �**$�
RI�GHQVLW\�IXQFWLRQDO�RI�3HUGHZ��%XUNH�DQG
(UQ]HUKRI� �3%(�� >�@� LV�XVHG� WR�GHVFULEH�WKH
H[FKDQJH�FRUUHODWLRQ� LQWHUDFWLRQV� FRPELQHG
ZLWK�XOWUDVRIW�SVHXGRSRWHQWLDOV�>��@��$�SHUL�
RGLF�FHOO�ZLWK����ODWWLFH�VLWHV�KDV�EHHQ�XVHG
WR� PRGHO� WKH� V\VWHP� XQGHU� ]HUR� SUHVVXUH
FRQGLWLRQV�� 7KH� DWRPLF� VLWHV� DQG� XQLW� FHOO
SDUDPHWHUV� DUH� DOORZHG� WR� UHOD[� XVLQJ� DQ
HQHUJ\� PLQLPL]DWLRQ� DSSURDFK�� 7KLV� PHWK�
RGRORJ\� KDV� VXFFHVVIXOO\� GHVFULEHG� WKH
VWUXFWXUHV�DQG�HQHUJHWLFV�RI�VHPLFRQGXFWRUV
>������@� DQG�RWKHU� V\VWHPV� VXFK�DV�K\GUR[�
LGH�PLQHUDOV�>��@�
7KH� LQWHUDFWLRQ� EHWZHHQ� SRLQW� GHIHFWV� LV

TXDQWLILHG� E\� FDOFXODWLQJ� ELQGLQJ� HQHUJLHV�
(E��WKDW�DUH�GHILQHG�E\
(E� �(GHIHFW�FOXVWHU���§̈
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ZKHUH� D� QHJDWLYH� ELQGLQJ� HQHUJ\� LPSOLHV
WKDW�WKH�GHIHFW�FOXVWHU�LV�VWDEOH�ZLWK�UHVSHFW
WR�LWV�FRQVWLWXHQW�SRLQW�GHIHFW�FRPSRQHQWV�
)RU� H[DPSOH�� EDVHG� RQ� HTXDWLRQ� ��� WKH

ELQGLQJ�HQHUJ\�RI�D� VXEVWLWXWLRQDO� �DW�D�*H
VLWH�� $O� GHIHFW� WR� D� *H� YDFDQF\� �9�� LQ
*H1±Q&Q�LV�JLYHQ�E\��

(E�$O9*H1�Q��&Q�� �(�$O9*H1�Q��&Q���
��(�$O*H1�Q��&Q���(�9*H1�Q��&Q����(�*H1&1��
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ZKHUH�(�$O9*H1±Q±�&Q��LV�WKH�HQHUJ\�RI�D�1ODWWLFH� VLWH� VXSHUFHOO� FRQWDLQLQJ�1ÜQÜ��*H
DWRPV��Q�FDUERQ�DWRPV��D�YDFDQF\�DQG�DQ�$O
DWRP�� �%DVHG�RQ� WKLV� HTXDWLRQ�� WKH� ELQGLQJ
HQHUJ\� RI� DQ� $O9� SDLU� LQ� *H� LV� JLYHQ� E\
VHWWLQJ�Q� ���

7KH� PRVW� LPSRUWDQW� FOXVWHU� FRQILJXUD�
WLRQV�FRQVLGHUHG�LQ�WKLV�VWXG\�DUH�SUHVHQWHG
LQ�)LJ�����$O9�SDLUV�DUH� LPSRUWDQW� LQ�*H� DV
SUHYLRXV� VWXGLHV� LQGLFDWH� WKDW� WKH� YDFDQF\
PHFKDQLVP� RI� GLIIXVLRQ� LV� LPSRUWDQW� �VHH�
H�J���>������@�DQG�UHIHUHQFHV�WKHUHLQ���,Q�*H�
WKH� 9� LV� SUHGLFWHG� WR� EH� ERXQG� WR� DQ� $O
VXEVWLWXWLRQDO� DWRP� ZLWK� ����� H9� �7DEOH��
)XUWKHUPRUH�� WKH� ELQGLQJ� HQHUJ\� RI� $O$O
SDLU� LV�Ü�����H9�LQ�*H� �7DEOH���2Q�WKH�FRQ�
WUDU\��WKH�ELQGLQJ�HQHUJLHV�IRU�*H�����&�����SUHGLFW�WKDW�WKH�$O$O�SDLU�ZLOO�QRW�EH�ERXQG
DQG�WKDW�WKH�ELQGLQJ�RI�WKH�$O9�SDLU�ZLOO�EH
LQVLJQLILFDQW��7DEOH��
,Q�*H��WKH�$O99�FRPSOH[��)LJXUH��LV�PRUH

VWDEOH� WKDQ� WKH� 9$O9� FRPSOH[� E\� Ü����� H9
�7DEOH��� �,Q�*H�����&�������WKH�$O99�FRPSOH[LV�PRUH� VWDEOH� E\� Ü����� H9� DV� FRPSDUHG� WR
9$O9�� ,W� VKRXOG� EH� QRWHG� WKDW� D� QXPEHU� RI
GLIIHUHQW� FRQILJXUDWLRQV� ZHUH� FDOFXODWHG� LQ
*H�����&������DQG�WKH�PRVW�HQHUJ\�IDYRUDEOH$O99�DQG�9$O9�FRPSOH[HV�ZHUH�WKH�RQHV�WKDW
KDG�WKH�&�DWRP�DW�D�QHDUHVW�QHLJKERU�VLWH�WR
WKH�$O� DQG� WKH�9�� UHVSHFWLYHO\��7KH�ELQGLQJ

)LJ��7KH� PRVW� LPSRUWDQW� FOXVWHUV� FRQVLGHUHG
LQ�WKLV�VWXG\�SURMHFWHG�RQWR�WKH�������VXUIDFH
RI�*H� DQG�*H�����&�������:KLWH� FLUFOHV� UHSUH�
VHQW�$O� VXEVWLWXWLRQDO� DWRPV��EODFN�FLUFOHV�� WKH
&�KRVW�DWRPV�DQG�VTXDUHV�WKH�YDFDQFLHV�

7DEOH�� %LQGLQJ� HQHUJLHV� �H9�� RI� WKH� FRP�
SOH[HV�FRQVLGHUHG�LQ�*H�DQG�*H�����&�����

'HIHFW�FOXVWHU (E�*H (E�*H�����&�����
$O9 Ü���� Ü����
$O$O Ü���� ����
9$O9 Ü���� Ü����
$O99 Ü���� Ü����
$O$O9 Ü���� ����
$O9$O Ü���� ����
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HQHUJ\�WR�DVVRFLDWH�D�VLQJOH�9�WR�DQ�H[LVWLQJ
$O9� SDLU� LV� JLYHQ� E\� WKH� VXEWUDFWLRQ� RI� WKH
ELQGLQJ�HQHUJ\�RI�WKH�$O9�SDLU�IURP�WKDW�RI
WKH�$O99�FOXVWHU��)RU�*H��WKLV�HQHUJ\�GLIIHU�
HQFH� LV� Ü����� H9� ZKLFK� LV� DOPRVW� LGHQWLFDO
WR� WKH� GLYDFDQF\� �99�� ELQGLQJ� HQHUJ\
�Ü�����H9���&RQVHTXHQWO\��D�VLPLODU�FRQFHQ�
WUDWLRQ�RI�99�DQG�$O99�FRPSOH[HV�DIWHU�WKH
DQQHDOLQJ� RI� *H� VDPSOHV� FRQWDLQLQJ� $O9
SDLUV�VKRXOG�EH�H[SHFWHG�
:KHQ� DQ� $O� DWRP� ELQGV� WR� DQ� $O9� SDLU�

WKHUH�DUH�WZR�SRVVLEOH�QHDUHVW�QHLJKERU�FRQ�
ILJXUDWLRQV� �)LJ���� ,Q� *H�� WKH� $O$O9� DQG
$O9$O�FRPSOH[HV�KDYH�DOPRVW�WKH�VDPH�ELQG�
LQJ�HQHUJ\��7DEOH���$JDLQ��IRU�*H�����&������D�QXPEHU�RI�GLIIHUHQW�QHDUHVW�QHLJKERU�FRQ�
ILJXUDWLRQV� KDYH� EHHQ� FDOFXODWHG� IRU� WKH
$O$O9� DQG� $O9$O� FRPSOH[HV�� QRQH� RI� ZKLFK
ZDV�VWDEOH�
7KH� VWXG\� RI� WKH� VWDELOLW\� RI�$O�YDFDQF\

DQG� UHODWHG� FRPSOH[HV� LQ� *H� DQG
*H�����&������ SURYLGHV� DQ� LQVLJKW� LQWR� WKHVLPLODULWLHV� DQG� GLIIHUHQFHV� LQ� WKH� GHIHFW
FKHPLVWU\� RI� WKH� WZR� PDWHULDOV�� )RU� ERWK
PDWHULDOV�� WKH�$O99� LV� WKH�PRVW� VWDEOH� FRQ�
ILJXUDWLRQ� RI� DQ� $O� VXEVWLWXWLRQDO� DQG� WZR
YDFDQFLHV�� 2Q� WKH� FRQWUDU\�� FOXVWHUV� FRQ�
WDLQLQJ���$O�DWRPV�DQG�D�9�ZHUH�VWDEOH�RQO\
LQ�*H�

$FNQRZOHGJHPHQWV�� $&� WKDQNV
3URI�5RELQ�*ULPHV�RI�,PSHULDO�&ROOHJH�/RQ�

GRQ� DQG� 3URI�'U� +DUWPXW� %UDFKW� RI� 0XQ�
VWHU�8QLYHUVLW\�IRU�XVHIXO�GLVFXVVLRQV�

5HIHUHQFHV
� ���6HPLFRQGXFWRU� ,QGXVWU\�$VVRFLDWLRQ�� ,QWHUQD�

WLRQDO� 7HFKQRORJ\� 5RDGPDS� IRU� 6HPLFRQGXF�
WRUV��6DQ�-RVH��&$��������

� ���-�/�+XJXHQLQ�/RYH��5�-�6RXNXS��1�-�,DQQR�HW
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� ���$�0DKPRRG�� /�(QULTXH� 6DQVRUHV�� -��0DWHU�
5HV�������������������

� ���+�%UDFKW�� 6�%URW]PDQQ�� -�6�&KULVWHQVHQ� HW
DO����QG�&$'5(6�PHHWLQJ��&UHWH��������

� ���$�&KURQHRV�� .�'HVDL�� 6�(�5HGIHUQ� HW� DO��� -�
0DWHU��6FL������������������

� ���$�&KURQHRV��3K\V��6WDW��6RO��E��������������������
� ���0�&�3D\QH��0�3�7HWHU��'�&�$OODQ� HW� DO���5HY�
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