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GHYHORSHG� VXUIDFH� DQG� VKDOORZ� DQG� GHHS� WUDSV� ZLWKLQ� WKH� EDQG� JDS� RI� WLWDQLD�� 5DWHU
ORFDOL]HG� HOHFWURQ� VWDWHV� FRUUHVSRQG� WR� WKHVH�GHIHFWV��ZKLFK� UHVXOW� LQ� RFFXUUHQFH� RI� VRPH
QHZ� RSWLFDO� DEVRUSWLRQ� EDQGV�� 6RPH� RI� WKH� RSWLFDO� FRQGXFWLYLW\� EDQGV� EHORQJ� WR� R[\JHQ
YDFDQFLHV�ZKLFK�DUH�GHHS�GHIHFWV��DQG�WKH�RWKHU�RQHV�DUH�FRQQHFWHG�ZLWK�VXUIDFH�GHIHFWV�
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7LWDQLD�FROORLGV��SRZGHUV��DQG�ILOPV�VKRZ
D� KLJK� HIILFLHQF\� LQ� WKH� SKRWRR[LGDWLRQ�UH�
GXFWLRQ�SURFHVVHV�RI�WR[LF�FRPSRXQGV��+RZ�
HYHU�� WKH� SUDFWLFDO� DSSOLFDWLRQ� WKHUHRI� UH�
TXLUHV� D� IXUWKHU� LPSURYHPHQW� LQ�7L2�� SKR�WRFDWDO\WLF� DFWLYLW\� IRFXVHG� RQ� WKH
RSWLPL]DWLRQ�RI�FKDUJH�VHSDUDWLRQ�SURFHVVHV�
VHQVLWL]DWLRQ� RI� 7L2�� WR� YLVLEOH� OLJKW�� IXU�WKHU� HQODUJHPHQW� RI� WKH� VXUIDFH� DUHD�� HWF�
,Q� WKH� ODVW� \HDUV��QXPHURXV�V\QWKHWLF�ZD\V
WR� PHVRSRURXV� PDWHULDOV� ZLWK� KLJK� VXUIDFH
DUHD� DQG�ZHOO�GHYHORSHG� SRURVLW\� KDYH� EHHQ
UHSRUWHG� >�Ü�@�� 6XFK� PDWHULDOV� LQFOXGH� EL�
QDU\� �7L2��=U2��� 7L2��6L2���� DQG� DOVR� WHU�QDU\� �7L2��=U2��6L2��� FRPSRVLWH� PDWHULDOV�+RZHYHU�� SK\VLFDO� DQG� FKHPLFDO� QDWXUH
WKHLU� SKRWRFDWDO\WLF� DFWLYLW\� LQ� UHGR[� SURF�

HVVHV� RI� WR[LF� LPSXULW\� GHVWUXFWLRQ� LV� QRW
HVWDEOLVKHG�HYHQ�IRU�WKH�PDLQ�FRPSRQHQW�RI
WKHVH� FRPSRVLWHV�� 7L2��� ,Q� WKLV� FRQQHFWLRQ�LW�LV�RI�LPSRUWDQFH�WR�VWXG\�SK\VLFDO�SURSHU�
WLHV� RI� WKRVH� FRPSRVLWHV� LQ� WKH� ILOP� IRUP�
FDSDEOH� WR� LQIOXHQFH� WKH� HIILFLHQF\� RI� SKR�
WRUHDFWLRQV�� $OVR�� LW� LV� QHFHVVDU\� WR� WDNH
LQWR�DFFRXQW�WKDW�V\QWKHVLV�RI�ELQDU\�RU�WHU�
QDU\�VROLG�VROXWLRQV�LV�SRVVLEOH�RQO\�DW�KLJK
WHPSHUDWXUHV��IRU�H[DPSOH��VROLG�VWDWH�UHDF�
WLRQ�EHWZHHQ�7L2��DQG�=U2��SURFHHGV�DW�WHP�SHUDWXUHV� DERYH� ����� z�� 7KH� V\QWKHVLV� DW
VXFK� WHPSHUDWXUHV� UHVXOWV� LQ� IRUPDWLRQ� RI
FU\VWDO� VWUXFWXUHV� ZLWK� D� SRRUO\� GHYHORSHG
VXUIDFH�� ZLWK� ORZ� HIIHFWLYH� SKRWRFDWDO\WLF
SURSHUWLHV� RI� WKH� REWDLQHG� IXQFWLRQDO�PDWH�
ULDOV��2I�EHWWHU�SURVSHFWV�LV�WKH�V\QWKHVLV�RI
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FRPSRVLWHV� XVLQJ� WKH� VRO�JHO� PHWKRG� ZKLFK
LV� FDUULHG� RXW� DW� URRP� WHPSHUDWXUHV�� 8VX�
DOO\��WKH�FRPSRVLWH�JHO�LV�REWDLQHG�IURP�WKH
FRUUHVSRQGLQJ�DONR[LGHV��,WV�VSHFLILF�IHDWXUH
LV� WKH� SUHVHQFH� ERWK� RI� DPRUSKRXV� SKDVH
DQG�QDQRVL]HG�FU\VWDOV�ZLWK�QXPHURXV�IUDJ�
PHQWV� RI� ±2±6L±2±7L±2±�� ±2±6L±2±=U±2±�
±2±7L±2±=U±2±� W\SHV�� HWF�� 'HSHQGLQJ� RQ
DQQHDOLQJ� WHPSHUDWXUH�� WKH� FU\VWDO� VWUXF�
WXUH�RI�SKDVHV�FKDQJHV��6R��WKUHH�SKDVHV�DUH
NQRZQ� IRU� 7L2��� DQDWDVH� �WHWUDJRQDO� VWUXF�WXUH� '�K����� UXWLOH� �WHWUDJRQDO� VWUXFWXUH'�K����� DQG� EURRNLWH� �RUWKRURPELF� VWUXF�WXUH���7KH�VSHFLILF�VXUIDFH�DUHD�RI�WKH�VDP�
SOHV� LV� ZHOO�GHYHORSHG� DQG� PD\� H[FHVV� WKDW
RI�SXUH�7L2��E\�VHYHUDO�WLPHV��6XFK�YDULHW\RI�PRUSKRORJ\�IHDWXUHV�RI�FU\VWDO�VWUXFWXUH
DQG� DPRUSKRXV� LQFOXVLRQV� SUHGHWHUPLQHV
WKHLU� FRPSOH[� LQIOXHQFH� RQ� YLEUDWLRQ� VSHF�
WUD��EDQG�JDS�ZLGWK��HOHFWURQ�VWUXFWXUH��IRU�
PDWLRQ� DQG� WUDQVSRUW� RI� HOHFWURQ� H[FLWD�
WLRQV�� 7KH� VWXG\� RI� WKRVH� SURSHUWLHV� DOORZV
WR� HOXFLGDWH� PHFKDQLVPV� RI� SKRWRFDWDO\WLF
DFWLYLW\�LPSURYHPHQW�RI�7L2��FRPSRVLWHV�7R� LQYHVWLJDWH� WKH� FU\VWDO� VWUXFWXUH� UH�
OD[DWLRQ�DQG�HOHFWURQ�HQHUJ\�VSHFWUD��VRO�JHO
PHWKRG� RI� V\QWKHVLV� KDV� EHHQ� XVHG� WR� SUH�
SDUH�SRZGHUV�DQG�ILOPV�RI�7L2���7L2��=U2��7L2��=U2��6L2�� IURP� DSSURSULDWH� DONR[LGHVXVLQJ�WKH�GLS�FRDWLQJ�PHWKRG�WR�SUHSDUH�WKH
ILOPV��7KH�VDPSOHV�ZHUH�DQQHDOHG�DW�����.
DQG�����z��7KH�FKRLFH�RI�WKH�VSHFLILHG�WHP�
SHUDWXUHV�ZDV�GHILQHG�E\�QHFHVVLW\�WR�UHWDLQ
WKH� WHWUDJRQDO� SKDVH� RI� DQDWDVH��7KH� VWUXF�
WXUH�RI�SRZGHUV�DQG�ILOPV�ZDV�VWXGLHG�XVLQJ
;�UD\� GLIIUDFWLRQ�� 7KH� UHIUDFWLYH� LQGH[� Q�
DEVRUSWLRQ� IDFWRU� N�� DV� ZHOO� DV� WKH� LPDJL�
QDU\� SDUW� RI� GLHOHFWULF� SHUPHDELOLW\� H�� DQGRSWLFDO� FRQGXFWLYLW\� H� IRU� WKH� VDPSOHV� RE�
WDLQHG� ZLWK� YDULRXV� VRXUFHV� RI�6L2�� �7(26VROXWLRQ�� VWDEOH� 6L2�� FROORLG� RU� FRPPHUFLDO

VLOLFD� SRZGHU�'DYLVLO�� DQG� KHDW� WUHDWPHQWV�
ZHUH� FDOFXODWHG� IURP� FRHIILFLHQWV� RI� WKH
EDVLF� HTXDWLRQ�� XVLQJ� WKH� VSHFWUDO� HOOLS�
VRPHWU\�PHWKRG��

,Q�FRQWUDVW�WR�VRO�JHO�LL2��SRZGHUV��)LJ�����D�7L2�� ILOP�RQ�6L� ������VXEVWUDWH� LV�FKDUDF�WHUL]HG� E\� UHGXFHG� VL]H� RI� FRKHUHQW� GLVSHU�
VLRQ� EORFNV� DQG� LQFUHDVHG� ODWWLFH� SDUDPH�
WHUV�� 7KLV� LV� FRQILUPHG� E\� EURDGHQLQJ� RI
GLIIUDFWLRQ� UHIOHFWLRQV� DQG� VKLIW� WKHUHRI� WR�
ZDUGV� VPDOOHU� LQWHUIHUHQFH� DQJOHV� �)LJ�����
7KH�DYHUDJH�VL]H�RI�7L2��QDQRSDUWLFOHV�ZLWKDQDWDVH� VWUXFWXUH� LV� FORVH� WR� ����� QP�� ,Q
FDVH� RI� WHUQDU\� FRPSRVLWH� 7L2��=U2��6L2�ZLWK�PRODU�UDWLR�RI�FRPSRQHQWV����������WKH
VWUXFWXUH� FRUUHVSRQGV�PDLQO\� WR� DPRUSKRXV
6L2��� DOWKRXJK� IRU� SRZGHUV� DQQHDOHG� DW����.� IRU� �� K�� D�PD[LPXP�DSSHDUV� LQ� WKH
UHIOHFWLRQ�UHJLRQ�RI�������DQDWDVH�SKDVH��$V
WKH�DQQHDOLQJ�WHPSHUDWXUH�DQG�GXUDWLRQ� LQ�
FUHDVH�XS�WR�����.�DQG����K��WKH�KDOI�ZLGH
RI� WKDW� UHIOHFWLRQ� GHFUHDVHV�� LWV� PD[LPXP
SRVLWLRQ� EHLQJ� XQFKDQJHG�� ,WV� SRVLWLRQ� LV
VKLIWHG� WRZDUGV� VPDOOHU�DQJOHV�DV�FRPSDUHG
WR� SXUH� 7L2�� SKDVH� �)LJ������ ,W� LV� REYLRXVWKDW� WKH� VSHFLILF� IHDWXUHV� RI� GLIIUDFWLRQ
LPDJH�HYLGHQFH�D� FRQVLGHUDEOH�GHIHFWQHVV�RI
DQDWDVH�SKDVH�VWUXFWXUH�DQG�LWV�VPDOO�QDQRV�
WUXFWXUHG�LQFOXVLRQV��$V�WKH�DQQHDOLQJ�WHP�
SHUDWXUH� DQG� GXUDWLRQ� LQFUHDVH�� WKH� VWUXF�
WXUH�GHIHFWQHVV�FKDQJHV�LQVLJQLILFDQWO\��DQG
WKH� VL]H� RI� 7L2�� SDUWLFOHV� JURZV�� $W� D� IXU�WKHU� LQFUHDVH�RI�DQQHDOLQJ�GXUDWLRQ��DQ� LP�
SURYHG� LGHDOLW\�RI�DQDWDVH�FU\VWDO� VWUXFWXUH
FDQ�EH�H[SHFWHG�DV�ZHOO�DV�LQFUHDVH�RI�SKRWR�
FDWDO\WLF� DFWLYLW\� GXH� WR� UHGXFWLRQ� RI� FRQ�
FHQWUDWLRQ�RI� WUDSV� FDSWXULQJ� HOHFWURQ�H[FL�
WDWLRQV�DW�WKH�SKRWRJHQHUDWLRQ�WKHUHRI�

2Q� WKH� RWKHU� KDQG�� ZLWK� JURZWK� RI� WKH
QDQRSDUWLFOH�VL]H��WKHUH�LV�D�UHGXFWLRQ�RI�WKH
GHYHORSHG� VXUIDFH�DUHD� WKDW� ORZHUV� WKH�SRV�
VLELOLW\� RI� WKH� SKRWRFDWDO\VW� FRQWDFW� ZLWK

)LJ�����;�UD\�GLIIUDFWLRQ�RI�7L2��SRZGHU�DIWHU
DQQHDOLQJ�IRU�W� ���K�DW�����.��O&R.D��

)LJ����� ;�UD\� GLIIUDFWLRQ� RI� 7L2�� ILOP� DIWHU
DQQHDOLQJ�IRU�W� ���K�DW�����.��O&R.D��
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VXUURXQGLQJ� VROXWLRQ� DV� ZHOO� DV� IRUPV� D
6KRWWN\�EDUULHU�GXH�WR�KHWHURJHQHLW\�RI�WKH
SRWHQWLDO� GLIIHUHQFH� EHWZHHQ� WKH� FU\VWDO
EXON�DQG�LWV�VXUIDFH��7KH�DSSHDULQJ�EHQG�RI
HQHUJ\� OHYHOV�UHGXFHV�WKH�LQWHUSKDVH�FKDUJH
WUDQVIHU� DQG�� DFFRUGLQJO\�� SKRWRLQGXFHG
FDWDO\WLF� UHDFWLRQV�� 6\QWKHVLV� RI� 7L2�QDQRSDUWLFOHV� LV� DFFRPSDQLHG� E\� IRUPDWLRQ
RI�YDULRXV�FU\VWDO�VWUXFWXUH�W\SHV�LQFOXGLQJ
ILUVW�RI�DOO�R[\JHQ�YDFDQFLHV�DQG�WKH�VXUIDFH
GHIHFWV� FRQQHFWHG�ZLWK� DGVRUEHG�2+�JURXSV
DQG� DGVRUEHG� ZDWHU�� 7KH� SUHVHQFH� RI� VXFK
GHIHFWV� LQIOXHQFHV� FRQVLGHUDEO\� WKH�HOHFWURQ
HQHUJ\�VWDWHV�ZLWKLQ�WKH�EDQG�JDS��7KLV�LQ�
IOXHQFHV� ERWK� WKH� EDQG� JDS� ZLGWK� DQG� WKH
JHQHUDWLRQ� RI� FKDUJHV� FDSDEOH� WR� LQFUHDVH
WKH�SKRWRFDWDO\VLV�HIILFLHQF\��

7KH� SUHVHQFH� RI� VXFK� GHIHFWV� DOVR� LQIOX�
HQFHV�RSWLFDO�SURSHUWLHV�RI�ILOPV��LQ�SDUWLFX�
ODU�� WKH� UHIUDFWLYH� LQGH[�� H[WLQFWLRQ� FRHIIL�
FLHQW��WKH�UHDO�DQG�LPDJLQDU\�SDUWV�RI�GLHOHF�
WULF� SHUPHDELOLW\�� WKXV� SURPRWLQJ� 7L2�VHQVLWL]DWLRQ�WR�WKH�YLVLEOH�VSHFWUDO�UHJLRQ�>�@�
)LJV����DQG���LOOXVWUDWH�WKH�VSHFWUDO�GHSHQG�
HQFHV� RI� WKH� UHIUDFWLYH� LQGH[� Q�(��� H[WLQF�
WLRQ�FRHIILFLHQW�N�(���DQG�RSWLFDO�FRQGXFWLY�
LW\�V�p���ZKHUH�V� �H�ZH�� ��H�ZQN��H��LV�GL�
HOHFWULF� FRQVWDQW�� Z� LV� F\FOLF� IUHTXHQF\� RI
LQFLGHQW�OLJKW��IRU�VL[�OD\HU�WLWDQLD�FRDWLQJV�

,W�LV�WR�QRWH�WKDW�WKH�RSWLFDO�SURSHUWLHV�RI
7L2��ILOPV�REWDLQHG�E\�D�VRO�JHO�PHWKRG�GLI�IHU� IURP� WKRVH� RI� EXON� FU\VWDOV� DQG� ILOPV
V\QWKHVL]HG� E\� RWKHU� PHWKRGV� >�Ü�@�� 7KH
PDLQ�GLIIHUHQFH�LV�WKDW�WKHUH�LV�D�QXPEHU�RI
RSWLFDO�FRQGXFWLYLW\�EDQGV�LQ�WKH�YLVLEOH�DQG
QHDU�LQIUD�UHG�UDQJH��WKDW�WHVWLILHV�WKH�SUHV�
HQFH�DGGLWLRQDO�VWURQJO\�ORFDOL]HG�HOHFWURQLF
OHYHOV� LQ� WKH� EDQG� JDS� FDXVHG� E\� VKDOORZ
DQG� GHHS� GHIHFWV� >�@�� %HVLGHV�� WKHUH� LV� QR
VKDUS� GURS� RI� DEVRUSWLRQ� LQ� WKH� EDQG� JDS
HGJH�DUHD�>�����@��6SHFWUDO�FXUYHV�RI�RSWLFDO

SURSHUWLHV� WHVWLI\� WR� DQ� HVVHQWLDO� UROH� RI
R[\JHQ�GHVRUSWLRQ�ZKLFK�LV�DFKLHYHG�DW�7L2�ILOP� KHDWLQJ�� ,W� LV� NQRZQ� >�@� WKDW� LQ� WKLV
FDVH��D� FRORUDWLRQ�RFFXUV�GXH�WR�R[\JHQ�YD�
FDQFLHV� ZLWK� RSWLFDO� DEVRUSWLRQ� EDQGV� QHDU
WR������������DQG�����H9��1HDU�WR�WKH�VSHFL�
ILHG� YDOXHV�� RSWLFDO� FRQGXFWLYLW\� EDQGV� DUH
REVHUYHG�� WKDW� FRQILUPV� WKH� VHQVLWL]LQJ� LQ�
IOXHQFH� RI� GHHS� GHIHFWV� RQ� SKRWRFDWDO\VLV�
WKRVH� GHIHFWV� DUH� R[\JHQ� YDFDQFLHV�� 7KH
KLJKHVW� GHQVLW\� RI� HOHFWURQLF� VWDWHV� FRUUH�
VSRQGV� WR� WKH� KLJK�HQHUJ\� EDQGV� DVVRFLDWHG
WR� WKRVH� GHIHFWV�� %HVLGHV� RI� WKH� PHQWLRQHG
EDQGV�� RWKHU�RQHV�DUH�REVHUYHG��7KH�QDWXUH
WKHUHRI�LV�OHVV�REYLRXV��KRZHYHU��LW�LV�SRVVL�
EOH�WR�DVVXPH��WKDW�WKH�DFFHSWRU�OHYHOV�QHDU
����� H9� DUH� DVVRFLDWHG� ZLWK�L L��� LRQV� KDY�
LQJ� DEVRUSWLRQ� EDQG� QHDU� ���� H9�� 6KLIW� RI
WKLV� EDQG� WRZDUGV� ORZHU� HQHUJ\� LV� FDXVHG
SUREDEO\� E\� KHWHURJHQHLW\� RI� L L��� SRVLWLRQ
LQ�7L2��PDWUL[��WKRXJK�RWKHU�GHIHFWV�PLJKWDOVR� DFW� DV� DFFHSWRUV�� 7KH� DEVRUSWLRQ� LQ
LQIUD�UHG�UHJLRQ�LV�SRVVLEOH�DOVR�GXH�WR�HOHF�
WURQ�WUDQVLWLRQV�IURP�HQHUJ\� OHYHOV�RI�VKDO�

)LJ����� ;�UD\� GLIIUDFWLRQ� RI� 7L2��=U2��6L2�SRZGHUV� � DQQHDOHG� IRU� W� ��� K� DW� ����.� ���
DQG�IRU�W� ����K�DW�����.������O&R.D��

)LJ�����6SHFWUDO�GHSHQGHQFH�RI�RSWLFDO�FRQGXF�
WLYLW\� V�p�� RI� 7L2�� ILOP� DQQHDOHG� IRU� �� K� DW����.��VXEVWUDWH�6L�������

)LJ����� 6SHFWUDO� GHSHQGHQFH� RI� UHIUDFWLYH
LQGH[�Q�(��DQG�N�(��RI�7L2��ILOP�DQQHDOHG�IRUW� ���K�DW�����.��VXEVWUDWH�6L�������
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ORZ�GHIHFWV�WKDW�DUH�VXUIDFH�GHIHFWV�RI�7L2�QDQRFU\VWDOV��7KH�SUHVHQFH�RI�VXFK�OHYHOV�LV
FRQILUPHG� E\� LQFUHDVHV� RSWLFDO� FRQGXFWLYLW\
QHDU�WR�WKH�FRQGXFWLYLW\�EDQG�ERWWRP��VLQFH
LQ� WKH� DUHD� FORVH� WR� ����� H9�� WKH� FRQWULEX�
WLRQ� IURP�8UEDFK� WDLO� EHFDXVH� WKH� SUHVHQFH
RI� DPRUSKRXV� SKDVH� 7L2�� LV� QRW� H[FOXGHG�7KH�DEVRUSWLRQ�QHDU�����H9� LV� VWUXFWXUL]HG�
WKXV� WHVWLI\LQJ� WR� D� YDULHW\� RI� VXUIDFH� GH�
IHFWV� FDXVHG� E\� HQHUJHWLF� KHWHURJHQHLW\� RI
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