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$�WKHRUHWLFDO�PRGHO�RI�KRORJUDSKLF�SRO\PHU�GLVSHUVHG�OLTXLG�FU\VWDO�ILOP�ZLWK�FRPE�VKDSHG

HOHFWURGHV�KDV�EHHQ�FRQVWUXFWHG��7KH�PRGHO�FRPELQHV�DQLVRWURSLF�FRXSOHG�ZDYH�WKHRU\��0RQWH�
&DUOR�VLPXODWLRQV�IRU�GLUHFWRU�SURILOH�ZLWKLQ�D�OLTXLG�FU\VWDO�GURSOHW�DQG�VWDWLVWLFDO�DYHUDJLQJ
ZLWK� WKH� RULHQWDWLRQDO� GLVWULEXWLRQ� IXQFWLRQ� IRU� GURSOHW� V\PPHWU\� D[HV�� ,QIOXHQFH� RI� WKH
HOHFWULF�ILHOG�DSSOLHG�DORQJ�WKH�JUDWLQJ�YHFWRU�RQ�WKH�GLIIUDFWLRQ�HIILFLHQF\�KDV�EHHQ�VWXGLHG�
7KH�UHVXOWV�REWDLQHG�LQGLFDWH�D�ZD\�WR�LPSURYH�WKH�JUDWLQJ�FKDUDFWHULVWLFV�
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+RORJUDSKLF� SRO\PHU�GLVSHUVHG� OLTXLG
FU\VWDOV� �+�3'/&V��DUH�RI� LQWHUHVW�GXH� WR�D
QXPEHU�RI�SRWHQWLDO�DSSOLFDWLRQV�WKHUHRI��LQ�
FOXGH� UHIOHFWLQJ� IODW�SDQHO� GLVSOD\V�� RSWLFDO
FRQQHFWRUV�� GLIIUDFWLRQ� OHQVHV� ZLWK� WXQDEOH
IRFDO� OHQJWK�� RSWLFDO� GDWD� VWRUDJH�� DQG
LPDJH� FDSWXUH� GHYLFHV�� +�3'/&� PDWHULDOV
DUH�IRUPHG�E\�H[SRVLQJ�D�OLJKW�VHQVLWLYH�KR�
PRJHQHRXV�PRQRPHU�DQG�/&�PL[WXUH�E\�DQ
LQWHUIHUHQFH� SDWWHUQ�� 7KH�PRQRPHU� DPRXQW
LQ� WKH� LOOXPLQDWHG� DUHDV� EHFRPHV� UHGXFHG
GXH� WR� SRO\PHUL]DWLRQ� DQG� PRQRPHUV� IURP
WKH�GDUN�DUHDV�GLIIXVH�LQWR�WKH�EULJKW�RQHV�
7KH�UHVXOW�RI�WKH�ZULWLQJ�SURFHVV� LV�D�JUDW�
LQJ�IRUPHG�GXH�WR�D�SHULRGLF�GLVWULEXWLRQ�RI
OLTXLG� FU\VWDO� �/&�� QDQR� VL]HG� GRPDLQV� HP�
EHGGHG�LQ�D�VROLG�SRO\PHU�PDWUL[��7KH�PDLQ
RSWLFDO� SURSHUWLHV� GHILQHG� E\� WKLV� SHULRGLF
GLVWULEXWLRQ�FDQ�EH�PDQLSXODWHG�HDVLO\�XVLQJ
DQ� H[WHUQDO� HOHFWULF� ILHOG�� *HQHUDO� UHTXLUH�
PHQWV� IRU� +�3'/&� WUDQVPLVVLRQ� JUDWLQJV
DUH�KLJK�GLIIUDFWLRQ�HIILFLHQF\��KLJK�DQJXODU

VHOHFWLYLW\�� ORZ� GULYLQJ� YROWDJHV�� DQG� IDVW
VZLWFKLQJ�� 0DQ\� UHVHDUFK� JURXSV� DUH� HQ�
JDJHG� LQ� RSWLPL]DWLRQ� DQG� LPSURYLQJ� RI
WKRVH� FKDUDFWHULVWLFV�� (PEHGGLQJ� RI� FRPE
HOHFWURGHV� LQWR� WKH� ILOP� LV� RQH�ZD\� WR� FRQ�
WURO� WKH� UHIUDFWLYH� LQGH[� PRGXODWLRQ� DQG
GLIIUDFWLRQ� HIILFLHQF\� IRU� ERWK� OLJKW� SRODUL�
]DWLRQ� W\SHV��S�SRODUL]DWLRQ� �DQG�V�SRODUL]D�
WLRQ��7KH�DQDO\VLV�SHUIRUPHG�LQ�WKLV�ZRUN�LV
EDVHG� RQ� GLUHFW� FDOFXODWLRQ� RI� WKH� GLUHFWRU
SURILOH� ZLWKLQ� WKH� /&� GURSOHWV�� %HORZ�� WKH
PRGHO�VWXGLHG�LV�SUHVHQWHG��

7R�GHYHORS� WKH�PRGHO�� VRPH�DVVXPSWLRQV
DUH� WR� EH�PDGH� RQ� WKH� /&�SRO\PHU� JUDWLQJ
FRPSRVLWH�� 7KH� JUDWLQJ� LV� DVVXPHG� WR� FRQ�
WDLQ� UHJLRQV� RI� KLJK� OLTXLG�FU\VWDO� GURSOHW
FRQFHQWUDWLRQ�VHSDUDWHG�E\�VROLG�SRO\PHU�UH�
JLRQV��,Q�WKLV�ZRUN��D�WUDQVPLVVLRQ�+�3'/&
JUDWLQJ�ZLWK�FRPE�VKDSHG�HOHFWURGHV�LV�FRQ�
VLGHUHG��)LJ����SUHVHQWV�WKH�SUREOHP�JHRPH�
WU\�� 7KH� VHPL�WUDQVSDUHQW� VXUIDFHV� DUH� WKH
FRPE� HOHFWURGHV�� 7KH� UHODWLYH� SHUPLWWLYLW\
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WHQVRU� LV� DVVXPHG� WR�YDU\� DORQJ� WKH�[� D[LV
DFFRUGLQJ�WR�FRVLQH�ODZ�

HA� �HA����HA�FRV�.[�� ���
ZKHUH�HA��LV�WKH�DYHUDJH�UHODWLYH�SHUPLWWLYLW\
WHQVRU��.�� WKH� JUDWLQJ�ZDYH�YHFWRU�� HA��� WKH
UHODWLYH�SHUPLWWLYLW\�PRGXODWLRQ�WHQVRU�KDY�
LQJ�WKH�IRUP�

HA���__c � ��IFS VLQ�DS��HA���__/&���H3RO��
���

ZKHUH�IF�LV�WKH�YROXPH�IUDFWLRQ�RI�VHSDUDWHG
/&� SKDVH� LQ� D� FKDQQHO�� H3RO�� WKH� SRO\PHU
GLHOHFWULF� SHUPLWWLYLW\��D�� WKH� IUDFWLRQ� RI� D
JUDWLQJ� SHULRG� /� RFFXSLHG� E\� WKH� 3'/&
FKDQQHO� >�@�� 7KH� GURSOHW� GLHOHFWULF� SHUPLW�
WLYLW\� H__/&�HA/&� �IRU� OLJKW� SRODUL]HG� SDUDOOHO
�SHUSHQGLFXODU�� WR� WKH� JUDWLQJ� YHFWRU� LV� D
IXQFWLRQ�RI�QL��QM�GLUHFWRU�FRQILJXUDWLRQ�

�HA/&!� ��9³�HA/&�U�(�GU� ���

ZKHUH� HLM�(�� �HA��GLM����H__�Ü�HA���QL�(�QM�(���7KH
/&� GLUHFWRU� SURILOH� LQ� HDFK� /&� GURSOHW� LV
LQKRPRJHQHRXV� DQG� FRQWUROOHG� E\� WKH� EDO�
DQFH� RI� HODVWLF� HQHUJ\�� FRKHVLRQ� HQHUJ\� DW
WKH� GURSOHW� VXUIDFH�� DQG� WKH� H[WHUQDO� HOHF�
WULF�ILHOG�VWUHQJWK����

/&� GURSOHWV� IRUP� QDQRVFDOH� GRPDLQV� LQ
+�3'/&��'HWDLOHG�VWXGLHV�E\�VFDQQLQJ�HOHF�
WURQ� PLFURVFRS\� KDYH� UHYHDOHG� WKDW� WKHVH
GRPDLQV� FDQ� EH� URXJKO\� HOOLSVRLGDO� EXW� DUH
LUUHJXODUO\�VKDSHG�RIWHQ�HQRXJK�>�@��6XWKHU�
ODQG� HW� DO�� >�@� GHYHORSHG� D� GURSOHW� PRGHO
EDVHG�RQ�.RJHOQLN�V�>�@�FRXSOHG�ZDYH�WKHRU\
IRU� %UDJJ� JUDWLQJV� DQG� :X� >�@� PRGHO� RI
GURSOHW� D[LV� UHRULHQWDWLRQ� WR� H[SODLQ� WKH

VZLWFKLQJ� FXUYHV� RI� +�3'/&� JUDWLQJV�� ,Q�
VWHDG�RI�WUHDWLQJ�WKH�/&�GURSOHWV�DV�DQ�LQKR�
PRJHQHRXV�PHGLXP��WKH\�DVVXPH�D�XQLIRUP
GURSOHW�ZLWK� UHIUDFWLYH� LQGH[� GHSHQGHQW� RQ
WKH� DQJOH� EHWZHHQ� WKH� /&� V\PPHWU\� D[LV
DQG�WKH�DSSOLHG�ILHOG�

:H� KDYH� VLPXODWHG� QXPHULFDOO\� WKH� GL�
UHFWRU� GLVWULEXWLRQ� LQVLGH� DQ� HOOLSVRLGDO� /&
GURSOHW� WR� ILQG� WKH� UHODWLYH� GLHOHFWULF� SHU�
PLWWLYLW\� WHQVRU� RI� /&�� 7KH� PRGHO� XVHG� LV
WKH� VLPSOHVW� PRGHO� RI� QHPDWLF� /&�� ZKLFK
GHVFULEHV� RULHQWDWLRQDO� LQWHUDFWLRQ� RI� PROH�
FXOHV� LV� WKH� /HEZRKO�/DVKHU� ODWWLFH� PRGHO
>�@��ZKHUH�WKH�SDUWLFOHV�DUH�WUHDWHG�DV�LQWHU�
DFWLRQ� VLWHV� ��VSLQV��� ZLWK� FRQWLQXRXVO\
YDU\LQJ� RULHQWDWLRQ� EXW� IL[HG� SRVLWLRQV� LQ
WKH�JUDWLQJ��7KDW�PRGHO�KDV�EHHQ�GHVFULEHG
LQ� GHWDLO� LQ� RXU� SUHYLRXV� ZRUNV� >�@�� 7KHUH
DUH� VHYHUDO� RWKHU� PRGHOV� WKDW� GHVFULEH� WKH
/&� SURSHUWLHV� PRUH� UHDOLVWLFDOO\�� EXW� WKRVH
DUH�PXFK�PRUH�FRPSOLFDWHG�

7KHUH� DUH� VHYHUDO� WKHRUHWLFDO� DSSURDFKHV
WR� FRQVLGHUDWLRQ� RI� WKH� GLIIUDFWLRQ� IURP� D
ELUHIULQJHQW� JUDWLQJ�� 5HFHQWO\�� 0RQWHPH]�
]DQL� DQG� =JRQLN� >�@� KDYH�PRGLILHG� WKH�.R�
JHOQLN� FRXSOHG�ZDYH� WKHRU\� WR� LQYROYH� WKH
RSWLFDO� DQLVRWURS\� HIIHFWV� LQ� WKH� EXON� GLI�
IUDFWLRQ� JUDWLQJV� SUHSDUHG� XVLQJ� ELUHIULQ�
JHQW�PDWHULDOV��:H�KDYH�XVHG�WKH�UHVXOWV�RI
WKLV�WKHRU\�WR�FDOFXODWH�WKH�GLIIUDFWLRQ�HIIL�
FLHQF\� IRU� WKH� WUDQVPLVVLRQ� JUDWLQJV�� 7KH
GLIIUDFWLRQ� HIILFLHQF\� RI� DQ� XQVODQWHG� EXON
JUDWLQJ� SUHSDUHG� XVLQJ� D� ELUHIULQJHQW� RSWL�
FDO�PDWHULDO�LV�GHWHUPLQHV�DV�
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ZLWK� FRXSOLQJ� DQG� GHWXQLQJ� SDUDPHWHUV� GH�
ILQHG�UHVSHFWLYHO\�DV
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,Q� WKHVH� H[SUHVVLRQV�� N�� LV� WKH� LQFLGHQWZDYH�YHFWRU�LQ�YDFXXP��$U��D�FRXSOLQJ�FRQ�VWDQW�GHSHQGHQW�RQ�SRODUL]DWLRQ��G��WKH�VDP�
SOH� WKLFNQHVV�� Q�� DQG� Q��� WKH� XQSHUWXUEHGUHIUDFWLYH� LQGLFHV� IRU� WKH� LQFLGHQW� DQG� GLI�
IUDFWHG�ZDYH��UHVSHFWLYHO\��7KH�ZDON�RII�SD�
UDPHWHUV�J���� DUH� FRVLQHV�RI�DQJOHV�EHWZHHQWKH� HQHUJ\� SURSDJDWLRQ� GLUHFWLRQ� DQG� ZDYH
YHFWRU� GLUHFWLRQV� LQ� WKH� LQFLGHQW� DQG� GLI�
IUDFWHG� EHDPV�� DQG� T��� T�� DUH� WKH� DQJOHVEHWZHHQ� WKH�QRUPDO� WR� WKH�+�3'/&�VXUIDFH
DQG� WKH� 3R\QWLQJ� YHFWRUV� IRU� LQFLGHQW� DQG

)LJ����� 6FKHPDWLF� UHSUHVHQWDWLRQ� RI� +�3'/&
JUDWLQJ�� 7KH� FRPE� HOHFWURGHV� DUHV� VKRZQ� DV
VHPL�WUDQVSDUHQW�VXUIDFHV�DW�[ ��DQG�[� �'�
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GLIIUDFWHG� ZDYHV�� 'HWDLOHG� H[SUHVVLRQV� IRU
WKH� SDUDPHWHUV� WR� FDOFXODWH� WKH� GLIIUDFWLRQ
HIILFLHQF\�FDQ�EH�IRXQG�LQ�>�@�

,Q�D�SUHYLRXV�ZRUN��ZH�KDYH�VWXGLHG�WKH
GLIIUDFWLRQ�SURSHUWLHV�RI�+�3'/&�ILOPV�FRQ�
WDLQLQJ� HOOLSVRLGDO� GURSOHWV� XQGHU� HOHFWULF
ILHOG� SHUSHQGLFXODU� WR� WKH� VDPSOH� VXUIDFHV
�]�D[LV��� +HUH�� ZH� FRQVLGHU� D� VLPLODU� ILOP�
WKH�GLIIHUHQFH�EHLQJ� WKDW� WKH�HOHFWULF�ILHOG� LV
DSSOLHG�E\�FRPE�HOHFWURGHV�DORQJ�YHFWRU�JUDW�
LQJ��[�D[LV�LQ�)LJ������DQG�WKH�D[HV�RI�URWDWLRQ
V\PPHWU\� LQ� WKH� GURSOHWV� DUH� VWDWLVWLFDOO\
VNHZHG� SHUSHQGLFXODU� WR� WKH� JUDWLQJ� YHFWRU�
7KH�IRUP�RI�GLVWULEXWLRQ�IXQFWLRQ�VHOHFWHG�LQ
WKLV�ZRUN�LV�WKH�*DXVVLDQ�RQH����

S�X�� � �
V�CCC�S H[S>�

X
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ZKHUH�X� LV� WKH� FRVLQH� RI� WKH� DQJOH� EHWZHHQ
YHFWRU� SHUSHQGLFXODU� WR� WKH� JUDWLQJ� YHFWRU
�DORQJ� \� LQ� ODERUDWRU\� V\VWHP� RI� FRRUGL�
QDWHV�� DQG� WKH� GURSOHW� URWDWLRQDO� V\PPHWU\
D[LV��V�LV�WKH�GLVSHUVLRQ�

/HW� DQ� +�3'/&� FHOO� EH� FRQVLGHUHG� FRQ�
WDLQLQJ� ELSRODU� OLTXLG� FU\VWDO� GURSOHWV�� 7KH
VKDSH� RI� WKH� GURSOHWV� FDQ� YDU\� IURP� REODWH
VSKHURLG� WR� SURODWH� RQH�� 7KH� /&� GLUHFWRU
SURILOH� LQ� HDFK� /&� GURSOHW� GHSHQGV� RQ� WKH
EDODQFH�RI�HODVWLF�HQHUJ\�DVVRFLDWHG�ZLWK�GL�
UHFWRU� LQKRPRJHQHLW\� ZLWKLQ� WKH� GURSOHW�
WKH� FRKHVLRQ� HQHUJ\� DW� WKH� GURSOHW� VXUIDFH�
WKH� GURSOHW� VL]H� DQG� VKDSH�� DQG� WKH�PDJQL�
WXGH� RI� WKH� H[WHUQDO� HOHFWULF� ILHOG��:H�DOVR
WRRN� LQWR� DFFRXQW� WKDW� WKH�HOHFWULF� ILHOG� LQ�
VLGH� DQ� HOOLSVRLGDO� GURSOHW�GHSHQGV� VWURQJO\
RQ� GURSOHW� VKDSH��7R� ILQG� WKH� HOHFWULF� ILHOG
LQVLGH� WKH� GURSOHW�� ZH� KDYH� XVHG� WKH� VROX�
WLRQ� RI� D� FODVVLFDO� SUREOHP� RI� HOHFWULF� ILHOG
GHWHUPLQDWLRQ� LQVLGH� D� GLHOHFWULF� HOOLSVRLG
SODFHG� LQ� D� XQLIRUP� HOHFWULF� ILHOG� >�@�� :H
FDOFXODWHG� WKH� GURSOHW� GLHOHFWULF� WHQVRU� LQ
�GURSOHW��V\VWHP�RI�FRRUGLQDWHV��D[LV�\�FRU�
UHVSRQGV� WR� WKH� URWDWLRQDO� V\PPHWU\� RQH��
WKHQ�ZH�KDYH�UHWXUQHG�WR�WKH�ODERUDWRU\�V\V�
WHP�RI�FRRUGLQDWHV�DQG�FDOFXODWH�WKH�DYHUDJH
WHQVRU� HOHPHQWV� IRU� WKH� GURSOHW�� XVLQJ
*DXVVLDQ� GLVWULEXWLRQ� ����� $IWHU� DYHUDJLQJ
RYHU�WKH�RULHQWDWLRQDO�GLVWULEXWLRQ�IXQFWLRQ�
ZH�KDYH�REWDLQHG�D�GLDJRQDO�WHQVRU�IRU�UHOD�
WLYH� GLHOHFWULF� SHUPLWWLYLW\�� 7KHQ�� PDNLQJ
XVH�RI�WKH�0RQWPH]]DQL�WKHRU\�>�@�GHVFULEHG
DERYH��ZH�KDYH�REWDLQHG�GHSHQGHQFHV�RI�GLI�
IUDFWLRQ�HIILFLHQF\�RQ�WKH�DQJOH�RI�LQFLGHQFH
IRU�GLIIHUHQW�YDOXHV�RI�WKH�DSSOLHG�ILHOG�

)RU�QXPHULFDO�FDOFXODWLRQV��WKH�IROORZLQJ�PD�
WHULDO�SDUDPHWHUV�KDYH�EHHQ�VHOHFWHG��WKH�SRO\PHU
GLHOHFWULF�SHUPLWWLYLW\�H3RO� �������WKH�H__/&� �����
GLHOHFWULF�SHUPLWWLYLW\�RI�/&�DQG�HA/&� �������WKH
JUDWLQJ�SHULRG�/� ���PP��WKH�ILOP�WKLFNQHVV
G� ���PP��$OO�WKH�SDUDPHWHUV�DUH�LPSRUWDQW
YDULDEOHV�LQ�GHWHUPLQLQJ�WKH�SHUIRUPDQFH�RI
+�3'/&� PDWHULDOV�� 'LIIUDFWLRQ� SURSHUWLHV
ZHUH� VWXGLHG� IRU� WKH� SURELQJ� OLJKW� ZDYH�
OHQJWK� ������ PP�� 6XWKHUODQG� >�@� XVHG� WKH
VDPH� SDUDPHWHUV� WR� VWXG\� WKHRUHWLFDOO\� WKH
WUDQVPLVVLRQ�+�3'/&�JUDWLQJ�

:H� KDYH� FRQVLGHUHG� WKH� EHKDYLRU� RI� WKH
ILOP� GLIIUDFWLRQ� HIILFLHQF\� XQGHU� DSSOLHG
ILHOG�LQ�WKH�FDVH�RI�LQFUHDVLQJ�GLVSHUVLRQ�V�
7KH� (� YDOXH� LV� PHDVXUHG� LQ� GLPHQVLRQOHVV
XQLWV��(� ��� FRUUHVSRQGV� WR� DSSOLHG�HOHFWULF
ILHOG�YDOXH�RI�DERXW����9�PP��&DOFXODWLRQ�RI

)LJ����� 'LIIUDFWLRQ� HIILFLHQF\� IRU� *DXVVLDQ
GLVWULEXWLRQ� RI� WKH� SURODWH� /&� GURSOHWV�� )LJ�
�D��� �F�� VKRZ� DQJXODU� VHOHFWLYLW\� RI� GLIIUDF�
WLRQ� HIILFLHQF\� DW� GLIIHUHQW� HOHFWULF� ILHOG
VWUHQJWKV�IRU�GLVSHUVLRQ��V� ������IRU�S�SRODU�
L]HG� UHDGLQJ� EHDP� DQG� V�SRODUL]HG� UHDGLQJ
EHDP��UHVSHFWLYHO\��)LJ���E��VKRZV�WKH�VDPH�EXW
IRU��V� �������&XUYHV���Ü�PHDQV�FULWLFDO�HOHFWULF
ILHOG�( �����Ü�PHDQV�]HUR�HOHFWULF�ILHOG�( ����
��Ü�PHDQV�]HUR�HOHFWULF�ILHOG�( ��
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WKH�GLIIUDFWLRQ�HIILFLHQF\�KDV�EHHQ�FDOFXODWHG�LQ
WKH� FDVH� RI� SURODWH� /&� GURSOHWV� IRU� S�SRODUL]HG
DQG�V�SRODUL]HG�LQFLGHQW�EHDPV��VHH�)LJ�����

6LPLODU� UHVXOWV� IRU� REODWH� /&� GURSOHWV� DUH
VKRZQ�LQ�)LJ�����

7KH� GLIIUDFWLRQ� HIILFLHQF\� RI� V�SRODUL]HG
EHDP�LV�GHILQHG�E\�PRGXODWLRQ�RI�HA��FRPSRQHQW
RI� UHODWLYH� SHUPLWWLYLW\� WHQVRU� ZKLFK� GHSHQGV

RQ� HA/&� �(T������ $V� WR� S�SRODUL]HG� EHDP�� WKH
GLIIUDFWLRQ�HIILFLHQF\�LV�GHILQHG�E\�PRGXODWLRQ
RI� H__�� FRPSRQHQW� RI� UHODWLYH�SHUPLWWLYLW\� WHQ�
VRU�ZKLFK�GHSHQGV�RQ�H__/&��(T������&RPSRQHQWV
RI�UHODWLYH�SHUPLWWLYLW\�WHQVRU�HA/&�DQG�H__/&�DUH
GLIIHUHQW�� WKLV� H[SODLQV�GLIIHUHQW�EHKDYLRU�RI
V�SRODUL]HG�DQG�S�SRODUL]HG�EHDPV�

7KXV�� WKH� SRODUL]DWLRQ� DQG� VZLWFKLQJ
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