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7KH�VWXG\�UHVXOWV�RI�WKHUPDO�DQQHDOLQJ�HIIHFW�RQ�UHOD[DWLRQ�SURFHVVHV�LQ�OHDG�]LUFRQDWH�

WLWDQDWH� EDVHG� SLH]RHOHFWULF� FHUDPLFV� TXHQFKHG� WR� URRP� WHPSHUDWXUH� DUH� SUHVHQWHG�� 7KH
UHOD[DWLRQ� LV� ORQJ�WHUP�� 7ZR� WHPSHUDWXUH� LQWHUYDOV� RI� WKHUPDO� DQQHDOLQJ� DUH� HVWDEOLVKHG
FKDUDFWHUL]HG�E\�UHYHUVLEOH�DQG�LUUHYHUVLEOH�FKDQJHV�RI�GLHOHFWULF�SDUDPHWHUV��7KH�WHPSHUD�
WXUH� 7G� VHSDUDWLQJ� WKHVH� LQWHUYDOV� PDQLIHVWV� LWVHOI� LQ� WHPSHUDWXUH� GHSHQGHQFHV� RI� WKHSRODUL]DWLRQ� DQG� WKH� LQYHUVH� GLHOHFWULF� FRQVWDQW�� DQG� LV� GHILQHG� E\� GHVWUXFWLRQ� RI� GLSROH
RUGHULQJ�EHORZ�&XULH�SRLQW��7KH�PHFKDQLVP�RI�WKH�ORQJ�WLPH�UHOD[DWLRQ�FDXVHG�E\�FDSWXUH
RI� D� FKDUJH� UHOHDVHG� DW� WKH� VDPSOH� DQQHDOLQJ� E\� YDFDQFLHV� LQ� FU\VWDO� ODWWLFH� RI� OHDG
]LUFRQDWH�WLWDQDWH�VROLG�VROXWLRQV�
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���,QWURGXFWLRQ�
3LH]RHOHFWULF� IHUURHOHFWULF� �)(�� FHUDPLFV

DUH�DQ�LPSRUWDQW�FODVV�RI�IXQFWLRQDO�PDWHUL�
DOV�>����@��,Q�UHFHQW�\HDUV��GLIIHUHQW�NLQGV�RI
VHQVRUV� DUH� XVHG� GXH� WR� WKH� KDUGHQLQJ� RI
ZRUOGZLGH�UHTXLUHPHQWV�IRU�VDIH�ZRUN�RI�GH�
YLFHV�ZLWK�PRYLQJ�ZRUNLQJ�SDUWV�� LQ� LQGXV�
WU\�DQG�DOO�PRGHV�RI�WUDQVSRUW��([SORLWDWLRQ
RI�FHUDPLF�HOHPHQWV�VKRZHG�WKDW�WKH�UHOD[D�
WLRQ� SURSHUWLHV� RI� PDWHULDOV� DIWHU� WKH� UH�
PRYDO� RI� H[WHUQDO� SK\VLFDO� DFWLRQV� KDYH� EHHQ
LQVXIILFLHQWO\�VWXGLHG�WLOO�WKLV�GDWH�>�Ü�@�

,Q� WKH�PHQWLRQHG�ZRUNV� �DV� LQ�PRVW�RWK�
HUV�� WKH� EHKDYLRU� RI� SLH]RHOHFWULF� FHUDPLF
HOHPHQWV��3&(��GXULQJ�WKH�DSSOLFDWLRQ�RI�H[�
WHUQDO� LQIOXHQFHV� LV� VWXGLHG�� 2XU� SUHYLRXV
SDSHU� >�@� SUHVHQWV� WKH� VWXG\� UHVXOWV� RI� WKH
3&(�EHKDYLRU� DIWHU� WHUPLQDWLRQ�RI�H[WHUQDO
DFWLRQV�� ,W� ZDV� VKRZQ� WKDW� WKH� UHOD[DWLRQ
SURFHVVHV�DIWHU�DQ\�NLQG�RI�DFWLRQ��WHPSHUD�
WXUH�� HOHFWULF� ILHOG�� PHFKDQLFDO� HIIHFWV�� DUH
GHVFULEHG� E\� WKH� VDPH� ODZ�� DOWKRXJK� WKH
FKDQJH�RI�SURSHUWLHV� LQ� WKH�SURFHVV�RI�HDFK
DFWLRQ�NLQG�DUH�GHVFULEHG�E\�WKHLU�LQGLYLGXDO

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�67&��,QVWLWXWH�IRU�6LQJOH�&U\VWDOV�
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ODZV�� $W� WKH� VPDOO� DFWLRQ� DPSOLWXGHV�� WKH
FRQVLGHUHG�SURFHVVHV�ZHUH�UHYHUVLEOH�

7KH�DLP�RI�WKH�SUHVHQW�VWXG\�LV�WR�LQYHV�
WLJDWH�WKH�UHOD[DWLRQ�EHKDYLRU�RI�WKH�GLHOHF�
WULF�FRQVWDQW�RI�SLH]RFHUDPLF�HOHPHQWV�DIWHU
VKRUW�KHDWLQJ��GXULQJ����PLQ��DQG�IDVW�FRRO�
LQJ��TXHQFKLQJ��WR�URRP�WHPSHUDWXUH��3LH]R�
HOHFWULF� FHUDPLFV� RI� WKH� OHDG� ]LUFRQDWH�WL�
WDQDWH� �3=7Ü3E�=U�±[7L[�2��� EDVHG� VROLG� VR�OXWLRQV� ZDV� VHOHFWHG� DV� WKH� REMHFW� RI� RXU
LQYHVWLJDWLRQV��,W�LV�VKRZQ�WKDW�UHOD[DWLRQ�LV
D�ORQJ�WLPH��WKH�PHFKDQLVPV�RI�WKLV�UHOD[D�
WLRQ�DUH�GLVFXVVHG�

���([SHULPHQWDO�
7KH�GLVN�VKDSHG�SLH]RFHUDPLF�HOHPHQWV�RI

VWDQGDUG�VL]HV�G� ����PP��K� ���PP��LQ�DF�
FRUGDQFH�ZLWK� >�@��ZHUH�XVHG�LQ�WKH�SUHVHQW
VWXGLHV��7KH�HOHPHQWV�ZHUH�PDGH�RI�WKH�HQ�
JLQHHULQJ� JUDGH� �3E����6U������=U����7L�����2�EDVHG� SLH]RHOHFWULF�PDWHULDO�� 7KH� VDLG� VROLG
VROXWLRQ�LV�ORFDWHG�DW�WKH�FHQWHU�RI�PRUSKRW�
URSLF� UHJLRQ� �035�� LQ� WKH� �FRPSRVLWLRQ
�=U�7L��Û�WHPSHUDWXUH��SKDVH�GLDJUDP�ZKHUH
UKRPERKHGUDO� �5K�� DQG� WHWUDJRQDO� �7�
SKDVHV�DUH�FR�H[LVWLQJ�LQ�WKH�VDPSOH�YROXPH�

7KH� VDPSOHV�ZHUH� REWDLQHG� E\� WKH� WUDGL�
WLRQDO�FHUDPLF�WHFKQRORJ\�YLD�WZR�VWDJH�VLQ�
WHULQJ� DW� ����&� DQG� �����&�� 7KH� VLQJOH
SKDVH� QDWXUH� RI� FHUDPLFV�ZDV� FRQWUROOHG�E\
WKH�;�UD\�GLIIUDFWRPHWHU�'521���XVLQJ�WKH
ILOWHUHG�&X.D� HPLVVLRQ��7KH� UHVLGXDO� SRURV�LW\� RI� VDPSOHV� ZDV� QRW� PRUH� WKDQ� ���� ��
6LOYHU� HOHFWURGHV� ZHUH� XVHG� IRU� GLHOHFWULF
DQG�SLH]RHOHFWULF�PHDVXUHPHQWV��7KH�SRODUL�
]DWLRQ� ZDV� FDUULHG� RXW� DW� ����&� LQ� 3(6��
VLOLFRQ�OLTXLG�LQ�'&�HOHFWULF�ILHOG�ZLWK�LQWHQ�
VLW\� �� N9�PP� GXULQJ� �� K� ZLWK� WKH� VXE�
VHTXHQW� FRROLQJ� GRZQ� WR� URRP� WHPSHUDWXUH
LQ�WKH�ILHOG�

7HPSHUDWXUH� GHSHQGHQFHV� RI� GLHOHFWULF
FRQVWDQW� H� ZHUH� FDUULHG� RXW� LQ� $&� HOHFWULF
ILHOG� ZLWK� LQWHQVLW\� ���� 9�PP� DQG� IUH�
TXHQF\���N+]��7HPSHUDWXUH�GHSHQGHQFHV�RI
UHVLGXDO�SRODUL]DWLRQ�ZHUH�REWDLQHG�E\� LQWH�
JUDWLRQ� RI� HOHFWULF� FKDUJH� UHOHDVHG� XQGHU
KHDWLQJ� DQG� WKHUPDO� GHSRODUL]DWLRQ� RI� WKH
VDPSOHV��

7KH� VDPSOHV�ZHUH� SUHSDUHG� IRU�PHDVXUH�
PHQWV�RI�WKH�UHOD[DWLRQ�SDUDPHWHUV��DJHLQJ�
DV� IROORZV�� 7KH� VDPSOHV� ZHUH� KHDWHG� LQ� D
ORZ�LQHUWLRQ� HOHFWULF� IXUQDFH� SURYLGHG� ZLWK
WKH� FKURPHO�DOMXPHO� �tk�� WKHUPRFRXSOH�
7KH�WHPSHUDWXUH�RI�LVRWKHUPDO�H[SRVXUH�ZDV
IURP� ��� WR� ����&�� H[SRVXUH� WLPH� DW� HDFK
WHPSHUDWXUH� ZDV� ��� PLQ�� ZLWK� WKH� VXE�
VHTXHQW� IDVW� FRROLQJ� WR� URRP� WHPSHUDWXUH�
7HPSHUDWXUH� ZDV�PHDVXUHG� DW� r����&� DFFX�
UDF\�XVLQJ� D�GLIIHUHQWLDO�;$�WKHUPRFRXSOH�

$IWHU� LVRWKHUPDO� KHDWLQJ� DW� HDFK� WHPSHUD�
WXUH� IROORZHG� E\� IDVW� FRROLQJ� WR� URRP� WHP�
SHUDWXUH��WKH�VDPSOHV�ZHUH�DJHG�DW�WKLV�WHP�
SHUDWXUH�GXULQJ�����K�DQG�GLHOHFWULF�FRQVWDQW
ZDV�PHDVXUHG�GXULQJ�WKDW�WLPH�

7KH� SLH]RHOHFWULF� HOHPHQWV� ZHUH� DJHG
ERWK�LQ�H[WHUQDO�HOHFWULF�ILHOG�ZLWK�LQWHQVLW\
XS�WR�����9�PP�DQG�ZLWKRXW�DSSOLFDWLRQ�RI
WKH� ILHOG�� ,Q� RXU� H[SHULPHQWV�� WKH�'&� ILHOG
GLUHFWLRQ� ZDV� DORQJ� DQG� DJDLQVW� WKH� GLUHF�
WLRQ�RI�WKH�VDPSOH�SRODUL]DWLRQ�

���5HVXOWV�DQG�GLVFXVVLRQ
'HSHQGHQFHV�RI�GLHOHFWULF�FRQVWDQW�RQ�WKH

DJHLQJ� WLPH� LQ� WKH� OLQHDU� DQG� ORJDULWKPLF
WLPH� VFDOH� DUH� VKRZQ� LQ� )LJ����� $OO� H[SHUL�
PHQWDOO\� PHDVXUHG� YDOXHV� RI� WKH� GLHOHFWULF
FRQVWDQW�H�IROORZ�WKH�ODZ�

H�W�
H�
� ��$���OQW���%� ���

ZKHUH� W� LV� WKH� DJHLQJ� WLPH� �WKH� WLPH� DIWHU
TXHQFKLQJ� WKH� VDPSOH��� H�W��� WKH� H� YDOXH� DW
WLPH� W�� H��� WKH� LQLWLDO� GLHOHFWULF� FRQVWDQWYDOXH� �EHIRUH� DQQHDOLQJ��� 7KLV� H[SUHVVLRQ
FDQ�EH�UHZULWWHQ�LQ�D�IRUP�ZKLFK�LV�DGRSWHG
LQ�WKH�VWXG\�RI�UHOD[DWLRQ�SURFHVVHV�

H�W��e�H���� ��$���OQ�W�e�W�� ���
ZKHUH� W� �H[S�%�$��� 7KH� SUHVHQFH� RI� WKH
ORJDULWKPLF�GHSHQGHQFH�LQ�HTXDWLRQ�����SRLQWV
WR�WKH�ZLGH�UDQJH�RI�UHOD[DWLRQ�WLPHV�>�@�

$V� LV� VHHQ� IURP� )LJ����� ZH� FDQ� GLVWLQ�
JXLVK� WKH� FKDUDFWHULVWLF� WHPSHUDWXUH
7G� �����&�� DQG� WKH� WHPSHUDWXUH� LQWHUYDORI� WKH� VDPSOH� DQQHDOLQJ� EHIRUH� TXHQFKLQJ
FDQ� EH� GLYLGHG� LQWR� WZR� SDUWV�� 7DQQ���7GDQG�7DQQ�!�7G��7KH�WHPSHUDWXUH�7G�LV�FKDU�DFWHUL]HG�E\�WZR�GLVWLQFWLYH�IHDWXUHV��)LUVW�

)LJ�����'HSHQGHQFHV�RI� WKH� UHODWLYH�GLHOHFWULF
FRQVWDQW� RQ� WKH� KROGLQJ� GXUDWLRQ� DIWHU� LVR�
WKHUPDO� DQQHDOLQJ� ���� PLQ�� LQWR� GLIIHUHQW
WHPSHUDWXUH� UHJLRQV� DQG� TXHQFKLQJ� RI� WKH
VDPSOH�� 7HPSHUDWXUH� UHJLRQ�� ,� Û� ����Ü
�����&��,,�Û�����Ü�����&�
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WKH� GLHOHFWULF� FRQVWDQW� RI� WKH� LQYHVWLJDWHG
VROLG� VROXWLRQ� DIWHU� DQQHDOLQJ� DW� WHPSHUD�
WXUHV�7DQQ���7G�LQFUHDVHV��ZKLOH�LW�GHFUHDVHVDIWHU� DQQHDOLQJ� DW� WHPSHUDWXUHV� DERYH� 7G�6HFRQG��LI�7DQQ���7G��LQ�WKH�SURFHVV�RI�KHDW�LQJ� DQG� VXEVHTXHQW� DJHLQJ� WKH� FKDQJHV� LQ
WKH� VDPSOH� SURSHUWLHV� DUH� UHYHUVLEOH�� ,Q� WKH
FDVH� RI� 7DQQ�!�7G� D� LUUHYHUVLEOH� FKDQJHV� LQWKH� VDPSOH� SURSHUWLHV� WDNH� SODFH�� 7KH� WHP�
SHUDWXUH� GHSHQGHQFHV� RI� WKH� FRHIILFLHQWV� $
DQG�%�KDYH�WKH�PD[LPD�DW�7DQQ� �7G��)LJ�����7KH� WHPSHUDWXUH� GHSHQGHQFHV� RI� WKH� GL�
HOHFWULF� FRQVWDQW� DQG� UHVLGXDO� SRODUL]DWLRQ
ZHUH� PHDVXUHG� WR� FODULI\� WKH� SK\VLFDO� QD�
WXUH� RI� WKH� FKDUDFWHULVWLF� WHPSHUDWXUH� 7G�)LJ���� VKRZV� WKH� WHPSHUDWXUH� GHSHQGHQFHV
RI�WKH�GLHOHFWULF�FRQVWDQW��UHVLGXDO�SRODUL]D�
WLRQ�DQG�WKH�LQYHUVH�GLHOHFWULF�FRQVWDQW��7KH
WRWDOLW\�RI�WKHVH�GHSHQGHQFHV�FOHDUV�XS�FRP�
SOHWHO\� WKH� QDWXUH� RI� WKH� WHPSHUDWXUH� 7G�'HVSLWH�WKH�IDFW�WKDW�WKH�WHPSHUDWXUH�7G� LVPXFK�EHORZ�WKH�&XULH�SRLQW�7F�RI�WKH�LQYHV�WLJDWHG�VROLG�VROXWLRQ��WKH�GHSRODUL]DWLRQ�RI
WKH� VDPSOH� EHJLQV� DW� 7� �7G�� $W� WKH� VDPHWLPH�� WKH� PD[LPXP� RI� WKH� WHPSHUDWXUH� GH�
SHQGHQFH� H�W�� FRUUHVSRQGV� WR� WKH� &XULH� SRLQW
7F�� $W� WKH� SRLQW� 7G�� WKH� GHSHQGHQFH� RI� WKHLQYHUVH� GLHOHFWULF� FRQVWDQW� HÜ��W�� RQ� WKH� WHP�
SHUDWXUH�GHYLDWHV�IURP�WKH�FODVVLFDO�OLQHDU�ODZ�

7KH�H[WHUQDO�'&�HOHFWULF�ILHOG�DIIHFWV�WKH
SRVLWLRQ� RI� WKH� SRLQW� 7G�� )LJ���� VKRZV� WKHGHSHQGHQFHV� RI� $� FRHIILFLHQW� LQ� ���� RQ� WKH
VWUHQJWK� DQG� GLUHFWLRQ�RI� WKH� DSSOLHG� ILHOG�
$V� LV� VHHQ�� WKH� ILHOG� FDXVHV� D� VLJQLILFDQW
VKLIW�RI�WKH�LQLWLDO�GHSHQGHQFH�$�7DQQ��DORQJWKH� WHPSHUDWXUH� D[LV�� 7KH� GLUHFWLRQ� RI� WKH
VDLG� VKLIW� GHSHQGV� RQ� WKH� GLUHFWLRQ� RI� WKH
DSSOLHG�ILHOG�

%HIRUH� WR� GLVFXVV� WKH� PHFKDQLVP� RI� UH�
OD[DWLRQ� VWXGLHG� LQ� WKLV�ZRUN��ZH�UHFDOO� UH�
VXOWV�RI�>�@��ZKHUH�ZH�VWXGLHG�WKH�UHOD[DWLRQ
SURFHVVHV� LQ� FHUDPLF� VDPSOHV� RI� WKH� VDPH

VROLG� VROXWLRQ� WKDW�ZDV� LQYHVWLJDWHG� LQ� WKLV
VWXG\�� $V� H[WHUQDO� IDFWRUV� GHVWUR\LQJ� WKH
HTXLOLEULXP�VWDWH�DW�VKRUW�WHUP�DFWLRQ��WHP�
SHUDWXUH��XQLD[LDO�SUHVVXUH��HOHFWULF�ILHOG�RI
WKH� VDPH� DQG� RSSRVLWH� GLUHFWLRQ� UHODWLYH� WR
WKH� UHPQDQW� SRODUL]DWLRQ� ZHUH� LQYROYHG�� ,Q
DOO�FDVHV��LQGHSHQGHQW�RQ�SK\VLFDO�QDWXUH�RI
WKH� H[WHUQDO� DFWLRQV�� WKH� DJHLQJ� SURFHVV� RI
WKH� VDPSOHV� ZDV� VXEPLWWHG� WR� WKH� JHQHUDO
UHOD[DWLRQ�ODZ�����

,Q� DOO� QRWLFHG� H[DPSOHV� �LQ� WKH� SUHVHQW
SDSHU�� WRR��� WKH� H[WHUQDO� DFWLRQV� FDXVH� D
SDUWLDO� �UHYHUVLEOH� RU� LUUHYHUVLEOH�� GHSRODUL�
]DWLRQ� RI� WKH� VDPSOHV��$V� D� FRQVHTXHQFH�� D
VXUIDFH� HOHFWULF� FKDUJH� XQFRPSHQVDWHG� E\
WKH� SRODUL]DWLRQ� ILHOG� �S\URFKDUJH�� LV� UH�
OHDVHG� RQ� WKH� VDPSOH� VXUIDFHV�� $W� WKH� FDQ�
FHOODWLRQ� RI� WKH� H[WHUQDO� DFWLRQV�� WKH� UHVLG�
XDO� SRODUL]DWLRQ� LV� UHWXUQHG� WR� LWV� RULJLQDO
VWDWH�UHYHUVLEO\��LI�WKH�DFWLRQ�ZDV�UHODWLYHO\
ZHDN�� RU� LUUHYHUVLEO\�� $ORQJ�ZLWK� WKLV�� WKH
HOHFWULF� FKDUJH� UHOHDVHG� HDUOLHU� LV� ERXQG� E\
WKH� UHVWRUHG� VDPSOH� SRODUL]DWLRQ�� 7HPSHUD�
WXUH�7G�VHSDUDWHV�WKH�WHPSHUDWXUH�UDQJHV�RIUHYHUVLEOH� DQG� LUUHYHUVLEOH� FKDQJHV� LQ� WKH
UHVLGXDO� SRODUL]DWLRQ�� 7KHRUHWLFDO� UHVXOWV
JLYHQ�LQ�>��@�VKRZ�WKDW�WKH�RUGHUHG�VWDWH�RI
D� XQLSRODU� GRPDLQ� VWUXFWXUH� LQ� D� IHUURHOHF�
WULF� SODWH� LV� EURNHQ� GRZQ� GXULQJ� KHDWLQJ
EHIRUH�UHDFKLQJ�WKH�&XULH�SRLQW��7KH�GLIIHU�

)LJ�����'HSHQGHQFHV�RI�WKH�FRHIILFLHQWV�$�DQG
%�IURP�(T�����RQ�WKH�DQQHDOLQJ�WHPSHUDWXUH�

)LJ�����7HPSHUDWXUH�GHSHQGHQFHV�RI�GLHOHFWULF
FRQVWDQW�� UHPDQHQW� SRODUL]DWLRQ� DQG� LQYHUVH
GLHOHFWULF�FRQVWDQW�

'�9�.X]HQNR�HW�DO����5HOD[DWLRQ�SURFHVVHV�LQ�OHDG����
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HQFH� EHWZHHQ� WKH� GHVWUXFWLRQ� WHPSHUDWXUHV
RI� WKH� VLQJOH�GRPDLQ� DQG� D� SRO\GRPDLQ
VWDWHV�FDQ�DWWDLQ����&��DQG�HYHQ�PRUH��LQ�D
SHUIHFW� VLQJOH� FU\VWDO�� ,Q� SRO\FU\VWDOOLQH
VDPSOHV�� GXH� WR� DGGLWLRQDO� PHFKDQLFDO
VWUHVVHV� RQ� WKH� JUDLQ� ERXQGDULHV� FDXVHG� E\
PLVPDWFK�RI�FU\VWDOORJUDSKLF�SODQHV�DQG�GL�
UHFWLRQV� RI� WKH� VSRQWDQHRXV� SRODUL]DWLRQ� LQ
WKH� QHLJKERULQJ� FU\VWDOOLWHV�� WKLV� LQWHUYDO
PD\� EH� PXFK� ZLGHU�� 6XFK� D� PHFKDQLVP� LV
IXOO\�DJUHHV�ZLWK�WKH�UHVXOWV�RI�WHPSHUDWXUH
PHDVXUHPHQWV�VKRZQ�LQ�)LJ�����7KH�LQWHUYDO
'� ��7FÜ7G��LV�HTXDO�WR����&�7KH� HOHFWULF� ILHOG� HQKDQFHV� WKH� VWDELOLW\
RI� VLQJOH�GRPDLQ� VWDWH� RI� WKH� VDPSOH� LI� WKH
ILHOG� GLUHFWLRQ� DQG� WKH� SRODUL]DWLRQ� YHFWRU
FRLQFLGH�� DQG� ORZHUV� WKH� VWDELOLW\� IRU� RSSR�
VLWH� GLUHFWLRQV� WKHUHRI� �LQ� WKH� VHFRQG� FDVH�
ZH�FDQ�GUDZ�DQ�DQDORJ\�ZLWK�WKH�SURFHVV�RI
SRODUL]DWLRQ� UHYHUVDO� QHDU� WKH� FRHUFLYH
ILHOG���6XFK�VLWXDWLRQ� LV�VHHQ� LQ�)LJ�����7KH
PD[LPXP� RI� k��DQQ�� GHSHQGHQFH� FRUUH�VSRQGLQJ�WR�WKH�WHPSHUDWXUH�7G�LV�VKLIWHG�WRKLJKHU� WHPSHUDWXUHV�ZKHQ�WKH�GLUHFWLRQV�RI
WKH� H[WHUQDO� ILHOG� DQG� SRODUL]DWLRQ� FRLQFLGH
DQG�WR�WKH�ORZHU�RQHV�LQ�RSSRVLWH�FDVH�

7RJHWKHU� ZLWK� WKH� DERYH� SURFHVV�� WKH
HOHFWULF� FKDUJH� UHOHDVHG� XQGHU� H[WHUQDO� DF�
WLRQV� RQWR� WKH� IHUURHOHFWULF� VDPSOH� LV� FDS�
WXUHG�E\�FU\VWDO� ODWWLFH�GHIHFWV�� ,Q� WKH�3=7
VROLG�VROXWLRQV��VXFK�ODWWLFH�GHIHFWV�DUH�SUH�
GRPLQDQWO\� R[\JHQ� YDFDQFLHV� LQ� WKH� DQLRQ
VXEODWWLFH� DQG� OHDG� YDFDQFLHV� LQ� WKH� $
VXEODWWLFH� RI� WKH� SHURYVNLWH� FU\VWDO� VWUXF�
WXUH� >��Ü��@��$V�D�UHVXOW��)��RU�)��FHQWHUV
DUH� IRUPHG�� 6DLG� H[FLWHG� FHQWHUV� DUH� VHSD�
UDWHG� IURP� WKH� JURXQG�VWDWH� E\� D� SRWHQWLDO
EDUULHU� >������@�� $V� QRWHG� LQ� >������@� WKH
GHIHFWV� XQGHU� GLVFXVVLRQ� DUH� FRQFHQWUDWHG
RQ� WKH� VDPSOH� VXUIDFH� DQG�� WR� D� OHVVHU� H[�

WHQW�� RQ� KHWHURJHQHLWLHV� RI� WKH� VDPSOHV��$V
DQ� H[DPSOH�� JUDLQ� ERXQGDULHV� FDQ� EH� VXFK
KHWHURJHQHLWLHV�

7KH� SRWHQWLDO� EDUULHU� KHLJKW� LV� IURP� ���
WR� ���� H9� IRU� GLIIHUHQW� FHQWHUV�� $IWHU� WKH
VDPSOH� TXHQFKLQJ�� UHWXUQ� RI� WKH� UHPDQHQW
SRODUL]DWLRQ�WR�WKH�LQLWLDO�VWDWH�DQG�ELQGLQJ
RI�WKH�FKDUJH�UHOHDVHG�EHIRUH��WKH�UHOD[DWLRQ
RI� FKDUJHG� YDFDQFLHV� �)�FHQWHUV�� WR� WKH
JURXQG� VWDWH� EHJLQV�� 7KH� FKDUJH� UHOHDVHG
GXULQJ�WKH�UHOD[DWLRQ�RI�)�FHQWHUV��LV�ERXQG
E\� WKH� HOHFWULF� ILHOG� RI� UHPDQHQW� SRODUL]D�
WLRQ��)RU�WKH�DERYH�KHLJKWV�RI�SRWHQWLDO�EDU�
ULHUV��WKH�WLPH�UHTXLUHG�WR�UHVWLWXWLRQ�RI�WKH
RULJLQDO� VWDWH�� LV� UDQJHG� IURP� VHYHUDO� WHQV
WR� VHYHUDO� KXQGUHGV� RI� KRXUV�� ,W� LV� WKHVH
UHOD[DWLRQ� WLPHV� ZH� REVHUYHG� LQ� WKLV� ZRUN
DQG� LQ� >�@� IRU� H[WHUQDO� DFWLRQV� RI� GLIIHUHQW
QDWXUH��

:H� HVWLPDWHG� WKH� SRWHQWLDO� EDUULHU
KHLJKWV�� ZKLFK� GHWHUPLQH� WKH� UHOD[DWLRQ
SURFHVV� ����� EDVLQJ� RQ� WKH� UHVXOWV� RI� RXU
H[SHULPHQWV��7KHVH�YDOXHV� DUH� LQ� WKH� UDQJH
RI� ���Ü���� H9�� 7KHVH� HVWLPDWLRQV� FRQILUP
WKDW� LW� LV� MXVW� WKH� YDFDQFLHV� RI� WKH� FU\VWDO
ODWWLFH� WKDW� DUH�SK\VLFDO� IDFWRU�GHWHUPLQLQJ
WKH�UHOD[DWLRQ�SURFHVV�LQ�RXU�H[SHULPHQWV�

���&RQFOXVLRQ
7KXV� SURSRVHG� PRGHO� RI� UHOD[DWLRQ� FDQ

H[SODLQ�ZK\� LQ� DOO� FDVHV� WKH� GLHOHFWULF� FRQ�
VWDQW�GHFUHDVHV�DIWHU�VZLWFKLQJ�RII�H[WHUQDO
DFWLRQV�� /HW� XV� WXUQ� WR� )LJ����ZKLFK� VKRZV
WKH� GLHOHFWULF� FRQVWDQW� K\VWHUHWLF� ORRS� RI� D
SLH]RHOHFWULF�HOHPHQW��7KH�UHOHDVH�RI�HOHFWULF
FKDUJH� GXULQJ� WKH� SDUWLDO� GHSRODUL]DWLRQ� RI
WKH�SRODUL]HG�VDPSOH� �XQGHU�H[WHUQDO�DFWLRQ
RI�DQ\�QDWXUH�� UHVXOWV� LQ� WKH�DSSHDUDQFH�RI
DQ�HOHFWULF�ILHOG�GLUHFWHG�DORQJ�WKH�SRODUL]D�
WLRQ� GLUHFWLRQ�� 7KH� WUDQVLWLRQ� IURP� SRLQW� �
WR� SRLQW� �� LQ� WKH� K\VWHUHWLF� ORRS� RFFXUV�
$IWHU� UHPRYLQJ� WKH� H[WHUQDO� DFWLRQ� DQG
TXHQFKLQJ� RI� WKH� VDPSOH�� PRVW� RI� WKH� UH�
OHDVHG� FKDUJH� LV� ERXQG�� WKH� ILHOG� JHQHUDWHG
E\� LW� LV� ZHDNHQHG�� DQG� D� IDVW� WUDQVLWLRQ

)LJ�����7HPSHUDWXUH�GHSHQGHQFHV�RI�$�FRHIIL�
FLHQW���������ZLWKRXW�WKH�DFWLRQ�RI�'&�HOHFWULF
ILHOG�� ��� ZLWK� '&� HOHFWULF� ILHOG� ����� 9�PP�
GLUHFWHG�DORQJ�WR�WKH�VDPSOH�SRODUL]DWLRQ�YHF�
WRU�����ZLWK�'&�HOHFWULF�ILHOG������9�PP��GL�
UHFWHG�DJDLQVW�WKH�VDPSOH�SRODUL]DWLRQ�YHFWRU�

)LJ����� +\VWHUHWLF� ORRS� RI� WKH� GLHOHFWULF� FRQ�
VWDQW�
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DORQJ� WKH� ORRS� IURP�SRLQW� �� WR� WKH�SRLQW��
RFFXUV��$V�D�IUDFWLRQ�RI�WKH�FKDUJH�LV�ERXQG
E\� WKH� FU\VWDO� ODWWLFH�YDFDQFLHV�� WKH� VDPSOH
LV� VXEMHFWHG� WR� DQ� �H[WHUQDO�� HOHFWULF� ILHOG�
WKDW� LV� ZK\� WKH� GLHOHFWULF� FRQVWDQW� H[FHHGV
WKH� LQLWLDO� YDOXH�� 7KHUHIRUH�� WKH� GLHOHFWULF
FRQVWDQW� DIWHU� FRROLQJ� IURP� WHPSHUDWXUHV
7DQQ���7G� H[FHHGV� LWV� LQLWLDO� YDOXH�� 7KHILHOG� LV� ]HURHG� DQG� GLHOHFWULF� FRQVWDQW� UH�
WXUQV� WR� WKH� LQLWLDO� YDOXH� RQO\� GXH� WR� WKH
FKDUJHG�FHQWHUV��)��DQG�)���UHOD[DWLRQ�SURFHVV�
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