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5HFHLYHG�-XO\��������
$�PHWKRG� RI� V\QWKHVLV� RI� DONDOL�ERUDWH� JODVV� DFWLYDWHG� ZLWK� FDUERQ� PLFURSDUWLFOHV� LV

SURSRVHG�� 7KH� EHKDYLRU� RI� WKHUPDO� HPLVVLRQ� RI� FDUERQ�PLFURSDUWLFOHV� LQ� WKH� JODVV� XQGHU
H[FLWDWLRQ� E\� D�4�VZLWFKHG� QHRG\PLXP� ODVHU� LV� LQYHVWLJDWHG��:LWK� WKH� LQFUHDVH� RI� ODVHU
LUUDGLDWLRQ� GRVH�� WKH� IDGLQJ� RI� ODVHU�LQGXFHG� HPLVVLRQ� REVHUYHG� LQ� H[SHULPHQW� LV� LQWHU�
SUHWHG�WR�EH�GXH�WR�WKH�FDUERQ�SDUWLFOH�VL]H�UHGXFWLRQ�FDXVHG�E\�WKH�ODVHU�LUUDGLDWLRQ�
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���,QWURGXFWLRQ
)LQH�GLVSHUVHG� PDWHULDOV� FRPSULVLQJ� WKH

OLJKW�DEVRUELQJ� PLFURSDUWLFOHV� LQ� WUDQVSDU�
HQW� PDWULFHV� GUDZ� DWWHQWLRQ� RI� UHVHDUFKHUV
IRU� WKHLU� XQXVXDO� SURSHUWLHV� XQGHU� KLJK�
SRZHU� SXOVHG� ODVHU� LUUDGLDWLRQ�� &DUERQ� VXV�
SHQVLRQV�� LQNV�� FDUERQ� EODFN� SDUWLFOHV
IRUPHG�LQ�WKH�DLU�DV�D�UHVXOW�RI�RUJDQLF�IXHO
FRPEXVWLRQ�� WXUELG� QDWXUDO� ZDWHU�� HWF�� DUH
W\SLFDO� H[DPSOHV�� ,Q� VXFK� REMHFWV��ZLWK� WKH
XVH� RI� QDQRVHFRQG�VFDOH� ODVHU� SXOVHV�� ODVHU�
LQGXFHG�KHDWLQJ�RI�PLFURSDUWLFOHV� WR�D�WHP�
SHUDWXUH� RI� D� IHZ� WKRXVDQG� GHJUHHV� LV� RE�
VHUYHG� DW� ��� WR� ����0:�FP�� ODVHU� SRZHU�
7KHUPDO� HPLVVLRQ� RI� VXFK� PHGLD� XQGHU
SXOVHG� ODVHU� H[FLWDWLRQ� LV� REVHUYHG� WR� D
QDNHG�H\H�DQG�LV�FDOOHG�ODVHU�LQGXFHG�LQFDQ�
GHVFHQFH� �/,,�� >�Ü�@�� ,Q� WUDQVSDUHQW� OLTXLG
PDWULFHV�ZLWK�VXVSHQGHG�OLJKW�DEVRUELQJ�PL�
FURSDUWLFOHV�� PLFUREXEEOHV� DUH� SURGXFHG
QHDU� WKH� ODVHU�KHDWHG� PLFURSDUWLFOHV� WR�
JHWKHU� ZLWK� /,,�� 7KRVH� PLFUREXEEOHV� DUH
IRUPHG�GXH� WR� WKH�YDSRUL]DWLRQ�RI�SDUWLFOHV
DQG�VXUURXQGLQJ�OLTXLG��WR�FKHPLFDO�LQWHUDF�

WLRQ� RI� KHDWHG� PLFURSDUWLFOH� PDWHULDO� ZLWK
OLTXLG�� WR� WKH� S\URO\VLV� RI� RUJDQLF� PDWUL[�
HWF�� 7KH� ODVHU�LQGXFHG� PLFUREXEEOHV� FDXVH
VLJQLILFDQW� LQFUHDVH� RI� OLJKW� VFDWWHULQJ� LQ
WKH� LUUDGLDWHG� VXVSHQVLRQ�� KHQFH� LWV� RSWLFDO
WUDQVPLWWDQFH�FKDQJHV��$V�IDU�DV�PLFUREXE�
EOHV� KDYH� WLPH� WR� JURZ� GXULQJ� WKH� OHDGLQJ
HGJH�RI�WKH�ODVHU�SXOVH��VHOI�LQGXFHG�DWWHQX�
DWLRQ� RI� KLJK�SRZHU� SXOVHG� ODVHU� UDGLDWLRQ
�RSWLFDO�OLPLWLQJ�SKHQRPHQRQ��LV�REVHUYHG�LQ
VXFK�VXVSHQVLRQV�>�Ü�@��7KH�SKHQRPHQRQ�RI
RSWLFDO� OLPLWLQJ�E\� WKH�PHFKDQLVP�RI� ODVHU�
LQGXFHG� HQKDQFHPHQW� RI� OLJKW� VFDWWHULQJ
PDNHV�LW�SRVVLEOH�WR�GHYHORS�SDVVLYH�GHYLFHV
IRU� SURWHFWLRQ� RI� H\HV� DQG� RSWLFDO� LQVWUX�
PHQWV�DJDLQVW�DFFLGHQWDO�GDPDJH�ZLWK�KLJK�
SRZHU�ODVHU�UDGLDWLRQ�ZLWKLQ�D�ZLGH�VSHFWUDO
UDQJH��

,QYHVWLJDWLRQ� RI� LQWHUDFWLRQ� RI� KLJK�
SRZHU� ODVHU� UDGLDWLRQ� ZLWK� ILQH�GLVSHUVHG
OLJKW�DEVRUELQJ�PDWHULDOV� LV�QRW� RQO\� RI� DS�
SOLHG� LQWHUHVW�� 3K\VLFDO� SURFHVVHV� ZKLFK
RFFXU�DURXQG� WKH� ODVHU�KHDWHG�PLFURSDUWLFOH
DUH�FRPSOH[� DQG�GLYHUVH��6XFK�UHVHDUFK�H[�
WHQGV� RXU� NQRZOHGJH� RQ� WKH� SURFHVVHV� RI
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��� )XQFWLRQDO�PDWHULDOV�������������



OLJKW�PDWWHU�LQWHUDFWLRQ�DQG�VHUYH�DV�D�EDFN�
JURXQG�IRU�WKH�GHYHORSPHQW�RI�PHWKRGV�IRU
FRQWUROOLQJ� RSWLFDO� SURSHUWLHV� RI� PDWHULDOV
XVLQJ�KLJK�SRZHU�ODVHU�UDGLDWLRQ�

,Q� WKLV� ZRUN�� ZH� LQYHVWLJDWH� R[LGH� �ER�
UDWH��JODVV�GRSHG�ZLWK�FDUERQ�PLFURSDUWLFOHV
XQGHU� KLJK�SRZHU� H[FLWDWLRQ� E\� 4�VZLWFKHG
QHRG\PLXP�ODVHU�UDGLDWLRQ��7KH�JODVV�PDWUL�
FHV� DFWLYDWHG�E\� OLJKW�DEVRUELQJ�PLFURSDUWL�
FOHV� DUH� SRRUO\� LQYHVWLJDWHG� XQGHU� KLJK�
SRZHU� ODVHU� H[FLWDWLRQ�� VXEVWDQWLDOO\�GXH� WR
WKH�GHILFLHQF\�RI�VXFK�REMHFWV��)RU�H[DPSOH�
REVHUYDWLRQ� RI� ODVHU�LQGXFHG� LQFDQGHVFHQFH
RI�ERUDWH�JODVV�FRQWDLQLQJ�PLFURSDUWLFOHV�RI
XQNQRZQ�QDWXUH�ZDV� ILUVW� UHSRUWHG� LQ� >��@�
,Q� WKH� FXUUHQW� VWXG\�� ZH� SURFHHG� ZLWK� WKH
LQYHVWLJDWLRQ�RI�/,,� LQ�R[LGH�JODVV�ZLWK�WKH
XVH� RI� VSHFLDOO\� V\QWKHVL]HG� JODVV� DFWLYDWHG
E\�FDUERQ�PLFURSDUWLFOHV��

���([SHULPHQWDO�GHWDLOV
)RU�SUHSDUDWLRQ�RI�/,,�FDSDEOH�JODVV�VDP�

SOHV�� D� V\QWKHVLV�PHWKRG�ZDV� GHYHORSHG� IRU
WKH�DONDOL�ERUDWH�JODVV�DFWLYDWHG�ZLWK�FDUERQ
PLFURSDUWLFOHV�� &DUERQ� PLFURSDUWLFOHV� ZHUH
HPEHGGHG� LQWR� VRGLXP�ERUDWH� JODVVHV� ZLWK
YDULRXV� FRQWHQW� RI� DONDOLQH� R[LGH�
1D�2��%�2��� 1D�2��%�2��� DQG� 1D�2��%�2��7KH� ERURQ� R[LGH� %�2��� VRGLXP� FDUERQDWH1D�&2�� DQG� DFWLYDWHG� FDUERQ� �DSSUR[L�PDWHO\� �� ZW���� ZHUH� XVHG� DV� LQJUHGLHQWV�
7KH� FDUERQ� ZDV� XVHG� LQ� WKH� FKDUJH� DV� D
SRZGHU� ZLWK� SDUWLFOH� VL]H� QRW� PRUH� WKDQ
����PP��7KH�JODVV�V\QWKHVLV�ZDV�FDUULHG� LQ
DLU� DW� �����&� LQ� D� TXDUW]� FUXFLEOH� GXULQJ
���� K�� 'XULQJ� WKH� JODVV� V\QWKHVLV�� GXH� WR
WKH� FRQYHFWLYH� DJLWDWLRQ� RI� WKH� JODVV�� VRPH
RI� WKH� FDUERQ� SDUWLFOHV� ZHUH� FDUULHG� WR� WKH
VXUIDFH� RI� WKH� JODVV� EDWK�� KHQFH� WKH� EULJKW
IODVKHV� ZHUH� REVHUYHG� DW� WKH� PHOW� VXUIDFH�
$IWHU� ���� K� RI� VRDNLQJ� LQ� WKH� IXUQDFH�� WKH
PHOW� ZDV� SRXUHG� LQWR� WKH� SUHKHDWHG� DOXPL�
QXP� PROGV� DQG� WKH� REWDLQHG� VDPSOHV� ZHUH
DQQHDOHG� DW� ����)���&� GXULQJ� ��� K�� $V� D
UHVXOW��JODVV�VDPSOHV�ZHUH�REWDLQHG��ZLWKRXW
YLVLEOH�VLJQV�RI�FDUERQ�SDUWLFOHV�LQVLGH��7KH
UHPDLQGHU� RI� WKH� ODUJHVW� FDUERQ� SDUWLFOHV
ZDV�REVHUYHG�DW�WKH�ERWWRP�RI�WKH�FUXFLEOH�
1HYHUWKHOHVV�� WKH� SUHVHQFH� RI� FDUERQ� PL�
FURSDUWLFOHV� LQ� WKH� JODVV� VDPSOHV� ZDV� FRQ�
ILUPHG� E\� VFDWWHULQJ� RI� SUREH� ODVHU� OLJKW
DQG� E\� WKH� /,,� H[SHULPHQWV� XQGHU� KLJK�
SRZHU�ODVHU�H[FLWDWLRQ��8QGRSHG�JODVVHV�SUH�
SDUHG� LQ� VLPLODU� FRQGLWLRQV� �ZLWKRXW� DGGL�
WLRQ�RI�FDUERQ�WR�WKH�FKDUJH��GLG�QRW�GHPRQ�
VWUDWH�/,,��

1RWH� VKRXOG� EH� PDGH� WKDW� WKH� REWDLQHG
VDPSOHV� RI� 1D�2��%�2�� JODVV� GLIIHU� HVVHQ�WLDOO\� IURP� WKH� VDPSOHV� ZLWK� ORZHU� FRQWHQW

RI� WKH� R[LGH�PRGLILHU� �1D�2��%�2�� DQG
1D�2��%�2���� 7KH� VDPSOHV� RI� 1D�2��%�2�JODVV� GLG� QRW� GHPRQVWUDWH� /,,� XQGHU� KLJK�
SRZHU� LQIUDUHG� ODVHU� H[FLWDWLRQ�� EHFDXVH� DOO
RI� WKH� FDUERQ� DGGHG� WR� WKH� FKDUJH� EXUQV
DZD\�LQ�WKH�SURFHVV�RI�JODVV�V\QWKHVLV��$V�LV
NQRZQ��WKH�YLVFRVLW\�RI�PHOWHG�DONDOL�ERUDWH
JODVV�ZLWK�KLJK�FRQWHQW�RI�R[LGH�PRGLILHU�LV
DSSUR[LPDWHO\�IRXU�WLPHV�ORZHU�WKDW�WKH�YLV�
FRVLW\�RI�ORZ�DONDOLQH�JODVV�DW�WKH�VDPH�WHP�
SHUDWXUH� >��@�� 'XULQJ� WKH� JODVV� V\QWKHVLV�
FRQYHFWLYH� DJLWDWLRQ� LV� PXFK� PRUH� LQWHQVH
LQ�1D�2��%�2��JODVV��KHQFH�LQ�WKHVH�VDPSOHVSUDFWLFDOO\� DOO� FDUERQ� LV� EXUQHG� RXW� GXH� WR
WKH� LQWHUDFWLRQ� ZLWK� DLU� DW� WKH� VXUIDFH� RI
JODVV� PHOW�� %HVLGHV�� DIWHU� ILQLVKLQJ� RI� WKH
V\QWKHVLV�� WKH� UHPDLQGHU� RQ� WKH� ERWWRP� RI
WKH�FUXFLEOH�ZLWK�1D�2��%�2��JODVV�GRHV�QRWFRQWDLQ� FDUERQ� SDUWLFOHV�� 7KH� DWWHPSWV� WR
SUHSDUH� 1D�2��%�2�� JODVV� VDPSOHV� GRSHGZLWK� FDUERQ� PLFURSDUWLFOHV� E\� VKRUWHQLQJ
WKH� V\QWKHVLV� WLPH� IDLOHG� EHFDXVH� WKH� RE�
WDLQHG� VDPSOHV� ZHUH� PHFKDQLFDOO\� XQVWDEOH
DQG�TXLFNO\�EURNH�GRZQ��7KXV��LQ�WKLV�ZRUN
ZH� XVHG� IRU� H[SHULPHQWV� 1D�2��%�2�� DQG
1D�2��%�2�� JODVV� VDPSOHV� DFWLYDWHG� ZLWKFDUERQ�PLFURSDUWLFOHV��7KH�SDUWLFOH�VL]H�ZDV
GLIILFXOW� WR� PHDVXUH�� EHFDXVH� WKH� REWDLQHG
JODVV�VDPSOHV�ZHUH�QRW�KRPRJHQHRXV�HQRXJK
WR� EH� VXLWDEOH� IRU� QHSKHORPHWULF� PHDVXUH�
PHQWV��%HVLGHV��WKH�DWWHPSWV�WR�PHDVXUH�WKH
SDUWLFOH� VL]H� LQ� WKH� JODVV� VDPSOHV� XVLQJ� DQ
RSWLFDO�PLFURVFRSH�DOVR�IDLOHG��

,Q� WKH� H[SHULPHQWV�� D� 4�VZLWFKHG
<$*�1G��� ODVHU� ZDV� HPSOR\HG� �ZDYHOHQJWK
�����QP�����QV�SXOVH�GXUDWLRQ��SRZHU�GHQ�
VLW\���Ü����0:�FP���ODVHU�SXOVH�UHSHWLWLRQ
F\FOH����Ü��V���/DVHU�LUUDGLDWLRQ�RI�WKH�JODVV
VDPSOHV� ZDV� FRPELQHG� ZLWK� WKH� PHDVXUH�
PHQW�RI�WKH�/,,�LQWHQVLW\��$OO�PHDVXUHPHQWV
ZHUH� SHUIRUPHG� DW� URRP� WHPSHUDWXUH�� 7KH
JODVV�VDPSOHV�VDWLVILHG�WKH�FRQGLWLRQV�RI�RS�
WLFDOO\� WKLQ� OD\HU� �RSWLFDO� GHQVLW\� PXFK
EHORZ�D�XQLW��

8QGHU� SXOVHG� ODVHU� H[FLWDWLRQ�� WKH� RE�
VHUYHG� /,,� HPLVVLRQ� ZDV� DOVR� SXOVHG�� ZLWK
W\SLFDO� GXUDWLRQ� RI� ��� WR� ��� QV�� 7KH� /,,
LQWHQVLW\�ZDV�GHWHFWHG�E\�D�SKRWRPXOWLSOLHU
DW�D� IL[HG�ZDYHOHQJWK��7KH�VLJQDO� IURP�WKH
SKRWRPXOWLSOLHU� ZDV� LQWHJUDWHG�� KHQFH� WKH
HQHUJ\�RI�/,,�SXOVH�ZDV�PHDVXUHG��)RU�RVFLO�
ORJUDSKLF�PHDVXUHPHQWV�RI�/,,�SXOVH�VKDSH�
D� QDQRVHFRQG�UHVROXWLRQ� SKRWRPXOWLSOLHU
��(/8�)6� ZDV� HPSOR\HG� WRJHWKHU� ZLWK� DQ
RVFLOORJUDSK� �/25���� RSHUDWLQJ� LQ� WKH� VLQ�
JOH�SXOVH�PRGH��

$�9�.RS\VKLQVN\�HW�DO����/DVHU�LQGXFHG�LQFDQGHVFHQFH����
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���5HVXOWV�DQG�GLVFXVVLRQ
8QGHU� KLJK�SRZHU� LQIUDUHG� ODVHU� H[FLWD�

WLRQ�� DOO� VDPSOHV� RI� 1D�2��%�2�� DQG
1D�2��%�2�� JODVVHV� GRSHG� ZLWK� FDUERQ� PL�FURSDUWLFOHV� GHPRQVWUDWH� FOHDUO\� GHWHFWDEOH
ZKLWH�HPLVVLRQ�LQ�WKH�ZKROH�YLVLEOH�VSHFWUDO
UDQJH�� 7KH� SXOVH� GXUDWLRQ� RI� WKLV� HPLVVLRQ
LV�DSSUR[LPDWHO\�WZR�WLPHV�ORQJHU�WKDQ�WKDW
RI� WKH� ODVHU� SXOVH�� ,Q� QRQ�DFWLYDWHG� JODVV
VDPSOHV�� ODVHU�LQGXFHG� ZKLWH� HPLVVLRQ� LV
VHYHUDO� RUGHUV� RI� PDJQLWXGH� OHVV� LQWHQVH
WKDQ�LQ�GRSHG�VDPSOHV��

3KHQRPHQRORJLFDO� FKDUDFWHULVWLFV� RI� WKH
REVHUYHG� ZKLWH� HPLVVLRQ� RI� FDUERQ�GRSHG
JODVV� VDPSOHV� XQGHU� KLJK�SRZHU� ODVHU� H[FL�
WDWLRQ� DUJXH� IRU� WKH� WKHUPDO�PHFKDQLVP� RI
LWV�RULJLQ��VLPLODUO\�WR�/,,�LQ�DTXHRXV�FDUE�
RQ�VXVSHQVLRQV�>�@��7KXV��WKH�LQFDQGHVFHQFH
RI� JODVV� KDV� D� ZLGH� VWUXFWXUHOHVV� VSHFWUXP
ZKLFK� FRYHUV� DOO� WKH� YLVLEOH� DUHD�� 7KH� LQ�
WHQVLW\� RI� LQFDQGHVFHQFH�� ,/,,�� GHSHQGV� RQWKH� ODVHU� H[FLWDWLRQ� LQWHQVLW\�� )�� HVVHQ�
WLDOO\� QRQOLQHDUO\��7KH�QRQOLQHDULW\� IDFWRU
J� �G,/,,�,/,,�G)�)� WDNHV� D� UDQJH� RI� YDOXHVJ� ������� W\SLFDO� IRU� 3ODQFN�V� WKHUPDO� HPLV�
VLRQ� DW� D� IL[HG� ZDYHOHQJWK� LQ� WKH� YLVLEOH
VSHFWUDO� UDQJH� >�@�� 7KH� QRQOLQHDULW\� IDFWRU
J� LV� QRW� FRQVWDQW� DQG� GHFUHDVHV� ZLWK� WKH
LQFUHDVH� RI� ODVHU� H[FLWDWLRQ� LQWHQVLW\�� 6XFK
EHKDYLRU�RI�J�ZLWK� �LV�DOVR�D�W\SLFDO�IHDWXUH
RI�/,,�HPLVVLRQ��

)RU�JODVV�VDPSOHV�GRSHG�ZLWK�FDUERQ�PL�
FURSDUWLFOHV�� WKH�H[SHULPHQWV�VKRZ�WKDW�WKH
/,,�LQWHQVLW\�GHSHQGV�RQ�WKH�GRVH�RI�LUUDGLD�
WLRQ� ZLWK� D� VHTXHQFH� RI� ODVHU� SXOVHV�� :H
GHILQH�WKH�GRVH�RI�LUUDGLDWLRQ��1��DV�D�QXP�
EHU�RI�ODVHU�SXOVHV�LQ�D�VHTXHQFH�ZKLFK�LUUD�
GLDWHV�WKH�VDPH�YROXPH�RI�WKH�JODVV�VDPSOH�
7KH� GHSHQGHQFH� RI� /,,� LQWHQVLW\� DW� D� IL[HG
ZDYHOHQJWK� ����� QP�� RQ� WKH� GRVH� RI� ODVHU
LUUDGLDWLRQ� LV� VKRZQ� LQ� )LJ���� IRU
1D�2��%�2�� JODVV� GRSHG� ZLWK� FDUERQ� PL�FURSDUWLFOHV��$�VLPLODU�EHKDYLRU� LV�REVHUYHG
ZLWK� 1D�2��%�2��� 7KH� PHDVXUHPHQWV� ZHUHFDUULHG�RXW�DW�WZR�YDOXHV�RI�WKH�ODVHU�SRZHU
GHQVLW\�� ���0:�FP�� �)LJ����� FXUYH� ��� DQG
����0:�FP���)LJ�����FXUYH�����

$V�LV�VHHQ�IURP�)LJ�����PDMRU�GHFUHDVH�RI
WKH�/,,� LQWHQVLW\� �/,,� IDGLQJ��ZLWK� ODVHU� LU�
UDGLDWLRQ� GRVH� LV� REVHUYHG� GXULQJ� WKH� ILUVW
GR]HQ� RI� ODVHU� SXOVHV�� ZKHUHDV� VXEVHTXHQW
SXOVHV� SUDFWLFDOO\� GR� QRW� DIIHFW� WKH� /,,� LQ�
WHQVLW\� )LJ���� DOVR� VKRZV� WKDW� WKH� UHODWLYH
GHFUHDVH�RI� WKH�/,,� LQWHQVLW\�ZLWK� WKH� ODVHU
LUUDGLDWLRQ�GRVH� GHSHQGV� RQ� WKH�SRZHU�GHQ�
VLW\� RI� WKH� ODVHU� UDGLDWLRQ�� $� ILYHIROG� LQ�
FUHDVH� RI� WKH� ODVHU� SRZHU� GHQVLW\� OHDGV� WR

DSSUR[LPDWHO\� WKH� VDPH� �ILYHIROG�� HQKDQFH�
PHQW�RI�WKH�/,,�IDGLQJ�HIIHFW��

7KH� REVHUYHG� GRVH� GHSHQGHQFH� RI�/,,� LQ�
WHQVLW\� �)LJ����� FDQ� EH� H[SODLQHG� ZLWK� WKH
IROORZLQJ� FRQVLGHUDWLRQV�� $V� LV� NQRZQ� IRU
FDUERQ� EODFN� VXVSHQVLRQV�� WKH� WHPSHUDWXUH
RI� ODVHU�KHDWHG� FDUERQ� PLFURSDUWLFOHV� FDQ
H[FHHG������.��DW�ZKLFK�FDUERQ�HYDSRUDWHV�
KHQFH�WKH�SDUWLFOH�GLPHQVLRQV�GHFUHDVH�ZLWK
WKH� LQFUHDVH� RI� ODVHU� LUUDGLDWLRQ� GRVH� >��@�
7KH� PHQWLRQHG� GHFUHDVH� RI� SDUWLFOH� VL]H� LQ
ODVHU�LUUDGLDWHG� FDUERQ� VXVSHQVLRQV� PDQL�
IHVWV� LWVHOI� LQ�YDULRXV� H[SHULPHQWV�� )RU� H[�
DPSOH��ODVHU�LUUDGLDWLRQ�FDXVHV�/,,�LQWHQVLW\
IDGLQJ�� /,,� SXOVH� VKRUWHQLQJ�� DQG� VLJQLIL�
FDQW� FKDQJHV� LQ� WKH� OLJKW� VFDWWHULQJ� LQGLFD�
WUL[� >��@�� &RQFHUQLQJ� WKH� REVHUYHG�/,,� IDG�
LQJ� LQ�FDUERQ�GRSHG�JODVV�� LW� LV�SODXVLEOH�WR
VXJJHVW� WKDW� ODVHU�LQGXFHG� RYHUKHDWLQJ� RI
FDUERQ� PLFURSDUWLFOHV� DQG� RI� QHLJKERULQJ
JODVV�OD\HUV�UHVXOWV�LQ�D�VLJQLILFDQW�HQKDQFH�
PHQW�RI�FDUERQ�WUDQVIHU�IURP�WKH�PLFURSDU�
WLFOH�WR�WKH�VXUURXQGLQJ�JODVV��IRU�H[DPSOH�
LQWR� WKH� YRLGV� RI� WKH� JODVV� R[LGH� QHWZRUN�
$V�D�UHVXOW��WKH�JODVV�FKDQJHV�LWV�SURSHUWLHV
LQ� WKH� YLFLQLW\� RI� D� FDUERQ� PLFURSDUWLFOH�
DQG�WKH�FDUERQ�FRUH�GHFUHDVHV�LQ�VL]H��ZKLFK
OHDGV�WR�WKH�GHFUHDVH�RI�/,,�LQWHQVLW\�XQGHU
ODVHU�LUUDGLDWLRQ�

$V� LV� VHHQ� IURP� )LJ����� WKH� UDWH� RI� /,,
LQWHQVLW\� IDGLQJ� ZLWK� WKH� ODVHU� LUUDGLDWLRQ
GRVH� VWURQJO\� GHFUHDVHV� DIWHU� D� IHZ� ODVHU
SXOVHV�� 7KLV� IDFW� FDQ� EH� H[SODLQHG� E\� WKH
IROORZLQJ� FRQVLGHUDWLRQV�� 7KH� ODVHU� LUUDGLD�
WLRQ� FKDQJHV� WKH� SURSHUWLHV� RI� WKH� JODVV
DURXQG� WKH� FDUERQ� PLFURSDUWLFOHV�� 7KHVH

)LJ����� 7KH� GHSHQGHQFHV� RI� /,,� LQWHQVLW\� DW
���� QP� RQ� WKH� GRVH� RI� � ODVHU� LUUDGLDWLRQ�ZLWK
SRZHU�GHQVLW\�RI�����FXUYH����DQG�����0:�FP�
�FXUYH����IRU�1D�2��%�2��JODVV�GRSHG�ZLWK�FDUERQPLFURSDUWLFOHV��
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FKDQJHV� FDQ� EH� FDXVHG� E\� WKH� HQKDQFHPHQW
RI� FDUERQ� WUDQVIHU�� SDUWLDO� PHOWLQJ� RI� WKH
JODVV� DQG� LWV� IDVW� UHFU\VWDOOL]DWLRQ�� WKH� DS�
SHDUDQFH� RI� PHFKDQLFDO� VWUHVVHV�� HWF�� ,W� LV
SODXVLEOH�WR�VXJJHVW�WKDW�WKH�ODVHU�SURGXFHG
VKHOOV�DURXQG�FDUERQ�PLFURSDUWLFOHV�FDQ�SDU�
WLDOO\� DEVRUE� DQG� VFDWWHU� WKH� ODVHU� OLJKW�
7KLV� OHDGV� WR� WKH� GHFUHDVHG� HIIHFWLYH� LQWHQ�
VLW\� RI� ODVHU� H[FLWDWLRQ�RI� FDUERQ�PLFURSDU�
WLFOHV�� KHQFH� WKH� SDUWLFOHV� DUH� OHVV� KHDWHG
DQG� WKH� GHFUHDVH� RI� /,,� LQWHQVLW\� ZLWK� WKH
ODVHU�LUUDGLDWLRQ�GRVH�VORZV�GRZQ��)LJ������

$V�D�FRQILUPDWLRQ�RI�WKH�PRGHO�SURSRVHG
DERYH�� WKH� IROORZLQJ� UHVXOWV� RI� WKH� H[SHUL�
PHQWV� FDQ� EH� FRQVLGHUHG�� 7KH� LQWHQVLW\� RI
/,,�DW�WZR�IL[HG�ZDYHOHQJWKV������DQG�����QP�
ZDV�PHDVXUHG�DV�D�IXQFWLRQ�RI�ODVHU�LUUDGLD�
WLRQ�GRVH��7KH�H[SHULPHQWV�VKRZ�WKDW�,/,,�DW���� QP� GHFUHDVHV� ����� PRUH� WKDQ� ,/,,� DW���� QP� DIWHU� LUUDGLDWLRQ� ZLWK� 1� ��Ü��
7KLV� LQGLFDWHV� WKDW� WKH� ODVHU� LUUDGLDWLRQ
FDXVHV�D�FRQVLGHUDEOH�UHG�VKLIW�RI�WKH�HPLV�
VLRQ� VSHFWUXP��ZKLFK� FDQ� EH� LQWHUSUHWHG� DV
WKH� GHFUHDVH� RI� WKH� HIIHFWLYH� SDUWLFOH� WHP�
SHUDWXUH�ZLWK� WKH� LQFUHDVH� RI� ODVHU� LUUDGLD�
WLRQ�GRVH��

:H� KDYH� DOVR� LQYHVWLJDWHG� WKH� VKDSH� RI
/,,�SXOVHV�ZLWK�WKH�LQFUHDVLQJ�ODVHU�LUUDGLD�
WLRQ�GRVH��7KH�RVFLOORJUDPV�RI�/,,�SXOVHV�RI
1D�2��%�2��JODVV�VDPSOH�GRSHG�ZLWK�FDUERQPLFURSDUWLFOHV� DUH� VKRZQ� LQ� )LJ����� +HUH�
/,,� LV� GHWHFWHG� LQ� WKH� ���Ü����QP�VSHFWUDO
UHJLRQ�� $V� LV� VHHQ� IURP� )LJ����� WKH� /,,
SXOVHV� EHFRPH� VKRUWHU� ZLWK� WKH� LQFUHDVH� RI
ODVHU� LUUDGLDWLRQ� GRVH�� :KLOH� WKH� GXUDWLRQ
�DW������OHYHO��RI�WKH�ILUVW�/,,�SXOVH��1� ���
LV� DERXW� ��� QV�� WKH� VHFRQG� DQG� VXEVHTXHQW
SXOVHV� DUH� DERXW� ��� QV�� )LJ���� VKRZV� WKDW
/,,�GHFD\�WLPH�VKRUWHQV�DIWHU�WKH�ODVHU�LUUD�
GLDWLRQ���

7KH� GHFD\� RI�/,,� SXOVH� LV� GHWHUPLQHG� E\
WKH� FDUERQ�SDUWLFOH� FRROLQJ� UDWH��7KH�NLQHW�
LFV�RI�SDUWLFOH�WHPSHUDWXUH�GHFD\�FDQ�EH�GH�
VFULEHG� E\� WKH� IROORZLQJ� DSSUR[LPDWH� HTXD�
WLRQ
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ZKHUH�F��U�DUH�WKH�VSHFLILF�KHDW�DQG�GHQVLW\
RI� FDUERQ�� UHVSHFWLYHO\�� 5�� WKH� SDUWLFOH� UD�
GLXV���7Ü76�'UÜ���WKH�WHPSHUDWXUH�JUDGLHQW�76��WKH�VXUURXQGLQJ�PDWUL[�WHPSHUDWXUH��N�
WKH� KHDW� FRQGXFWLYLW\� IDFWRU�� DQG� V� LV� WKH
6WHIDQ�%ROW]PDQQ�FRQVWDQW��,Q�HTXDWLRQ�����
LW�LV�VXSSRVHG�WKDW�WKH�ODVHU�SXOVH�LV�VKDUSO\

WHUPLQDWHG� DQG� WKDW� WKHUPDO� UHOD[DWLRQ� LQ�
VLGH� WKH� SDUWLFOH� LV� PXFK� IDVWHU� WKDQ� WKH
UHOD[DWLRQ� WR� WKH� HQYLURQPHQW�� %HVLGHV�
HTXDWLRQ� ���� GRHV�QRW� DFFRXQW� IRU� WKH�SURF�
HVVHV�RI�SDUWLFOH�YDSRUL]DWLRQ��

)RU�WKH�FRQGLWLRQV�RI�WKH�H[SHULPHQWV�LQ
WKLV� ZRUN�� QXPHULFDO� HVWLPDWHV� VKRZ� WKDW
KHDW� HPLVVLRQ� LV� D� QHJOLJLEOH� SDUW� LQ� WKH
SDUWLFOH�HQHUJ\�EDODQFH��+HQFH��RQ�FRQGLWLRQ
7�!!�76��W\SLFDO�WLPH�RI�WKHUPDO�UHOD[DWLRQFDQ�EH�HVWLPDWHG�IURP�����DV�IROORZV

W� �FU5'U�N �

� 7KH� GLVWDQFH� �CCC'W � ZKLFK� WKHUPDO� ZDYH
SDVVHV�GXULQJ� WKH� WLPH� W� FDQ�EH�XVHG�DV�DQ
HVWLPDWH�RI�'U��ZKHUH�'� LV� WKH�WHPSHUDWXUH
FRQGXFWLYLW\�RI�WKH�JODVV��7KHQ�ZH�JHW�WKDW
WKH� WLPH� RI� WKHUPDO� � UHOD[DWLRQ� LV� SURSRU�
WLRQDO�WR�WKH�VTXDUHG�SDUWLFOH�UDGLXV�
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7KXV�� LI� WKH� SDUWLFOH� FRROLQJ� LV� GHWHU�
PLQHG�PDLQO\� E\�KHDW� WUDQVIHU� LQWR� WKH� HQ�
YLURQPHQW�� WKHQ� WKH� GHFUHDVH� RI� WKH� HIIHF�
WLYH� SDUWLFOH� VL]H� UHVXOWV� LQ� WKH� GHFUHDVH� RI
/,,�GHFD\�WLPH��)URP�)LJ�����LW�IROORZV�WKDW
W\SLFDO� /,,� GHFD\� WLPH� LV� DERXW� ��� QV��1X�
PHULFDO� HVWLPDWHV� EDVHG� RQ� WKH� 3ODQFN�V
EODFNERG\� HPLVVLRQ� ODZ� VKRZ� WKDW� WKH� RE�
VHUYHG������GHFUHDVH�RI�/,,�SXOVH�GXUDWLRQ
FDQ�EH� FDXVHG�E\� WKH������GHFUHDVH� RI� WKH
FDUERQ�SDUWLFOH�HIIHFWLYH�UDGLXV��

)LJ�����7KH�RVFLOORJUDPV�RI�/,,�RI�1D�2��%�2�JODVV�VDPSOH�DW�����0:�FP��RI�ODVHU�H[FLWD�
WLRQ��7KH�FXUYHV�DUH�HQXPHUDWHG�E\�WKH�QXP�
EHU� RI� WKH� ODVHU� SXOVHV� LQ� WKH� LUUDGLDWLRQ� VH�
TXHQFH�
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1RWH�VKRXOG�EH�PDGH�WKDW�WKH�DERYH�FRQ�
VLGHUDWLRQV� GR� QRW� DFFRXQW� IRU� SRVVLEOH
FKDQJHV�RI�KHDW�WUDQVIHU�SURSHUWLHV��N�'��RI
WKH� QHLJKERULQJ� JODVV� OD\HUV�� 7KH� ODVHU�LQ�
GXFHG� LQFUHDVH� RI� KHDW� FRQGXFWLYLW\� FRHIIL�
FLHQW�RI�JODVV�LQ�WKH�VKHOO�DURXQG�WKH�FDUERQ
FRUH�FDQ�DOVR�FDXVH�D�GHFUHDVH�RI�W��

���&RQFOXVLRQV
%RUDWH�JODVV�GRSHG�ZLWK�FDUERQ�PLFURSDU�

WLFOHV�LV�D�VXLWDEOH�REMHFW�IRU�REVHUYDWLRQ�RI
/,,� LQ�WUDQVSDUHQW�VROLG�PDWUL[��,W� LV�ZRUWK
QRWLQJ� WKDW� SXOVHG� ODVHU� KHDWLQJ� RI� FDUERQ
PLFURSDUWLFOHV�GRHV�QRW�FDXVH�DQ\�YLVLEOH�GH�
VWUXFWLRQ� RI� WKH� JODVV� VDPSOHV� WKRXJK� WKH
ORFDO�WHPSHUDWXUH�UHDFKHV�WKRXVDQGV�RI�.HO�
YLQV�� 7KH� LQWHQVLW\� RI� ODVHU�LQGXFHG� LQFDQ�
GHVFHQFH� LQ�ERUDWH�JODVV�GHSHQGV�RQ�SUHKLV�
WRU\� RI� WKH� JODVV� VDPSOH� ODVHU� LUUDGLDWLRQ�
7KH� REVHUYHG� /,,� IDGLQJ� DW� WKH� LQFUHDVH� RI
ODVHU� LUUDGLDWLRQ� GRVH� LV� D� FRQVHTXHQFH� RI
WKH� UHFRQVWUXFWLRQ� RI� DEVRUSWLRQ�HPLVVLRQ
FHQWHUV��SUREDEO\�GXH�WR�WKH�FDUERQ�WUDQVIHU
IURP� ODVHU�KHDWHG� PLFURSDUWLFOHV� LQWR� WKH
QHLJKERULQJ�JODVV�OD\HUV��7KH�UHFRQVWUXFWLRQ
LQFOXGHV��L��WKH�GHFUHDVH�RI�WKH�HIIHFWLYH�VL]H
RI�FDUERQ�PLFURSDUWLFOHV�DQG��LL��WKH�FKDQJHV

RI�RSWLFDO�DQG�WKHUPDO�SURSHUWLHV�RI�WKH�VXU�
URXQGLQJ�JODVV�OD\HUV��
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