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1RZDGD\V��QXPHURXV�PDWHULDOV�ZKHUH�WKH
PDJQHWRHOHFWULF� HIIHFW� �WKH� HIIHFW� RI� PDJ�
QHWLF�VWDWH�FKDQJLQJ�XQGHU�H[WHUQDO�HOHFWULF
ILHOG�(�� LV� REVHUYHG� DUH� EHLQJ� LQYHVWLJDWHG
>�Ü�@�� 6XFK� PDWHULDOV� LQFOXGH� IHUULWH� JDU�
QHWV� ZHOO� NQRZQ� DV� PDWHULDOV� H[KLELWLQJ� D
VWURQJ� PDJQHWRRSWLFDO� UHVSRQVH�� DV� ZHOO� DV
ELVPXWK�VXEVWLWXWHG� IHUULWH� JDUQHWV� ZLWK
KLJK�YDOXH�RI�)DUDGD\�URWDWLRQ��$PRQJ�WKH
H[SHULPHQWDO� PHWKRGV� IRU� UHVHDUFK� RI� WKH
PDJQHWRHOHFWULF� �0(�� SKHQRPHQD�� WKHUH� LV
WKH� HOHFWURPDJQHWR�RSWLFDO� HIIHFW� �(02(�
FRQVLVWLQJ�LQ�WKH�OLJKW�SRODUL]DWLRQ�SODQH�UR�
WDWLRQ� LQ� FU\VWDOV� LQGXFHG� E\� DQ� HOHFWULF
ILHOG� >�@�� (02(� GHDOV�ZLWK� WKH� UHJLVWUDWLRQ
RI�WKH�FKDQJHV�LQ�WKH�OLJKW�SRODUL]DWLRQ�SODQH
)DUDGD\� URWDWLRQ� XQGHU� DFWLRQ� RI� H[WHUQDO
HOHFWULF�ILHOG�DSSOLHG�WR�WKH�VDPSOH��

,Q�RXU�HDUOLHU�LQYHVWLJDWLRQV��LW�KDV�EHHQ
VKRZQ� WKDW� (02(� LV� D� KLJK�VHQVLWLYLW\
PHWKRG� IRU� UHJLVWUDWLRQ� RI� VWUXFWXUH
FKDQJHV� LQ�0(�PDWHULDOV��\WWULXP�LURQ�JDU�
QHW��<,*��ILOPV��XQGHU�DQ�H[WHUQDO�PHFKDQL�
FDO�VWUDLQ�>�@��,Q�WKLV�ZRUN��ZH�UHSRUW�VRPH

VWXGLHV� RI� WKH� KLJK�SRZHU� SXOVH� ODVHU� LUUD�
GLDWLRQ� HIIHFW� RQ� WKH� FKDUDFWHU� RI�(02�GH�
SHQGHQFHV� LQ� ELVPXWK�VXEVWLWXWHG� IHUULWH
JDUQHW�ILOPV��

7KH� H[SHULPHQWDO� VHWXS� FRQVLVWV� RI� D
KLJK�VHQVLWLYH� ODVHU� SRODULPHWHU� >����@�� 7KH
HVVHQFH� RI� WKLV�PHWKRG� LV� WKH�UHJLVWUDWLRQ�RI
WKH� (�ILHOG�LQGXFHG� FKDQJHV� RI� WKH� )DUDGD\
URWDWLRQ��D(02��LQ�WKH�ILOP�EHLQJ�VWXGLHG��$V
D�SURELQJ�EHDP��D�+H±1H�ODVHU��O� ������PP�
LV�XVHG�LQ�RXU�SRODULPHWHU��)RU�WKH�VDPSOH�LUUD�
GLDWLRQ��D�SXOVH�QHRG\PLXP�ODVHU��O� ������PP�
ZDV�XVHG��L�H��LUUDGLDWLRQ�LQ�WKH�IHUULWH�JDU�
QHW�WUDQVSDUHQF\�UDQJH��7KH�ODVHU�SXOVH�HQ�
HUJ\� GHQVLW\� ZDV� YDULHG� LQ� WKH� UDQJH
�Ü���-�°P��� W� ���PV��$� VPDOO� DUHD� RI� WKH
ILOP��G�|���PP��ZDV�LUUDGLDWHG��

:H� KDYH� VWXGLHG� D� XQLODWHUDO� ELVPXWK�
VXEVWLWXWHG� IHUULWH� JDUQHW� ILOP� RI� DERXW
���PP� WKLFNQHVV� GHSRVLWHG� RQ� DQ� DERXW
����PP� WKLFN�*G�*D�2��� VXEVWUDWH�� $Q� DO�WHUQDWLQJ� YROWDJH� 8a� RI� ���� +]� IUHTXHQF\DQG� XS� WR� �� N9� DPSOLWXGH� ZDV� DSSOLHG� WR
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WKH�ILOP��:H�KDG�SRVVLELOLW\�WR�PHDVXUH�WKH
URWDWLRQ� DQJOH� RI� WKH� OLJKW� SRODUL]DWLRQ
SODQH� XQGHU� PDJQHWLF� ILHOG� DV� ZHOO� DV� LWV
FKDQJHV��D(02�� FDXVHG�E\� WKH�HOHFWULF� ILHOGLQIOXHQFH� RQ� WKH� VDPSOH�� 7KH� H[SHULPHQWV
ZHUH� FDUULHG� RXW� DW� URRP� WHPSHUDWXUH� LQ
ORQJLWXGLQDO�JHRPHWU\��(__N��+__N��ZKHUH�N�LV
D� OLJKW� ZDYH� YHFWRU��� 7KH� ILOP� PDJQHWLVD�
WLRQ�ZDV�QRUPDO�WR�LWV�SODQH�

7KH�PDJQHWLF�ILHOG�GHSHQGHQFHV�RI�(02(
IRU� XQUDGLDWHG� ILOP� DUH� VKRZQ� LQ� )LJ����
7KHVH� GHSHQGHQFHV� DUH� UHJLVWHUHG� IRU� WZR
H[WHUQDO�HOHFWULF�ILHOG�YDOXHV�(��N9�FP������
�FXUYH���� DQG����� �FXUYH����� ,Q�WKH� LQVHW� LQ
)LJ����� WKH� HOHFWULF� ILHOG� GHSHQGHQFHV� RI
D(02�DUH�VKRZQ�IRU�WZR�PDJQHWLF�ILHOG�YDO�XHV� �+�� ���� 2H��+�� ���� 2H��� ,W� LV� VHHQIURP�)LJ����WKDW�WKH�UHJLVWHUHG�VLJQDO�YDOXH
GHSHQGV� OLQHDUO\� RQ� D� VTXDUHG� (� ILHOG��:H
PDGH�XVH�RI�WKH�KLJK�VHQVLWLYLW\�RI�RXU�H[�
SHULPHQWDO�PHWKRG� WR�FKDQJHV� LQ�VWUXFWXUDO
FKDUDFWHULVWLFV�RI�IHUULWH�JDUQHWV��DQG�KLJK�
SRZHU� ODVHU� LUUDGLDWLRQ� LV� FRQVLGHUHG� DV� D
PHDQV� IRU� SXUSRVHIXO� HIIHFW� RQ� SK\VLFDO
FKDUDFWHULVWLFV� RI� WKH� ELVPXWK�VXEVWLWXWHG
IHUULWH�JDUQHW�ILOP��:H�GLG�QRW�REVHUYH�DQ\
HVVHQWLDO� FKDQJHV� LQ� WKH� HOHFWULF� DQG� PDJ�
QHWLF� GHSHQGHQFHV� RI� D(02� ZKHQ� WKH� ILOPZDV� LUUDGLDWHG� E\� ODVHU� SXOVH� DW� ��� -�FP�
HQHUJ\�GHQVLW\��+RZHYHU��FKDQJHV�RI�(02(
YDOXH�ZHUH� UHJLVWHUHG�ZKHQ�WKH�SXOVH�YDOXH
ZDV� ��� -�FP�� �)LJ������ 7KXV�� WKH� D(02YDOXH� LQ�WKH�UHJLVWHUHG�HIIHFW�PD[LPXP�H[�
FHHGHG� FRQVLGHUDEO\� WKH� (02(� UHJLVWHUHG
SULRU�WR�LUUDGLDWLRQ��:H�DOVR�KDYH�PHDVXUHG

WKH� (02(� DW� GLIIHUHQW� VLWHV� RI� WKH� ILOP� LQ
QHDU�WR�WKH�LUUDGLDWHG�DUHD�DIWHU�WKH�VDPSOH
LUUDGLDWLRQ�E\����-�FP�� ODVHU�SXOVH��,Q�WKLV
FDVH��D(02� YDOXH� LQ�PD[LPXP� LV� YDULHG� LQGLIIHUHQW�ILOP�VLWHV�EXW�LQFRQVLGHUDEOH��KRZ�
HYHU�� LW� H[FHHGV� WKDW� UHJLVWHUHG�SULRU� WR� LU�
UDGLDWLRQ�

6XFK� FKDQJHV� LQ� PDJQHWLF�ILHOG� GHSHQG�
HQFHV� RI� (02(� LQ� ELVPXWK�VXEVWLWXWHG� IHU�
ULWH� JDUQHW� ILOP� LUUDGLDWHG� E\� ODVHU� SXOVH
�VHH�)LJ������ LQ�RXU�RSLQLRQ��KDV�WKH�IROORZ�
LQJ� H[SODQDWLRQ�� 7KH� FHQWHU�V\PPHWULFDO
FXELF� FU\VWDO� VWUXFWXUH� LV� W\SLFDO� RI� IHUULWH
JDUQHW� VLQJOH� FU\VWDOV� DQG� (02(� ODZ
VTXDUHG�LQ�HOHFWULF�ILHOG�LV�W\SLFDO�RI�IHUULWH�
JDUQHWV� �ELVPXWK�VXEVWLWXWHG� IHUULWH� JDU�
QHWV��>�@��+RZHYHU��IHUULWH�JDUQHW��ELVPXWK�
VXEVWLWXWHG� IHUULWH� JDUQHW�� ILOPV� JURZQ� RQ
PLVPDWFKHG� VXEVWUDWHV� PD\� EH� VWUDLQHG�
PDLQO\� GXH� WR� ODWWLFH� VWUDLQ� EHWZHHQ� WKH
VXEVWUDWH�DQG�WKH�ILOP��$W�IRUPDWLRQ�RI�HSL�
WD[LDO� IHUULWH� JDUQHW� ILOPV�� PLFUR�� DQG
PDFURVFDOH� VWUDLQV� DULVH�� ,Q� WKH� ILOP� YRO�
XPH�� WKHUH� PD\� EH� SUHVHQW� ORFDO� DUHDV� RU
WKLQ� OD\HUV� ZKHUH� WKH� FHQWHU�V\PPHWULF
VWUXFWXUH� LV� EURNHQ� GXH� WR� DQ� HVVHQWLDO� LQ�
IOXHQFH�RI� ILOP�VXEVWUDWH� LQWHUOD\HUV�DQG�RI
WKH� ILOP�VXUIDFH�RQHV� �DW� WKH� ILOP�DLU� LQWHU�
IDFH��RQ�WKH�PDLQ�SDUDPHWUHV�RI�IHUULWH�JDU�
QHW� ILOPV�� $� WKHUPDO� LQIOXHQFH� RQ� D� WKLQ
VXUIDFH� OD\HU� RI� D� ELVPXWK�VXEVWLWXWHG� IHU�
ULWH� JDUQHW� ILOP� E\� PHDQV� RI� LUUDGLDWLRQ
ZLWK� D� QHRG\PLXP� ODVHU� SXOVH� FDXVHV
FKDQJHV� LQ� WKH� ILOP� UHDO� VWUXFWXUH� GXH� WR
UHPRYDO�RI� ORFDO�PHFKDQLFDO� VWUDLQV�DQG��DV

)LJ�����7KH�PDJQHWLF�ILHOG�GHSHQGHQFHV�RI�WKH
(02(� PHDVXUHG� LQ� WKH� LUUDGLDWHG� E\� ODVHU
LPSXOVH� ELVPXWK�VXEVWLWXWHG� IHUULWH�JDUQHW
ILOP�LQ�JHRPHWU\�+�__�(�__�N���Û�(� �����N9�FP�
��Û�(� �����N9�FP���7KH�ILOP�ZDV�LUUDGLDWHG
E\� ODVHU� LPSXOVH� ZLWK� GHQVLW\� RI� HQHUJ\
���-�FP�����

)LJ����� 7KH� PDJQHWLF�ILHOG� GHSHQGHQFHV� RI
(02(�DW�RSWLFDO�SURELQJ�RI�PXOWLGRPDLQ�VLWH
RI� ELVPXWK�VXEVWLWXWHG� IHUULWH�JDUQHW� ILOP� LQ
JHRPHWU\�+�__�(�__�N���Û�(� �����N9�FP����Û
(� �����N9�FP���2Q�WKH�LQVHUW�Û�WKH�HOHFWULF�
ILHOG� GHSHQGHQFHV� RI� (02(� �+�� ����2H�+�� ����2H��
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D� UHVXOW�� DQ� LQWHJUDWHG� LPSURYHPHQW� LQ� WKH
ILOP�VWUXFWXUH�EHFDXVH�RI�PLFURSUHVVXUH�UH�
OD[DWLRQ��7KH�WKHUPDO�LQIOXHQFH�DFWV�PDLQO\
RQ� WKH� ILOP�VXEVWUDWH� LQWHUOD\HU�� 7KXV�� RXU
H[SHULPHQWV�VKRZ�WKDW�LQFUHDVH�LQ�WKH�YDOXH
LQ�WKH�DUHDV�RI�D�ELVPXWK�VXEVWLWXWHG�IHUULWH
JDUQHW�ILOP�LUUDGLDWHG�E\�D�KLJK�SRZHU�ODVHU
SXOVH� WHVWLILHV�FKDQJHV� LQ�WKH�VDPSOH�VWUXF�
WXUH� DV� D� UHVSRQVH� WR� UHPRYDO� RI� ORFDO�PH�
FKDQLFDO� VWUDLQV� �RU� SUHVVXUH� LQKRPRJHQHL�
WLHV��LQ�FHQWHU�V\PPHWULFDO�FU\VWDO�VWUXFWXUH
RI� IHUULWH� JDUQHW� UHVXOWLQJ� LQ� DQ� HVVHQWLDO
LQFUHDVH�RI�(02(�YDOXH�
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