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���,QWURGXFWLRQ
7KH� GLUHFW� PDJQHWRHOHFWULF� HIIHFW� �0(�

FRQVLVWV� LQ� WKH� DSSHDUDQFH� RI� DQ� HOHFWULF
ILHOG� (� LQ� VWUXFWXUHV� FRXSOHG� E\� H[FKDQJH
LQWHUDFWLRQ�ZKLFK� KDYH� EHHQ� SODFHG� LQWR� DQ
H[WHUQDO�PDJQHWLF�ILHOG�+� >�@�� ,Q�FRPSRVLWH
PDWHULDOV�� SRODUL]DWLRQ� RI� D� SLH]RHOHFWULF
FRPSRQHQW� DSSHDUV� GXH� WR� WKH� PHFKDQLFDO
WUDQVIHU� RI� VWULFWLRQ� IURP� D� PDJQHWRVWULF�
WLYH�SKDVH�ZKLFK�LV�VXEMHFWHG�WR�WKH�H[WHUQDO
PDJQHWLF� ILHOG� >�@�� 7KLV� UHVXOWV� LQ� WKH� DS�
SHDUDQFH� RI� D� YROWDJH� 8� DW� WKH� VWUXFWXUH
VXUIDFHV�

7KH�YDOXH� RI� WKH�0(�UHVSRQVH� RI� D� FRP�
SRVLWH� VWUXFWXUH� LV�GHILQHG�ERWK�E\� WKH� IHD�
WXUHV�RI�WKH�PDJQHWLF�ILHOG�DFWLQJ�XSRQ�WKH

VWUXFWXUH��YDOXHV��RULHQWDWLRQV�DQG�IUHTXHQ�
FLHV� RI� WKH� DOWHUQDWLQJ� ILHOG�� DQG� E\� WKH
FRPSRVLWH�VWUXFWXUH�SURSHUWLHV��7KH�LQWHUHVW
RI� UHVHDUFKHUV� LQ� OD\HUHG� PDJQHWRHOHFWULF
PDWHULDOV� ZKLFK� KDV� LQWHQVLILHG� LQ� UHFHQW
\HDUV�>�Ü�@�LV�GXH�WR�QXPHURXV�UHDVRQV��7KH
PDWHULDO� SRODUL]DWLRQ� LV� QRW� UHVWUDLQHG� E\
WKH� PDJQHWRVWULFWLYH� FRPSRQHQW� FRQGXFWLY�
LW\��,Q�VXFK�VWUXFWXUHV��LW�LV�SRVVLEOH�WR�XVH
SXUH� PHWDOV� ZLWK� PDJQHWRVWULFWLYH� SURSHU�
WLHV� VHYHUDO� RUGHUV� RI� PDJQLWXGH� KLJKHU
WKDQ� PDJQHWRVWULFWLRQ� RI� IHUULWHV�� $� SRVVL�
ELOLW\� LV�DSSHDUHG�WR�FRPELQH�YDULRXV�PHWK�
RGV� WR� IRUP� WKH�PDJQHWLF� DQG� SLH]RHOHFWULF
SKDVHV�� ,Q� WKLV� FDVH�� WKH� PDJQHWLF� SKDVH
VWUXFWXUH� DQG� WKH� SURSHUWLHV� RI� WKH� FRQWDFW
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DW�WKH�KHWHURVWUXFWXUH�ERXQGDULHV�ZLOO�HIIHFW
RQ�WKH�0(�UHVSRQVH�RI�WKH�REWDLQHG�FRPSRV�
LWH�PDWHULDO�

���3UHSDUDWLRQ�RI�VDPSOHV�DQG
UHVHDUFK�PHWKRGV

7KLV� ZRUN� SUHVHQWV� WKH� H[SHULPHQWDO
VWXG\�UHVXOWV�RQ�WKH�GHSHQGHQFH�RI� ORZ�IUH�
TXHQF\�0(�YROWDJH�FRHIILFLHQW�LQ�PHWDO�SLH�
]RFHUDPLFV� VWUXFWXUHV� LQ� WKH� H[WHUQDO�PDJ�
QHWLF� ILHOG� XS� WR� �� N2H� RQ� WKH� PHWDOOLF
SKDVH� W\SH� �WKLQ� ILOP�� WKLFN� OD\HU�� QLFNHO
SODWH�� DQG� WKH�NLQG�RI� LWV� FRQWDFW�ZLWK� IHU�
URHOHFWULF� FHUDPLFV�� 7KH� OHDG� ]LUFRQDWH�WL�
WDQDWH� �3=7�����GLVNV�RI�����PP�LQ�GLDPH�
WHU� WKLQQHG� WR� ����PP� WKLFNQHVV� ZLWK� ERWK
VXUIDFHV� SROLVKHG� WR� WKH� UPV� URXJKQHVV� RI
OHVV�WKDQ�����QP�ZHUH�XVHG�DV�SLH]RHOHFWULF
VXEVWUDWHV�� 7KLQ� QLFNHO� ILOPV� RI� XS� WR
����PP�WKLFNQHVV�ZHUH�GHSRVLWHG�E\�WKH�LRQ�
EHDP� HYDSRUDWLRQ�� 7KH� QLFNHO� OD\HUV� ZHUH
REWDLQHG�E\�IRUPLQJ�D�VHHG�FRQWDFW�OD\HU�RI
XS� WR�����PP� WKLFNQHVV� E\� LRQ�EHDP� HYDSR�
UDWLRQ�IROORZHG�E\�HOHFWURO\WLF�GHSRVLWLRQ�RI
QLFNHO� ILOPV� XS� WR� WKH� SUHVHW� OD\HU� WKLFN�
QHVV�� 7KH� PHFKDQLFDO� FRQQHFWLRQ� RI� QLFNHO
IRLO� GLVNV� ZLWK� D� WKLFNQHVV� XS� WR� ���� PP
DQG�3=7�ZDV�SURYLGHG�E\�HSR[\�UHVLQ�DSSOL�
FDWLRQ� IROORZHG�E\�SUHVVLQJ�DQG�GU\LQJ�� UH�
VXOWLQJ�LQ�D�FRQWDFW�RI�IHUURPDJQHWLF�SLH]R�
HOHFWULF�EXON�SKDVHV��7KH�DSSURDFK�GHVFULEHG
SURYLGHG� REVHUYDWLRQ� RI� WKH� 0(� UHVSRQVH
SHDN� YDOXH� LQ� HDFK� FDVH� GXH� WR� HQVXULQJ
PD[LPXP� PDJQHWRVWULFWLYH� SURSHUWLHV� RI
WKH� REWDLQHG� IHUURPDJQHWLF� SKDVH� VWUXFWXUH
>����@�� 7KH� VWXG\� ZDV� FDUULHG� RXW� LQ� G\�
QDPLF� FRQGLWLRQV�� 7KH� VDPSOHV� ZHUH� SODFHG
LQ� DOWHUQDWLQJ� DQG� FRQVWDQW�PDJQHWLF� ILHOGV
DQG� WKH� YROWDJH� FKDQJH� DSSHDULQJ� LQ� WKH
VWUXFWXUH�ZDV�PHDVXUHG��7KH�0(�YROWDJH�FR�
HIILFLHQW� G(�G+� ZDV� GHWHUPLQHG� EDVHG� RQ
WKH�VDPSOH�WKLFNQHVV�K��WKH�YROWDJH�UDWH�G8
DQG�WKH�DOWHUQDWLQJ�PDJQHWLF�ILHOG�VWUHQJWK
G+�� G(�G+� �G8��K�G+��� 7KH� UHVHDUFK� DW
��N+]�IUHTXHQF\�ZDV�FDUULHG�RXW�IRU�WUDQV�
YHUVH�HIIHFW�ZKHQ�WKH�VDPSOH�HOHFWULF�SRODUL�
]DWLRQ�YHFWRU�LV�GLUHFWHG�WUDQVYHUVHO\�WR�H[�
WHUQDO�PDJQHWLF�ILHOGV�

7KH�VHOHFWLRQ�RI� WKH� OD\HUHG�KHWHURVWUXF�
WXUH�PDWHULDOV� LV� FRQGLWLRQHG�E\� WKH� LQWULQ�
VLF� SURSHUWLHV� RI� IHUURPDJQHWLF� DQG� SLH]R�
HOHFWULF�FRPSRQHQWV��7KH�PDLQ�DGYDQWDJH�RI
QLFNHO� LV�WKH�VDWXUDWLRQ�RI�PDJQHWRVWULFWLRQ
LQ� WKH� H[WHUQDO� ILHOG� RI� OHVV� WKDQ� ���� N2H�
%HVLGHV��QLFNHO� LV� FRQYHQLHQW� LQ�SURFHVVLQJ�
KDV� D� ORZ� R[LGDWLRQ� UDWH� DQG� LV� VXLWDEOH� WR
IRUPDWLRQ� RI� YDULRXV� W\SH� FRDWLQJV�� 7KH
3=7�SRZGHU�HQVXUHV�JRRG�SLH]RHOHFWULF�SURS�

HUWLHV� RI� ZRUNSLHFHV� GXULQJ� VLQWHULQJ� DQG
SURFHVVLQJ� E\� WUDGLWLRQDO� DQG� DYDLODEOH� FH�
UDPLF� WHFKQRORJLHV�� $IWHU� WKH� FHUDPLF� V\Q�
WKHVLV�� WKH� 3=7� ZRUNSLHFHV� ZHUH� SRODUL]HG
LQ� VLOLFRQH� IOXLG� IRU� WZR� KRXUV� DW� ����&� LQ
WKH�ILHOG���N9�PP�ZLWK�WKH�VXEVHTXHQW�FRRO�
LQJ�LQ�WKLV�ILHOG�

���7KH�VWXG\�UHVXOWV�DQG
GLVFXVVLRQ

7KH� ILHOG� GHSHQGHQFHV� RI� WKUHH�OD\HU
1L�3=7�1L� VWUXFWXUHV� DUH� VKRZQ� LQ� )LJ����
7KH�SORW�D�LQ�)LJ����GHVFULEHV�WKH�EHKDYLRU�RI
WKH� ORZ�IUHTXHQF\�0(�YROWDJH�FRHIILFLHQW� IRU
WKH� VWUXFWXUH� REWDLQHG� E\� LRQ�EHDP� HYDSRUD�
WLRQ�RI�QLFNHO�ILOP��7KLV�PHWKRG�RI�PHWDOOL]D�
WLRQ� SURYLGHV� FRQWDFW� EHWZHHQ� SKDVHV� RI� D
FRPSRVLWH� DW� WKH� QDQRVFDOH� OHYHO� >�@�� 7KH
QLFNHO�OD\HU�WKLFNQHVV�DW�HDFK�VLGH�ZDV���PP�

7KH�GHSHQGHQFH�RI�WKH�0(�YROWDJH�FRHIIL�
FLHQW� IRU�D� VDPSOH�ZLWK����PP�WKLFN�QLFNHO

)LJ����� )LHOG� GHSHQGHQFHV� RI� WKH� ORZ�IUH�
TXHQF\� 0(� YROWDJH� IDFWRU� LQ� WKUHH�OD\HUHG
VWUXFWXUHV� REWDLQHG� E\� LRQ� EHDP� HYDSRUDWLRQ
�D��� HOHFWURO\WLF� GHSRVLWLRQ� �E��� DQG�PHFKDQL�
FDO�FRXSOLQJ�RI�WKH�FRPSRQHQWV�
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OD\HUV� DW� HDFK� VLGH� SUHSDUHG� E\� HOHFWURO\VLV
LV� SUHVHQWHG� E\� WKH� SORW� E� LQ� )LJ����� 7KH
HOHFWURO\WH� FRPSRVLWLRQ� DQG� WKH� GHSRVLWLRQ
PRGHV� ZHUH� VHOHFWHG� DFFRUGLQJ� WR� WKH� GDWD
>�@�WR�REWDLQ�WKH�PD[LPXP�PDJQHWRVWULFWLRQ
DW� WKH� ODUJHVW� SRVVLEOH� ILOP� WKLFNQHVV�� $F�
FRUGLQJ� WR� WKH�PRGHOV� GLVFXVVHG� LQ� >�@�� WKH
QLFNHO�PDJQHWRVWULFWLRQ� LQFUHPHQW� ZLWK� WKH
LQFUHDVH�RI�IHUURPDJQHWLF� OD\HU�WKLFNQHVV�LV
SURYLGHG� GXH� WR� IRUPDWLRQ� RI� WKH� FROXPQDU
OD\HU� VWUXFWXUH�� 7KH� YLHZ� RI� WKH� LQYHVWL�
JDWHG�KHWHURVWUXFWXUH�FURVV�VHFWLRQ�LV�VKRZQ
LQ�)LJ����

)LJ�����F�GHVFULEHV�WKH�0(�YROWDJH�FRHIIL�
FLHQW�EHKDYLRU�IRU�D�VWUXFWXUH�ZKHUH�WKH�FH�
UDPLF� VXEVWUDWH� LV� LQ� PHFKDQLFDO� FRQWDFW
ZLWK�QLFNHO�DW�ERWK�VLGHV��7KH�PDJQHWRVWULF�
WLYH� GLVNV� RI� FDVW� QLFNHO� ZHUH� DQQHDOHG� IRU
WZR� KRXUV� LQ� K\GURJHQ� PHGLXP� DW� D� WHP�
SHUDWXUH� RI� ����&�� 7KH� VWUXFWXUH� RI� WKH
EXON�IHUURPDJQHWLF�SKDVH�LQ�WKLV�FDVH�LV�LVR�
WURSLF� DQG�KDV�PLQLPDO� LQWHUQDO� VWUHVVHV� DV
FRPSDUHG�WR�RWKHU�LQYHVWLJDWHG�W\SHV�

7KH� H[SHULPHQWDO� UHVHDUFK� KDV� VKRZQ
WKDW� VWUXFWXUHV� ZLWK� WKLQ� QLFNHO� OD\HUV� H[�
KLELW� WKH� JUHDWHVW� FRHUFLYH� IRUFH� ���� 2H�
�)LJ����� D��� 7KH� FRHUFLYH� IRUFH� GHFUHDVHV� WR
��� 2H� LQ� WKH� VWUXFWXUHV� ZLWK� QLFNHO� OD\HUV
�)LJ�����E���7KH�LQWHUQDO�VWUHVVHV�LQ�WKH�HOHF�
WURO\WLF� ILOPV� LV� PXFK� ORZHU� WKDQ� WKRVH� LQ
WKLQ� QLFNHO� ILOPV� REWDLQHG� E\� WKH� LRQ�EHDP
HYDSRUDWLRQ�� WKXV� DOORZLQJ� WKH� PDJQH�
WRVWULFWLYH�FRDWLQJ�WKLFNQHVV�WR�EH�LQFUHDVHG
XS� WR� WHQV� RI� PLFURPHWHUV�� ,Q� WKH� VDPSOHV
FRQQHFWHG� PHFKDQLFDOO\� �)LJ����� F��� WKH� DQ�
QHDOHG� QLFNHO� GLVNV� SRVVHVV�PLQLPXP� LQWHU�
QDO� VWUHVVHV�� DV� D� UHVXOW�� WKH� GLVNV� KDYH
PLQLPDO�FRHUFLYH�IRUFH�XS�WR���2H�

7KH�REVHUYHG�VKLIW�RI�WKH�0(�FRHIILFLHQW
PD[LPXP� WRZDUGV� ZHDNHU� PDJQHWLF� ILHOGV

DFFRPSDQLHG� E\� WKH� LQFUHDVH� LQ� WKH� VDPSOH
FRHUFLYH� IRUFH� LV� H[SODLQHG� E\� WKH� GHSHQG�
HQFH�RI�QLFNHO�OD\HU�SURSHUWLHV�RQ�LWV�IRUPD�
WLRQ�PHWKRG�E\�DQG� WKH�SHFXOLDULWLHV�RI� WKH
ERXQGDULHV� EHWZHHQ� WKH� IHUURPDJQHWLF� DQG
SLH]RHOHFWULF� SKDVHV� LQ� HDFK� LQYHVWLJDWHG
FDVH�� 7KH� PLFURVWUXFWXUH� LPDJHV� RI� WKH
QLFNHO� OD\HU� REWDLQHG� E\� HOHFWURO\VLV� VKRZ
WKDW� WKH� DYHUDJH� ZLGWK� RI� LWV� WUDQVYHUVH
VWUXFWXUH� FROXPQV� LV� ���� QP�� ,Q� WKH� LRQ�
EHDP� HYDSRUDWHG� ILOPV�� WKH�PD[LPDO� ZLGWK
RI�WKH�FROXPQV�GRHV�QRW�H[FHHG�����QP��7KH
GHVFULEHG� FRDWLQJ� VWUXFWXUH� FKDQJHV� DUH� LQ
FRUUHODWLRQ� ZLWK� WKH� JUDLQ� VL]H� RI� 3=7� ��
FHUDPLFV� �)LJ����� DQG� GHILQH� WKH� SKDVH� FRQ�
WDFW�WRWDO�DUHD��7KLV�UHVXOWV�LQ�WKH�REVHUYHG
SHFXOLDULWLHV� RI� WKH� FKDQJH� LQ�PDJQHWRHOHF�
WULF� SURSHUWLHV�� 7KLV� FRQFOXVLRQ� LV� IXUWKHU
FRQILUPHG�EDVLQJ�RQ�WKH�0(�FKDUDFWHULVWLFV
FRPSDULVRQ� IRU� WKH� KHWHURVWUXFWXUHV� RI
WKUHH�OD\HU� �GHVFULEHG� DERYH�� DQG� ELOD\HU
�1L�3=7��W\SH�

7KH�0(� UHVSRQVH� LQ� WKH� WKUHH�OD\HU� VDP�
SOHV�REWDLQHG�E\�WKH�HOHFWURO\WLF�GHSRVLWLRQ�RI
���PP� WKLFN� QLFNHO� ILOPV� DW� HDFK� VLGH� ZDV
����P9��FP�2H���7KLV�YDOXH�H[FHHGV�E\�D�IDF�
WRU�RI�����WKH�0(�HIIHFW�YDOXH�IRU�WKH�ELOD\HU
VDPSOHV�� WKH� IHUURPDJQHWLF� WR� SLH]RFHUDPLFV
YROXPH� UDWLR� EHLQJ� WKH� VDPH�� ,Q� FDVH� RI� WKH
PHFKDQLFDO� FRQWDFW�� WKH�0(� HIIHFW� YDOXH� IRU
WKH� WKUHH�OD\HU� VWUXFWXUHV� FRUUHVSRQGHG� WR
����P9��FP�2H��� ,Q� WKH� ELOD\HU� VDPSOHV�� LW
ZDV� ����P9��FP�2H��� 7KH� WKLFNQHVV� RI� HDFK
QLFNHO� GLVN� ZDV� ���� PP� IRU� WKH� WKUHH�OD\HU
VDPSOH�DQG�����PP�IRU�WKH�ELOD\HU�RQH�

,Q� H[SHULPHQW�� D�JUHDWHU�0(�YROWDJH� FR�
HIILFLHQW�LV�REVHUYHG�LQ�WKH�WKUHH�OD\HU�VDP�
SOHV� IRU� DOO� WKH� VWXGLHG�PHWKRGV� RI� OD\HUHG
PDWHULDOV� SUHSDUDWLRQ� DV� FRPSDUHG� WR� WKH

)LJ����� 0LFURVWUXFWXUH� RI� SLH]RHOHFWULF� 3=7
���FHUDPLFV�

)LJ����� 7KH� FURVV�VHFWLRQ� PLFURVWUXFWXUH� RI
1L�3=7�VDPSOHV�ZLWK�QLFNHO�OD\HU�REWDLQHG�E\
LRQ�EHDP�HYDSRUDWLRQ��OHIW��DQG�HOHFWURFKHPL�
FDO�WHFKQLTXH��ULJKW��
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ELOD\HU� VWUXFWXUHV�� 7KLV� PHDQV� WKDW� LQ� WKH
IHUURPDJQHWLF�SLH]RHOHFWULF�IHUURPDJQHWLF
KHWHURVWUXFWXUHV�� WKH� UHVSRQVH� WR� WKH� VDPH
FKDQJH� RI� WKH� H[WHUQDO� PDJQHWLF� ILHOG� H[�
SUHVVHG� DV� WKH� HOHFWULF� ILHOG� LQFUHPHQW� H[�
FHHGV�DW�OHDVW�E\�����WLPHV�WKH�UHVSRQVH�RE�
VHUYHG� LQ� WKH� SLH]RHOHFWULF�IHUURPDJQHWLF
KHWHURVWUXFWXUHV� XQGHU� WKH� H[SHULPHQWDO
FRQGLWLRQV� GHVFULEHG� DERYH�� 7KH� LQGXFHG
HOHFWULF�ILHOG�YDOXH�LQ�D�VDPSOH�GHSHQGV�RQO\
RQ� WKH� VWUDLQ� RI� SLH]RFHUDPLFV� GHILQHG� E\
WKH� FKDQJH� RI� IHUURPDJQHWLF� PHWDO� GLPHQ�
VLRQV��7KH�IHUURPDJQHWLF�PHWDO�VWUDLQLQJ��LQ
LWV�WXUQ��LV�GHILQHG�XQLTXHO\�E\�WKH�YDOXH�RI
WKH�DSSOLHG�PDJQHWLF�ILHOG��)RU�WKLV�UHDVRQ�
RQH� FDQ� VXSSRVH� WKDW� UHGLVWULEXWLRQ� RI� WKH
VDPSOH�UHODWLYH�VWUDLQ�RFFXUV�ERWK�LQ�ELOD\HU
DQG� WKUHH�OD\HU� VWUXFWXUHV�� 0RVW� SUREDEO\
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