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7KH� DGYDQFHV� LQ� �E�GHFD\� VWXGLHV� ZRXOG
QRW� EH� SRVVLEOH�ZLWKRXW� SURJUHVV� LQ� H[SHUL�
PHQWDO� WHFKQLTXHV�� 7KH� VXFFHVV� RI� H[SHUL�
PHQWV� GHSHQGV� XSRQ� PDQ\� IDFWRUV�� LQFOXG�
LQJ� DV� WKH� PRVW� LPSRUWDQW� RQHV� D� JRRG
FKRLFH� RI� WKH� QXFOLGH� WR� EH� VWXGLHG� DQG�GH�
YHORSPHQW� RI� DQ� DGHTXDWH�GHWHFWRU�ZLWK�UH�
TXLUHG�FKDUDFWHULVWLFV��PD[LPXP�FRQWHQW�RI
WKH� QXFOHL� XQGHU� VWXG\� LQ� WKH� GHWHFWRU� YRO�
XPH�� KLJK� HIILFLHQF\� DQG� VHOHFWLYLW\� RI� WKH
HIIHFW� GHWHFWLRQ�� H[WUD� ORZ� EDFNJURXQG
OHYHO�� SRVVLELOLW\� RI� SURORQJHG� PHDVXUH�

PHQWV�� HWF���� $W� SUHVHQW�� VWXGLHV� RI� QHX�
WULQR�OHVV��E�GHFD\�XVLQJ�R[LGH� VFLQWLOODWRUV
FRQWDLQLQJ� LVRWRSHV� RI� FDGPLXP�� WXQJVWHQ�
]LQF�� PRO\EGHQXP� HWF�� KDYH� EHHQ� VKRZQ� WR
EH�SURPLVLQJ��3URVSHFWV�RI�WKHVH�FRPSRXQGV
DUH� DOVR� VXSSRUWHG� E\� D� SRVVLELOLW\� WR� SUH�
SDUH� VFLQWLOODWRUV� RI� VXIILFLHQWO\� ODUJH� VL]H�
KLJK� UHVROXWLRQ�� DQG� UHTXLUHG� UDGLDWLRQ�SX�
ULW\��$PRQJ�R[LGH�VFLQWLOODWRUV��RI�JUHDW�LQ�
WHUHVW� DUH� FU\VWDOV� RI� DONDOLQH�HDUWK� WXQJ�
VWDWHV� DQG� PRO\EGDWHV� �&G:2��� =Q:2��=Q0R2���3E:2���3E0R2���&D0R2���0J:2���
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$W� WKH� ,QVWLWXWH� IRU� 6FLQWLOODWLRQ�0DWHULDOV
�.KDUNLY��8NUDLQH���ZRUNV�RQ�SUHSDUDWLRQ�RI
VXFK� FU\VWDOV� DUH� LQ� SURJUHVV�� 7KH� FU\VWDOV
DUH� JURZQ� PDLQO\� XVLQJ� WKH� &]RFKUDOVNL
WHFKQLTXH�IURP�WKH�PHOW�RQ�VHHG�LQ�IXUQDFHV
ZLWK� LQGXFWLRQ�KHDWLQJ� LQ�SODWLQXP�RU� LULG�
LXP� FUXFLEOHV�� 7KH� UDZ� FKDUJH� XVHG� LV� RE�
WDLQHG� PRVWO\� E\� KLJK�WHPSHUDWXUH� VROLG
SKDVH�V\QWKHVLV�IURP�PHWDO�R[LGHV�RU�E\�FR�
SUHFLSLWDWLRQ�PHWKRG��

&G:2�� DQG�=Q:2��� )URP� WKLV� JURXS�RI
FU\VWDOV�� WKH� PRVW� H[WHQVLYH� VWXGLHV� ZHUH
FDUULHG� RXW� RQ� WKH� GHYHORSHG� EHIRUH� ODUJH
���&G:2�� DQG� ���&G:2�� FU\VWDOV� GLVWLQ�JXLVKHG� E\� KLJK� VSHFWURPHWULF� TXDOLW\� DQG
KLJK� UDGLRDFWLYH� SXULW\� �)LJ������ /DUJH
=Q:2�� FU\VWDOV� ZLWK� QXFOLGHV� ��=Q�� ��=Q�
���:�� ���:� ZLWK� LPSURYHG� VFLQWLOODWLRQ
FKDUDFWHULVWLFV�DQG�UDGLRSXULW\�DUH�RI�D�FRQ�
VLGHUDEOH�LQWHUHVW�LQ�GHWHFWLRQ�RI�UDUH�HYHQWV
>����@�� ,Q� WKLV� FRQQHFWLRQ�� ZH� KDYH� VWDUWHG
ZRUNV� RQ� GHYHORSPHQW� DQG� VWXGLHV� RI� WKLV
FU\VWDO��2XU� ILUVW� UHVXOWV�ZHUH�SXEOLVKHG� LQ
>�@�� $ORQJ� ZLWK� RSWLPL]DWLRQ� RI� WKH� ODUJH

=Q:2�� FU\VWDO� SUHSDUDWLRQ� SURFHVV�� VWXGLHVZHUH� FDUULHG� RXW� RQ� WKH� HIIHFWV� RI
VWRLFKLRPHWULF� DQG� DGPL[WXUH� GHIHFWV� DQG
XQLYDOHQW�GRSDQWV��

,Q�7DEOH����GDWD�DUH�SUHVHQWHG�RQ�WKH�HIIHFWV
RI� WKHVH� IDFWRUV� XSRQ� VFLQWLOODWLRQ� FKDUDF�
WHULVWLFV�� LQFOXGLQJ� DIWHUJORZ�� ,W� FDQ� EH� VHHQ
WKDW�VRPH�RI�WKH�XQLYDOHQW�GRSDQWV�DUH�DEOH�WR
LPSURYH�WKHVH�FKDUDFWHULVWLFV�VXEVWDQWLDOO\�

$V�D�UHVXOW�RI�RXU�VWXGLHV��ZH�KDYH�GHYHO�
RSHG�D�SUHSDUDWLRQ�PHWKRG�IRU�FRORUOHVV�DQG
KLJKO\�WUDQVSDUHQW�=Q:2��VLQJOH�FU\VWDOV�RIXS� WR� ��� PP� GLDPHWHU� DQG� ��� PP� KHLJKW
�)LJ������ 7KH� WKHUPDOO\� VWLPXODWHG� OXPLQHV�
FHQFH� GDWD� GLVSOD\HG� LQ� )LJ���� GHPRQVWUDWH
WKDW�WKHUH�LV�D�FRUUHODWLRQ�EHWZHHQ�WKH�DIWHU�
JORZ�DQG�WKH�LQWHQVLW\�RI�SHDNV�DW�7�!�����.�
,W�LV�DVVXPHG�WKDW�WKH�WUDSV�DVVRFLDWHG�ZLWK
WKHVH�76/�SHDNV� DUH�UHVSRQVLEOH� IRU� WKH�DF�

)LJ�����&G:2��VLQJOH�FU\VWDO����NJ��

)LJ�����=Q:2��VLQJOH�FU\VWDO�

7DEOH����=Q:2��VFLQWLOODWLRQ�SURSHUWLHV��
� 'RSDQW 6L]H�RI�VDPSOHV�
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7KH� OLJKW� RXWSXW� RI� =Q:2�� VDPSOHV� ZDV� GHWHUPLQHG� UHODWLYH� WR� WKDW� RI� D� &G:2�� VDPSOH� ZLWKGLPHQVLRQV���u��u���PP��
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FXPXODWLRQ�RI�FKDUJH�FDUULHUV�DW�URRP�WHP�
SHUDWXUH��DQG�WKLV�DFFRXQWV�IRU�WKH�REVHUYHG
VORZ� GHFD\� SURFHVV�� 7KH� GRSLQJ� SURYLGHV
VKDOORZ�WUDSSLQJ�FHQWHUV�ZLWK�DFWLYDWLRQ�HQ�
HUJ\� VR� ORZ� WKDW� VWRULQJ� FDUULHUV� DW� URRP
WHPSHUDWXUH�LV�LPSRVVLEOH��7KLV�FDXVHV�D�QR�
WLFHDEOH�LPSURYHPHQW�LQ�WKH�DIWHUJORZ�FKDU�
DFWHULVWLFV�RI�WKH�FU\VWDOV��LW�UHGXFHV�GUDVWL�
FDOO\� IURP� ����� �� LQ� WKH� XQGRSHG� FU\VWDO
���WR���������LQ�WKH�FR�GRSHG�VDPSOH����
7KH�UHVXOWV�RI�WKHVH�VWXGLHV�PDGH�LW�SRVVLEOH�WR
RSWLPL]H� WKH� FU\VWDO� JURZWK� SURFHVV�� 7KH� ODU�
JHYROXPH�=Q:2��FU\VWDOV�ZLWK�LPSURYHG�VFLQ�WLOODWLRQ�SURSHUWLHV�>�@�ZHUH�REWDLQHG�WKLV�ZD\�

)LJ���� VKRZV� VFLQWLOODWLRQ� FKDUDFWHULVWLFV
RI� D� GHWHFWLQJ� HOHPHQW� SUHSDUHG� IURP
=Q:2�� FU\VWDO�� 7KH� HQHUJ\� UHVROXWLRQ� RIVFLQWLOODWLRQ� HOHPHQWV� PDGH� IURP� =Q:2�FU\VWDOV�ZDV��������ZLWK�D�ODUJH�KH[DJRQDO
VFLQWLOODWLRQ� HOHPHQW� RI� ���u���PP�� IRU
����NH9�J�OLQH�RI����&V��

7KH�FU\VWDO�DQLVRWURS\�HIIHFWV�XSRQ�OLJKW
RXWSXW�KDYH�EHHQ�VWXGLHG��7KH� OLJKW�RXWSXW
RI� WKH� FU\VWDO� GHPRQVWUDWHV� WKH� GLUHFWLRQDO
GHSHQGHQFH�RI�DERXW������7KLV�JLYHV�D�SRV�
VLELOLW\� WR� LPSURYH� OLJKW� RXWSXW� RI� =Q:2�VFLQWLOODWLRQ� GHWHFWRU� E\� XVLQJ� WKH� FU\VWDOV
ZLWK� FHUWDLQ� RULHQWDWLRQ� RI� D� VFLQWLOODWLRQ
HOHPHQW�UHODWLYHO\�WR�WKH�FU\VWDO�D[HV�

7KH� UHODWLYH� LQWHQVLW\� DQG� VFLQWLOODWLRQ
GHFD\�NLQHWLFV�ZHUH�VWXGLHG�RYHU�WKH�WHPSHUD�
WXUH�UDQJH��Ü����.��7KH�OLJKW�\LHOG�RI�=Q:2�GHPRQVWUDWHV� DERXW� WZR�IROG� LQFUHDVHV� DQG
GHFD\� WLPH� EHFRPHV� DERXW� WKUHH� WLPHV� ORQJHU
DW� WHPSHUDWXUH� GHFUHDVH� IURP� ���� .� WR� �� .
>�@�

$� VSHFLDO� DWWHQWLRQ�ZDV� SDLG� WR� UDGLRSX�
ULW\�RI�=Q:2��VLQJOH�FU\VWDOV�>�@��7KH�PHDV�XUHPHQWV�ZHUH�FDUULHG�RXW�DW�6RORWYLQD�8Q�
GHUJURXQG�/DERUDWRU\��8NUDLQH���VHH�7DEOH����

=Q:2��LV�DPRQJ�WKH�EHVW�FDQGLGDWHV�DV�D
GHWHFWRU� IRU� FU\RJHQLF� �E�GHFD\� DQG� 'DUN
0DWWHU�H[SHULPHQWV���

3E:2��DQG�3E0R2���&U\VWDO�3E:2��KDGEHHQ� GHYHORSHG� EHIRUH� DW� WKH� ,QVWLWXWH� IRU
6FLQWLOODWLRQ�0DWHULDOV�DV�VFLQWLOODWLRQ�GHWHF�
WRU� IRU� KLJK� HQHUJ\� SK\VLFV� >�@�� 7KDQNV� WR
WKHVH� VWXGLHV�� ZH� KDYH� GHYHORSHG� WKH� SUR�
GXFWLRQ�WHFKQRORJ\�RI�WKLV�PDWHULDO�DQG�FXU�
UHQWO\�ZH�FDQ�JURZ�ODUJH��KLJK�TXDOLW\�FU\V�
WDOV��)XUWKHUPRUH��WKHUH�DUH�DPSOH�SRVVLELOL�
WLHV� IRU� WKH� PRGLILFDWLRQ� RI� WKH� PDWHULDO
SURSHUWLHV�WKDW�PDNHV�WKLV�FU\VWDO�DQ�H[FHO�
OHQW� FKRLFH� IRU� WHVWLQJ� DQG� LPSOHPHQWLQJ
QHZ� LGHDV� RQ� PDWHULDO� GHYHORSPHQW�� 7R� D
OHVVHU� H[WHQW�� WKLV� LV� DOVR� DSSOLFDEOH� WR
3E0R2���ZKLFK�KDV�EHHQ�XVH�ZLGHO\�IRU�GHF�DGHV�DV�DQ�RSWRHOHFWURQLF�PDWHULDO��

7KH� VXLWDELOLW\� RI� OHDG� WXQJVWDWH� DQG
PRO\EGDWH� LQ� UDUH� HYHQW� VHDUFKHV� KDV� EHHQ
ILUVW�SRLQWHG�RXW�LQ�>�@�DQG�>�@��,W�KDV�EHHQ
VKRZQ�WKDW�3E0R2�� LV�DQ� LQWHUHVWLQJ�PDWH�
ULDO� WR� VHDUFK� IRU� WKH� GRXEOH� EHWD�GHFD\� RI
���0R� >����@��ZKLOH�3E:2��FDQ�EH�XVHG�DV�DVFUHHQ� DJDLQVW� WKH� 307� UDGLRDFWLYLW\� >�@�

)LJ�� ��� 3XOVH� DPSOLWXGH� VSHFWUD� RI� =Q:2�VFLQWLOODWLRQ�HOHPHQW�LUUDGLDWHG�ZLWK�����NH9
J�TXDQWD�����&V��

)LJ����� 76/� RI� =Q:2�� FU\VWDO�� 7KH� QXPEHUVDW� WKH� JUDSKV� FRUUHVSRQG� WR� WKH� QXPEHU� RI
WKH�VDPSOH�LQ�7DEOH����

7DEOH���� 5DGLRDFWLYH� FRQWDPLQDWLRQ� RI
=Q:2��FU\VWDOV��P%T�NJ�

&KDLQ 6RXUFH =Q:2� =Q:2�5HI��>�@
���7K ���7K d��� d���
���8 ���5D ����� d���

7RWDO�D ������ d��
��. d�� d��

��6U±��< d�� d���
���&V d��� d��
���6P d� d���
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1RQHWKHOHVV��WKH�KLJK�LQWULQVLF�UDGLRDFWLYLW\
�a����%T�NJ�� GXH� WR� ���3E� LV� WKH� PDLQ� RE�
VWDFOH�OLPLWLQJ�WKH�XVH�RI�WKHVH�PDWHULDOV�LQ
ORZ�EDFNJURXQG� H[SHULPHQWV�� 7R� DGGUHVV
WKLV� LVVXH�� ZH� KDYH� VWDUWHG� D� ZRUN� RQ� WKH
SXULILFDWLRQ�RI�DUFKDHRORJLFDO�OHDG�IRU�JURZ�
LQJ� OHDG� WXQJVWDWH� DQG� PRO\EGDWH� FU\VWDOV
ZLWK� ORZ� UDGLRDFWLYH� EDFNJURXQG�� ,W� KDV
EHHQ� VKRZQ� WKDW� GXH� WR� QDWXUDO� GHFD\� RI
UDGLRDFWLYH����3E� LQ�DUFKDHRORJLFDO� OHDG�� LWV
FRQWULEXWLRQ�WR�WKH�LQWULQVLF�UDGLRDFWLYLW\�RI
D�VDPSOH�FDQ�EH�DV�ORZ�DV�D�IHZ�P%T�NJ�>�@�
7KH� XVH� RI� DQFLHQW� OHDG� �GLVFRYHUHG� LQ
8NUDLQH�>��@��IRU�FU\VWDO�JURZWK�VKRXOG�SHU�
PLW�SURGXFLQJ�OHDG�WXQJVWDWH�DQG�PRO\EGDWH
ZLWK�VXEVWDQWLDOO\�UHGXFHG�LQWULQVLF�UDGLRDF�
WLYLW\��7KLV� FDQ� SDYH� WKH�ZD\� IRU� WKHLU� DS�
SOLFDWLRQ�LQ�UDUH�HYHQW�VHDUFK�H[SHULPHQWV��

=Q0R2���:RUNV�KDYH�EHHQ�VWDUWHG�RQ�GH�
YHORSPHQW� RI� WKH� &KRFKUDOVNL� JURZLQJ� RI
]LQF�PRO\EGDWH��=Q0R2���FU\VWDOV��$�PHWKRG
KDV� EHHQ� GHYHORSHG� IRU� SUHSDUDWLRQ� RI
FKDUJH� E\� VROLG� VWDWH� V\QWKHVLV�� 3K\VLFR�
FKHPLFDO� FRQGLWLRQV� RI� WKH� FU\VWDO� JURZWK
DQG�DQQHDOLQJ�KDYH�EHHQ�VWXGLHG��DV�ZHOO�DV
HIIHFWV� RI� VWRLFKLRPHWULF� FRPSRVLWLRQ� XSRQ
WKH�FU\VWDO�TXDOLW\��7KH�JURZQ�FU\VWDOV�ZHUH
RI� XS� WR� ��� PP� LQ� GLDPHWHU� DQG� KHLJKW
�)LJ������ 7KH� FU\VWDOV� VKRZ� DQ� LQWHQVH� RU�
DQJH� FRORU�� 2XU� ILUVW� VWXGLHV� VXJJHVW� WKDW
WKH� FRORULQJ�ZDV�GXH� WR�XQFRQWUROOHG� LPSX�
ULWLHV��+RZHYHU�� IXUWKHU� VWXGLHV� LQ� WKLV� GL�
UHFWLRQ� DUH� QHFHVVDU\�� )RU� WKH� VDPSOHV� RE�
WDLQHG�� RSWLFDO� OXPLQHVFHQFH� DQG� VFLQWLOOD�
WLRQ� FKDUDFWHULVWLFV� ZHUH�PHDVXUHG�� DV�ZHOO
DV� WHPSHUDWXUH� GHSHQGHQFH� RI� ;�UD\� OXPL�
QHVFHQFH� LQWHQVLW\� LQ� WKH� UDQJH� IURP� OLTXLG
QLWURJHQ� WR� URRP� WHPSHUDWXUHV�� 7KH� OXPL�
QHVFHQFH�LQWHQVLW\�LQFUHDVHG�E\�DQ�RUGHU�DQG
PRUH�DW�ORZHULQJ�WHPSHUDWXUHV��)LJ�����

0J:2��� 5HFHQW� VWXGLHV� RI�0J:2�� SRZ�GHU� VDPSOHV� GHPRQVWUDWHG� WKDW� WKLV� FRP�
SRXQG�LV�DQ�DWWUDFWLYH�VFLQWLOODWLRQ�PDWHULDO

IRU� FU\RJHQLF� DSSOLFDWLRQV� EHFDXVH� RI� LWV
KLJK�VFLQWLOODWLRQ�OLJKW�RXWSXW�ZKLFK�LV�FRP�
SDUDEOH�WR�=Q:2��>��@��'XH�WR�LWV�KLJK�WHP�SHUDWXUH�SKDVH�WUDQVLWLRQ��0J:2��FDQQRW�EHJURZQ� XVLQJ� WKH� FRQYHQWLRQDO� &]RFKUDOVNL
PHWKRG�� 7KHUHIRUH�� ZH� KDYH� GHYHORSHG� WKH
JURZWK� WHFKQRORJ\� IURP� WKH� VROXWLRQ�PHOW
DQG� SUHSDUHG� D�0J:2�� VLQJOH� FU\VWDO�� 7KHFU\VWDO�VKRZV�DQ�LQWHQVH�OXPLQHVFHQFH�XQGHU
;�UD\� H[FLWDWLRQ� �VHH� )LJ������ 7KH� EURDG
HPLVVLRQ� EDQG� H[KLELWV� D� PD[LPXP� DW
���� QP�� 7KLV� DJUHHV� ZHOO� ZLWK� WKH� URRP
WHPSHUDWXUH� GDWD� REWDLQHG� IRU� D� SRZGHU
VDPSOH�>��@��)RU�WKH�ILUVW�WLPH��WKH�0J:2�VLQJOH�FU\VWDO�ZDV�FKDUDFWHUL]HG�DV�D�VFLQWLO�
ODWLRQ� GHWHFWRU�� )LJ���� VKRZV� WKH� SXOVH� DP�
SOLWXGH� VSHFWUXP� RI� 0J:2�� H[FLWHG� E\
J�TXDQWD� DQG� ;�UD\� RI� ���$P�� 7KH� HQHUJ\
UHVROXWLRQ�RI�WKH�VDPSOH�IRU�WKH������NH9�J
OLQH�LV�IRXQG�WR�EH�������EHLQJ�YHU\�FORVH�WR
WKH� YDOXH� RI� ��� �� REVHUYHG� IRU� D� ODUJH
=Q:2�� VFLQWLOODWRU�� 7KH� HQHUJ\� UHVROXWLRQ�����LV�REWDLQHG� IRU� WKH�����NH9�J� OLQH� RI
���&V�� 7KHVH� UHVXOWV� FRQILUP� WKH� H[FHOOHQW
SURVSHFWV�RI�PDJQHVLXP�WXQJVWDWH�IRU�VFLQWLO�
ODWLRQ�DSSOLFDWLRQV��7KHUHIRUH��IXUWKHULQJ�WKH
SURGXFWLRQ� WHFKQRORJ\� RI� ODUJH�0J:2�� VFLQ�WLOODWRUV�LV�FXUUHQWO\�LQ�SURJUHVV�

7R� FRQFOXGH�� WKH� GHYHORSPHQW� UHVXOWV� RI
R[LGH�VFLQWLOODWRUV�IRU�UDUH�HYHQW�VHDUFK�H[�
SHULPHQWV� DUH� UHYLHZHG�� /DUJH� YROXPH
=Q:2�� VFLQWLOODWRU�ZLWK� LPSURYHG� SHUIRUP�DQFH�FKDUDFWHULVWLFV�KDYH�EHHQ�REWDLQHG��'XH
WR� LWV� IDYRUDEOH� VFLQWLOODWLRQ� SURSHUWLHV� DW
ORZ�WHPSHUDWXUHV�DQG�H[WUHPHO\�ORZ�LQWULQ�
VLF� UDGLRDFWLYLW\�� ]LQF� WXQJVWDWH� LV� D� PDWH�
ULDO� RI� YHU\� JRRG� SURVSHFWV� IRU� FU\RJHQLF
GRXEOH� EHWD� GHFD\� DQG� GDUN� PDWWHU� H[SHUL�
PHQWV�� 7KH� =Q0R2�� VLQJOH� FU\VWDOV� ZHUHSURGXFHG� IRU� WKH� ILUVW� WLPH�XVLQJ�&]RFKUDO�
VNL� WHFKQLTXH��7KH� VXLWDELOLW\� RI� WKLV�PDWH�
ULDO� IRU� FU\RJHQLF� UDUH� HYHQW� VHDUFK� H[SHUL�

)LJ�����7HPSHUDWXUH�GHSHQGHQFH�RI�;�UD\� OX�
PLQHVFHQFH�LQWHQVLW\�RI�=Q0R2��)LJ�����=Q0R2��VLQJOH�FU\VWDOV�
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PHQWV�KDV�EHHQ�VWXGLHG��7KH�PDQXIDFWXULQJ
PHWKRGV� RI� 0J:2�� FU\VWDOV� KDYH� EHHQ� LQ�YHVWLJDWHG� DQG� WKH� PDQXIDFWXULQJ� SRVVLELO�
LW\� E\� SXOOLQJ� IURP� WKH� VROXWLRQ�PHOW� RQ� D
VHHG�KDV�EHHQ�HVWDEOLVKHG��7KH�H[SHULPHQWDO
0J:2��VLQJOH�FU\VWDOV�RI�FD����FP��YROXPH
KDYH� EHHQ� SUHSDUHG� IRU� WKH� ILUVW� WLPH� DQG
WKH� OXPLQHVFHQFH� DQG� VFLQWLOODWLRQ� FKDUDF�
WHULVWLFV�WKHUHRI�KDYH�EHHQ�PHDVXUHG�

$FNQRZOHGJPHQW��7KH�DXWKRUV�ZRXOG�OLNH�WR
WKDQN�)�$�'DQHYLFK�IRU�YDOXDEOH�GLVFXVVLRQV�
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