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0RVW�PRGHUQ�HOHFWURQLF�GHYLFHV�DUH�EDVHG
RQ� KHWHURMXQFWLRQV� >�@�� 7KH�PRUH� DQG�PRUH
LPSRUWDQFH� WKHUHLQ� LV� WDNHQ� E\� WKH� R[LGH
OD\HUV� RI� ZLGHEDQG� VHPLFRQGXFWRUV�� HVSH�
FLDOO\� =Q2� DQG� &G2� >����@�� 7KHLU� SK\VLFDO
SURSHUWLHV� �RSWLFDO�� HOHFWUR�RSWLFDO�� SLH]R�
HOHFWULF��SURYLGH�WKH�SRWHQWLDO�IRU�WKH�XVH�RI
VXFK�PDWHULDOV�LQ�VRODU�FHOOV��HOHFWUROXPLQHV�
FHQW� DQG� OLTXLG�FU\VWDO� GLVSOD\V�� GLIIHUHQW
W\SH� RI� OLJKW�HPLWWLQJ� GLRGHV�� VSLQ�IXQF�
WLRQDO� GHYLFHV�� HWF�� 7KHUHIRUH�� EHVLGHV� RI
IXUWKHU� LPSURYHPHQW� DQG� GHYHORSPHQW� RI
VLQJOH�FU\VWDO� JURZWK� PHWKRGV�� D� JUHDW� DW�
WHQWLRQ� LV� JLYHQ� WR� WKH� OD\HU� IRUPDWLRQ
PHWKRGV�RI�WKHVH�PDWHULDOV�
$W�SUHVHQW��WKH�PDLQ�ZLGHO\�XVHG�IRUPD�

WLRQ�PHWKRGV�RI�=Q2�DQG�&G2�DUH�WKH�ZHOO�
DSSURYHG� SURFHVVHV� RI� HSLWD[\� �PROHFXODU�
EHDP��YDSRU�SKDVH��02&�K\EULG�WHFKQRORJ\�
HWF����GLIIHUHQW�HOHFWURFKHPLFDO�PHWKRGV�DQG
HVSHFLDOO\�PDJQHWURQ�VSXWWHULQJ�>�Ü�@��+RZ�
HYHU�� HYHQ� WKH� ODWWHU�RQH� LV�UDWKHU�GLIILFXOW
DQG� H[SHQVLYH�� 7KHUHIRUH�� DFWXDO� LV� WKH
VHDUFK�IRU�QHZ�PHWKRGV�WR�SUHSDUH�=Q2�DQG
&G2� DQG� HVSHFLDOO\� KHWHUROD\HUV� WKHUHRI� DV
DFWLYH� HOHPHQWV� RI� GLIIHUHQW� VHQVRUV�� 6XFK
OD\HUV�FDQ�EH�SURYLGHG�E\�WKHUPDO�DQQHDOLQJ

LQ� DLU� ZKLFK� DOORZV� WR� JHW�� LQ� SDUWLFXODU�
=Q2� OD\HUV� RQ� =Q7H� VXEVWUDWH� >�@�� ,Q� WKLV
ZRUN��VWXGLHG�ZDV�WKH�IRUPDWLRQ�RI�=Q2�OD\�
HUV�RQ�]LQF�FKDOFRJHQLGHV��=Q7H��=Q6H��=Q6�
DQG� &G2� RQ� FDGPLXP� FKDOFRJHQLGH� �&G7H�
&G6H��&G6��E\�WKDW�PHWKRG�DQG�WKH�SURSHU�
WLHV�RI�KHWHUROD\HUV�REWDLQHG��
2XU� LQYHVWLJDWLRQV� KDYH� VKRZQ� WKDW�=Q2

DQG� &G2� KHWHUROD\HUV� FDQ� EH� REWDLQHG� E\
R[LGDWLRQ�RI�FDGPLXP�DQG�]LQF�FKDOFRJHQLGH
VLQJOH�FU\VWDOV�XVHG�DV�VXEVWUDWHV�>����@��$V
WKH� EDVH� VXEVWUDWHV�� EXON� FU\VWDOV� ZHUH� VH�
OHFWHG�JURZQ�IURP�WKH�PHOW�E\�WKH�%ULGJPDQ
WHFKQLTXH� >�@�� 3ODWHV� �u�u��PP�� VL]H� ZHUH
FXW�RXW�RI�WKH�FU\VWDOV�DQG�WUHDWHG�PHFKDQL�
FDOO\� DQG� FKHPLFDOO\�� 7KH� KLJK� TXDOLW\� RI
VXUIDFH� OD\HU� LV� FRQILUPHG� E\� HIILFLHQW� YRO�
XPH�OXPLQHVFHQFH�LQ�DQ�DSSURSULDWH�VSHFWUDO
UHJLRQ� FKDUDFWHULVWLF� IRU� HDFK� RI� WKH� XVHG
PDWHULDOV��7KH�KHWHUROD\HUV�ZHUH�IRUPHG�E\
LVRWKHUPDO� DQQHDOLQJ� RI� EDVH� VXEVWUDWHV� LQ
DLU� DW� ���Ü�����&� >����@�� 7KH� OD\HU� WKLFN�
QHVV� DPRXQWV����Ü����PP�DQG� LV�FKHFNHG�E\
OXPLQHVFHQFH� DQG� RSWLFDO� UHIOHFWLRQ� VWXGLHV
DQG� E\� YLVXDO� PLFURVFRSLF� REVHUYDWLRQ� RI
REOLTXH�PLFUR�VHFWLRQV�RI�WKH�REWDLQHG�VDPSOHV�
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7KH� DQQHDOLQJ�PHWKRG� LV� WKH�PDLQ� IDFWRU
GHILQLQJ�WKH�SURSHUWLHV�RI�WKH�OD\HUV�REWDLQHG�
7ZR� EDVLF� R[LGDWLRQ� WHFKQLTXHV� ZHUH� XVHG�
XVLQJ� PROHFXODU� DQG� DWRPLF� R[\JHQ�� ,Q� WKH
ODWWHU� FDVH�� WKH� R[\JHQ� PROHFXOHV� ZHUH� DFWL�
YDWHG�XVLQJ�D�'56+�����PHUFXU\� ODPS�ZLWK
WKH� UDGLDWLRQ� SHQHWUDWLQJ� WKURXJK� WKH� WUDQV�
SDUHQW�TXDUW]�IXUQDFH�ZDOOV�
$V�WKH�EDQG�JDS�RI�=Q2�DQG�&G2�KHWHUR�

OD\HUV�H[FHHGV�WKH�VLPLODU�SDUDPHWHU�RI�FDG�
PLXP�DQG�]LQF�FKDOFRJHQLGH� VXEVWUDWHV� �H[�
FHSW� IRU� =Q6��� LWV� ZLGWK� ZDV� GHWHUPLQHG
IURP� WKH� RSWLFDO� UHIOHFWLRQ� VSHFWUD�� 7KRVH
ZHUH�VWXGLHG�XVLQJ�WKH�O�PRGXODWLRQ�PHWKRG
>��@�� 0HDVXUHPHQWV� RI� GLIIHUHQWLDO� VSHFWUD
5cZ�� PDGH� LW� SRVVLEOH� WR� VHW� LPSRUWDQW� GH�SHQGHQFHV� RI� WKH� R[LGH� SURSHUWLHV� RQ� WKH
DERYH�PHQWLRQHG�R[LGDWLRQ�PHWKRGV�DQG�DOVR
WR� LGHQWLI\� WKH� FU\VWDO� ODWWLFH�PRGLILFDWLRQ�
,W�KDV� EHHQ�HVWDEOLVKHG� WKDW�=Q2� KHWHUROD\�
HUV� FDQ� EH� REWDLQHG� RQ� DOO� W\SHV� RI� VXE�
VWUDWHV� E\� R[LGDWLRQ� ERWK� LQ�PROHFXODU� DQG
DWRPLF�R[\JHQ��)LJ�����(DFK�RI�WKH�PHWKRGV
SURYLGHV� IRUPDWLRQ� RI� FXELF� RU� KH[DJRQDO
=Q2�PRGLILFDWLRQ��UHVSHFWLYHO\��7KLV�LV�FRQ�
ILUPHG�E\�PHDVXULQJ�WKH�EDQG�JDS�ZLGWK��,Q
WKH� FDVH� RI� R[L]DWLRQ� LQ�PROHFXODU� R[\JHQ�
WKLV� YDOXH� LV�pJ� ����� H9� DQG� GRHV� QRW� GH�SHQG�RQ�WKH�VXEVWUDWH�W\SH��7KDW�YDOXH�LV�LQ
DFFRUGDQFH�ZLWK�WKH�NQRZQ�VWXG\�UHVXOWV�RI
FXELF� ]LQF� R[LGH�� E�=Q2� >�@�� 7KH� IRUPDWLRQ
RI�WKLV�VWUXFWXUH�W\SH�LV�GXH�WR�WKH�LVRYDOHQW
VXEVWLWXWLRQ� RI� FKDOFRJHQ� DWRPV� ZLWK� R[\�
JHQ��DV�ZHOO�DV�LQ�WKH�FDVH�RI�RWKHU�9,�JURXS
HOHPHQWV�LQ�ZLGHEDQG�,,Ü9,�FRPSRXQGV�>��@�
,W�KDV�EHHQ�VKRZQ�>������@�WKDW�VXFK�SURFHVV
LV� RI� GLIIXVLRQ� FKDUDFWHU� DQG� WKH� FRUUH�
VSRQGLQJ� VROLG� VROXWLRQ� LV� IRUPHG� EHWZHHQ
WKH� KHWHUROD\HU� DQG� VXEVWUDWH� WKDW� HOLPL�
QDWHV�FRPSOHWHO\�WKH�SDUDPHWHU�PLVPDWFK�RI
WKH� PDWHULDOV� LQ� FRQWDFW�� $V� D� UHVXOW�� WKH
FU\VWDO� VWUXFWXUH� RI� KHWHUROD\HUV� LV� FXELF
DQG� LGHQWLFDO�ZLWK� WKRVH�RI�=Q6H��=Q6�� DQG

=Q7H� VXEVWUDWHV�� ,Q� RWKHU� ZRUGV�� WKHLU
VWUXFWXUH� IRUPV� DQG� VWDELOL]HV� WKH� DWRPLF
DUUDQJHPHQW�LQ�WKH�FU\VWDO�ODWWLFH�RI�E�=Q2�
$�TXLWH� RWKHU� SURFHVV� WDNHV�SODFH� DW� R[LGD�
WLRQ� LQ� WKH� SKRWRDFWLYDWHG� R[\JHQ�� ,Q� WKLV
FDVH�� WKH� ]LQF� R[LGH� LV� IRUPHG� E\� JURZWK� RI
OD\HUV� RQ� WKH� FU\VWDO� ODWWLFH� RI� ]LQF� FKDOFR�
JHQLGH�VXEVWUDWHV��,WV�FRPSRQHQWV�DUH�IRUPHG
GXH�WR�GLIIXVLRQ�RI�WKH�PHWDO�DWRPV�IURP�WKH
VXEVWUDWH� YROXPH� WR� LWV� VXUIDFH� DQG� R[\JHQ
DWRPV� IURP� WKH� YDSRU� SKDVH� >��@�� 6XFK� IRU�
PDWLRQ� DQG� JURZWK� SURFHVV� RI� =Q2� FDQ� EH
FRQVLGHUHG�DV�D�TXDVL�HSLWD[LDO�RQH��7KH�VSHF�
WUDO� VWXGLHV� VKRZ� IRUPDWLRQ� RI� KHWHUROD\HUV
ZLWK�pJ� �����H9��7KLV�YDOXH�LV�LQ�DJUHHPHQWZLWK�WKH�EDQG�JDS�ZLGWK�RI�D�=Q2�>����@�
7KXV��LW�FDQ�EH�VWDWHG�WKDW�=Q2�KHWHUROD\�

HUV�FDQ�EH�REWDLQHG�RQ�DOO�W\SHV�RI�]LQF�FKDO�
FRJHQLGH� VXEVWUDWHV�� DQG�PRGLILFDWLRQ� RI� WKH
FU\VWDO�VWUXFWXUH�WKHUHRI�GHSHQGV�RQO\�RQ�WKH
SUHSDUDWLRQ� PHWKRG�� WKH� LVRYDOHQW� VXEVWLWX�
WLRQ�RU�TXDVLHSLWD[LDO�JURZWK��7KH�IRUPDWLRQ
RI� FXELF� RU� KH[DJRQDO� KHWHUROD\HUV� LV� FRQ�
ILUPHG� E\� WKH� pJ� YDOXH� DV� ZHOO� DV� E\� WKHIHDWXUHV� RI� EDQG� VWUXFWXUH� FKDUDFWHULVWLF� IRU
HDFK� RI� WKRVH�� 6R� LQ� WKH� GLIIHUHQWLDO� RSWLFDO
UHIOHFWLRQ�VSHFWUD�RI�E�=Q2��WKHUH�LV�D�VLQJX�
ODULW\� GXH� WR� RQO\� VSLQ�RUELW� LQWHUDFWLRQ�
'VR|������ H9��)RU�D�=Q2�� RSWLFDO� WUDQVLWLRQVDUH�DOVR�REVHUYHG�LQYROYLQJ�WKH�VXEEDQG�VSOLW
E\� WKH� FU\VWDOOLQH� ILHOG�� QDPHO\�
'FU|������ H9�� ,Q� WKLV� FDVH�� WKH� VSLQ�RUELWDOVSOLW� YDOXH� GLPLQLVKHV� LQVLJQLILFDQWO\� DQG
PDNHV� 'VR|������ H9�� 7KH� UHVXOWV� REWDLQHGDJUHH�ZHOO�ZLWK�WKH�NQRZQ�OLWHUDWXUH�GDWD�>��
�@�� ,W� LV� WR� QRWH� WKDW� DW� WKH� VWXG\� RI� EDVH
VXEVWUDWHV�� WKHLU�GLIIHUHQWLDO� UHIOHFWLRQ� VSHF�
WUD�JLYH�WKH�W\SLFDO�pJ�YDOXHV�>�����@�,Q� FRQWUDVW� WR� ]LQF� R[LGH�� WKH�&G2� KHW�
HUROD\HUV� DUH� IRUPHG� RQO\� DW� R[LGDWLRQ� RI
FDGPLXP� FKDOFRJHQLGHV� LQ� DWRPLF� R[\JHQ

)LJ�����'LIIHUHQWLDO�UHIOHFWLRQ�VSHFWUD�RI�E�=Q2
����DQG�D�=Q2�����KHWHUROD\HUV�V\QWKHVL]HG�RQ
=Q7H������=Q6H������=Q6�����VXEVWUDWHG�DW�����.� )LJ����� 'LIIHUHQWLDO� UHIOHFWLRQ� VSHFWUD� RI� &G2
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�TXDVL�HSLWD[LDO� JURZWK��� 7KH� IRUPDWLRQ� RI
&G2� OD\HU� DW� WKH� LVRWKHUPDO� DQQHDOLQJ� LQ
SKRWRDFWLYDWHG� R[\JHQ� LV� FRQILUPHG� E\
O�PRGXODWHG� UHIOHFWLRQ� VSHFWUD�� $� SHDN� LV
REVHUYHG�DW�SKRWRQ�HQHUJ\�RI�a����H9��7KLV
YDOXH� DJUHHV� ZLWK� OLWHUDWXUH� GDWD� LGHQWLI\�
LQJ��WKH�&G2�EDQG�JDS�ZLGWK�DW����Ü����H9
>��@��$�W\SLFDO�H[DPSOH�RI�GLIIHUHQWLDO�VSHF�
WUD� DUH� WKH� UHIOHFWLRQ� FXUYHV� RI� FDGPLXP
R[LGH� KHWHUROD\HUV� RQ� &G7H� VXEVWUDWHV�
)LJ�� ��� 1RWH� WKDW� WKH� VSHFWUD� DOVR� FRQWDLQ
VLQJXODULWLHV�DW�����H9�DQG�����H9��7KH\�DUH
H[SODLQHG� E\� RSWLFDO� WUDQVLWLRQV� LQ� &G7H
VXEVWUDWHV�� VLQFH� WKH� &G2� KHWHUROD\HUV� DUH
RSWLFDOO\� WUDQVSDUHQW� LQ� WKLV� UHJLRQ�� 7KH
YDOXH�(J$� �����H9�FRUUHVSRQGV�WR�WKH�EDQG�WR�EDQG� WUDQVLWLRQV�� ZKLOH� (J°� ����� H9�� WRWKRVH� LQYROYLQJ� WKH� YDOHQFH� VXEEDQG� VSOLW
GXH� WR� VSLQ�RUELW� FRXSOLQJ�'VR�� ,QGHHG�� GLI�IHUHQFH� (J$Ü(JF� PDNHV� ���� H9� DQG� DJUHHVZLWK�'VR|����H9�IRU�&G7H�>�����@�$Q� LPSRUWDQW� SURSHUW\� RI� PDWHULDOV� IRU
VHQVRUV�LV�WKH�OXPLQHVFHQFH��,Q�WKLV�FRQQHF�
WLRQ��DWWHQWLRQ�LV�WR�EH�SDLG�WR�WKDW�D�UDGLD�
WLRQ� DSSHDUV� RQO\� LQ� =Q2� KHWHUROD\HUV� RE�
WDLQHG� E\� R[LGDWLRQ��$Q� LQWHQVH� SKRWROXPL�
QHVFHQFH� LV� REVHUYHG� LQ� OD\HUV� REWDLQHG� E\
LVRYDOHQW� VXEVWLWXWLRQ�� 7KH� SKRWROXPLQHV�
FHQFH� TXDQWXP� HIILFLHQF\� DWWDLQV� K�a�����
DW� ����z�� 7KH� UDGLDWLRQ� LV� ORFDOL]HG� LQ� WKH
HGJH�UHJLRQ��DV�ZHOO�DV�LQ�WKH�FDVH�RI�,,Ü9,
FRPSRXQG� KHWHUROD\HUV� JURZQ� E\� LVRYDOHQW
VXEVWLWXWLRQ� >������@�� 7KH� VSHFWUDO� PD[L�
PXP� LV� DW� K�ZP� ������ H9��)LJ����� ,WV� SRVL�WLRQ� DQG� WKH� VSHFWUXP� VKDSH� LV� HVVHQWLDOO\

LQGHSHQGHQW� RI� WKH� ]LQF� FKDOFRJHQLGH� VXE�
VWUDWH� W\SH�� 1RWH� WKDW� WKH� SKRWROXPLQHV�
FHQFH�HQFRPSDVVHV�WKH�SKRWRQ�HQHUJ\�UHJLRQ
K�Z�!�(J�� 6LQFH� IRU� WKH� E�=Q2� KHWHUROD\HUVREWDLQHG�� (J|���� H9�� LWV� QDWXUH� FDQ� EH� LQ�WHUSUHWHG� DV� D� FRQVHTXHQFH� RI� UDGLDWLYH
EDQG�WR�EDQG� WUDQVLWLRQV� >�@�7KH� ILQDO� GDWD
RQ�WKH�OXPLQHVFHQFH�PHFKDQLVPV�UHVSRQVLEOH
IRU�UDGLDWLRQ��FDQ�REWDLQHG�E\�DGGLWLRQDO�UH�
VHDUFKHV�
1RWH�WKDW�WKH�REWDLQHG�=Q2�DQG�&G2�KHW�

HUROD\HUV� KDYH� HOHFWURQLF� FRQGXFWLYLW\�� ,Q
WKH�FDVH�RI�IRUPDWLRQ�WKHUHRI�RQ�¯�&G7H�DQG
¯�=Q7H� VXEVWUDWHV��DQ�DQLVRW\SH�KHWHURMXQF�
WLRQ�DUH�IRUPHG��7KXV��WKLV�WHFKQRORJ\�LV�RI
JRRG� SURPLVH� LQ� GHYHORSPHQW� RI� GLIIHUHQW
VHQVRUV�W\SHV��,W�LV�WR�QRWH�DOVR��WKDW�DQQHDO�
LQJ�RI� ]LQF� FKDOFRJHQLGHV� LQ�PROHFXODU�R[\�
JHQ� DOORZV� V\QWKHVL]LQJ� =Q2� KHWHUROD\HUV
ZLWK�DQ�HIILFLHQW�OXPLQHVFHQFH�
7KXV�� WKH� UHVXOWV� REWDLQHG� KDYH� FRQ�

ILUPHG� WKH�SRWHQWLDO� IRU� SURGXFWLRQ�RI�=Q2
DQG�&G2� KHWHUROD\HUV� E\� R[LGL]LQJ� WKH� VLQ�
JOH�FU\VWDOV� VXEVWUDWHV� RI� ]LQF� �=Q7H�� =Q6H
DQG�=Q6�� DQG� FDGPLXP� �&G7H��&G6H��&G6�
FKDOFRJHQLGHV�� 9DU\LQJ� WKH� DQQHDOLQJ
PHWKRG�� LW� LV� SRVVLEOH� WR� FKDQJH� SXUSRVH�
IXOO\� WKH� SK\VLFDO� SURSHUWLHV� RI� VXFK� ZLGH
EDQGJDS�R[LGHV�RI�,,Ü9,�FRPSRXQGV�
7KLV� ZRUN� ZDV� VXSSRUWHG� LQ� SDUW� E\
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� ���0�$YHQ��-�6�3UHQHU��(GV���3K\VLFV�DQG�&KHP�
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$PVWHUGDP���������
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)LJ����� 3KRWROXPLQHVFHQFH� VSHFWUD� RI� =Q2
KHWHUROD\HUV� REWDLQHG� E\� LVRYDOHQW� VXEVWLWX�
WLRQ� RQ�=Q7H� �����=Q6H� ���� DQG�=Q6� ���� VXE�
VWUDWHV�
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3UREOHPV� LQ� 6ROLG� 6WDWH� 3K\VLFV�� 0LQVN�� %H�
ODUXV����������YRO����S�����

����9�3�0DNKQL\��1HRUJ��0DWHU�������������������
����9�<H�%DUDQ\XN��0�9�'HP\FK��9�3�0DNKQL\�HW
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����$�1�*HRUJRELDQL��0�.�6KHMNPDQ�� (GV�� 3K\V�
LFV� RI� $�%�� &RPSRXQGV�� 1DXND�� 0RVFRZ
�������>LQ�5XVVLDQ@�
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