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=Q6H�;�� GRSHG� FU\VWDOV� ZKHUH�;� �7H��2
PD\� EH� HIIHFWLYHO\� DSSOLHG� DV� FRPSRQHQWV
IRU�=Q6H�;��1L��Q�W\SH�VHPLFRQGXFWRU�PHWDO�
89�SKRWR�VHQVLWLYH�VWUXFWXUHV�ZLWK�6FKRWWN\
EDUULHUV� >�Ü�@�� 6XFK� FU\VWDOV� FRQWDLQ� IUHH
HOHFWURQ� FRQFHQWUDWLRQ� �Q�� �����Ü�����FPÜ��
QHFHVVDU\�WR�IRUP�WKH�6FKRWWN\�EDUULHUV��DQG
VHPL�WUDQVSDUHQW� QLFNHO� EDUULHU� FRQWDFWV� SUR�
YLGH� D�JRRG� WUDQVPLVVLRQ� LQ�89�UDQJH��6XFK
W\SH� 6FKRWWN\� EDUULHU� KHLJKW� LV� GHILQHG� E\
GLIIHUHQFH� EHWZHHQ� SKRWRHOHFWULF� ZRUN� IXQF�
WLRQ�)P�DQG�VHPLFRQGXFWRU�HOHFWURQ�DIILQLW\�F�DQG� LV� HVWLPDWHG� DV� a���Ü���� H9� >�Ü�@�� 7KH
VHQVLWLYLW\� VSHFWUXP�RI� VXFK�GLRGHV� LV� LQ� WKH
UDQJH����Ü����QP�DQG� LQFOXGHV�89$��89%�
DQG�89&�DUHDV�RI�ELRORJLFDOO\�DFWLYH�89�UDGLD�
WLRQ��7KH�FXUUHQW�VHQVLWLYLW\�RI�VXFK�SKRWR�UH�
FHLYHUV� EDVLQJ� RQ� VXFK� VWUXFWXUHV� FDQ� UHDFK
6O� ����Ü�����k�:� IRU� O� ����Ü����QP�DQG
�����k�:�IRU�O� ����Ü����QP�>����@�

7KH� WHFKQRORJLFDO� VFKHPH� IRU� SURGXFWLRQ
RI�VXFK�GLRGHV�LQFOXGHV�WKH�FU\VWDO�SUHSDUD�
WLRQ��PHFKDQLFDO�DQG�FKHPLFDO� WUHDWPHQW�RI
LWV� VXUIDFH�� IXVLRQ�RI� LQGLXP�FRQWDFWV��YDF�
XXP� GHSRVLWLRQ� RI� VHPL�WUDQVSDUHQW� QLFNHO
OD\HU� DV� UHFWLI\LQJ� FRQWDFW� RQWR� WKH� SKRWR�
VHQVLWLYH� DUHD�� PDQXIDFWXULQJ� RI� HOHFWULFDO
LQWHUFRQQHFWLRQ� ZLULQJ� DQG� ER[LQJ�� +RZ�
HYHU��DV�D�UXOH��UHDO�VWUXFWXUHV�KDYH�D�EURDG
VFDWWHU� LQ� RXWSXW� SDUDPHWHUV�� ,UUHSURGXFL�
ELOLW\� RI� FKDUDFWHULVWLFV� PD\� EH� REVHUYHG
HYHQ� EHWZHHQ� GLRGHV� PDGH� XQGHU� WKH� VDPH
WHFKQRORJLFDO�FRQGLWLRQV��7KDW�LV�ZK\�DQ�DF�
WXDO�WDVN�LV�WR�VHDUFK�WKH�FDXVHV�LQIOXHQFLQJ
RQWR� WKH� EDVLF� RXWSXW� SDUDPHWHUV�� DQG� WR
GHYHORS�89�GHWHFWRUV�EDVHG�RQ�VXFK�W\SH�RI
GLRGHV�ZLWK�RSWLPDO�FKDUDFWHULVWLFV��
7KUHH� VHULHV� �%�� 6�� 3�� RI� =Q6H�2�7H��1L

6FKRWWN\� GLRGHV� SURGXFHG� XVLQJ� WKH� GH�
VFULEHG�DERYH�WHFKQRORJ\�VFKHPH�ZHUH�VWXG�
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LHG�� 7R� GHWHUPLQH� WKH� VSHFWUDO� FRPSRVLWLRQ
RI� WKH� GLRGH� VHQVLWLYLW\�� DQ�0'5����PRQR�
FKURPDWRU�ZDV�DSSOLHG�DQG�D�''6����GHXWH�
ULXP� ODPS� ZDV� XVHG� DV� WKH� LUUDGLDWLRQ
VRXUFH��$V�D�UHFHLYHU��WKH�GLRGH�XQGHU�VWXG\
ZDV� XVHG�� 7KH� RXWSXW� VLJQDO� ZDV�PHDVXUHG
XQGHU�ZDYHOHQJWK�VFDQQLQJ��7KH�GHSHQGHQFH
REWDLQHG�ZDV� FRUUHFWHG� WDNLQJ� LQWR� DFFRXQW
WKH� VSHFWUDO� FRPSRVLWLRQ� RI� WKH� LUUDGLDWLRQ
VRXUFH� DQG� WKH� PRQRFKURPDWRU� GLVSHUVLRQ�
7R� WKDW� HQG�� FDOLEUDWHG� UDGLDWLRQ� UHFHLYHU
�)(8������ ZLWK� NQRZQ� VHQVLWLYLW\� VSHFWUDO
GLVWULEXWLRQ�ZDV�XVHG�
:KHQ� VWXG\LQJ� LQGLYLGXDO� 6FKRWWN\� GL�

RGHV� RI� RQH� VHULHV� �6��� GLIIHUHQFHV�ZHUH� RE�
VHUYHG� LQ� RSWRHOHFWURQLF� SDUDPHWHUV� �YROW�
DPSHUH�FKDUDFWHULVWLFV��9$&���WRWDO�VHQVLWLY�
LW\� YV� LUUDGLDQFH�� LQSXW� VLJQDO� GHFD\� WLPH
DIWHU�LUUDGLDWLRQ�VZLWFKLQJ�RII��WHPSHUDWXUH
GHSHQGHQFH� RI� VHQVLWLYLW\�� QRLVH� OHYHO� RYHU
URRP�WHPSHUDWXUHV��>�@��7KLV�LQGLFDWHV�FRP�
SOH[LW\� RI� SK\VLFDO� DQG� FKHPLFDO� SURFHVVHV
GXULQJ�VXFK�EDUULHU�IRUPDWLRQ��7KHVH�GLIIHU�
HQFHV�PD\� EH� FRQQHFWHG�ZLWK� GLIIHUHQW� FDU�
ULHU� FRQFHQWUDWLRQV� LQ� VHPLFRQGXFWRU� VXE�
VWUDWHV�� YDULRXV� GHIHFW� OHYHOV� RQ� WKHLU� VXU�
IDFHV�� DQG� RWKHU� IDFWRUV� FDXVLQJ� GLIIHUHQW
PHFKDQLVPV� RI� GDUN� FXUUHQW� IORZLQJ
WKURXJK� WKH� EDUULHU�� $V� ZHOO�� D� SRVVLEOH
FDXVH�PD\�EH�H[LVWHQFH�RI�DQ�DGGLWLRQDO�GL�
HOHFWULF� OD\HU� EHWZHHQ� WKH� FU\VWDO� DQG� WKH
PHWDO� ILOP� ZKLFK� LV� IRUPHG� DW� SUHSDUDWLRQ
RI�VXFK�VWUXFWXUHV��$�VFDWWHU�LQ�SDUDPHWHUV

LV�REVHUYHG�ZKHQ�FRPSDULQJ� WKH�UHVXOWV�RE�
WDLQHG�IRU�GLRGHV�RI�GLIIHUHQW�VHULHV��,Q�WKH
7DEOH�� WKH� GDWD� RQ� RXWSXW� VLJQDO� FKDUDF�
WHUL]LQJ�WRWDO�VHQVLWLYLW\�RI�6FKRWWN\�GLRGHV
DUH� SUHVHQWHG�� 0HDVXUHPHQWV� ZHUH� FDUULHG
RXW�XQGHU�WKH�VDPH�FRQGLWLRQV��ERWK�ZLWKRXW
DGGLWLRQDO� OLJKW� ILOWHUV�� DQG� ZLWK� OLJKW� ILO�
WHUV� VHSDUDWLQJ� 89$� DQG� 89%� UDQJHV�� %H�
VLGHV� D� VXEVWDQWLDO� VFDWWHU� RI� RXWSXW� VLJQDO
YDOXHV��D�QRQ�SURSRUWLRQDOLW\�EHWZHHQ�VHQVL�
WLYLW\� GDWD� REWDLQHG� ZLWKRXW� OLJKW� ILOWHUV
DQG�ZLWK�OLJKW�ILOWHUV�LV�REVHUYHG�IRU�GLIIHU�
HQW� VDPSOHV�� WKXV� LQGLFDWLQJ� GLIIHUHQFHV� LQ
WKH�VHQVLWLYLW\�VSHFWUDO�GHSHQGHQFHV��
,Q� )LJ����� WKH� QRUPDOL]HG� VSHFWUDO� VHQVL�

WLYLW\� GHSHQGHQFHV� IRU� GLRGHV� RI� %� DQG� 6
VHULHV�DUH�VKRZQ��,W�LV�VHHQ�WKDW�WKH�VDPSOHV
RI�%�VHULHV�DUH�PRUH�VHQVLWLYH� LQ�WKH�VKRUW�
ZDYHOHQJWK� UDQJH� DV� FRPSDUHG� WR� 6� RQHV�

7DEOH��7RWDO�VHQVLWLYLW\�RI�6FKRWWN\�GLRGHV�RI�YDULRXV�VHULHV��ZLWKRXW�OLJKW�ILOWHUV��DQG�ZLWK�OLJKW
ILOWHUV�VHSDUDWLQJ�89$�DQG�89%�UDQJHV��
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6HYHUDO� SRVVLEOH� IDFWRUV� DEOH� WR� DIIHFW� WKH
VSHFWUDO�VHQVLWLYLW\�FRPSRVLWLRQ�ZHUH�FRQVLG�
HUHG�� QDPHO\�� WKH� GRSDQW� LQGXFHG� LQWR� WKH
=Q6H� FU\VWDO� VXEVWUDWH�� WKH� 1L� ILOP� WKLFN�
QHVV��WKH�FU\VWDO�VXUIDFH�SUHSDUDWLRQ��7R�GH�
WHUPLQH� WKH� LQIOXHQFH� RI� FU\VWDO� VXEVWUDWH
GRSDQW�RQWR�WKH�VHQVLWLYLW\�VSHFWUXP��WKH�3
VHULHV� GLRGHV� ZLWK� NQRZQ� FU\VWDO� FRPSRVL�
WLRQ�ZHUH�VWXGLHG��)LJ������,W�KDV�EHHQ�HVWDE�
OLVKHG�WKDW�WKH�SKRWRVHQVLWLYLW\�VSHFWUXP�LV
LQGHSHQGHQW� RI� WKH� DFWLYDWRU� LPSXULW\� W\SH
LQ� WKH� =Q6H� FU\VWDO�� 7KLV� LV� VXSSRUWHG� E\
H[SHULPHQWV�VWXG\LQJ�WKH�HIIHFW�RI�WKH�FU\V�
WDO� FRPSRVLWLRQ� RQ� WKH� SKRWR�VHQVLWLYLW\
VSHFWUD�RI�6�DQG�%�VHULHV�GLRGHV��7KH�FU\VWDO
FRPSRVLWLRQ� ZDV� LGHQWLILHG� E\� WKH� UHQWJHQR
OXPLQHVFHQFH�VSHFWUD�EDVLQJ�RQ�WKH�IDFW�WKDW
WKH� =Q6H�7H�� KDV� WKH� ;�UD\� OXPLQHVFHQFH
PD[LPXP� DW� ���� QP�� ZKLOH� =Q6H�2��� DW
���� QP� >�@�� ,W� IROORZV� IURP� )LJV���� DQG� �
WKDW� WKHUH� LV� QR� FRUUHODWLRQ� EHWZHHQ� VHQVL�
WLYLW\�VSHFWUXP�DQG�FU\VWDO�FRPSRVLWLRQ�
7R� GHWHUPLQH� WKH� HIIHFW� RI� QLFNHO� ILOP

WKLFNQHVV� RQ� WKH� 6FKRWWN\� GLRGH� VHQVLWLYLW\
VSHFWUD�� WKH� WUDQVPLVVLRQ� VSHFWUD� ZHUH
PHDVXUHG�IRU�WKUHH�ILOPV�RI�GLIIHUHQW�WKLFN�
QHVV�RQ�TXDUW]�VXEVWUDWHV��)LJ������7KH�FKR�
VHQ�WKLFNQHVV�RI���DQG���ILOPV�ZHUH�DV�XVHG
LQ� SURGXFWLRQ� RI� %� VHULHV� GLRGHV��ZKLOH� WKH
ILOP� �� ZDV� DERXW� RQH� RUGHU� WKLFNHU�� ,W� LV
VHHQ� LQ�)LJ���� WKDW� WKH�DEVRUSWLRQ�RI�QLFNHO
ILOPV� LQ� WKH� 89� UHJLRQ� LV� LQKRPRJHQHRXV
PDQLIHVWLQJ�LWVHOI�LQ�LQFUHDVHG�DEVRUSWLRQ�RI
�KDUG��89������WR�����QP��DQG�EHLQJ�PRVW
SURQRXQFHG� DW� LQFUHDVHG� WKLFNQHVV�� 7KDW
IHDWXUH�RI�QLFNHO�PD\�UHVXOW�LQ�WKH�VHQVLWLY�
LW\� VSHFWUXP� YDULDWLRQV� GHSHQGLQJ� RQ� WKH
ILOP�WKLFNQHVV��0RUHRYHU��WKH�LQWHJUDO�GLRGH
VHQVLWLYLW\�PXVW�GHFUHDVH�DV�WKH�ILOP�WKLFN�
QHVV� ULVHV�� ,Q� IDFW�� ERWK� WKRVH� SKHQRPHQD
DUH� REVHUYHG� LQ� SUDFWLFH�� (VWLPDWLRQ� RI� WKH
ILOP� WKLFNQHVV� XVLQJ� SKRWR�HOHFWURQ� VSHF�

WURVFRS\� ZLWK� ;36����� VSHFWURPHWHU� KDV
VKRZQ� WKDW� WKH� QLFNHO� OD\HU� WKLFNQHVV� ZDV
a��� QP� IRU� %� VHULHV� GLRGHV�� DQG� ���Ü
����QP�IRU�6�VHULHV�RQHV�
,W�FDQ�EH�FRQFOXGHG�WKDW�WKH�VKDSH�RI�WKH

VSHFWUDO�SKRWRVHQVLWLYLW\�GHSHQGHQFH�IRU�WKH
6FKRWWN\� GLRGHV� RI� =Q6H�;��1L� W\SH� ZLWKLQ
WKH����� WR�����QP�UDQJH�GHSHQGV�FRQVLGHU�
DEO\�RQ�WKH�1L�ILOP�WKLFNQHVV��$V�WKH�WKLFN�
QHVV�LV�UHGXFHG�GRZQ�WR���Ü���QP��WKH�VHQ�
VLWLYLW\� LQ� WKH� ���r���QP� �89&�UHJLRQ�� LQ�
FUHDVHV�FRQVLGHUDEO\�DV�FRPSDUHG�WR�WKDW�LQ
WKH� 89%� ����r��� QP�� DQG� 89$
����r��� QP�� UDQJHV�� 7KH� HIIHFW� HVWDEOLVKHG
PDNHV� LW� SRVVLEOH� WR� FRQWURO� LQWHQWLRQDOO\
WKH� VHOHFWLYH� VHQVLWLYLW\� RI� =Q6H�EDVHG
6FKRWWN\� GLRGHV� ZLWKLQ� WKH� ZKROH� ELRORJL�
FDOO\�DFWLYH�UHJLRQ�RI�VRODU�89�UDGLDWLRQ��$W
WKH� VDPH� WLPH�� WKH� VHQVLWLYLW\� VSHFWUXP� RI
=Q6H�;��1L� 6FKRWWN\� GLRGHV� LV� LQGHSHQGHQW
RI�WKH� LVRYDOHQW�GRSDQW�;� W\SH� �ZKHUH�;� LV
R[\JHQ�RU�WHOOXULXP��

$FNQRZOHGJHPHQWV�� :H� DUH� WKDQNIXO� WR
k�'�2SRORQLQ�IRU�DVVLVWDQFH�LQ�SUHSDUDWLRQ�RI
VHYHUDO� VDPSOHV� DQG� XVHIXO� GLVFXVVLRQ�
0�9�'REURWYRUVND\D� IRU� HVWLPDWLRQ� RI� QLFNHO
ILOP�WKLFNQHVV�E\�SKRWRHOHFWURQ�VSHFWURVFRS\�

5HIHUHQFHV
� ���9�'�5\]KLNRY�� /�3�*DOFKLQHWVNLL�� 1�*�6WDU�

]KLQVNL\� HW� DO��� 7HOHFRPPXQ�� DQG� 5DGLR
(QJLQ�����������������

� ���1�*�6WDU]KLQVN\��%�9�*ULQ\RY��/�3�*DOFKLQHW�
VNLL�� 9�'�5\]KLNRY�� 6FLQWLOODWRUV� %DVHG� RQ
:�<���3URGXFWLRQ��3URSHUWLHV��DQG�$SSOLFDWLRQ

)LJ�����6HQVLWLYLW\�VSHFWUDO�GHSHQGHQFH�IRU�GL�
RGHV� RI� 3� VHULHV�� ��� 3��� �=Q6H�2���� ��� 3��
�=Q6H�2���� ��� 3��� �=Q6H�7H���� ��� 3��
�=Q6H�7H����7KH�FU\VWDO�FRPSRVLWLRQ�LQ�SDUHQ�
WKHVHV�

)LJ�����7UDQVPLVVLRQ�VSHFWUD�RI�1L�ILOPV�ZLWK
GLIIHUHQW�WKLFNQHVV�RQ�TXDUW]�VXEVWUDWHV�

)LJ����� ;�UD\� OXPLQHVFHQFH� VSHFWUD� RI� =Q6H
EDVHG� FU\VWDOV� XVHG� IRU� SKRWRGLRGHV�� %�� ����
3��������3��������3��������6�������
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3HFXOLDULWLHV�� ,QVWLWXWH� IRU� 6LQJOH� &U\VWDOV�
.KDUNLY��������>LQ�5XVVLDQ@�

� ���%�*U\Q\RY�� 9�5\]KLNRY�� -RQJ� .\XQJ� .LP�
0RRVXQJ�-DH��6FLQWLOODWRU�&U\VWDOV��5DGLDWLRQ
'HWHFWRUV�DQG�,QVWUXPHQWV�RQ�WKHLU�%DVH�,QVWL�
WXWH�IRU�6LQJOH�&U\VWDOV��.KDUNLY���������

� ���.�.DWUXQRY��1�6WDU]KLQVNL\��%�*ULQ\RY�HW�DO��
)XQFWLRQDO�0DWHULDOV�����������������

� ���7�9�%ODQN��<X�$�*ROGEHUJ��)L]��7HNKQ��3ROXSURY��
�����������������

� ���9�3�0DNKQL\��9�9�0HOQLN��)L]��7HNKQ��3ROXSURY��
����������������
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