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���,QWURGXFWLRQ
2UJDQLF� VFLQWLOODWLRQ� PDWHULDOV� DUH� XVHG

LQ� QXFOHDU� SK\VLFV�� UDGLRHFRORJ\�� UDGLRELRO�
RJ\�� JHRORJ\�� HWF�� $Q� H[WHQVLYH� DSSOLFDWLRQ
RI�RUJDQLF�OXPLQHVFHQW�PDWHULDOV�DQG�GHWHF�
WRUV� RQ� WKHLU� EDVH� IRU� GHWHFWLRQ� RI� LRQL]LQJ
UDGLDWLRQV� FRQVWDQWO\� VWLPXODWH� D� JUHDW� LQ�
WHUHVW� LQ�WKLV�SUREOHP��2UJDQLF�VFLQWLOODWRUV
DUH� XVXDOO\� XVHG� DV� GRSHG� DQG� SXUH� VLQJOH
FU\VWDOV�� RU� DV� REMHFWV� ZLWK� DPRUSKRXV
VWUXFWXUH� �L�H�� SODVWLFV� DQG� OLTXLG� VFLQWLOOD�
WRUV��� 5DGLDWLRQ� VHQVLWLYH� RUJDQLF� OXPLQHV�
FHQW� PDWHULDOV� KDYH� WR� EH� IDVW� DQG� KLJKO\
WUDQVSDUHQW�IRU�WKHLU�RZQ�IOXRUHVFHQFH��$V�D
UHVXOW� RI� VPDOO� DWRPLF�HIIHFWLYH�QXPEHU�RU�
JDQLF� PROHFXODU� V\VWHPV� JHW� WKH� DGYDQWDJH
RYHU� LQRUJDQLF� RQHV� E\� GHWHFWLRQ� RI� WKH
VKRUW�UDQJH� FKDUJHG� SDUWLFOHV� �DOSKD� DQG
EHWD� SDUWLFOHV��� 2UJDQLF� SRO\FU\VWDOV� DUH

YHU\� DWWUDFWLYH� V\VWHPV� IRU� GHYHORSPHQW� RI
ELJ� LQ� GLDPHWHU� GHWHFWRUV� IRU� GHWHFWLRQ� RI
WKH� PRVW� GDQJHURXV� IRU� KXPDQ� RUJDQLVP
W\SHV� RI� LRQL]LQJ� SDUWLFOHV�� 7KH� PRGHUQ
WHFKQRORJLHV� RI� RUJDQLF� VLQJOH� FU\VWDO
JURZWK�GR�QRW�SHUPLW�WR�FUHDWH�V\VWHPV�ZLWK
ODUJH�GLDPHWULFDO�VL]HV��PRUH�WKDQ�����PP�
DQG� KLJK� GHJUHH� RI� VWUXFWXUH� SHUIHFWLRQ�
3RO\FU\VWDOOLQH� VFLQWLOODWRUV� PDGH� E\� KRW
SUHVVLQJ� RI� RUJDQLF� VXEVWDQFHV� �H�J�� VWLO�
EHQH��DUH�SURPLVLQJ�PDWHULDOV�IRU�ZLGH�VSHF�
WUXP�RI�DSSOLFDWLRQV�>�Ü�@�

$Q� LQYHVWLJDWLRQ� RI� VFLQWLOODWLRQ� DQG
VSHFWUDO� FKDUDFWHULVWLFV�RI�RUJDQLF�SRO\FU\V�
WDOV� LV� YHU\� LPSRUWDQW� QRW� RQO\� IRU� GHVLJQ�
LQJ�DQG�FUHDWLQJ�QHZ�HIIHFWLYH�GHWHFWRUV�EXW
IRU� XQGHUVWDQGLQJ� WKH� LQIOXHQFH� RI� VWUXF�
WXUDO� IHDWXUHV� RI� FU\VWDOOLQH� V\VWHPV� RQ
WKHLU�UDGLROXPLQHVFHQFH�SURSHUWLHV���
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2SWLFDO�WUDQVSDUHQF\�LV�D�VLJQLILFDQW�IDF�
WRU� DIIHFWLQJ� WKH� OLJKW� RXWSXW�ZKHQ� GHWHFW�
LQJ� VKRUW�UDQJH� UDGLDWLRQ�� ,QFLGHQW� UDGLD�
WLRQ� �IRU� H[DPSOH� DOSKD� SDUWLFOHV�� LV� DE�
VRUEHG�LQ�D�WKLQ�OD\HU�QHDU�WKH�VXUIDFH�ZKLOH
WKH� VFLQWLOODWLRQ� OLJKW� LV� GHWHFWHG� DIWHU
WUDQVPLVVLRQ� RI� WKH� VFLQWLOODWLRQ� VLJQDO
WKURXJK�WKLV�PDWHULDO��

7KLV�ZRUN�LV�DLPHG�WR�VWXG\�WKH�UHODWLRQ�
VKLS� EHWZHHQ� WKH� JUDLQ� VL]H�� RSWLFDO� WUDQV�
SDUHQF\�RI�WKH�SRO\FU\VWDOOLQH�PDWHULDO��DQG
LWV�VFLQWLOODWLRQ�SURSHUWLHV�

���([SHULPHQWDO
7KH� SRO\FU\VWDOOLQH� VDPSOHV� ZHUH� RE�

WDLQHG�XVLQJ� SUHVVLQJ� DW� KLJK� WHPSHUDWXUHV
E\�VLQJOH�D[OH� FRPSUHVVLRQ�ZLWK� WKH� IROORZ�
LQJ�VORZ�FRROLQJ�WR�URRP�WHPSHUDWXUH��$V�D
UDZ�PDWHULDO�ZH�XVHG�WKHUPDOO\�FUDFNHG�VLQ�
JOH� FU\VWDOV� RI� VWLOEHQH� LQ� OLTXLG� QLWURJHQ�
'LIIHUHQW� IUDFWLRQV� RI� JUDLQV�ZHUH� REWDLQHG
XVLQJ�WKH�DSSURSULDWH�FDOLEUDWLRQ�VLHYHV��%\
DQ� DYHUDJH� JUDLQ� VL]H� LQ� WKH� VHOHFWHG� IUDF�
WLRQ� /DY� ZH� PHDQ� DYHUDJHG� FKDUDFWHULVWLF
ZKLFK�LV�HTXDO�WR�WKH�GLIIHUHQFH�EHWZHHQ�WKH
RSHQLQJV�RI�VLHYHV�M�DQG�L��ZKHUH�GL�!�GM��

/DY� �
GL���GM

� � ���

+HUHLQDIWHU� WKH� VL]H� RI� WKH� JUDLQV� LQ� D
IUDFWLRQ� ZLOO� EH� GHVFULEHG� HLWKHU� E\� WKLV
TXDQWLW\�RU�E\�D�UDQJH�RI�/�IURP�GL�WR�GM�7KH�KRW�SUHVVLQJ�ZDV�FDUULHG�RXW�DW�WHP�
SHUDWXUHV� LQ� WKH� UDQJH� ���7P���7S�����7P��ZKHUH�7P� LV� D�PHOWLQJ� WHPSHUDWXUH
RI� D� UDZ�PDWHULDO� DQG�7S� LV� D� WHPSHUDWXUH
WKDW� ZDV� IL[HG� GXULQJ� SUHVVLQJ� SURFHVV�
$IWHU� KHDWLQJ� RI� WKH� IRUP� WR� WKH� WHPSHUD�
WXUH� RI� ���N7�� WKH� SUHVVXUH�ZDV� VORZO\� LQ�
FUHDVHG� IURP� QRUPDO� WR� ���� 03D� GXULQJ

��� PLQ�� DQG� WKHQ� ZDV� KHOG� GXULQJ� ��Ü
���PLQ��$W� WKH�HQG�RI�SUHVVXULQJ�F\FOH� WKH
SUHVVXUH� ZDV� VORZO\� �GXULQJ� ��� PLQ�� UH�
GXFHG�WR�WKH�QRUPDO��7KLV�PRGH�RI�SUHVVLQJ
OHDGV� WR� VPRRWKHU� FKDQJHV� RI� LQWHUQDO� PL�
FURVWUHVVHV�DULVLQJ�GXH�WR�WKHUPDO�RU�HODVWLF
DQLVRWURS\�LQ�WKH�SUHVVLQJ�SURFHVV�

���5HVXOWV
:H� PDGH� FRPSDUDWLYH� LQYHVWLJDWLRQV� RI

VFLQWLOODWLRQ� FKDUDFWHULVWLFV� RI�����PPu��PP
VWLOEHQH� SRO\FU\VWDOV� ZLWK� WKH� GLIIHUHQW
JUDLQ� VL]H� /�� ZKLFK� ZHUH� REWDLQHG� E\� WKH
DERYH� GHVFULEHG�PHWKRG� RI� KRW�SUHVVXUH�� ,Q
WKLV� ZRUN� ZH� VWXGLHG� WKH� VHULHV� RI� �� SRO\�
FU\VWDOOLQH�VFLQWLOODWRUV�ZLWK�GLIIHUHQW�JUDLQ
VL]HV��6DPSOHV�KDG�GLDPHWHU�RI����PP�DQG�D
KHLJKW� RI� ��PP�� 7KH� IROORZLQJ� IUDFWLRQV�/
ZHUH� XVHG�� ���Ü���� PP�� ���Ü���� PP�
���Ü���� PP�� ���Ü���� PP�� ���Ü���� PP�
���Ü����PP�����Ü����PP��:H�XVHG�WKH�VWLO�
EHQH� RI� WKH� VDPH� GLPHQVLRQV� �WKLFNQHVV
��PP�����PP�LQ�GLDPHWHU��DV�WKH�UHIHUHQFH
VLQJOH�FU\VWDO�

)RU� D� FRPSDUDWLYH� DQDO\VLV� RI� WKH� OLJKW
RXWSXW�RI�SRO\FU\VWDOV�ZH�FDUULHG�RXW�PHDV�
XUHPHQWV� RI� WKHLU� DPSOLWXGH� VSHFWUD� XVLQJ
WKH� IROORZLQJ� VRXUFHV� RI� LRQL]LQJ�UDGLDWLRQ�
���&V� �FRQYHUVLRQ�HOHFWURQV�ZLWK�WKH�HQHUJ\
RI� ������ 0H9�� DQG� ���3X� �DOSKD� SDUWLFOHV
ZLWK� WKH� HQHUJ\� RI� ����� 0H9��� 5����
+DPDPDWVX� SKRWRPXOWLSOLHU� WXEH� ZDV� XVHG
DV� D� SKRWRGHWHFWRU� >�@�� 7KH� UHVXOWV� RI� WKH
PHDVXUHPHQWV�DUH�SUHVHQWHG�RQ�WKH�)LJ����

7KH� UHODWLYH� OLJKW� RXWSXW� RI� WKH� VDPSOHV
FDQ�EH�FDOFXODWHG�XVLQJ�WKH�UHVXOWV�RI�PHDV�
XUHPHQWV� RI� WKH� DPSOLWXGH� VSHFWUD� 7KH� UH�
VXOWV� RI� UHODWLYH� OLJKW� RXWSXW� -� FDOFXODWLRQ
IRU� RUJDQLF� SRO\FU\VWDOV� DUH� SUHVHQWHG� RQ
)LJ����� 7KH� PHDVXUHPHQW� HUURU� GLG� QRW� H[�

)LJ�����6FLQWLOODWLRQ�DPSOLWXGH�VSHFWUD�IRU�D�VWLOEHQH�VLQJOH�FU\VWDO�DQG�IRU�D�VWLOEHQH�SRO\FU\VWDOOLQH
VFLQWLOODWRU�ZLWK�JUDLQ� VL]H����Ü����PP�H[FLWHG�E\� �D��DOSKD�SDUWLFOHV�ZLWK�HQHUJ\�(D� ������0H9����3X�UDGLRQXFOLGH�VRXUFH��DQG��E��E\�EHWD�SDUWLFOHV�ZLWK�(E� �������0H9�����&V�Û�UDGLRQXFOLGH�VRXUFH��
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FHHG� WKH� PHWKRGLFDO� HUURU� RI� OLJKW� \LHOG�
ZKLFK�ZDV�HTXDO�WR�����DW�FRQILGHQFH�SURE�
DELOLW\�RI������

'XULQJ�WKH�VWXGLHV�DLPHG�DW�HVWDEOLVKLQJ
D�FRUUHODWLRQ�EHWZHHQ�WKH�SDUDPHWHUV�RI�WKH
SUHVVLQJ� SURFHVV� DQG� VFLQWLOODWLRQ� FKDUDF�
WHULVWLFV� RI� RUJDQLF� SRO\FU\VWDOOLQH� VWLOEHQH
ZH�REWDLQHG�LPSRUWDQW�SUHOLPLQDU\�UHVXOW��,W
DOORZV� WR� GHWHUPLQH� WKH� LQIOXHQFH� RI� WUDQV�
SDUHQF\� �WUDQVPLWWDQFH� LQ� WKH� YLVLEOH� VSHF�
WUXP�7����RQ�WKH�OLJKW�RXWSXW�RI�SRO\FU\V�
WDOOLQH�VDPSOHV�H[FLWHG�E\�VKRUW�UDQJH�UDGLD�
WLRQ� >�@�� :H� XVHG� WKH� VSHFWURSKRWRPHWHU
�+LWDFKL������WR�PHDVXUH�WKH�RSWLFDO�WUDQV�
PLWWDQFH� RI� WKH� SRO\FU\VWDOOLQH� VWLOEHQH� KRW
SUHVVHG� VFLQWLOODWRUV�� 0HDVXUHPHQWV� ZHUH
PDGH�XVLQJ�DQ�LQWHJUDWLQJ�VSKHUH�

)LJ���� GHPRQVWUDWHV� WKH� PHDQ� YDOXHV� RI
RSWLFDO� WUDQVSDUHQF\� IRU� WKH� SRO\FU\VWDOOLQH
VWLOEHQH�KRW�SUHVVHG�VFLQWLOODWRUV��7KHVH�GDWD
FRUUHODWH�ZLWK�WKH�DERYH�FLWHG�UHVXOWV�RI�WKH
OLJKW�\LHOG�PHDVXUHPHQWV�XQGHU�WKH�LUUDGLD�
WLRQ�E\�DOSKD�SDUWLFOHV��VHH�)LJ������

���&RQFOXVLRQV
7KH� VWXGLHV� KDYH� VKRZQ� WKDW� LW� LV� GHVLU�

DEOH�WR�XVH�SRO\FU\VWDOOLQH�VFLQWLOODWRUV�ZLWK
JUDLQJ�VL]H�RI�JUD�/�t��PP�IRU�GHWHFWLRQ�RI
VKRUW�UDQJH�UDGLDWLRQ��7KH�UHVXOWV�RI�RSWLFDO
WUDQVSDUHQF\� PHDVXUHPHQWV� DOVR� LQGLFDWH� D
JURZWK� RI� WKH� WUDQVPLVVLRQ� FRHIILFLHQW� 7
ZLWK� WKH� JUDLQ� VL]H� LQFUHDVLQJ� IRU� VKRUWHU
ZDYHOHQJWKV��$W� WKH� VDPH� WLPH�� WKH� RSWLFDO
WUDQVSDUHQF\� H[KLELWV� WKH� HIIHFW� RI� VDWXUD�
WLRQ� IRU� /DY�a��� PP�� )RU� /DY�!��� PP� LW
HYHQ�VKRZV�WHQGHQF\�WR�GHFUHDVH��7KHUHIRUH�
WKH� RSWLPDO� JUDLQ� VL]H� LV� DERXW� ���Ü�� PP

IRU�SRO\FU\VWDOOLQH�VWLOEHQH�KRW�SUHVVHG�VFLQ�
WLOODWRUV��,Q�WKLV�FDVH�LW�LV�SRVVLEOH�WR�REWDLQ
OLJKW� RXWSXW� RI� SRO\FU\VWDOOLQH� VFLQWLOODWRU
DW� ��Ü��� �� UHODWLYH� WR� WKH� UHIHUHQFH� VWLO�
EHQH�VLQJOH�FU\VWDO�

5HIHUHQFHV
� ���6�9�%XGDNRYVN\��1�=�*DOXQRY��$�<X�5\EDONR

HW�DO���0RO��&U\VW��/LT��&U\VW������������������
� ���1�=�*DOXQRY�� -�+�%DNHU�� 6�9�%XGDNRYVN\� HW

DO���-��/XPLQHVFHQFH������������������
� ���6�9�%XGDNRYVN\�� 1�=�*DOXQRY�� 1�/�.DUD�

YDHYD�HW�DO���,(((�7UDQV��1XFO��6FL�����������
��������

� ���6�6�0LQHQNR��6�9�%XGDNRYVN\��/�1�/LVHWVNL�HW
DO���)XQFWLRQDO�0DWHULDOV������������������

� ���+DPDPDWVX� 3KRWRPXOWLSOLHU� 7XEHV� DQG� $V�
VHPEOLHV�� +DPDPDWVX� *OREDO� 6LWH� �������
KWWS���MS�KDPDPDWVX�FRP�SURGXFWV�VHQVRUHW
G�SG����SG����LQGH[BHQ�KWPO

)LJ�����'HSHQGHQF\�RI�RSWLFDO�WUDQVSDUHQF\�RQ
JUDLQ� VL]H� ���Û�����QP����Û�����QP����Û
����QP��IRU�D�VWLOEHQH�SRO\FU\VWDOOLQH�VFLQWLO�
ODWRUV��

)LJ����� 7KH� OLJKW� \LHOG� YHUVXV� WKH� JUDLQ� VL]H� IRU� D� VWLOEHQH� SRO\FU\VWDOOLQH� VFLQWLOODWRUV� GXULQJ
GHWHFWLRQ� IRU� H[FLWDWLRQ� E\� �D�� DOSKD� SDUWLFOHV� ZLWK� HQHUJ\�(D� ������0H9�����3X�Û� UDGLRQXFOLGH
VRXUFH��DQG��E��EHWD�UDGLDWLRQ�ZLWK��(E� �������0H9�����&V�Û�UDGLRQXFOLGH�VRXUFH��
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