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,QWURGXFWLRQ�DQG�6FRSH�RI�WKH�7KHVLV

��� 2UJDQLF�(OHFWURQLFV

7KH GHYHORSPHQW�RI�VROLG VWDWH HOHFWURQLF�GHYLFHV�ZDV�VWDUWHG ZLWK� WKH FRQFHSW�RI�

UHFWLILFDWLRQ�HIIHFW REVHUYHG�E\�)HUGLQDQG�%UDXQ LQ������>�@ IROORZHG�E\ WKH�LQYHQWLRQ�

RI�SRLQW�FRQWDFW�GLRGH IRU�GHWHFWLQJ�UDGLR�ZDYHV E\�-DJDGLV�&KDQGUD %RVH LQ����� >�@�

7KH UHDO EUHDNWKURXJK� LQ� WKH� UHVHDUFK� RI� VHPLFRQGXFWRU� GHYLFHV� WRRN� SODFH� ZLWK� WKH�

LQYHQWLRQ� RI� SRLQW�FRQWDFW� WUDQVLVWRU� E\ -RKQ� %DUGHHQ� :LOOLDP� 6KRFNOH\ DQG�:DOWHU�

%UDWWDLQ DW� %HOO /DERUDWRULHV� LQ� 'HFHPEHU�� ����� >�@�� >�@�� 6XEVHTXHQWO\�� VHYHUDO�

LPSRUWDQW� GHYLFHV� VXFK� DV� WKH UHFWLI\LQJ� GLRGHV�� MXQFWLRQ� )(7V�� ELSRODU� MXQFWLRQ�

WUDQVLVWRUV �%-7V���PHWDO R[LGH VHPLFRQGXFWRU�ILHOG�HIIHFW�WUDQVLVWRUV �026)(7V���WKLQ�

ILOP�WUDQVLVWRUV �7)7V� HWF� KDYH EHHQ�GHYHORSHG�DQG�H[SORUHG�IRU�LPSOHPHQWLQJ�YDULRXV�

PRGHUQ GD\¶V�HOHFWURQLF�FLUFXLWV�DQG�V\VWHPV >�@� 9DULRXV�PDWHULDOV�VXFK DV�6L��*H� ,,,�

9�FRPSRXQGV� �H�J��*D$V��$O*D$V��*D1�HWF��� DQG� ,,�9,� FRPSRXQGV� �H�J��=Q2��7L2���

6Q2� HWF���KDYH�EHHQ�ZLGHO\�XVHG�IRU�IDEULFDWLQJ�PRVW�RI�WKH�VHPLFRQGXFWRU�GHYLFHV�IRU�

HOHFWURQLF�� RSWRHOHFWURQLF� DQG� VHQVLQJ DSSOLFDWLRQV >�@�� >�@�� $SDUW� IURP� WKH� DERYH�

PHQWLRQHG� FRQYHQWLRQDO VHPLFRQGXFWRUV� WKH� RUJDQLF� VHPLFRQGXFWRUV� RU FRQGXFWLQJ�

SRO\PHU�FRPSRXQGV�KDYH�GUDZQ�VSHFLDO�DWWHQWLRQ� LQ� UHFHQW� WLPHV� IRU�GHYHORSLQJ� ODUJH�

DUHD� IOH[LEOH� HOHFWURQLF� GHYLFHV� IRU� YDULRXV HOHFWURQLF�� RSWRHOHFWURQLF� DQG� VHQVLQJ�

DSSOLFDWLRQV GXH� WR� WKHLU� ORZ�FRVW�� ORZ�WHPSHUDWXUH SURFHVVLQJ�� URRP�WHPSHUDWXUH
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RSHUDWLRQ��HQYLURQPHQW�IULHQGO\�QDWXUH DQG�SRVVLELOLW\�RI�IDEULFDWLQJ�HOHFWURQLF�GHYLFHV�

ZLWK�PXFK�ODUJHU�DUHD�WKDQ�WKH�FRQYHQWLRQDO�VHPLFRQGXFWRU�EDVHG�GHYLFHV >�@��>�@±>�@�

7KH� ILUVW� RUJDQLF� MXQFWLRQ� GHYLFH� XVLQJ� YDFXXP� GHSRVLWLRQ� RI� RUJDQLF� PDWHULDOV�

QDPHO\ LQGLJR�� FKORUDQLO�� FKORUDQLO�S�SKHQ\OHQHGLDPLQH� FRPSOH[�� DQG� SKHQD]LQH ZDV

UHSRUWHG� LQ� ���� >��@� 7KH� FRQGXFWLQJ� SRO\PHU� SRO\DFHW\OHQH EDVHG� ILUVW� MXQFWLRQ�

GHYLFH�ZDV�UHSRUWHG�LQ����� >��@ IROORZHG�E\�ILUVW PHWDO�LQVXODWRU�VHPLFRQGXFWRU��0,6��

WUDQVLVWRU� ZDV� UHSRUWHG� LQ� ���� >��@� $ EULHI� WLPHOLQH� UHJDUGLQJ� WKH� GHYHORSPHQW� RI�

YDULRXV� LPSRUWDQW HOHFWURQLF�GHYLFHV KDV�EHHQ�JLYHQ� LQ�)LJXUH ���� 1RZDGD\V��RUJDQLF�

HOHFWURQLFV� LV� DQ� HPHUJLQJ DUHD� RI UHVHDUFK� IRU� GHYHORSLQJ� RUJDQLF HOHFWURQLF� GHYLFHV�

ZKLFK�FDQ�UHSODFH�WKH�FRQYHQWLRQDO�LQRUJDQLF�VHPLFRQGXFWRU�EDVHG�GHYLFHV�IRU�DOO�W\SHV

RI FRPPHUFLDO�DSSOLFDWLRQV >�@��>��@��,Q�������WKH�86�EDVHG PDUNHWLQJ�UHVHDUFK�LQVWLWXWH

QDPHG� ,'7HFK([ KDV IRUHFDVWHG WKDW� WKH� WRWDO� PDUNHW VKDUH IRU� SULQWHG�� IOH[LEOH� DQG�

RUJDQLF� HOHFWURQLFV�PD\ JURZ� IURP� ������� ELOOLRQ� LQ� ����� WR� ������� ELOOLRQ� LQ� �����

>��@��$� VLJQLILFDQW� SDUW� RI� WKH� GHYHORSPHQW� RI� RUJDQLF� HOHFWURQLF� GHYLFHV� DQG� FLUFXLWV�

LQFOXGHV�WKH JURZWK�DQG�GHYHORSPHQW�RI�ORZ�FRVW�DQG�ODUJH�DUHD�IOH[LEOH�HOHFWURQLF

)LJXUH������+LVWRULFDO�GHYHORSPHQW�RI�HOHFWURQLF�GHYLFHV� VWDUWLQJ�ZLWK WKH�SRLQW�FRQWDFW�GHYLFH�WR�WKH�

RUJDQLF�PDWHULDOV�EDVHG WKLQ�ILOP GHYLFHV�
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VHQVRUV�IRU�VPDUW�PRQLWRULQJ�V\VWHPV�

2UJDQLF� HOHFWURQLFV SRVVHVVHV� PDQ\� DGYDQWDJHV� RYHU� FRQYHQWLRQ� VROLG�VWDWH

VHPLFRQGXFWRU� �LQRUJDQLF�� HOHFWURQLFV >��@� 6RPH� RI� WKHP� DUH�� �L�� RUJDQLF� HOHFWURQLF

PDWHULDOV�DUH� LQKHUHQWO\� ORZ�FRVW GXH� WR� WKHLU�HDV\�V\QWKHVLV WHFKQLTXHV� �LL�� ODUJH�DUHD�

RUJDQLF� HOHFWURQLF� GHYLFHV� FDQ� EH� IDEULFDWHG� DW� ORZ�WHPSHUDWXUHV� XVLQJ� ORZ�FRVW�

IDEULFDWLRQ�SURFHVVHV�� �LLL� RUJDQLF�VHPLFRQGXFWRUV�DUH LQKHUHQWO\�ELRGHJUDGDEOH�QDWXUH�

ZKLFK� PDNHV� WKH� RUJDQLF� HOHFWURQLF� GHYLFHV� HQYLUR�IULHQGO\� �LY�� RUJDQLF� HOHFWURQLF�

GHYLFHV�\LHOG�WKH�PLQLPXP�HOHFWURQLF�ZDVWHV GXH�WR� WKHLU�QRQ�WR[LF�DQG�ELRGHJUDGDEOH�

FKDUDFWHULVWLFV >�@� DQG� �Y�� WKH� SURSHUWLHV� RI� WKH� RUJDQLF� FRQGXFWLQJ� SRO\PHUV� FDQ� EH�

WXQHG�PRGLILHG� E\� FKDQJLQJ� WKH� FDUERQ�ERQGV� WKURXJK� V\QWKHVLV� URXWHV� WR�PDNH� WKHP�

VXLWDEOH�IRU�QRYHO�DSSOLFDWLRQV�E\�WKH�RSWLPL]HG�ILOP�GHYLFH�HQJLQHHULQJ� $V D UHVXOW�RI�

WKH�DERYH�PHQWLRQHG�LPSRUWDQW�SURSHUWLHV�RI�WKH�RUJDQLF�VHPLFRQGXFWRUV� ZH FDQ�HDVLO\�

IDEULFDWH�ORZ�FRVW�DQG�ODUJH�DUHD�RUJDQLF�HOHFWURQLF�GHYLFHV�ZLWK�D�ZLGH�UDQJH�RI�URRP�

WHPSHUDWXUH� RSHUDWLQJ� FKDUDFWHULVWLFV� VXLWDEOH� IRU� PDQ\� H[FLWLQJ� DQG� DGYDQFHG�

DSSOLFDWLRQV� LQFOXGLQJ� WUDQVSDUHQW GLVSOD\ >��@�� LQWHUDFWLYH� WR\V >��@�� 5),'�WDJV >�@��

IOH[LEOH� VHQVRUV >�@ DQG VRODU�FHOOV >��@�� ,Q� WKH�SUHVHQW� WKHVLV��ZH�KDYH�H[SORUHG�VRPH�

RUJDQLF�FRQGXFWLQJ�SRO\PHU EDVHG WKLQ�ILOP�GHYLFHV�IRU�JDV�VHQVLQJ�DQG RSWRHOHFWURQLF�

DSSOLFDWLRQV�

��� 2UJDQLF�6HPLFRQGXFWRUV

7KH�UHVHDUFK�RQ�WKH�RUJDQLF�VHPLFRQGXFWRU �26&� ZDV�VWDUWHG�ZLWK�WKH�V\QWKHVLV�RI�

SRO\DQLOLQH�E\�WKH�DQRGLF�R[LGDWLRQ�RI�DQLOLQH�LQ����� >��@��2UJDQLF�SRO\PHUV PDGH�RI�

FDUERQ� DQG K\GURJHQ DWRPV� DORQJ�ZLWK� D IHZ KHWHURDWRPV� VXFK� DV� VXOSKXU�� QLWURJHQ��

R[\JHQ HWF��DUH�DGRSWHG�DV�PDWHULDOV IRU�RUJDQLF�HOHFWURQLFV >��@��6XFK�RUJDQLF�PDWHULDOV�
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KDYH� KLJK� VWUHQJWK� DQG� JRRG� IOH[LELOLW\ >��@�� +RZHYHU�� WKH� FRQGXFWLYLW\� RI� RUJDQLF�

VHPLFRQGXFWRUV�ZDV�QRW� IRXQG�WR�EH�HQFRXUDJLQJ�DW� WKH�HDUOLHU�LQYHVWLJDWLRQV� %ROWR HW

DO�� >��@ REVHUYHG�D ORZ�FRQGXFWLYLW\� �a��� 6�P� LQ� LRGLQH�GRSHG�R[LGL]HG�SRO\S\UUROH�

V\QWKHVL]HG� LQ� ������ ,Q� ������ 6KLUDNDZD HW� DO�� >��@ V\QWKHVL]HG� LRGLQH�GRSHG�

SRO\DFHW\OHQH�ZLWK�D�UHDVRQDEO\�JRRG�FRQGXFWLYLW\ �a�����6�P� IRU�ZKLFK�1REHO 3UL]H�

ZDV�DZDUGHG�LQ�WKH \HDU�������7KH�FRQGXFWLYLW\�RI�YDULRXV DYDLODEOH�RUJDQLF�PDWHULDOV�

IURP�D�YHU\�ORZ FRQGXFWLYLW\��L�H��LQVXODWRU��WR�D�YHU\�KLJK�FRQGXFWLYLW\��L�H� FRQGXFWRU�

LV VKRZQ�LQ�)LJXUH������7KH�VHPLFRQGXFWLQJ�SURSHUWLHV�RI� WKH�RUJDQLF�SRO\PHUV�DUH�RI�

JUHDW� LQWHUHVWV� WR� WKH�UHVHDUFKHUV�IRU� WKH�GHYHORSPHQW�RI�RUJDQLF�HOHFWURQLF�GHYLFHV� IRU�

HOHFWURQLF�DQG�VHQVLQJ�DSSOLFDWLRQV�

)LJXUH������&RPSDULVRQ�RI�WKH�FRQGXFWLYLW\�RI�FRQGXFWLQJ�SRO\PHUV�WR�WKH�LQRUJDQLF�FRXQWHUSDUWV�

����� &RQMXJDWHG 3RO\PHUV

7KH�RUJDQLF�SRO\PHUV�ZLWK�ODUJH�PROHFXODU�ZHLJKW�DUH�PDLQO\�SUHIHUUHG IRU�RUJDQLF�

HOHFWURQLF�GHYLFHV GXH�WR�WKHLU�VXLWDELOLW\�IRU�ORZ�FRVW�VROXWLRQ�SURFHVV�EDVHG IDEULFDWLRQ

WHFKQLTXHV�� 7KHVH� RUJDQLF� SRO\PHUV� DUH� FDWHJRULVHG� LQWR� VDWXUDWHG� DQG� XQVDWXUDWHG�

SRO\PHUV��7KH�SRO\PHUV FRQWDLQLQJ�RQO\�&�& ERQGV�EXW�QR�& &�LQ�WKH�SRO\PHU�FKDLQ�

DUH�FDOOHG�VDWXUDWHG�SRO\PHUV�ZKLOH WKH�XQVDWXUDWHG SRO\PHUV�FRQWDLQ�DW�OHDVW�RQH�& &�

ERQG >��@�� 7KH� XQVDWXUDWHG� SRO\PHUV� ZLWK DOWHUQDWH� &�& ERQGV �ı�ERQGV� DQG� & &�

ERQGV� �ʌ�ERQGV� LQ� WKH� SRO\PHU� FKDLQ� DUH� FDOOHG� FRQMXJDWHG� SRO\PHUV ZKLFK� DUH�
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HOHFWULFDOO\�FRQGXFWLQJ LQ�QDWXUH��&RQMXJDWLRQ LQ�WKH�SRO\PHUV�LV� WKH�RYHUODS�RI�RQH S�

RUELWDO�ZLWK�DQRWKHU�DFURVV�DQ�LQWHUYHQLQJ�ı�ERQG��7KH�ı�ERQGV�DQG�ʌ�ERQGV�IRUP�WZR�

GLIIHUHQW�RUELWDOV� ı�DQG�ʌ�ERQGLQJ�DQG�ı
�DQG�ʌ
�DQWL�ERQGLQJ RUELWDOV��7KH�ı�RUELWDO�LV�

DW�WKH ORZHVW HQHUJ\�OHYHO�DQG�ILOOHG��ZKHUHDV WKH ı
�RUELWDO�LV�DW�WKH�KLJKHVW HQHUJ\�OHYHO�

DQG� HPSW\�� 7KH� ERQGLQJ� DQG� DQWL�ERQGLQJ� LQ� ı�RUELWDO� IRUP� VWURQJ� QHW� DWWUDFWLYH�

LQWHUDFWLRQV DPRQJ�WKH�QXFOHL�ZKLFK�KROGV WKH�PROHFXOH WRJHWKHU��2Q�WKH�RWKHU�KDQG��D�

OLWWOH�DWWUDFWLYH� LQWHUDFWLRQ�H[LVWV� LQ ʌ�ERQGV�ZKLFK�UHVXOWV� LQ�ZHDN VSOLWWLQJ� WR� IRUP�ʌ�

DQG�ʌ
�RUELWDOV� 6LPLODU WR�WKH�ı�RUELWDO��ʌ�RUELWDOV�DUH�ILOOHG�EXW�ʌ
�RUELWDOV�DUH HPSW\��

$V� D� UHVXOW�� PROHFXODU� RUELWDOV LQ� VHPLFRQGXFWLQJ� SRO\PHUV SOD\LQJ� VLPLODU� UROHV� RI�

YDOHQFH� EDQG� DQG� FRQGXFWLRQ EDQG UHVSHFWLYHO\� LQ� FRQYHQWLRQDO� VHPLFRQGXFWRUV�� 7KH�

KLJKHVW� RFFXSLHG�PROHFXODU�RUELWDO� FRQVLVWLQJ�RI�ʌ�RUELWDOV LV� FDOOHG WKH +202 ZKLOH�

WKH�ORZHVW�XQRFFXSLHG�PROHFXODU�RUELWDO FRQVLVWLQJ�RI ʌ
�RUELWDOV�LV�FDOOHG�WKH�/802�

7KH�HQHUJ\�GLIIHUHQFH�EHWZHHQ� WKH�+202�DQG�/802�LV� WHUPHG� WKH�+202±/802�

JDS ZKLFK�SOD\V WKH�VLPLODU UROH�WR�WKH�EDQGJDS�HQHUJ\�LQ�WKH�LQRUJDQLF�VHPLFRQGXFWRUV�

7KH�VLPSOLILHG�HQHUJ\ OHYHOV DQG EDQG�GLDJUDP RI�D�FRQMXJDWHG SRO\PHU�LV�FRPSDUHG�WR�

WKRVH RI�D�FRQYHQWLRQDO�LQRUJDQLF�PDWHULDO >��@ LV�VKRZQ�LQ�)LJXUH�����

)LJXUH �����7KH� HQHUJ\� OHYHOV� GLVWULEXWLRQ� RI� D� ʌ�FRQMXJDWHG SRO\PHU� LQ� FRPSDULVRQ� ZLWK� FRQYHQWLRQ�

LQRUJDQLF�PDWHULDOV�
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����� &RQMXJDWHG 3RO\PHUV DV�6HPLFRQGXFWRU

7KH� FRQMXJDWHG� SRO\PHUV� DV� VHPLFRQGXFWLQJ� PDWHULDOV� DUH� RI� JUHDW� LQWHUHVWV IRU�

YDULRXV� HOHFWURQLF�� RSWRHOHFWURQLF� DQG� VHQVLQJ DSSOLFDWLRQV� GXH� WR� WKHLU� VHYHUDO�

DGYDQWDJHV� VXFK� DV� ORZ�FRVW�� OLJKW� ZHLJKW�� DQG� JRRG� IOH[LELOLW\ RYHU� LQRUJDQLF�

VHPLFRQGXFWRUV�DQG�VPDOO�PROHFXOH�RUJDQLF�VHPLFRQGXFWRUV >��@��7KH�VROXEOH�SRO\PHU�

VHPLFRQGXFWLQJ� PDWHULDOV� FDQ EH� HDVLO\� SURFHVVHG� DQG� SULQWHG �ZLWKRXW� UHTXLULQJ� WKH�

FRQYHQWLRQDO� SKRWROLWKRJUDSK\� IRU� SDWWHUQLQJ�� IRU� IDEULFDWLRQ� RI ODUJH�VFDOH� SULQWHG�

HOHFWURQLFV� >��@�� >��@� ,Q� DGGLWLRQ�� WKH� HOHFWULFDO� SURSHUWLHV� RI� WKH� FRQMXJDWHG�

VHPLFRQGXFWLQJ�SRO\PHUV�FDQ�EH�ILQH�WXQHG�E\�XVLQJ�VXLWDEOH�RUJDQLF�V\QWKHVLV PHWKRGV�

DQG� E\� DGYDQFHG� GLVSHUVLRQ� WHFKQLTXHV >��@�� >��@�� 0RVW� RI� WKH FRQMXJDWHG SRO\PHUV�

KDYH� HQHUJ\� EDQG� JDS� RI� OHVV� WKDQ� � H9 >��@ DQG� KHQFH WKH\� FDQ�ZRUN DV� DQ� DFWLYH�

VHPLFRQGXFWLQJ�PDWHULDO�IRU WKH�IDEULFDWLRQ�RI�RUJDQLF�HOHFWURQLF GHYLFHV� 7KH�PROHFXODU�

VWUXFWXUHV� RI� VRPH� FRPPRQO\� XVHG� RUJDQLF� VHPLFRQGXFWRUV� DUH� VKRZQ� LQ 7DEOH� ����

$PRQJ�WKH�OLVWHG FRQMXJDWHG SRO\PHUV��WKH�SRO\WKLRSKHQH�JURXS�LV�ZLGHO\ LQYHVWLJDWHG�

DV� D� VHPLFRQGXFWLQJ� SRO\PHU IRU� WKH� RUJDQLF� HOHFWURQLF� GHYLFHV�� 7KH SRO\���� �͛͛͛�

GLDON\OTXDUWHUWKLRSKHQH� �347���� LV� DQ� LPSURYHG� DQG� PRGLILHG� YHUVLRQ� RI� 3RO\���

KH[\OWKLRSKHQH� �3�+7� LQ�WKH�SRO\WKLRSKHQH�JURXS KDV�EHHQ�SURMHFWHG�DV�D�SURPLVLQJ�

VHPLFRQGXFWLQJ�RUJDQLF�PDWHULDO�IRU�YDULRXV�VHQVLQJ�DSSOLFDWLRQV�GXH�WR�LWV KLJK�FKDUJH�

PRELOLW\�DQG HQKDQFHG�DLU�VWDELOLW\�DV�FRPSDUHG�WR�RWKHU SRO\PHUV�LQ�WKH�SRO\WKLRSKHQH�

JURXS >��@±>��@� 7KDW�ZK\� WKH�347��� SRO\PHU�KDV�EHHQ�H[SORUHG�LQ�WKH�SUHVHQW�WKHVLV�

IRU�JDV�VHQVLQJ�DQG�RSWRHOHFWURQLF DSSOLFDWLRQV�

����� &RQGXFWLRQ�0HFKDQLVP�LQ�&RQMXJDWHG 3RO\PHUV

:H�GLVFXVVHG�WKDW�WKH�+202 DQG�/802 OHYHOV LQ�RUJDQLF�VHPLFRQGXFWRUV�DUH�LV

URXJKO\�VLPLODU�WR�WKH�YDOHQFH�EDQG�PD[LPXP�DQG�WKH�FRQGXFWLRQ�EDQG�PLQLPXP LQ
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7DEOH������/LVW�RI�FRQMXJDWHG SRO\PHU�IDPLOLHV�DQG�WKHLU�GHULYDWLYHV�

3RO\PHUV� PDLQ� FKDLQ�

FRQWDLQV
3RO\PHU�IDPLOLHV 0ROHFXODU�VWUXFWXUHV

$URPDWLF�

F\FOHV

1R�KHWHURDWRP

3RO\�IOXRUHQH�V

3RO\SKHQ\OHQHV

3RO\S\UHQHV

3RO\D]XOHQHV

3RO\QDSKWKDOHQHV

1LWURJHQ�

FRQWDLQLQJ

3RO\�S\UUROH�V��33<�

3RO\FDUED]ROHV

3RO\LQGROHV

3RO\DQLOLQHV��3$1,�

6XOSKXU�

FRQWDLQLQJ

3RO\�WKLRSKHQH�V�

�37V�

37

3�27
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3�+7

3�&+7

347���

3%777

3('27

3RO\�S�SKHQ\OHQH�VXOILGH���336�

'RXEOH�ERQGV 3RO\�DFHW\OHQH�V �3$&�

$URPDWLF� F\FOHV� DQG�

GRXEOH�ERQGV

3RO\�S�SKHQ\OHQH� YLQ\OHQH��

�339�

LQRUJDQLF VHPLFRQGXFWRUV >��@� 7KXV� WKH�/802�DQG�/802�SOD\�VLJQLILFDQW� UROHV� LQ�

GHFLGLQJ� WKH�FKDUJH�FDUULHU� WUDQVSRUW�DQG�KHQFH� WKH�HOHFWULFDO�SURSHUWLHV�RI� WKH�RUJDQLF�

VHPLFRQGXFWRUV��7KH HOHFWURQV LQ WKH�/802�RI�D�GRQRU�VLWH�FDQ� WUDQVIHU WR� WKH�HPSW\�

/802 RI� DQ� HOHFWURQ� DFFHSWLQJ� VLWH ZKHUHDV� WKH� KROHV IURP� DQ DFFHSWRU� VLWH� DUH�

WUDQVIHUUHG WR�+202�OHYHO�>��@� 7KH�HOHFWURQLF�FRXSOLQJ�DPRQJ�WKHVH�VLWHV�LV QHFHVVDU\�

EXW�QRW�VXIILFLHQW IRU�WKH�FRPSOHWLRQ�RI�FKDUJH�WUDQVIHU�LQ�RUJDQLF�VHPLFRQGXFWRUV��7KH�

GHVFULSWLRQ� RI� FKDUJH� WUDQVSRUW� SKHQRPHQRQ� GHSHQGV� RQ� YDULRXV� FRPSOLFDWHG�
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FRXSOLQJ�LQWHUDFWLRQ PHFKDQLVPV� LQ� WKH� FRQMXJDWHG SRO\PHUV� 6RPH� PDMRU� WUDQVSRUW�

PRGHOV�>��@ IRU�RUJDQLF�VHPLFRQGXFWRUV DUH�GHVFULEHG�EULHIO\�LQ�WKH�IROORZLQJ�

������� %DQG�7UDQVSRUW

7KH FKDUJH�WUDQVSRUWDWLRQ�WDNHV SODFH�WKURXJK�D�EDQG LI�WKH LQWHUDFWLRQ�HQHUJ\�ZLWK�

WKH� QHDUHVW� QHLJKERXU� LV� ODUJH� HQRXJK� DV� FRPSDUHG� WR� DQ\� RWKHU� HQHUJ\� GXH� WR�

G\QDPLF�VWDWLF�GLVRUGHU� 7KLV EDQG�WUDQVSRUW�FDQ�DSSHDU RQO\�LI�WKH DYDLODEOH EDQGV�DUH�

ZLGHU�WKDQ�WKH XQFHUWDLQW\�RI�WKH�FKDUJH�FDUULHU¶V�VLWH�HQHUJ\ >��@��>��@� ,I�WKH�PRELOLW\�

H[FHHGV� DERXW� �� FP�9��V�� WKHQ� WKH� EDQG� WUDQVSRUW� PRGHO� LV� GRPLQDQW� LQ� RUJDQLF�

VHPLFRQGXFWRUV� +RZHYHU� PRVW� RI� WKH� RUJDQLF VHPLFRQGXFWRUV� KDYH� PHDVXUHG�

PRELOLWLHV� DW RU� QHDU� URRP� WHPSHUDWXUH LQ� WKH� RUGHU� RI� �� FP�9í�Ví� ZKHUH� WKH� EDQG�

WUDQVSRUW LV�QHJOLJLEOH��

������� +RSSLQJ�7UDQVSRUW

7KH� KRSSLQJ� WUDQVSRUW� LV� GRPLQDWHG ZKHQ� DQ\� RI� WKH� RWKHU� HQHUJLHV� GXH� WR� WKH�

HIIHFWV� RI� G\QDPLF�VWDWLF� GLVRUGHU� DUH VLJQLILFDQW� FRPSDUHG� WR� WKH QHLJKERXULQJ

LQWHUDFWLRQ�HQHUJ\ >��@��,Q�WKLV FDVH� D FKDUJH�FDUULHU�LV�ORFDOL]HG�DW�LQGLYLGXDO�VLWHV�DQG�

VXFFHHGV E\�D�VHTXHQFH�RI�QRQ�FRKHUHQW�WUDQVIHU�HYHQWV WHUPHG DV�KRSSLQJ�PRWLRQ��7KLV�

LV�FRPPRQO\�XVHG�PRGHO WR�H[SODLQ�WKH�FKDUJH�FDUULHU�WUDQVSRUW�LQ�RUJDQLF�PDWHULDOV DQG�

LV� JHQHUDOO\ DFFHSWHG� IRU� WKH� GHVFULSWLRQ� RI� WKH� FRQGXFWLYLW\� LQ� GLVRUGHUHG� RUJDQLF�

VHPLFRQGXFWRUV >��@��>��@�

������� 3RODURQLF�7UDQVSRUW

,I� WKH� RUJDQLF VHPLFRQGXFWRU� LV� SHUIHFWO\� RUGHUHG� WKHQ� WKH HOHFWURQLF� FRXSOLQJ�

DPRQJ�WKH�WUDQVSRUW�VLWHV LV YHU\ VPDOO�DV�FRPSDUHG�WR�HOHFWURQ�SKRQRQ�FRXSOLQJ >��@�

$OVR��WKH�FKDUJHG�PROHFXOHV�DUH�FRXSOHG WR�WKH�QHDUE\�PROHFXOHV� VR�WKH LQWHU�PROHFXODU�
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GLVSODFHPHQWV� DQG� SRODUL]DWLRQ� HIIHFWV� FKDQJH WKH� YDQ� GHU :DDOV� HQHUJ\� EHWZHHQ� WKH�

PROHFXOHV��7KLV FKDUJH�WKHQ�IRUPV�D�WLQ\�TXDVL�SDUWLFOH�WHUPHG DV�SRODURQ E\�WKH�ODWWLFH�

GHIRUPDWLRQ�� 7KH� IRUPHG� SRODURQ� MXPSV� IURP� RQH� VLWH� WR� DQRWKHU� VLWH�� 7KHUHIRUH�� WKH�

WUDQVSRUW�WDNHV SODFH�WKURXJK�LQWHU�VLWH�LV�SRODURQ�KRSSLQJ�

������� 'LVRUGHU�&RQWUROOHG�7UDQVSRUW

7KH�FKDUJH�WUDQVSRUW PHFKDQLVP LQ�WKH�GLVRUGHUHG�RUJDQLF�VHPLFRQGXFWRU�LV�KLJKO\�

FRPSOLFDWHG�DV� WKH�VLWHV �GRQRU�DFFHSWRU� DUH�QHLWKHU�HTXDOO\� VSDFHG�QRU� LVR�HQHUJHWLF��

7KXV� WKH� PRYHPHQWV RI SRODURQV� DUH� DV\PPHWULF�� ZKLFK LV� QRW� VLPLODU� WR� SHUIHFW�

SRODURQLF�WUDQVSRUW� 7KXV��WKH�*DXVVLDQ�GLVRUGHU�PRGHO��*'0���DOVR�NQRZQ DV�%lVVOHU�

PRGHO LV� XVHG� WR� H[SODLQ� WKH FKDUJH� FDUULHU� PRELOLW\� LQ� D� GLVRUGHUHG� RUJDQLF�

VHPLFRQGXFWRU RQ� D�PLFURVFRSLF� OHYHO� >��@��7KLV�PRGHO� LV� EDVHG�XSRQ� FKDUJH� FDUULHUV�

KRSSLQJ DPRQJ�PXOWLSOH� VLWHV WKDW�XVHG� WKH *DXVVLDQ�GLVWULEXWLRQ�RI� HQHUJ\�DQG� LQWHU�

VLWH�VSDFLQJ�

$SDUW�IURP�WKHVH�FRPPRQO\ XVHG�FKDUJH�WUDQVSRUW�PRGHOV XVHG�IRU�WKH�H[SODQDWLRQ�

RI� FRQGXFWLRQ� PHFKDQLVP LQ� RUJDQLF� VHPLFRQGXFWLQJ� SRO\PHUV�� YDULRXV� RWKHU�

WKHRULHV�PRGHOV� �H�J�� WKH�GHORFDOL]HG�EDQG� WUDQVSRUW�PRGHO >��@�� WKH PXOWLSOH� WUDSSLQJ�

DQG� UHOHDVH PRGHO >��@�� WKH� WXQQHOLQJ PRGHO� >��@ DQG� PDQ\� RWKHUV� DUH� DOVR� EHLQJ�

GHYHORSHG�IRU�WKH�EHWWHU�XQGHUVWDQGLQJ�RI�SK\VLFV�EHKLQG�WKH�FRQGXFWLRQ�PHFKDQLVP�LQ�

WKH�RUJDQLF�VHPLFRQGXFWRU� 6RPH PRGHOV�DUH�DOVR�XVHG�LQ�FRPELQDWLRQ WR�UHDOL]H�D�EHWWHU�

UHSUHVHQWDWLRQ�RI� FKDUJH� WUDQVSRUW LQ� WKH�RUJDQLF VHPLFRQGXFWRU�� ,W�PD\�EH�PHQWLRQHG�

WKDW�WKH�FKDUJH�WUDQVSRUW�LV�DIIHFWHG�E\�WKH�WUDSSLQJ�HIIHFWV DQG�PRUSKRORJLHV�RI�RUJDQLF�

VHPLFRQGXFWRU�ILOPV��7KHVH WUDSSLQJ�VLWHV�FDQ�EH�LQGXFHG�LQ�WKH�RUJDQLF�VHPLFRQGXFWRU�

E\�HLWKHU�VWUXFWXUDO�GHIHFWV RU�XQLQWHQWLRQDOO\�LQWHQWLRQDOO\�DGGHG�GRSDQW�PROHFXOHV� 7KH�

PRUSKRORJLHV�DUH�FRQWUROOHG�E\�YDULRXV�ILOP�GHSRVLWLRQ�WHFKQLTXHV�
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����� 7KLQ�)LOP�'HSRVLWLRQ�7HFKQLTXHV�IRU &RQMXJDWHG 3RO\PHUV

7KH�WKLQ�ILOP�GHSRVLWLRQ�RI�WKH RUJDQLF VHPLFRQGXFWRU�LV�DQ�LPSRUWDQW�SDUW�IRU�WKH�

IDEULFDWLRQ�RI�YDULRXV�RUJDQLF�HOHFWURQLF�GHYLFHV��7KH�FRQMXJDWHG SRO\PHUV�DUH�VROXEOH�

LQ�D�QXPEHU�RI�QRQ�SRODU�VROYHQWV�VXFK�DV�FKORURIRUP��FKORUREHQ]HQH��GLFKORUREHQ]HQH��

WROXHQH� HWF�� 7KXV�� WKH� FRQMXJDWHG SRO\PHUV� �ZKLFK� DUH� XVHG� DV VHPLFRQGXFWLQJ

PDWHULDOV� FDQ� EH� HDVLO\� GHSRVLWHG� LQ� WKH� IRUP� RI� WKLQ� ILOPV� RQ VXEVWUDWHV� E\� ORZ�

WHPSHUDWXUH�VROXWLRQ�SURFHVVLQJ�WHFKQLTXHV��,Q�WKLV�PHWKRG��D KRPRJHQHRXV�VROXWLRQ�RI

FRQMXJDWHG SRO\PHU�LV�ILUVW�REWDLQHG E\ DGGLQJ�LW�WR�DQ�DSSURSULDWH�VROYHQW��7KH UHVXOWDQW�

VROXWLRQ LV�GHSRVLWHG�RQ�WKH�GHVLUH�VXEVWUDWHV�LQ�WKH�IRUP�RI�WKLQ�ILOPV�E\�XVLQJ�YDULRXV�

GHSRVLWLRQ� WHFKQLTXHV VXFK� DV� GURS�FDVWLQJ�� VSLQ�FRDWLQJ� GLS�FRDWLQJ�� /DQJPXLU�

%ORGJHWW DQG IORDWLQJ�ILOP� WUDQVIHU� PHWKRG� �)70��� 7KH� VSLQ� FRDWLQJ� DQG )70� DUH�

FRQVLGHUHG� WR� EH EHWWHU� WKLQ� ILOP�GHSRVLWLRQ� WHFKQLTXHV� RYHU� RWKHUV� WR� REWDLQ D� KLJKO\�

VPRRWK� RUJDQLF� VHPLFRQGXFWRU� WKLQ� ILOP�ZLWK� D� EHWWHU�PRUSKRORJ\� DQG� RULHQWDWLRQ� DW�

ORZHU�GHSRVLWLRQ�FRVW >��@��7KDW� LV�ZK\�� WKH�VDLG� WZR�GHSRVLWLRQ�WHFKQLTXHV�KDYH�EHHQ�

H[SORUHG�IRU�WKH�IDEULFDWLRQ�RI�RUJDQLF�WKLQ�ILOP�GHYLFHV�LQYHVWLJDWHG�LQ�WKLV�WKHVLV�ZRUN�

6SLQ� FRDWLQJ� LV� D� FRPPRQO\ XVHG PHWKRG� IRU� WKH� GHSRVLWLRQ� RI� WKH� RUJDQLF

VHPLFRQGXFWRU GXH�WR�LWV�FRPSDWLELOLW\�ZLWK�DOO�W\SHV RI�VROXWLRQ��EHWWHU�UHSHDWDELOLW\�RI�

REWDLQHG� WKLQ� ILOP�� DQG� IDVW SURFHVVLQJ >��@±>��@��7KLV�PHWKRG�XWLOLVHV WKH� FHQWULIXJDO

IRUFH� IRU� XQLIRUP� VSUHDGLQJ� RI� WKH� VROXWLRQ WR� IRUP� WKH� WKLQ� ILOPV� RQ� WKH� GHVLUHG�

VXEVWUDWHV�� 7KH WKLFNQHVV� DQG� TXDOLW\� RI� WKH� REWDLQHG WKLQ� ILOPV GHSHQG RQ WKH�

FRQFHQWUDWLRQ�DQG�YLVFRVLW\�RI� WKH�VROXWLRQ� URWDWLRQ�VSHHG� DFFHOHUDWLRQ�DQG� WLPH��7KH�

ZHWWDELOLW\�RI�VXEVWUDWHV�VXFK�DV�WKH�VXUIDFH�W\SH��K\GURSKRELF�RU K\GURSKLOLF� SOD\�DOVR�

D� VLJQLILFDQW� UROH� LQ� GHFLGLQJ� TXDOLW\� RI� WKH� GHSRVLWHG� WKLQ ILOPV� 7KH� FRPPRQO\�

HPSOR\HG�VWHSV�IROORZHG LQ�WKH�VSLQ�FRDWLQJ�PHWKRG�IRU�WKH�SRO\PHU ILOP�GHSRVLWLRQ�LV�
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LOOXVWUDWHG� LQ� )LJXUH� ���� 7KH� VXEVWUDWH� LV� ILUVW� SODFHG� RQ� WKH� VSLQ� FRDWHU� DQG� WKHQ� WKH�

VROXWLRQ LQ�WKH�IRUP�RI�PLFUR�GURSV�LV�SODFHG�DW�LWV�FHQWUH� 7KHQ WKH�VXEVWUDWH�LV�URWDWHG�

DW�DQ�RSWLPL]HG�VSHHG�WR�VSUHDG�RXW�WKH�H[FHVV�VROXWLRQ�RYHU�WKH�VXEVWUDWH�E\�FHQWULIXJDO�

IRUFH� 7KH�SURFHVV�PD\�EH�IROORZHG�PXOWLSOH�WLPHV�XQOHVV�WKH�GHVLUHG�ILOP�WKLFNQHVV�LV�

DFKLHYHG��7KH�VSLQ�FRDWHU�XVHG�IRU� WKH�IDEULFDWLRQ�RI SRO\PHU�ILOPV�LV� WKH�76(�V\VWHP�

*PE+ �PRGHO�630����/&���*HUPDQ\�

)LJXUH����� 6SLQ�FRDWLQJ SURFHVV�VWHSV��D��&RDWLQJ XQLW��E��6DPSOH�RQ�FRDWLQJ�XQLW�DQG �F��&RDWLQJ�RQ�WKH�

VDPSOH DQG�VSLQ�FRDWHG�ILOP�

)ORDWLQJ�ILOP�WUDQVIHU�PHWKRG �)70� LV D�UHODWLYHO\ QHZ�GHSRVLWLRQ�WHFKQLTXH�XVHG�

IRU RUJDQLF VHPLFRQGXFWRU� WKLQ� ILOPV >��@�� 7KH WHFKQLTXH� LQYROYHG� LV� VLPLODU� WR�

/DQJPXLU�%ORGJHWW ILOP�GHSRVLWLRQ�PHWKRG�ZLWK�WKH�H[FHSWLRQ�WKDW�QR�VXUIDFH�SUHVVXUH�

LV� DSSOLHG� WR� REWDLQ ILOP LQ� WKLV FDVH >��@�� >��@�� 7KH� )70� WHFKQLTXH� ZDV RULJLQDOO\�

SURSRVHG�E\�0RULWD�HW�DO� >��@ EXW�LW�KDV�EHHQ�ODWHU�RSWLPL]HG�E\�RWKHUV >��@��>��@±>��@

WR�DFKLHYH�D ZHOO�RULHQWHG�DQG�VHOI�DVVHPEOHG�WKLQ�ILOP�RI�DQ\�RUJDQLF�VHPLFRQGXFWRU�

7KH�SURFHGXUH�IRU�DFKLHYLQJ�WKH�)70 ILOP�RQ�D�GHVLUHG�VXEVWUDWH�LV�LOOXVWUDWHG�LQ�)LJXUH�

���� ,Q� WKLV� WHFKQLTXH�� D IORDWLQJ� ILOP� RI� WKH� GHVLUHG� SRO\PHU� LV FUHDWHG RQ� D OLTXLG�

VXEVWUDWH� PDGH RI� D K\GURSKLOLF VROXWLRQ�� $� YHU\ VPDOO� TXDQWLW\� RI� SRO\PHU� VROXWLRQ�

SUHSDUHG�E\�XVLQJ�D�K\GURSKRELF�VROYHQW LV�GURSSHG�RQ�WKH�K\GURSKLOLF OLTXLG�VXEVWUDWH�

VR� WKDW� WKH� SRO\PHU� VROXWLRQ FDQ� VSUHDG XQLIRUPO\� RYHU� WKH� VXUIDFH� RI� WKH� OLTXLG�

VXEVWUDWH WR�IRUP�D�IORDWLQJ�ILOP� 7KH�ILOP�LV�WKHQ�VWDPSHG�RQ�WKH�FOHDQHG�VXUIDFH RI�WKH�
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GHVLUHG� VXEVWUDWH DV� GHPRQVWUDWHG� LQ� WKH� ILJXUH�� 2QFH� WKH� ILOP� LV� WUDQVIHUUHG� WR� WKH

GHVLUHG� VXEVWUDWH�� WKH� VROYHQW� RI� WKH� SRO\PHU VROXWLRQ� LV� HYDSRUDWHG� E\� KHDWLQJ� DW

DSSURSULDWH�WHPSHUDWXUH� )LQDOO\��D�ZHOO�DVVHPEOHG DQG ZHOO�RULHQWDWHG�SRO\PHU ILOP�LV�

SUHSDUHG�RQ�WKH�GHVLUHG�VXEVWUDWH�E\ WKLV�PHWKRG�

)LJXUH������)70�VHW�XS�DQG�SURFHVV�RI�WKLQ�ILOP�GHSRVLWLRQ �D��+\GURSKLOLF OLTXLG�VXEVWUDWH��VXUIDFH��LQ�

SHWUL�GLVK� �E�� 'URS� RI� FRQGXFWLQJ� SRO\PHU RQ� WKH� OLTXLG� VXUIDFH�� �F�� )ORDWLQJ� SRO\PHU ILOP RQ� OLTXLG�

VXUIDFH�DQG��G��6WDPSLQJ�RI�SRO\PHU ILOP�

����� 7KLQ�)LOP�&KDUDFWHUL]DWLRQ�RI�&RQMXJDWHG 3RO\PHUV

7KH� FRQMXJDWHG SRO\PHU� ILOP� LV FKDUDFWHUL]HG� IRU� LWV� YDULRXV� SURSHUWLHV VXFK� DV�

VXUIDFH PRUSKRORJ\�� URXJKQHVV�� VXUIDFH� VWUXFWXUHV�� PROHFXODU� RULHQWDWLRQ�� FRQGXFWLRQ�

OHYHOV��UHIOHFWDQFH��DEVRUEDQFH��OXPLQDQFH�HWF��9DULRXV ILOP�FKDUDFWHUL]DWLRQ�WHFKQLTXHV�

XVHG�LQ�WKH�SUHVHQW�WKHVLV�DUH�EULHIO\�LQWURGXFHG�LQ�WKH�IROORZLQJ�

������� 6FDQQLQJ�3UREH�0LFURVFRS\

6FDQQLQJ�SUREH�PLFURVFRS\��630� LV�D�WRRO�IRU�VWXG\LQJ�WKH�VXUIDFH�PRUSKRORJ\�RI�

SRO\PHU ILOPV��$ SK\VLFDO SUREH �WLS� LV�XVHG�WR�VFDQ�RYHU�WKH�VXUIDFH�RI�WKH�VDPSOH�IRU�

FROOHFWLQJ VXUIDFH�SURILOH�GDWD� 7KH�EDVLF�EORFN�GLDJUDP�RI� WKH�630�DQG� LWV�RSHUDWLRQ

>��@ LV�LOOXVWUDWHG LQ�)LJXUH������7KUHH�PRVW�FRPPRQ�WHFKQLTXHV�HPSOR\HG�IRU VFDQQLQJ�
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SUREH� DUH� VFDQQLQJ� WXQQHOOLQJ� PLFURVFRS\� �670��� DWRPLF� IRUFH� PLFURVFRS\� �$)0���

DQG�QHDU�ILHOG�VFDQQLQJ RSWLFDO�PLFURVFRS\��1620���7KH�670�PHDVXUHV�WKH�HOHFWULFDO�

FXUUHQW �WXQQHOOLQJ� FXUUHQW� EHWZHHQ� WKH� WLS DQG� WKH� VXUIDFH� RI� WKH� VDPSOH IRU� WKH�

LPDJLQJ ZKLOH� WKH� LQWHUDFWLRQ IRUFH� EHWZHHQ� WKH WLS DQG� WKH� VXUIDFH� RI� WKH� VDPSOH LV�

PHDVXUHG�LQ�WKH�$)0��7KH�IRUFH�LQ�WKH�$)0�GHSHQGV RQ�WKH�VDPSOH W\SH��SUREH�WLS�DQG�

WKH�GLVWDQFH�EHWZHHQ�WKHP� 7KH�1620 LV�D�W\SH�RI�PLFURVFRS\�WHFKQLTXH�ZKLFK�XVHG�

WKH� SURSHUWLHV� RI� HYDQHVFHQW� ZDYHV WKDW� EUHDNV� WKH� IDU� ILHOG� UHVROXWLRQ� OLPLW� IRU�

QDQRVWUXFWXUH� LQYHVWLJDWLRQ�� $PRQJ� WKHVH� WHFKQLTXHV�� WKH� $)0 LV�PRUH� YHUVDWLOH� DQG�

VXLWDEOH IRU� DOO� W\SH� RI� VDPSOHV�� ,W� LV� RSHUDWHG� LQ� YDULRXV PRGHV VXFK� DV� QRQ�FRQWDFW�

FRQWDFW DQG LQWHUPLWWHQW� FRQWDFW �WDSSLQJ�� 7KH� WKLFNQHVV� RI� WKH� WKLQ� ILOP� FDQ� DOVR� EH

PHDVXUHG� XVLQJ� $)0 E\� PDNLQJ� D� VKDUS VWHS� LQ� WKH� ILOP� 7KH� VXUIDFH�

URXJKQHVV�PRUSKRORJ\ DQG� WKLFNQHVV� RI� WKH� SRO\PHU ILOP� VWXGLHG LQ� WKLV� WKHVLV� KDYH�

EHHQ LQYHVWLJDWHG E\� WKH� $)0� IURP� 17�0'7� 6HUYLFHV� DQG� /RJLVWLFV� /WG� �PRGHO

17(*5$�3ULPD�� ,UHODQG�

)LJXUH�����:RUNLQJ�SURFHVV�RI�630��670��$)0��DQG�1620��PHDVXUHPHQW�
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������� 6FDQQLQJ�(OHFWURQ�0LFURVFRS\

6FDQQLQJ�HOHFWURQ�PLFURVFRS\��6(0��FDSWXUHV�WKH�LPDJH�RI�WKH�VXUIDFH�RI�D VDPSOH�

WKURXJK�VFDQQLQJ�ZLWK�D�IRFXVHG EHDP�RI�KLJK�HQHUJ\�HOHFWURQV >��@��7KH KLJK�HQHUJ\

HOHFWURQV� RI� WKH� EHDU� DUH DOORZHG� WR� LQWHUDFW� ZLWK� WKH� VDPSOH¶V� VXUIDFH� WR� SURGXFH�

YDULRXV�VLJQDOV�ZKLFK�DUH�DQDO\VHG�WR�H[WUDFW�YDULRXV�LQIRUPDWLRQ�UHODWHG�WR�WKH�VXUIDFH�

WRSRJUDSK\��PRUSKRORJ\�DQG�FRPSRVLWLRQ RI� WKH� ILOPV� 7KLV� WHFKQLTXH� LV� XVHG� IRU� WKH�

VXUIDFH� LQYHVWLJDWLRQ�ZLWK� D� UHVROXWLRQ� RI� XS� WR ���� QP �a��� N; PDJQLILFDWLRQ� LQ� D�

YDULHW\ RI�DSSOLFDWLRQV��7KH�HOHPHQWDO�LGHQWLILFDWLRQ�DQG�TXDQWLWDWLYH�FRPSRVLWLRQ�RI�WKH�

VDPSOHV� DUH PHDVXUHG� XVLQJ� WKH LQ�EXLOW� HQHUJ\� GLVSHUVLYH� ;�UD\� DQDO\]HU� �(';� RU�

('$� RI WKH 6(0 V\VWHP� 7KH EDVLF�RSHUDWLRQ�RI�6(0�ZLWK D�VFKHPDWLF�UHSUHVHQWDWLRQ�

LV�VKRZQ�LQ�)LJXUH������D�� 7KH�VXUIDFH�PRUSKRORJ\�RI�WKH�347��� ILOP�FRQVLGHUHG�LQ�

WKLV� WKHVLV� LV LQYHVWLJDWHG�E\�6(0 IURP�&DUO�=HLVV�0LFURVFRS\�/WG� �PRGHO (92�0$�

��������8.�

������� 7UDQVPLVVLRQ�(OHFWURQ�0LFURVFRS\

7UDQVPLVVLRQ� HOHFWURQ� PLFURVFRS\ �7(0�� LV� XVHG� WR� DFTXLUH WKH� KLJK�UHVROXWLRQ

LPDJHV� RI� WKH� VXUIDFH� RI� WKH� WKLQ ILOP VDPSOHV RU� D� VXVSHQVLRQ� RQ WKH� JULG >��@� $�

IRFXVHG EHDP� RI� KLJK�HQHUJ\� HOHFWURQV� LV� WUDQVPLWWHG WKURXJK� WKH� WKLQ� VDPSOHV WR�

LQWHUDFW ZLWK� WKHLU DWRPV�DQG�SURYLGH YDULRXV� LQWHUHVWLQJ� LQIRUPDWLRQ�DERXW� WKH�FU\VWDO�

VWUXFWXUH�DORQJ�ZLWK�GLVORFDWLRQV�DQG�JUDLQ�ERXQGDULHV LQ�WKH�VWUXFWXUHV��6LQFH�HOHFWURQV�

KDYH D�PXFK VPDOOHU�ZDYHOHQJWK� WKDQ� OLJKW�� VR� WKH� UHVROXWLRQ REWDLQHG� IURP� WKH�7(0�

LPDJH� LV XS� WR�a����QP�ZLWK a����N; PDJQLILFDWLRQ ZKLFK� LV PDQ\� WLPHV� ODUJHU� WKDQ�

WKDW�REWDLQHG�IURP�RSWLFDO�LPDJH��7KH�VL]H��VKDSH��TXDOLW\ DQG�GHQVLW\�RI�TXDQWXP�GRWV�

ZLUHV� DQG�ZHOOV DUH� DOVR� DQDO\VHG�XVLQJ� WKHVH�KLJK�UHVROXWLRQ�7(0 LPDJHV� 7KXV�� WKH�

7(0�WHFKQLTXH�FDQ�EH�XVHG�WR�SUHGLFW WKH�ILQHVW�GHWDLOV�RI�WKH�LQWHUQDO�VWUXFWXUH RI�WKH�
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WKLQ�ILOPV��7KH�LQIRUPDWLRQ�DERXW�WKH�FU\VWDOORJUDSKLF�SURSHUWLHV�RI�WKH�WKLQ ILOP�FDQ�EH�

GHWHUPLQHG E\�XVLQJ�WKH VHOHFWHG�DUHD�HOHFWURQ�GLIIUDFWLRQ SDWWHUQ��6$('� PHDVXUHPHQW

E\�H[SORULQJ�WKH�ZDYH QDWXUH�RI�HOHFWURQ��LQVWHDG�RI� LWV�SDUWLFOH�QDWXUH���7KH RSHUDWLRQ�

DQG�VFKHPDWLF�RI�7(0�LV VKRZQ�LQ�)LJXUH������E�� 7KH�7(0�V\VWHP�XVHG�IRU�RXU�VWXG\�

LQ�WKH�SUHVHQW�WKHVLV LV�WKH�7HFQDL�*�����7:,1�IURP�)(,� 86$�

)LJXUH����� 6HW�XS�DQG�ZRUNLQJ�RI��D��6(0�PHDVXUHPHQW DQG��E� 7(0�PHDVXUHPHQW�

������� ;�5D\�'LIIUDFWLRQ

;�UD\�GLIIUDFWLRQ��;5'��LV�D SRZHUIXO PDWHULDO�FKDUDFWHUL]DWLRQ�WRRO�DSSOLFDEOH�IRU�

IOXLGV��SRZGHUV�DQG FU\VWDOV��,Q WKLV�PHWKRG��DQ�;�UD\�EHDP�LQFLGHQW�RQ�WKH�VXUIDFH�RI�

WKH VDPSOH� WR� LQWHUDFW ZLWK� WKH� PDWHULDO� LQ� D� QRQ�GHVWUXFWLYH PDQQHU >��@� 7KH�

ZDYHOHQJWK�RI�;�UD\V�LV�RI�WKH�RUGHU�RI�DWRPLF�OHYHO��VPDOOHU�WKDQ�WKH�YLVLEOH�OLJKW��7KXV�

WKH� ;�UD\V ZLWK� ORZ�ZDYHOHQJWK� KDV KLJK HQHUJ\� ZKLFK� LV FDSDEOH� WR SHQHWUDWH� WKH�

PDWWHU� :KHQ�;�UD\V�DUH�SHQHWUDWHG�LQVLGH�DQ\�PDWHULDO�PDWWHU��WKH�XQLIRUP�VSDFLQJ�RI�

DWRPV� LQ� WKH� PDWHULDO�PDWWHU SURGXFHV DQ� LQWHUIHUHQFH SDWWHUQ GXH� WR� GLIIUDFWLRQ

SKHQRPHQRQ��7KH UHVROXWLRQ�RI�WKH�;�UD\�GLIIUDFWLRQ�SDWWHUQ�LV�GHVFULEHG�E\�WKH %UDJJ�
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HTXDWLRQ ��G VLQș QȜ� >��@� 7KH�;�UD\�VSHFWURVFRSLF�PHDVXUHPHQW WHFKQLTXH�LV XVHG�IRU�

WKH� LGHQWLILFDWLRQ� RI� YDULRXV� FU\VWDOOLQH� SKDVHV� RI� WKH PDWHULDOV� DQG� WKHLU TXDQWLWDWLYH�

DQDO\VLV��7KH�RSHUDWLRQ�DQG�ZRUNLQJ�SULQFLSOH�RI�;5'�LV LOOXVWUDWHG�)LJXUH������D�� 7KH�

6PDUW/DE�;�5D\�'LIIUDFWRPHWHU IURP�5LJDNX��-DSDQ�LV�XVHG�IRU�WKH�;5'�PHDVXUHPHQWV�

RI�WKH WKLQ�ILOPV�LQYHVWLJDWHG�LQ�WKLV�WKHVLV�ZRUN�

������� &\FOLF�9ROWDPPHWU\

&\FOLF� YROWDPPHWU\ �&9� LV� D� FRPPRQO\ XVHG� HOHFWURFKHPLFDO� WRRO WR� DFTXLUH

TXDOLWDWLYH�LQIRUPDWLRQ�DERXW�YDULRXV�UHDFWLRQV DQG�SURSHUWLHV�RI�WKH�PDWHULDOV >��@��,W�LV�

XVHG� WR PHDVXUH HOHFWURFKHPLFDO� SURSHUWLHV� RI� YDULRXV�PDWHULDOV� LQ� VROXWLRQ� RU� LQ� WKH�

VROLG�VWDWH SKDVH �WKLQ� ILOPV� RQ� DQ� HOHFWURGH��� ,W� LV YHU\� VLPSOH� DQG� VWUDLJKWIRUZDUG�

WHFKQLTXH LQ�ZKLFK HOHFWURFKHPLFDO� SRWHQWLDOV� UHODWLYH� WR� D NQRZQ LQWHUQDO� VWDQGDUG LV�

GHWHUPLQHG�XQGHU�UHYHUVLEOH�UHGR[�EHKDYLRXU RI�DQDO\WHV��7KH�REWDLQHG�UHVXOWV�RI�&9 DUH�

WKH�SULPDU\�VRXUFH�RI�LQIRUPDWLRQ�DERXW�WKH RUELWDO�HQHUJ\�OHYHOV�RI�GLIIHUHQW�PDWHULDOV�

IRU HOHFWURQLFV RU�RWKHU�DSSOLFDWLRQV� 7KH�FXUUHQW�DW� WKH�ZRUNLQJ�HOHFWURGH�LV�PHDVXUHG�

DQG SORWWHG� DJDLQVW� WKH� DSSOLHG� SRWHQWLDO� DW� WKH�ZRUNLQJ� HOHFWURGH� WR� REWDLQ� WKH� F\FOLF�

YROWDPPRJUDP�WUDFH� 7KH�EDVLF�VFKHPDWLF�RI�WKH�F\FOLF YROWDPPHWU\�PHDVXUHPHQW�LV

)LJXUH����� 6HW�XS DQG�ZRUNLQJ�RI��D��;5'�PHDVXUHPHQW DQG��E� &\FOLF�YROWDPPHWU\�PHDVXUHPHQW�
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VKRZQ�LQ�)LJXUH������E�� 7KH�&9 PHDVXUHPHQWV�KDYH�EHHQ�FDUULHG� LQ� WKLV� WKHVLV�XVLQJ�

WKH�HOHFWURFKHPLFDO�ZRUNVWDWLRQ��&+,�����&��IURP�&+ ,QVWUXPHQWV ,QF���86$�

������� )RXULHU�7UDQVIRUP�,QIUDUHG�6SHFWURVFRS\

7KH�)RXULHU�WUDQVIRUP�LQIUDUHG�VSHFWURVFRS\��)7,5� WHFKQLTXHV�LV�XVHG�H[WHQVLYHO\

IRU REWDLQLQJ� WKH LQIUDUHG�VSHFWUXP�RI�DEVRUSWLRQ�RU HPLVVLRQ�RI ERWK� WKH�RUJDQLF�DQG�

LQRUJDQLF�PDWHULDOV >��@��7KH WHFKQLTXH LGHQWLILHV�WKH�FKHPLFDO�ERQGV�LQ�WKH PROHFXOHV

E\ PHDVXULQJ� WKH� DEVRUSWLRQ� RI� LQIUDUHG UDGLDWLRQ �,5� WKURXJK WKH� VDPSOH� YHUVXV�

ZDYHQXPEHU��7KH�DEVRUEHG LQIUDUHG UDGLDWLRQ� H[FLWHV� WKH�PROHFXOH�RI� WKH� VDPSOH LQWR�

WKH� KLJKHU YLEUDWLRQDO� VWDWH�� 7KH� WRRO� LV� DOVR� XVHG� WR� GHWHFW IXQFWLRQDO� JURXSV� DQG�

LOOXVWUDWLQJ FRYDOHQW�ERQGLQJ� LQIRUPDWLRQ RI� WKH�VDPSOH��7KH�RSHUDWLQJ SULQFLSOH�RI�DQ�

)7,5�VSHFWURPHWHU�LV�LOOXVWUDWHG�LQ )LJXUH������D�� 7KH�FKHPLFDO�ERQG�GLVWXUEDQFH LQ�WKH

SRO\PHU� ILOP LV LQYHVWLJDWHG E\� )7,5 VSHFWURVFRS\� �$OSKD )7,5� 6SHFWURPHWHU�� (FR�

$75� IURP�%UXNHU� 86$�

������� 6SHFWURSKRWRPHWU\

6SHFWURSKRWRPHWU\� LV� D� WHFKQLTXH� WR�PHDVXUH� WKH� UHIOHFWDQFH� DQG� WUDQVPLWWDQFH�RI�

WKH�WKLQ�ILOPV >��@��%DVHG�RQ�WKH�REWDLQHG�UHIOHFWDQFH�DQG�WUDQVPLWWDQFH��WKH�WKLFNQHVV�RI�

WKH� ILOP� LV� DOVR� FDOFXODWHG�XVLQJ� WKH� UHIUDFWLYH LQGH[ DQG� H[WLQFWLRQ� FRHIILFLHQW RI WKH�

PDWHULDO�� 7KH� FDOFXODWLRQ� LV� RSWLPL]HG� E\� XVLQJ� WKH GLVFUHWH )RXULHU� WUDQVIRUP� �')7��

DQG�IDVW�)RXULHU�WUDQVIRUP��))7� DOJRULWKPV�DORQJ�ZLWK�WKH�PDWHULDO�FKDUDFWHULVWLFV��7KH�

RSHUDWLQJ SULQFLSOH� RI� WKH� VSHFWURSKRWRPHWU\� LV� LOOXVWUDWHG� LQ� )LJXUH� ���� �E�� 7KH

UHIOHFWDQFH��WUDQVPLWWDQFH�DQG�WKH�WKLFNQHVV�RI SRO\PHU ILOP�DUH PHDVXUHG LQ�WKH�SUHVHQW�

WKHVLV�E\�WKH�VSHFWURSKRWRPHWU\ UHIOHFWRPHWHU �)���89��IURP�)LOPHWULFV��86$�
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)LJXUH������:RUNLQJ SULQFLSOH�RI �D��)7,5�VSHFWURVFRS\�DQG��E��6SHFWURSKRWRPHWU\�

������� 89�9LVLEOH�6SHFWURVFRS\

8OWUDYLROHW�YLVLEOH �89�9LV��VSHFWURVFRS\�LV�XVHG�WR�PHDVXUH WKH�RSWLFDO DEVRUSWLRQ�

FKDUDFWHULVWLFV�RI�WKH�PDWHULDOV >��@��,W�LV�REVHUYHG�WKDW�DWRPV�DQG�PROHFXOHV�RI�D�PDWWHU�

XQGHUJR� HOHFWURQLF� WUDQVLWLRQV IURP� WKH� JURXQG� VWDWH WR� WKH� H[FLWHG� VWDWH� ZKHQ� LW� LV�

LUUDGLDWHG� ZLWK� WKH� HOHFWURPDJQHWLF� VSHFWUXP�� ,Q� WKH� FDVH RI� D� FRQMXJDWHG SRO\PHU�

FRQWDLQLQJ�ʌ�HOHFWURQV�RU�QRQ�ERQGLQJ�HOHFWURQV��Q�HOHFWURQV��� WKHVH�HOHFWURQV�H[FLWH� WR�

KLJKHU� DQWL�ERQGLQJ� �ʌ
�� PROHFXODU� RUELWDO� DIWHU DEVRUELQJ� HQHUJ\� LQ� WKH� IRUP� RI�

XOWUDYLROHW� RU� YLVLEOH� OLJKW�� 7KHUHIRUH�� WKH� 89�9LV� VSHFWURSKRWRPHWHU� LV� DOVR� XVHG� WR

PHDVXUH� WKH DEVRUSWLRQ� FKDUDFWHULVWLFV� RI D� PDWHULDO�� ,W� LV� DOVR� XVHG� WR� PHDVXUH� WKH�

DSSUR[LPDWH�EDQGJDS�HQHUJ\�RI�WKH�PDWHULDO��,W�PHDVXUHV WKH�DEVRUEDQFH�FKDUDFWHULVWLFV�

IURP� WUDQVPLWWDQFH� �7�� FKDUDFWHULVWLFV� DV� $  �ORJ� �7��� 7KH� REWDLQHG� DEVRUEDQFH�

VSHFWUXP� FDQ� EH XVHG� WR� PDWFK� IRU� WKH� LGHQWLILFDWLRQ� RI� WKH� IXQFWLRQDO� JURXS� RI� D�

PDWHULDO� 7KH�VFKHPDWLF�GLDJUDP�RI�D�89�9LV VSHFWURVFRS\ LV�VKRZQ�LQ )LJXUH�������D��

7KH�89�9LV�VSHFWURVFRS\��/DPEGD���� IURP�3HUNLQ�(OPHU��86$ KDV�EHHQ�XVHG�IRU�WKH�

WKLQ�ILOP�FKDUDFWHUL]DWLRQ�LQ�WKH�SUHVHQW�WKHVLV�
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������� 3KRWROXPLQHVFHQFH 6SHFWURVFRS\

3KRWROXPLQHVFHQFH �3/��VSHFWURVFRS\�LV�XVHG�WR�DQDO\VH�WKH�HOHFWURQLF VWUXFWXUH�RI�

PDWHULDOV LQ D�FRQWDFWOHVV DQG�QRQ�GHVWUXFWLYH�PDQQHU�>��@��9LVLEOH�DORQJ�ZLWK�DGMDFHQW�

OLJKW�LV�GLUHFWHG�WR�D�VDPSOH WKURXJK�D�PRQRFKURPDWRU��ZKHUH LW�LV�DEVRUEHG�WR�H[FLWH�WKH�

PDWHULDO� WR� D� KLJKHU HOHFWURQLF� VWDWH WKURXJK�SKRWR�H[FLWDWLRQ��$IWHU� UHOD[�� WKH� H[FLWHG�

HOHFWURQV UHWXUQ� DJDLQ� WR ORZHU� HQHUJ\� OHYHOV� DQG� HPLW� OLJKW� ZKLFK LV FDOOHG�

SKRWROXPLQHVFHQFH�� 7KH� HQHUJ\� RI� WKH� HPLWWHG� SKRWRQV� �L�H�� SKRWROXPLQHVFHQFH��

GHSHQGV RQ WKH� HQHUJ\�GLIIHUHQFH�EHWZHHQ WKH� H[FLWHG� VWDWH� DQG� WKH� HTXLOLEULXP�VWDWH�

7KH�3/�VSHFWURVFRS\�LV�XVHG�WR�H[WUDFW�YDULRXV�LQIRUPDWLRQ�RI�PDWHULDOV VXFK�DV PDWHULDO�

TXDOLW\� GHIHFW GHWHFWLRQ�� LPSXULW\� OHYHOV� EDQGJDS� GHWHUPLQDWLRQ� UHFRPELQDWLRQ�

PHFKDQLVPV HWF� 7KH� VFKHPDWLF� IRU SKRWROXPLQHVFHQFH� VSHFWURVFRS\ PHDVXUHPHQW� LV�

VKRZQ�LQ�)LJXUH�������E�� 7KH�3/�PHDVXUHPHQW�KDV�EHHQ�FDUULHG�RXW�LQ�WKH�SUHVHQW�WKHVLV

E\�XVLQJ�VSHFWURPHWHU��)/6������IURP�(GLQEXUJK�,QVWUXPHQWV� 8.�

)LJXUH�������:RUNLQJ�SULQFLSOH�RI��D��89�9LV�VSHFWURVFRS\ DQG��E��3KRWROXPLQHVFHQFH�VSHFWURVFRS\�

��� 2UJDQLF�7KLQ�)LOP�'HYLFHV

/LNH� FRQYHQWLRQDO� VHPLFRQGXFWRUV�� WKH� RUJDQLF� VHPLFRQGXFWRUV KDYH� DOVR� EHHQ�

H[SORUHG� IRU� IDEULFDWLQJ�YDULRXV�HOHFWURQLF�GHYLFH VWUXFWXUHV IRU�DSSOLFDWLRQV� LQFOXGLQJ�

VHQVRUV >�@�� >�@�� SKRWRGHWHFWRUV >�@�� SKRWRYROWDLF�FHOOV >��@�� OLJKW HPLWWLQJ�GHYLFHV >�@��
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PHPRU\�GHYLFHV >��@��GLVSOD\�GHYLFHV >��@ HWF��9DULRXV�RUJDQLF�SRO\PHU�EDVHG�GHYLFH�

VWUXFWXUHV� VXFK� DV� 6FKRWWN\� GLRGHV >��@�� >��@�� S�Q� MXQFWLRQ� GLRGHV >��@�� PHWDO�

VHPLFRQGXFWRU�PHWDO��060��GLRGHV >��@��DQG WKLQ�ILOP�WUDQVLVWRUV >��@��>��@ KDYH�EHHQ�

UHSRUWHG�LQ�WKH�OLWHUDWXUH��:H�ZLOO�QRZ�EULHIO\�LQWURGXFH�WKH�EDVLF�WZR�DQG�WKUHH�WHUPLQDO�

GHYLFH�VWUXFWXUHV�DQG�WKHLU�EDVLF�IDEULFDWLRQ�VWHSV�LQ�WKH�IROORZLQJ��

����� %DVLF�)DEULFDWLRQ�6WHSV�IRU���7HUPLQDO�DQG���7HUPLQDO�'HYLFHV

6LQFH� WKH� GLRGHV� DQG� WUDQVLVWRUV� DUH� WKH� EDVLF� HOHFWURQLF� GHYLFH� VWUXFWXUHV�� WKH�

RUJDQLF�WKLQ�ILOP�GHYLFHV �27)'V� DUH�EURDGO\�GLYLGHG�LQWR WZR�VXE�FODVVHV����WHUPLQDO�

GHYLFHV DQG� ��WHUPLQDO� GHYLFHV� 7KH� GLRGHV�� 060�� PHWDO�LQVXODWRU�VHPLFRQGXFWRU�

�0,6� FDSDFLWRUV�HWF� DUH�WZR�WHUPLQDO�GHYLFHV� ZKHUHDV�WKH�WKLQ�ILOP�WUDQVLVWRUV��7)7V��

DUH� WKUHH� WHUPLQDO� GHYLFHV� 7KH� RUJDQLF WKLQ ILOP� GHYLFHV� PD\� XVH� WKH� ILOP� RI�

VHPLFRQGXFWLQJ��FRQGXFWLQJ�DQG�LQVXODWLQJ�RUJDQLF�ILOPV��7KH�WKLQ�ILOPV�RI�FRQMXJDWHG�

SRO\PHUV� RU� VHPLFRQGXFWLQJ� SRO\PHUV� DUH� JHQHUDOO\� IDEULFDWHG� E\� WKH� VROXWLRQ�

SURFHVVHG�WHFKQLTXHV VXFK�DV�WKH�VSLQ�FRDWLQJ�DQG GLS FRDWLQJ��7KH�FRQGXFWLQJ�ILOPV�IRU�

WKH� HOHFWURGHV� DUH� REWDLQHG� E\� GHSRVLWLQJ PHWDOV� XVLQJ� SK\VLFDO� YDSRXU� GHSRVLWLRQ�

PHWKRGV OLNH� WKH WKHUPDO HYDSRUDWLRQ�� HOHFWURQ�EHDP� HYDSRUDWLRQ�� VSXWWHULQJ� HWF�� 7KH�

SRO\PHU� EDVHG� LQVXODWLQJ� WKLQ� ILOPV� DUH� XVHG� IRU� WKH� GLHOHFWULF OD\HU LQ� WKH� HOHFWURQLF�

GHYLFHV� )RU�VLOLFRQ�EDVHG�RUJDQLF�GHYLFHV��WKH�RUJDQLF�WKLQ�ILOPV�DUH�QRUPDOO\�GHSRVLWHG�

RQ�D�VLOLFRQ�GLR[LGH�OD\HU�JURZQ�RQ�WKH�VLOLFRQ VXEVWUDWH�XVLQJ�GU\�R[LGDWLRQ PHWKRG�

7ZR�WHUPLQDO�GHYLFHV�DUH�UHODWLYHO\�VLPSOH�IRU�IDEULFDWLRQ�DQG�FKDUDFWHUL]DWLRQ� 7KH�

RUJDQLF�VHPLFRQGXFWRU�EDVHG�WZR�WHUPLQDO�GHYLFH�VWUXFWXUHV�VXFK�DV�6FKRWWN\�GLRGH��S�Q

MXQFWLRQ� GLRGH�� 060� DQG� 0,6� DUH� VKRZQ� LQ� )LJXUH� ����� 7KH� S�W\SH� FRQGXFWLQJ�

SRO\PHUV� IRUP� WKH� 6FKRWWN\� EDUULHU� FRQWDFW�ZLWK� ORZ�ZRUN�IXQFWLRQ�PHWDO� DQG� RKPLF�

FRQWDFW� ZLWK� KLJK� ZRUN�IXQFWLRQ� PHWDO DV� LQ� 6FKRWWN\� GLRGH� /LNH� WKH� FRQYHQWLRQDO�
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VHPLFRQGXFWRUV�� WKH� 6FKRWWN\� RU� RKPLF� FRQWDFW� EHWZHHQ� D� PHWDO� DQG� WKH� FRQGXFWRU

SRO\PHUV�DOVR�GHSHQG�RI�WKH�ZRUN�IXQFWLRQV�RI�WKH�PHWDOV�DQG�SRO\PHUV��,Q�JHQHUDO��WKH

S�W\SH�FRQGXFWLQJ�SRO\PHUV�IRUP�WKH�6FKRWWN\�FRQWDFWV�ZLWK�ORZ�ZRUN�IXQFWLRQ�PHWDOV�

ZKHUHDV�WKH\�IRUP�RKPLF�FRQWDFWV�ZLWK�WKH�KLJK�ZRUN�IXQFWLRQ�PHWDOV�>��@� 7KH�UHYHUVH�

VLWXDWLRQ� RFFXUV� LQ� FDVH� RI� DQ� Q�W\SH� FRQGXFWLQJ� SRO\PHUV� 7KH� RUJDQLF� WKLQ� ILOP

WUDQVLVWRUV��27)7V��DUH ��WHUPLQDO�GHYLFHV ZKLFK�KDYH�HQKDQFHG�LQWHUQDO�JDLQ�ZLWK

)LJXUH�������'HYLFH�VWUXFWXUH�RI��D��6FKRWWN\�GLRGH���E��S�Q GLRGH���F��060��DQG��G��0,6�

)LJXUH�������'LIIHUHQW�27)7 VWUXFWXUHV� �D��%RWWRP�JDWH�WRS�FRQWDFW���E��%RWWRP�JDWH�ERWWRP�FRQWDFW���F��

7RS�JDWH�WRS�FRQWDFW��DQG��G��7RS�JDWH�ERWWRP�FRQWDFW�
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PXOWLSDUDPHWHU FKDUDFWHULVWLFV >��@�� 7KH� 27)7V� DUH� ZLGHO\� XVHG� IRU� YDULRXV� VHQVLQJ�

DSSOLFDWLRQV >�@��>��@��%DVHG�RQ�WKH�SRVLWLRQ�RU�WKH�FRPELQDWLRQ�RI�JDWH�DQG�VRXUFH�GUDLQ�

FRQWDFWV� WKH� WUDQVLVWRUV� KDYH� IRXU VWUXFWXUHV� DV VKRZQ� LQ� )LJXUH� ����� $PRQJ� WKH�

WUDQVLVWRU�VWUXFWXUHV VKRZQ�LQ�)LJ������� WKH�ERWWRP�JDWH�WRS�FRQWDFW�EDVHG�VWUXFWXUH�DUH�

XVHG� IRU� YDULRXV� HOHFWURQLF� DQG� VHQVLQJ� DSSOLFDWLRQV GXH� WR� WKHLU� EHWWHU� SHUIRUPDQFH�

SDUDPHWHUV�>�@��>��@�

����� 2UJDQLF�'HYLFH &KDUDFWHUL]DWLRQ 7RROV

/LNH�RWKHU�VHPLFRQGXFWRU GHYLFHV��WKH�HOHFWULFDO�FKDUDFWHULVWLFV�RI�RUJDQLF WKLQ�ILOP�

GHYLFHV�DUH�PHDVXUHG�XVLQJ�VHPLFRQGXFWRU�SDUDPHWHU DQDO\VHU �63$� �0DNH��.H\VLJKW��

0RGHO� %����$�� 7KH� WZR� WHUPLQDO� GHYLFHV� VXFK� DV� 6FKRWWN\� GLRGHV�� S�Q MXQFWLRQ�

GLRGHV DQG� 060� GLRGHV� FDQ EH FKDUDFWHUL]HG ZLWK� WKH� KHOS� RI� WZR� µVRXUFH DQG�

PHDVXULQJ�XQLWV �608V�¶� ZKHUHDV�WKH�WUDQVLVWRU�FKDUDFWHUL]DWLRQ�UHTXLUHV�WKH 63$�ZLWK�

PLQLPXP� WKUHH� µ608V¶�� 7KH� 63$� LV� XVHG� WR� PHDVXUH� WKH� FXUUHQW�YROWDJH� �,9���

FDSDFLWDQFH�YROWDJH��&9���FXUUHQW�WLPH��,�W��� UHVLVWDQFH�WLPH �5�W� FKDUDFWHULVWLFV�RI� WKH�

GHYLFHV�� 7KH� PHDVXUHPHQW� VHW�XS� IRU� WKH� HOHFWULFDO� FKDUDFWHUL]DWLRQ� RI� WKH� RUJDQLF�

GHYLFHV� XVLQJ� 63$� LV� VKRZQ� LQ� )LJXUH� ����� 7KH� HOHFWULFDO� FKDUDFWHUL]DWLRQ� VHWXS� FDQ�

IXUWKHU EH�H[WHQGHG IRU�YDULRXV�VHQVLQJ�DSSOLFDWLRQV�FRQVLGHUHG�LQ�WKH�SUHVHQW�WKHVLV�

)LJXUH������ 6HPLFRQGXFWRU�SDUDPHWHU�DQDO\VHU IRU�WKH�PHDVXUHPHQW�RI�YDULRXV�HOHFWULFDO�SDUDPHWHUV�
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����� 2UJDQLF�7KLQ�)LOP�'HYLFH $SSOLFDWLRQV

7KH� RUJDQLF� WKLQ� ILOPV DUH� XVHG� IRU� YDULRXV� HOHFWURQLF� JDV� VHQVLQJ� DQG�

RSWRHOHFWURQLF� DSSOLFDWLRQV� VXFK� DV� LQ� WKH� FKHPLFDO� VHQVRUV� �JDV�ELRORJLFDO��� OLJKW�

VHQVRUV� �SKRWRGHWHFWRU��� OLJKW� HPLWWLQJ� GLRGHV� �/('V��� VRODU� FHOOV �SKRWRYROWDLF���

GLVSOD\��DQG�PHPRU\�GHYLFHV��7KH�FOXVWHUV RI�RUJDQLF�GHYLFH�DSSOLFDWLRQV OLVWHG� LQ� WKH

2(�$�5RDGPDS� >��@ LV VKRZQ� LQ�)LJXUH�������:H�KDYH�H[SORUHG� WKH�347����RUJDQLF�

VHPLFRQGXFWRU� IRU� JDV� VHQVLQJ� DQG� OLJKW� VHQVLQJ� DSSOLFDWLRQV� ZKLFK� DUH� EULHIO\�

LQWURGXFHG�LQ�WKH�IROORZLQJ�

)LJXUH ������&OXVWHUV�RI RUJDQLF�GHYLFH�DSSOLFDWLRQ�IURP�2(�$�5RDGPDS�

������� *DV�6HQVRUV

*DV VHQVRUV DUH XVHG�IRU�WKH�GHWHFWLRQ�RI�YDULRXV�KD]DUGRXV�JDVHV�VXFK�DV�DPPRQLD��

QLWURJHQ�GLR[LGH��FDUERQ�PRQR[LGH�DQG�PDQ\�PRUH�JDVHV�YDSRXUV�>��@��>��@ ZKLFK�PD\�

FDXVH�VHYHUH�KHDOWK�GLVRUGHUV�LQ�WKH�KXPDQ�ERG\��7KHLU�FRQFHQWUDWLRQV�DUH�PHDVXUHG�WR

WDNH�WKH�QHHGIXO DFWLRQV RQFH�WKH\�FURVV WKH�GDQJHU�OLPLW��0DQ\�JDVVHV�FDQ¶W�EH�GHWHFWHG�

E\ RXU� QRVH� EXW FDQ� EH� HDVLO\� GHWHFWHG� E\� WKH� HOHFWURQLF� VHQVRUV�� 7KHUHIRUH�� WKH� JDV
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VHQVRUV DUH�VRPHWLPHV�FDOOHG DQ ³HOHFWURQLF QRVH��(�QRVH�´��7KH�(�QRVH�ZRUNV VLPLODUO\�

DV WKH�KXPDQ QRVH�DV�LOOXVWUDWHG�LQ )LJXUH ������7KH�REWDLQHG�GDWD�IURP�WKH�JDV VHQVRU

DUH� SURFHVVHG� FRPSDUHG� XVLQJ� QHXUDO� V\VWHP� DQDO\VLV� ZLWK� KHOS� RI� NQRZQ� GDWD� DQG�

ILQDOO\� WKH� LQIRUPDWLRQ� UHJDUGLQJ� WKH� W\SH� RI� JDVHV� DQG� WKHLU� FRQFHQWUDWLRQV� DUH�

REWDLQHG��7KH�LQRUJDQLF�PDWHULDOV��PDLQO\ PHWDO�R[LGHV�DQG�WKHLU�QDQRVWUXFWXUHV� >��@±

>��@ DV�ZHOO�DV RUJDQLF�FRQGXFWLQJ�SRO\PHUV�>�@��>��@±>��@ DUH�XVHG�IRU�WKH�IDEULFDWLRQ�

RI� WKH� JDV� VHQVRUV��$OWKRXJK�� WKH�PHWDO�R[LGHV HVSHFLDOO\� XVLQJ�6Q2� >��@ DUH�PRVWO\�

XVHG�LQ�FRPPHUFLDO�JDV�VHQVRU��EXW��WKHLU�KLJK�IDEULFDWLRQ�FRVW�GXH�WR�WKH�UHTXLUHPHQW�RI

YHU\� H[SHQVLYH� VHW XS� >�@�� SRRU� VHOHFWLYLW\ >��@ DQG� SRRU� URRP� WHPSHUDWXUH� UHVSRQVH�

KDYH� JUHDWO\� HQFRXUDJHG WKH� UHVHDUFKHUV IRU�GHYHORSLQJ ORZ�FRVW� DQG� ORZ�WHPSHUDWXUH�

EDVHG� JDV� VHQVRUV� XVLQJ� FRQGXFWLQJ� SRO\PHUV >�@�� >��@±>��@�� 7KXV� WKH� FRQMXJDWHG

SRO\PHU�EDVHG WKLQ� ILOP� GHYLFHV� DUH� H[WHQVLYHO\ H[SORUHG� IRU� ORZ� FRVW� GHWHFWLRQ� RI�

KD]DUGRXV�JDVHV�E\�PHDQV�RI�D�FKDQJH LQ�HOHFWULFDO�UHVSRQVH�RI�WKH�GHYLFH�

)LJXUH ����� (�QRVH DQG�LWV�SURFHVVLQJ�ZLWK�UHVSHFW�WR�WKH�KXPDQ QRVH�
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7KH�ZRUNLQJ�RI� WKLQ�ILOP�GHYLFHV�DV�JDV�VHQVRU LV�PDLQO\�EDVHG�RQ�FKHPLVRUSWLRQ�

DQG�RU� SK\VLVRUSWLRQ� RI� WKH� JDVHV >�@�� :KHQ� WKH� JDVHV� LQWHUDFW ZLWK� D� FRQGXFWLQJ�

SRO\PHU ILOP��WKH�JDVHV�DUH�DGVRUEHG�LQ�WKH�SRO\PHU�ILOP�DQG�FKDQJH�WKH�FRQGXFWLYLW\�RI�

WKH�ILOP��7KLV�FKDQJH�LQ�FRQGXFWLYLW\�LV�HLWKHU�KDSSHQHG GXH�WR�EDVH GH�GRSLQJ LQ�FDVH�

RI� UHGXFLQJ� JDVHV� RU� GLSROH� FKDUJH� LQWHUDFWLRQ� LQ� FDVH� RI� R[LGLVLQJ� JDVHV >��@�� >��@�

&RPPRQO\��UHGXFLQJ�JDVHV EHKDYH�DV HOHFWURQ GRQRUV�ZKLFK�VWDUW GRSLQJ�DQG�GH�GRSLQJ

LQ�WKH�S�W\SH�FRQMXJDWHG SRO\PHU ILOPV ZKHQ�WKH\�DUH�H[SRVHG WR�WKH�JDVHV� 7KLV�UHVXOWV�

LQ�WKH�HQKDQFHG WUDSV VLWHV�RQ�WKH VXUIDFH�RI�WKH�SRO\PHU�WKLQ�ILOPV�WKHUHE\�UHGXFLQJ�WKH�

WUDQVSRUWDWLRQ� RI� KROHV� DQG� KHQFH� LQFUHDVLQJ� WKH� ILOP� UHVLVWDQFH >��@�� >��@� +RZHYHU��

ZKHQ�WKH�ILOPV�DUH�H[SRVHG�WR�R[LGLVLQJ�JDVHV� D�SDUWLDO�SRVLWLYH�FKDUJH�LV�GHYHORSHG�LQ

S�W\SH�FRQMXJDWHG SRO\PHUV EHFDXVH�RI�FKDUJH�WUDQVIHU�GXH�WR�GLSROH�FKDUJH�LQWHUDFWLRQ

>��@� 7KLV� FKDUJH� WUDQVIHU UHGXFHV� WKH� WUDS VLWHV� IRU� WKH� KROHV� DQG� HQKDQFHV� WKH�

FRQGXFWLYLW\ RI�WKH�ILOP >��@� ,W PD\�EH�PHQWLRQHG�WKDW�WKH�JDV�UHVSRQVH�LQ�FRQGXFWLQJ�

SRO\PHU�EDVHG�VHQVRUV�LV�KLJKO\�GHSHQGHQW�RQ�SRO\PHU�ILOP�WKLFNQHVV��GHYLFH�VWUXFWXUH�

DQG� DQ\� GRSLQJ WR� WKH� SRO\PHU >��@�� >��@� 7KXV� ZH� KDYH� H[SORUHG� 347���� XVLQJ�

ILOP�GHYLFH� HQJLQHHULQJ� IRU� VHQVLQJ� DPPRQLD�� QLWURJHQ� GLR[LGH� JDVHV DQG� RWKHU�

LQWHUIHUHQFH�JDVHV�

������� /LJKW�6HQVRUV��3KRWRGHWHFWRUV�

/LNH� DQ\� VHPLFRQGXFWRU�� WKH RUJDQLF� VHPLFRQGXFWRUV� FDQ EH� DOVR� XVHG� IRU�

SKRWRGHWHFWLRQ�DSSOLFDWLRQV��7KH�WKLQ�ILOP�HOHFWURQLF�GHYLFHV�XVLQJ�FRQMXJDWHG�SRO\PHUV�

DV�DFWLYH�PDWHULDO�FDQ�EH�H[SORUHG�IRU�VHQVLQJ�OLJKW�ZLWK�ZLGH�UDQJH�RI�ZDYHOHQJWKV�LQ�

WKH� RSWLFDO� VSHFWUXP� 7KH� FRQGXFWLYLW\ RI� WKH� RUJDQLF� ILOP� LV� LQFUHDVHG� ZKHQ� LW� LV�

H[SRVHG WR� WKH� OLJKW� LQ� WKH� VLPLODU� PDQQHU� DV WKDW� RFFXUV� LQ� WKH� FRQYHQWLRQDO�

VHPLFRQGXFWRUV DV� GHPRQVWUDWHG LQ� )LJXUH� ������ :KHQ� WKH� OLJKW� LV� LQFLGHQW� RQ� WKH�
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RUJDQLF�ILOP�RI�WKH�RUJDQLF�SKRWRGHWHFWRUV��WKH H[WUD FKDUJH H[FLWRQV SDLUV DUH�JHQHUDWHG

LQ�WKH�DFWLYH�VHPLFRQGXFWLQJ WKLQ�ILOP >��@±>��@ DV�VKRZQ�LQ WKH�ILJXUH��7KLV JHQHUDWLRQ�

RI� FKDUJH� SDLUV� DUH WKH� IXQFWLRQ� RI� WKH� LQWHQVLW\� DQG�ZDYHOHQJWK RI� WKH� LQFLGHQW� OLJKW�

7KH� JHQHUDWHG SKRWR�H[FLWRQV� HQKDQFH� WKH� FKDUJH� FDUULHU� GHQVLW\� LQ� WKH SRO\PHU� ILOP�

WKHUHE\ LQFUHDVLQJ�WKH�FRQGXFWLYLW\�RI�WKH�VHPLFRQGXFWLQJ�SRO\PHUV��H�J� 347�����XVHG�

DV�WKH DFWLYH�PDWHULDOV�LQ�WKH�GHWHFWRUV�

KY
/802

+202+202

/802

)LJXUH������ *HQHUDWLRQ�RI FKDUJH�H[FLWRQV LQ�FRQGXFWLQJ SRO\PHU�XQGHU�OLJKW�H[SRVXUH�

��� /LWHUDWXUH�5HYLHZ

7KH� REMHFWLYH� RI� WKH� SUHVHQW� WKHVLV� LV� WR� LQYHVWLJDWH� WKH� JDV� VHQVLQJ� DQG�

SKRWRGHWHFWLRQ�SURSHUWLHV�RI�RUJDQLF� VHPLFRQGXFWLQJ�SRO\PHU�EDVHG� WKLQ� ILOP�GHYLFHV�

,Q�RUGHU�WR�RXWOLQH�WKH�VFRSH RI�WKH�WKHVLV� ZH�ZLOO�QRZ�UHYLHZ�VRPH�LPSRUWDQW�OLWHUDWXUH

RQ WKH�RUJDQLF�WKLQ�ILOP�GHYLFHV�DQG�WKHLU�DSSOLFDWLRQV�LQ�WKH�IROORZLQJ�VXE�VHFWLRQV�

����� 5HYLHZ�RI 2UJDQLF�7KLQ�)LOP�'HYLFHV

2QH�RI�HDUOLHVW�ZRUN�RQ�WKH�RUJDQLF�WKLQ�ILOP�GHYLFHV��27)'V��LV�WKH�RUJDQLF�WKLQ�

ILOP�UHFWLI\LQJ�MXQFWLRQ�ZKLFK�ZDV�UHSRUWHG�E\�-��(� 0HLQKDUG�DV�HDUO\�DV�LQ������>��@��

7KH�MXQFWLRQ�ZDV�IDEULFDWHG�E\�YDFXXP�GHSRVLWLRQ�RI�YDULRXV�FRPSOH[HV�VXFK�DV�LQGLJR��

FKORUDQLO��FKORUDQLO�S�SKHQ\OHQHGLDPLQH�FRPSOH[��DQG�SKHQD]LQH��$IWHU�WKH�GLVFRYHU\�RI�

KLJK� FRQGXFWLYLW\� LQ� GRSHG� SRO\DFHW\OHQH >��@�� 2]DNL� HW� DO� >��@ KDYH� UHSRUWHG� WKH�

RUJDQLF� MXQFWLRQ� GHYLFH� XVLQJ� SXUH� DQG� GRSHG� SRO\DFHW\OHQH� SRO\PHUV� LQ ����� 7KH�
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SRO\PHU�EDVHG�6FKRWWN\�GLRGHV�>��@ KDYH�EHHQ UHSRUWHG�XVLQJ�SRO\DFHW\OHQH�SRO\PHU LQ�

����� (ELVDZD�HW�DO��>��@ GHPRQVWUDWHG�WKH�SURSHUWLHV�RI�ERWK�WKH�PHWDO�VHPLFRQGXFWRU�

�L�H�� VHPLFRQGXFWLQJ� SRO\PHU��PHWDO� �060�� DQG� 7)7� GHYLFHV� LQ� D� VLQJOH� GHYLFH�

VWUXFWXUH� XVLQJ� SRO\DFHW\OHQH SRO\PHU�� /DWHU�� VHYHUDO� FRQMXJDWHG RUJDQLF� PDWHULDOV�

LQFOXGLQJ� SRO\DFHW\OHQH� SRO\PHU KDYH� EHHQ� H[SORUHG� IRU� WKH� IDEULFDWLRQ� RI� GLIIHUHQW�

W\SHV� RI� � 27)'V� LQFOXGLQJ� 6FKRWWN\� GLRGHV� >��@�� >��@��060� GLRGHV� >��@�� >��@�� DQG�

7)7V >��@��>��@� $PRQJ�YDULRXV�FRQMXJDWHG�SRO\PHUV��SRO\WKLRSKHQHV GHULYDWLYHV KDYH

EHHQ� ZLGHO\� H[SORUHG� IRU� WKH� 27)'V� GXH� WR� WKHLU� HDVLHU� SURFHVVLQJ�� EHWWHU� PDWHULDO�

VWDELOLW\��EHWWHU� WKLQ�ILOP�TXDOLW\�DQG�KLJKHU�PRELOLW\�WKDQ�RWKHU�DYDLODEOH�PDWHULDOV� IRU�

JDV�VHQVLQJ >�@��>��@��>��@±>��@ DQG�OLJKW�VHQVLQJ�DSSOLFDWLRQV >�@��>��@��>��@� .DQHWR�HW�

DO�� >��@ UHSRUWHG� SRO\WKLRSKHQH� WKLQ� ILOP� EDVHG� GHYLFHV� DV� HDUO\� DV� LQ� ����� 3RO\���

KH[\OWKLRSKHQH� �3�+7���RQH�RI�WKH�GHULYDWLYHV�RI�SRO\WKLRSKHQHV��KDYH�EHHQ�H[SORUHG�

IRU�YDULRXV�RUJDQLF�WKLQ�ILOP�GLRGHV >��@ DQG�WUDQVLVWRU�VWUXFWXUHV�>��@��>��@� :DQJ�HW�DO��

>��@ IDEULFDWHG� WKH� 3�+7� EDVHG� 7)7V� XVLQJ� WKUHH� GLIIHUHQW� GHSRVLWLRQ� WHFKQLTXHV�

QDPHO\�WKH�VSLQ�FRDWLQJ��GURS�FDVWLQJ�DQG�GLS�FRDWLQJ��7KH\ >��@ REVHUYHG�WKH�KLJKHVW

ILHOG� HIIHFW�PRELOLW\� LQ� WKH� GLS� FRDWLQJ� EDVHG�27)7� GXH� WR� VWUXFWXUDO� RUGHULQJ RI WKH�

3�+7� SRO\PHU� <DQJ� HW� DO�� >��@ REVHUYHG� HQKDQFHG� ILHOG�HIIHFW� PRELOLW\� GXH� WR�

FU\VWDOOLQH� VWUXFWXUH� RULHQWDWLRQ� RI� WKH� 3�+7� ILOP� LQ�27)7V� .XPDUL� HW� DO�� >���@ DQG�

&RXGHUF� HW� DO�� >���@ REVHUYHG� LPSURYHG� FKDUJH� WUDQVSRUWDWLRQ� LQ� WKH� 3�+7�&G6H

QDQRFRPSRVLWH�ILOPV�GXH�WR GHFUHDVH�LQ WUDS�HQHUJ\�DQG�LQFUHDVH�LQ�KROH�PRELOLW\��&KLX

HW� DO� >���@ REVHUYHG�DQ� LPSURYHPHQW�RI� WKH� HOHFWULFDO� DQG�RSWLFDO� SHUIRUPDQFH� LQ� WKH�

3�+7�&G6H#=Q6H� 4'V QDQRFRPSRVLWH� ILOP� EDVHG� 7)7V� RYHU� WKH� 7)7V� ZLWK�

FRQYHQWLRQDO�3�+7�ILOPV��&KHQ�HW�DO��>���@ REVHUYHG�D�EHWWHU�HOHFWULFDO�SHUIRUPDQFH�LQ�

WKH� 7)7V� XVLQJ� FRPSRVLWHV� RI� 3�+7� DQG� &G6H� 4'V WKDQ� WKDW� RI� WKH� 7)7V� ZLWK� D�
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FRQYHQWLRQDO� 3�+7� ILOP�� 0RULWD� HW� DO�� >��@ LQWURGXFHG� WKH� )70� WHFKQLTXH� IRU�

IDEULFDWLQJ�DQ�RULHQWHG�3�+7�ILOP�IRU WKH�LPSURYHPHQW RI�HOHFWULFDO�SHUIRUPDQFH�RI�WKH�

27)7V��2WKHUV�UHVHDUFKHUV >��@��>��@ KDYH�RSWLPL]HG�WKH�)70�WHFKQLTXH�IRU�LPSURYLQJ�

WKH�SHUIRUPDQFH�RI�WKH�3�+7�EDVHG�27)7V�

&RQVLVWHQW�HIIRUWV�ZHUH�PDGH�WR�LPSURYH�WKH�PDWHULDO�VWDELOLW\�DQG ILOP�TXDOLW\�RI

SRO\WKLRSKHQHV E\�XVLQJ�PROHFXODU� HQJLQHHULQJ WHFKQLTXHV >��@�� >��@�� >��@��2QJ�HW� DO��

>��@ IURP� ;HUR[ 5HVHDUFK &HQWUH� SURSRVHG� D� QHZ� SRO\PHU�� FDOOHG� SRO\���� �͛͛͛�

GLDON\OTXDUWHUWKLRSKHQH�� RU� SRO\���� �͛͛͛�GLGRGHF\OTXDUWHUWKLRSKHQH� RU� VLPSO\ 347����

LQ������XVLQJ�D� VWUXFWXUDO PRGLILFDWLRQ�RI�SRO\WKLRSKHQHV��7KH\�XVHG WKH PDWHULDO� IRU�

IDEULFDWLQJ�D�ERWWRP�JDWH�WRS�FRQWDFW 7)7 DQG�DFKLHYHG�DQ�DYHUDJH�ILHOG�HIIHFW�PRELOLW\�

RI�����������FP�9��V����&KDELQ\F�HW DO�� >���@ UHSRUWHG�WKH�ILHOG�HIIHFW�PRELOLW\�RI�a����

FP�9��V�� LQ�D�347����EDVHG 7)7 ZLWK�D�VKRUW�FKDQQHO OHQJWK�RI����P��7KH\�>���@ DOVR�

REVHUYHG�WKDW�WKH�VDWXUDWLRQ�FKDUDFWHULVWLFV�RI�27)7V�ZLWK�FKDQQHO OHQJWKV�EHORZ ����P�

ZHUH�ODUJHO\�DIIHFWHG�GXH�WR�WKH VKRUW�FKDQQHO�HIIHFWV��6&(V���+RZHYHU��WKH�WUDQVLVWRUV�

ZLWK� FKDQQHO OHQJWKV� DERYH� ��� �P� KDG� LGHDO� FKDUDFWHULVWLFV� ODUJHO\� VXSSRUWHG� E\� WKH�

JUDGXDO FKDQQHO� DSSUR[LPDWLRQ PRGHO�RI� WKH� ILHOG� HIIHFW� WUDQVLVWRUV� �)(7V���:X�HW� DO��

>���@ UHSRUWHG� WKH� WKLQ ILOP� WUDQVLVWRU� XVLQJ� WKH� FRQWUROOHG RULHQWDWLRQ� RI� OLTXLG�

FU\VWDOOLQH�347����SRO\PHU DQG�DFKLHYHG�D�ILHOG�HIIHFW�PRELOLW\�RI����� FP�9��V����7KLV�

LPSURYHG� SHUIRUPDQFH� LQ� WUDQVLVWRU� FKDUDFWHULVWLFV� ZDV� DWWULEXWHG� WR� WKH� ZHOO�DOLJQHG

HGJH�RQ RULHQWDWLRQ� RI 347��� SRO\PHU� DQG DQ DUUD\V� RI� SDUDOOHO� ODPHOODU�ʌ�ʌ� VWDFNV�

ZLWK� WKHLU� ODPHOODU� ������ D[HV� QRUPDO� WR� WKH� VXUIDFH >���@�� /DWHU�� 2QJ� HW� DO�� >��@

UHSRUWHG�WKH�PD[LPXP�ILHOG�HIIHFW�PRELOLW\�RI�����FP�9��V�� LQ�7)7V�XVLQJ�VWUXFWXUDOO\�

RUGHUHG�347����QDQRSDUWLFOHV��7KH�HIIHFW�RI�UHODWLYH�KXPLGLW\��5+��RQ WKH�SHUIRUPDQFH

RI� 347��� EDVHG� 7)7V� ZDV LQYHVWLJDWHG� E\ &KDELQ\F HW� DO�� >��@�� 7KH\� >��@ IRXQG� D�
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VOLJKW�UHGXFWLRQ�LQ WKH�ILHOG�HIIHFW�PRELOLW\�ZLWK�WKH LQFUHDVH�LQ��5+��&DL�HW�DO��>���@��

>���@ UHSRUWHG� WKDW� WKH� SHUIRUPDQFH� RI� WKH� 347���� EDVHG� 7)7V� FRXOG� EH� LPSURYHG�

IXUWKHU� E\� XVLQJ� JROG VRXUFH�GUDLQ� FRQWDFWV� DIWHU� WUHDWLQJ� LW� LQ SLUDQKD VROXWLRQ� RU�

PRQROD\HU�RI�DONDQHWKLRO��7KH�VWDELOLW\ DQG�HOHFWULFDO�SHUIRUPDQFH LPSURYHPHQW GXH�WR�

GHSRVLWLRQ� WHFKQLTXH�KDYH�EHHQ REVHUYHG E\�&RQVWDQWLQHVFX HW� DO� >���@ LQ WKH SXOVHG�

ODVHU�HYDSRUDWHG�347��� ILOP�EDVHG�7)7V��7KH�7)7V�XVLQJ�YDULRXV�FRPSRVLWHV�RI�347�

���SRO\PHU�ZLWK GLIIHUHQW QDQRPDWHULDOV�VXFK�DV�FDUERQ QDQRWXEH��&17���JUDSKHQH�DQG�

)�7&14�HWF��KDYH�DOVR�EHHQ�LQYHVWLJDWHG�E\�WKH�UHVHDUFKHUV >��@��>���@±>���@�

%HVLGHV� WKH� 7)7V� 347��� SRO\PHU� KDV� DOVR� EHHQ� HPSOR\HG� LQ� 060� >��@�� SQ

MXQFWLRQ� GLRGHV� >��@�� DQG� � 6FKRWWN\� GLRGHV >��@�� >���@�� >���@ IDEULFDWHG RQ� GLIIHUHQW�

VXEVWUDWHV�� 7KH� KHWHURMXQFWLRQ� GLRGH� RI� 347��� �S�W\SH� DQG� =Q2 �Q�W\SH� >��@ ZLWK�

LPSURYHG�UHVSRQVH�RYHU�WKHLU�KRPR�MXQFWLRQV�KDV�DOVR�EHHQ�UHSRUWHG�LQ�WKH�OLWHUDWXUH�

����� 5HYLHZ�RI�27)'V�%DVHG *DV�6HQVRUV

&RQGXFWLQJ� SRO\PHUV� VXFK� DV� SRO\DFHW\OHQH�� SRO\S\UUROH�� SRO\�1�PHWK\OS\UUROH��

SRO\���FDUER[\LQGROH��SRO\DQLOLQH��SRO\WKLRSKHQH GHULYDWLYHV DQG�PDQ\�PRUH�DUH�IRXQG�

VHQVLWLYH WR� FKHPLFDOV� DQG� JDVHV >�@�� >��@�� >��@�� >���@�� >���@� 7KXV� WKH� FRQGXFWLQJ�

SRO\PHU�EDVHG�27)'�JDV�VHQVRUV�KDYH�EHHQ�XVHG�IRU�VHQVLQJ�YDULRXV�KHDOWK�KD]DUGRXV�

JDVHV� VXFK� DV� DPPRQLD �1+���� QLWURJHQ� GLR[LGH� �12��� DQG� PDQ\� PRUH� RUJDQLF�

JDV�YDSRXUV >�@��>��@��>��@��>��@��>���@��,W�PD\�EH�PHQWLRQHG�WKDW�HYHQ�D�VPDOO�DPRXQW�

RI�DPPRQLD�JDV�������SSP��>���@ RU�QLWURJHQ�GLR[LGH�JDV�����SSP��>���@ LV��KD]DUGRXV�

WR� WKH�KHDOWK� LI� LQKDOHG� IRU�D� ORQJ� WLPH��7KXV��PDQ\�ZRUNV�KDYH�EHHQ� UHSRUWHG�RQ� WKH�

FRQGXFWLQJ� SRO\PHU� EDVHG� 1+� DQG� 12� JDV VHQVRUV� 0LDVLN� HW� DO�� >��@ UHSRUWHG� D�

SRO\�S\UUR�H��EDVHG�060�JDV� VHQVRU�XVLQJ� LQWHUGLJLWDWHG�JROG�HOHFWURGH� IRU GHWHFWLQJ�
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ERWK WKH� 1+� DQG� 12� JDVHV� $� SRO\�S\UUR�H�� EDVHG�060� GHYLFH� ZDV� UHSRUWHG� E\�

&KRXJXOH� HW� DO�� >���@ IRU� DPPRQLD� JDV VHQVLQJ� DSSOLFDWLRQ�� 3RO\DQLOLQH�7L2�

QDQRFRPSRVLWH� EDVHG� WKLQ� ILOP�060� W\SH� DPPRQLD� VHQVRU� KDYH EHHQ� UHSRUWHG� ZLWK�

LPSURYHG� UHVSRQVH� RYHU� WKH� FRQYHQWLRQDO� SRO\DQLOLQH� EDVHG� JDV� VHQVRUV� >���@�� >���@�

/DWHU�� GLIIHUHQW� FRQMXJDWH� SRO\PHUV�� HVSHFLDOO\� WKH� GHULYDWLYHV� RI� SRO\WKLRSKHQH� KDYH�

EHHQ� ODUJHO\� H[SORUHG� IRU WKH� DPPRQLD� >��@�� >���@±>���@ DQG� QLWURJHQ� GLR[LGH� >��@��

>���@ JDV� VHQVLQJ� DSSOLFDWLRQV GXH� WR� WKHLU� EHWWHU� VWDELOLW\� RYHU� RWKHU� FRQMXJDWHG�

SRO\PHUV� >�@�� >��@�� >��@�� >��@�� >��@�� >���@� $PRQJ� YDULRXV� GHULYDWLYHV� RI� WKH�

SRO\WKLRSKHQH��3�+7�KDV�EHHQ�ZLGHO\� H[SORUHG� IRU�DPPRQLD� >��@�� >���@�� >���@±>���@

DQG�QLWURJHQ GLR[LGH�>��@��>��@��>��@��>��@��>��@� >���@��>���@ JDV�VHQVLQJ�DSSOLFDWLRQV��

7KH�FRPSRVLWHV�RI�3�+7�ZLWK�RWKHU PDWHULDOV��H�J��=Q2��5*2��3&%0��0R6���KDYH�DOVR�

EHHQ�XVHG�IRU�JDV�VHQVLQJ�DSSOLFDWLRQV�>���@��>���@��>���@��>���@��>���@±>���@� 5HFHQWO\��

347����KDV�EHHQ�UHSRUWHG�WR EH�D�JRRG�FRQWHQGHU WR�WKH�3�+7�SRO\PHU�GXH�WR�LWV�EHWWHU�

VWDELOLW\�DQG�HOHFWULFDO�SHUIRUPDQFH�RYHU�3�+7�EDVHG�GHYLFHV�>��@��>���@��'DL�HW�DO��>��@

KDYH� UHSRUWHG�D�EHWWHU VWDELOLW\� LQ� WKH�DPPRQLD UHVSRQVH� LQ� WKH�347����EDVHG VHQVRUV�

WKDQ�WKDW�RI�3�+7�EDVHG�DPPRQLD�VHQVRUV��$�347����EDVHG�SULQWDEOH�27)7�DPPRQLD�

JDV� VHQVRU� IDEULFDWHG� RQ� D� IOH[LEOH� VXEVWUDWH� KDV� EHHQ� UHSRUWHG� E\� %HVDU� HW� DO�� >��@��

9LHLUD� HW� DO�� >��@ UHSRUWHG� WKDW� 347���� FRPSRVLWHV� ZLWK� &17� EDVHG�060� DPPRQLD�

VHQVRUV� KDYH� EHWWHU� SHUIRUPDQFH� RYHU� WKH� SULVWLQH� 347���� EDVHG� DPPRQLD� VHQVRUV��

+RZHYHU��347���� LV� UHODWLYHO\� D� QHZ�PDWHULDO�ZLWK� VXSHULRU� IHDWXUHV� RYHU� WKH�3�+7��

)XUWKHU�� WKH�PDWHULDO LV� OHVV� H[SORUHG� IRU� JDV� GHWHFWLRQ� DSSOLFDWLRQV��7KXV�� WKHUH� LV� DQ�

DPSOH� RSSRUWXQLW\ IRU� H[SORULQJ� WKH�347����PDWHULDO� IRU� GHWHFWLQJ� YDULRXV� KD]DUGRXV�

JDVHV�HVSHFLDOO\�1+��DQG 12� JDVHV ZKLFK�LV�WKH�SULPH�REMHFWLYH�RI�WKH�SUHVHQW�WKHVLV�
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����� 5HYLHZ RI�27)'V�%DVHG�3KRWRGHWHFWRUV

/LNH� WKH� FRQYHQWLRQDO� VHPLFRQGXFWRUV�� WKH� FRQMXJDWHG SRO\PHUV� KDYH� DOVR� EHHQ�

LQYHVWLJDWHG IRU SKRWRGHWHFWLRQ�DSSOLFDWLRQV� >�@�� >��@�� >���@�� >���@� .��6��1DUD\DQ DQG�

1�� .XPDU >��@ UHSRUWHG� WKH� ILUVW� SKRWRWUDQVLVWRU� XVLQJ FRQMXJDWHG SRO\PHU� 3�27 LQ�

����� /DWHU��YDULRXV�FRQMXJDWHG SRO\PHUV�DQG�WKHLU�VWUXFWXUDOO\�RUGHUHG�ILOPV�KDYH�EHHQ�

LQYHVWLJDWHG� IRU� HQKDQFLQJ SKRWRUHVSRQVH RI� WKH�GHYLFHV� >��@�� >��@�� >��@�� >���@±>���@��

7KLQ�ILOPV�RI�YDULRXV�FRPSRVLWHV�RI�FRQMXJDWHG�SRO\PHUV�KDYH�DOVR�EHHQ�XVHG�LQ�7)7V�

IRU� SKRWRGHWHFWLRQ� DSSOLFDWLRQV >���@�� >���@�� >���@� 3DO� HW� DO�� >��@ UHSRUWHG� D�

UHJLRUHJXODU� 3�+7� EDVHG� KLJK� SHUIRUPDQFH� SKRWRWUDQVLVWRU� ZLWK� WKH� PD[LPXP�

UHVSRQVLYLW\� RI� ���� $:�� XQGHU� ZKLWH� OLJKW� LOOXPLQDWLRQ�� %KDUJDYD� DQG� 6LQJK� >���@

UHSRUWHG�WKDW� WKH�)70�FRDWHG�3�+7�ILOP�EDVHG�27)7�KDV�EHWWHU�HOHFWULFDO DQG�RSWLFDO�

UHVSRQVH�FKDUDFWHULVWLFV�WKDQ�WKRVH�RI�WKH�27)7�XVLQJ D�FRQYHQWLRQDO�VSLQ�FRDWHG�3�+7�

ILOP� 5HFHQWO\��RSWLFDO�SURSHUWLHV�RI�347����SRO\PHU�KDYH�GUDZQ�FRQVLGHUDEOH�DWWHQWLRQ�

IRU� SKRWRGHWHFWLRQ DSSOLFDWLRQ >��@�� >���@±>���@�� :DVDSLQ\RNXO� HW� DO�� >���@ KDYH�

REVHUYHG� D� JRRG� UHVSRQVLYLW\� RI� ���� $:��� LQ� WKH� 347���� SRO\PHU� EDVHG� WKLQ� ILOP�

SKRWRWUDQVLVWRUV�� /HH� HW� DO� >���@ KDYH� XVHG� 347����3(2� FRPSRVLWH� SRO\PHU� IRU�

IDEULFDWLQJ�D IOH[LEOH�SKRWRWUDQVLVWRU�RQ�3(7�WH[WLOH�VXEVWUDWH��7KH\ >���@ KDYH�REVHUYHG�

D� UHVSRQVLYLW\� RI� DV� KLJK� DV� ����P$:����+RZHYHU�� WKHUH� LV� DQ� DPSOH� RSSRUWXQLW\� IRU�

HQKDQFLQJ� WKH SKRWRUHVSRQVH� FKDUDFWHULVWLFV� RI� WKH� 347���� EDVHG� 7)7V� IRU� IXWXUH�

JHQHUDWLRQ�IOH[LEOH�SKRWRGHWHFWRUV�

����� 0DMRU 2EVHUYDWLRQ�IURP�WKH�/LWHUDWXUH 6XUYH\

,Q� WKLV� VHFWLRQ�� ZH� ZLOO� VXPPDULVH� WKH PDMRU� REVHUYDWLRQV� GHULYHG� IURP� WKH

OLWHUDWXUH�VXUYH\�DV�JLYHQ�LQ�WKH IROORZLQJ�
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� 7KH� RUJDQLF� WKLQ� ILOP GHYLFHV� XVLQJ� FRQGXFWLQJ� SRO\PHUV� DUH� RI� JUHDW�

LQWHUHVWV� IRU� IOH[LEOH� HOHFWURQLF� DSSOLFDWLRQV� GXH� WR� WKHLU� KLJK� VWUHQJWK DQG�

JRRG IOH[LELOLW\��HDV\�DQG ORZ�FRVW�V\QWKHVLV�WHFKQLTXH��HQYLUR�IULHQGO\�ELR�

GHJUDGDEOH� QDWXUH DQG� ORZ�WHPSHUDWXUH� IDEULFDWLRQ� SURFHVVLQJ >�@�� >��@��

>��@�

� $PRQJ�YDULRXV FRQGXFWLQJ�SRO\PHUV��WKH�SRO\PHUV�RI�SRO\WKLRSKHQH JURXSV�

DUH�ODUJHO\ LQYHVWLJDWHG�IRU�YDULRXV�VHQVLQJ�DSSOLFDWLRQV GXH WR�WKHLU�KLJKHU�

VWDELOLW\� EHWWHU� VXLWDELOLW\ IRU� VROXWLRQ� SURFHVVLQJ�� DQG� KLJKHU FDUULHU

PRELOLW\ WKDQ�RWKHU�FRQGXFWLQJ�SRO\PHUV >��@��>��@��>��@��>���@��>���@��

� 7KH 347��� FRQGXFWLQJ� SRO\PHU� ZKLFK� LV� D� GHULYDWLYH� RI� SRO\WKLRSKHQH��

KDV� EHHQ� UHSRUWHG� WR� EH� D� JRRG� FRQWHQGHU� WR� WKH� ZLGHO\� XVHG� 3�+7� IRU�

YDULRXV� VHQVLQJ DSSOLFDWLRQV >��@�� 1RWH WKDW 347���� LV� D� SRO\PHU� FKDLQ�

HQJLQHHUHG�YHUVLRQ RI�3�+7� ZKLFK�KDV�KLJKHU�VWDELOLW\ DQG�KLJKHU�PRELOLW\

WKDQ�3�+7 >��@�� >��@�� >���@�� ,W� LV� UHODWLYHO\� D�QHZ�PDWHULDO�ZKLFK�KDV QRW�

EHHQ� H[SORUHG� H[WHQVLYHO\� VR� IDU� IRU� HOHFWURQLF�� JDV� VHQVLQJ� DQG�

RSWRHOHFWURQLF�DSSOLFDWLRQV��

� 347��� LV VHQVLWLYH�WR�YDULRXV�KHDOWK�KD]DUGRXV�JDVHV >��@��>��@��>��@� 7KHUH�

LV�DQ�DPSOH�RSSRUWXQLW\�IRU�H[SORULQJ WKH�347����PDWHULDO�EDVHG���WHUPLQDO�

060�DQG�7)7�GHYLFHV�IRU KD]DUGRXV JDV�VHQVLQJ�DSSOLFDWLRQV�

� %HVLGHV KD]DUGRXV� JDVHV�� WKH� 347���� LV� DOVR� VHQVLWLYH� WR� WKH� JUHHQ OLJKW

>��@��>���@� 7KXV��WKH�347��� SRO\PHU�LV�EHOLHYHG�WR�EH H[SORUHG�IRU�JUHHQ�

OLJKW GHWHFWLRQ�

� &ROORLGDO�FRPSRVLWHV�RI�347����DQG TXDQWXP�GRWV�KDYH�QRW�EHHQ�H[SORUHG�

IRU�WKH�JDV VHQVLQJ DSSOLFDWLRQV�
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��� &KDOOHQJHV LQ�27)'V IRU�6HQVLQJ�$SSOLFDWLRQV

,W� LV� DOUHDG\�PHQWLRQHG� HDUOLHU� WKDW� FRQGXFWLQJ� SRO\PHUV� EDVHG� HOHFWURQLF GHYLFHV�

DUH�FRQWLQXRXVO\�JDLQLQJ SRSXODULW\�GXH�WR WKHLU ORZ�IDEULFDWLRQ�FRVW LQ�DGGLWLRQ� WR�WKH�

LQKHUHQWO\�IOH[LEOH�DQG�ELRGHJUDGDEOH QDWXUH��+RZHYHU��ZKLOH�WKH�ELR�GHJUDGDEOH�QDWXUH�

RI�RUJDQLF�GHYLFHV�LV�JRRG�IRU�WKH�HQYLURQPHQW��LW�SURYLGHV�FKDOOHQJHV�LQ�PDLQWDLQLQJ�D�

VWDEOH�HOHFWULFDO�FKDUDFWHULVWLF�RI�WKH�RUJDQLF�GHYLFHV RYHU�D�ORQJHU�SHULRG��)XUWKHU�� WKH�

LQKHUHQWO\ ORZHU� PRELOLW\ RI� WKH� RUJDQLF PDWHULDOV� RYHU� WKH� LQRUJDQLF� VHPLFRQGXFWRU�

SXWV� DQRWKHU� FKDOOHQJH� LQ� DFKLHYLQJ� JRRG� HOHFWULFDO� FKDUDFWHULVWLFV� RI� WKH� RUJDQLF� WKLQ�

ILOP�GHYLFHV��$�QXPEHU�RI�HIIRUWV KDYH�EHHQ PDGH�IRU�HQKDQFLQJ WKH�VWDELOLW\�DQG�FDUULHU�

PRELOLW\�RI�WKH RUJDQLF�PDWHULDOV�E\�HPSOR\LQJ�SRO\PHU�FKDLQ�HQJLQHHULQJ�DQG�WKLQ�ILOP�

HQJLQHHULQJ WHFKQLTXHV�� 7KH� ILOP� GHSRVLWLRQ� WHFKQLTXH� DOVR� SOD\V� D� PDMRU� UROH LQ�

GHWHUPLQLQJ�WKH�HOHFWULFDO��RSWLFDO�DQG�JDV�VHQVLQJ�SURSHUWLHV RI�WKH�347����WKLQ�ILOPV�

��� 0RWLYDWLRQ�DQG�3UREOHP�'HILQLWLRQ

,W�KDV�EHHQ�DOUHDG\�GLVFXVVHG�WKDW�RUJDQLF HOHFWURQLF�GHYLFHV KDYH PDQ\ FKDOOHQJHV�

UHODWHG WR� WKH�V\QWKHVLV�DQG�IDEULFDWLRQ�RI KLJKO\�VWDEOH�FRQGXFWLQJ�SRO\PHU� WKLQ�ILOPV�

ZLWK�KLJK� VWDELOLW\� IRU YDULRXV� VHQVLQJ�DSSOLFDWLRQV��%HFDXVH�RI� WKH� UHODWLYHO\� VXSHULRU�

IHDWXUHV�RI�347����RYHU�WKH�ZLGHO\�XVHG�3�+7�PDWHULDO��WKH�347����LV�EHOLHYHG�WR�EH�

KDYLQJ�D�ZLGH�RSSRUWXQLW\ IRU�YDULRXV� VHQVLQJ�DSSOLFDWLRQV�� ,Q�YLHZ�RI� WKH� DERYH�� WKH�

REMHFWLYH�RI SUHVHQW WKHVLV�LV�WR�LQYHVWLJDWH�WKH�HOHFWULFDO��JDV�VHQVLQJ�DQG�SKRWRGHWHFWLRQ�

SURSHUWLHV�RI�VRPH�347���� WKLQ ILOP EDVHG�RUJDQLF�060�DQG�7)7�GHYLFHV� IDEULFDWHG�

E\�VSLQ�FRDWLQJ�DQG�)70�EDVHG�WKLQ ILOP�GHSRVLWLRQ�WHFKQLTXHV��$WWHPSW�KDV�DOVR�EHHQ�

PDGH� WR� LPSURYH� WKH� HOHFWULFDO� DQG� JDV� VHQVLQJ� SHUIRUPDQFH� RI� WKH� RUJDQLF� 7)7V

�27)7V��E\�XVLQJ�FRPSRVLWHV�RI�347����DQG�&G6H�TXDQWXP�GRWV��&KDUDFWHUL]DWLRQ�RI�
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WKH�RUJDQLF�WKLQ�ILOPV��RSWLPL]DWLRQ�RI�ILOP�WKLFNQHVV�DQG KHDW�WUHDWPHQW�RI�WKH�ILOPV�DUH�

EHOLHYHG�WR�SOD\�NH\�UROHV�LQ�RSWLPL]LQJ�WKH�HOHFWULFDO�DQG�VHQVLQJ�FKDUDFWHULVWLFV RI�WKH�

RUJDQLF�WKLQ�ILOP�GHYLFHV�

��� 6FRSH RI�WKH�7KHVLV

7KH�SUHVHQW�WKHVLV GHDOV�ZLWK�WKH�IDEULFDWLRQ�DQG�FKDUDFWHUL]DWLRQ�RI�VRPH�347����

SRO\PHU�EDVHG GHYLFHV� IRU� JDV� VHQVLQJ� DQG� SKRWRGHWHFWLRQ� DSSOLFDWLRQV�� 7KH� WKHVLV�

FRQVLVWV�RI�6,; FKDSWHUV� LQFOXGLQJ� WKH SUHVHQW� FKDSWHU��7KH�FRQWHQWV RI� WKH� UHPDLQLQJ�

),9(�FKDSWHUV DUH�EULHIO\ GHVFULEHG�LQ�WKH�IROORZLQJ��

&KDSWHU�� GHDOV ZLWK� WKH LQYHVWLJDWLRQ� RI� JDV� VHQVLQJ� SURSHUWLHV� RI� WKH� 347���

SRO\PHU ILOP�EDVHG PHWDO�VHPLFRQGXFWRU�PHWDO� �060� VWUXFWXUH� 7KH� 060� GHYLFH�

LQFOXGHV�DQ�RSWLPL]HG 347����ILOP�RI����QP�DV�WKH�DFWLYH�VHQVLQJ�PDWHULDO�GHSRVLWHG�RQ�

SRO\DPLGH�VXEVWUDWH E\ VSLQ�FRDWLQJ PHWKRG��$Q�LQWHUGLJLWDWHG JROG�HOHFWURGH VWUXFWXUH�

KDV�EHHQ�XVHG�LQ WKH�060�GHYLFH�XQGHU�VWXG\� $IWHU�WKH�347����ILOP�FKDUDFWHUL]DWLRQ��

WKH� VXLWDELOLW\� RI WKH� 347���� EDVHG� IOH[LEOH�060 GHYLFH� XQGHU� VWXG\� IRU VHQVLQJ� RI�

YDULRXV KD]DUGRXV�JDVHV VXFK�DV DPPRQLD��QLWURJHQ�GLR[LGH�DQG�RWKHU�LQWHUIHUHQFHV KDV�

EHHQ�VWXGLHG�LQ�GHWDLOV�

&KDSWHU�� UHSRUWV WKH� IDEULFDWLRQ�DQG�FKDUDFWHUL]DWLRQ RI 347����DQG�&G6H�4'V�

FRPSRVLWHV EDVHG�RUJDQLF�WKLQ�ILOP WUDQVLVWRU �27)7���7ZR W\SHV�RI�27)7V�KDYH�EHHQ�

IDEULFDWHG��2QH 27)7� FRQWDLQV� D� FRQYHQWLRQDO� VSLQ�FRDWHG� SULVWLQH� 347���� WKLQ� ILOP�

ZKLOH�WKH�RWKHU�KDV�XVHG 347����&G6H�4'V�FRPSRVLWH�DV�WKH�DFWLYH�FKDQQHO�PDWHULDO�RI�

WKH�27)7V��,Q�ERWK�WKH�27)7V�XQGHU�VWXG\��WKH ILOPV KDYH EHHQ�GHSRVLWHG RQ�WKH�6L2�

OD\HU�REWDLQHG E\�GU\�R[LGDWLRQ�RI�WKH�FOHDQHG�6L�VXEVWUDWHV��3URSHUWLHV�RI�WKH�WZR�W\SHV�

RI� ILOPV� KDYH� EHHQ� VWXGLHG� LQ� GHWDLOV�� 7KHQ� WKH� HOHFWULFDO� DQG� DPPRQLD� VHQVLQJ�
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FKDUDFWHULVWLFV RI�WKH�27)7�FRQWDLQLQJ�WKH FRPSRVLWH RI�347����&G6H�4'V�KDYH�EHHQ�

FRPSDUHG�ZLWK�WKRVH RI�WKH�27)7 FRQWDLQLQJ�WKH�VSLQ�FRDWHG�SULVWLQH�347����WKLQ�ILOP��

7KH� VXLWDELOLW\� RI� WKH� 27)7� IRU� WKH� GHWHFWLRQ� RI� DPPRQLD� JDV KDV� SULPDULO\� EHHQ�

VWXGLHG�

&KDSWHU�� GHDOV�ZLWK WKH�IDEULFDWLRQ�DQG�FKDUDFWHUL]DWLRQ RI�D�347����WKLQ�EDVHG�

27)7� IDEULFDWHG E\ WKH� IORDWLQJ�ILOP� WUDQVIHU� PHWKRG� �)70��� 7KH� SHUIRUPDQFH�

SDUDPHWHUV�RI�WKH�)70�EDVHG�27)7�KDYH�EHHQ�FRPSDUHG�ZLWK�WKH 27)7�FRQWDLQLQJ�WKH�

FRQYHQWLRQDO� VSLQ�FRDWHG�347���� ILOP� DV� GLVFXVVHG� LQ�&KDSWHU��� 7KH�6L2� FRDWHG�6L

VXEVWUDWHV�FRQVLGHUHG�LQ�&KDSWHU�� KDYH DOVR�EHHQ�XVHG�IRU�WKH�IDEULFDWLRQ�RI�WKH�)70�

ILOP�EDVHG�27)7�XQGHU�FRQVLGHUDWLRQ LQ�WKH�SUHVHQW�FKDSWHU��7KH�SURSHUWLHV�RI�WKH�)70�

EDVHG�347���� ILOPV�KDYH�EHHQ�FRPSDUHG�ZLWK WKRVH�RI� WKH�VSLQ�FRDWHG� ILOPV��)LQDOO\�

DPPRQLD�JDV�VHQVLQJ�SURSHUWLHV RI�WKH�SURSRVHG�27)7��XVLQJ�)70�EDVHG�347����ILOP��

KDYH�EHHQ FRPSDUHG�ZLWK�WKRVH�RI�WKH�VSLQ�FRDWLQJ�347����ILOP�EDVHG�27)7�GHYLFH�

&KDSWHU�� LQYHVWLJDWHV�WKH JUHHQ�OLJKW GHWHFWLRQ�SURSHUWLHV�RI�WKH 27)7V�IDEULFDWHG�

E\� )70� WHFKQLTXH� DV� VWXGLHG� LQ� &KDSWHU���� 7KH� RSWLFDO� SURSHUWLHV� RI ERWK� WKH� VSLQ�

FRDWHG�DQG )70�FRDWHG�347����ILOPV�KDYH�EHHQ�VWXGLHG�E\�89�9LV�VSHFWURVFRS\�DQG�

SKRWROXPLQHVFHQFH VSHFWURVFRS\� WHFKQLTXHV��)LQDOO\�� WKH�SKRWRUHVSRQVH�FKDUDFWHULVWLFV�

RI�WKH 27)7V�IDEULFDWHG XVLQJ )70�WHFKQLTXH�KDYH�EHHQ�PHDVXUHG�IRU�DQ�LQFLGHQW�OLJKW

ZLWK�����QP ZDYHOHQJWK DQG����:�FP� LQWHQVLW\�

)LQDOO\�� &KDSWHU�� VXPPDUL]HV WKH� PDMRU� REMHFWLYHV� DQG FRQFOXGHV� WKH� PDMRU�

ILQGLQJV RI� WKH� SUHVHQW� WKHVLV�� 7KLV� FKDSWHU� DOVR RXWOLQHV� VRPH� IXWXUH� VFRSH RI�ZRUNV

UHODWHG�WR�WKLV�WKHVLV�


