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$EVWUDFW−7KH LQRUJDQLF PHPEUDQH UHDFWRU LV D FRPELQHG XQLW RSHUDWLRQ RI FKHPLFDO UHDFWLRQV DQG PHPEUDQH VHSDUD�

WLRQV� %\ KDYLQJ D PHPEUDQH UHDFWRU� WKH GRZQVWUHDP VHSDUDWLRQ ORDG FDQ EH UHGXFHG� $OVR� WKH \LHOGV FDQ EH LQ�

FUHDVHG DQG FRQYHUVLRQ FDQ EH LPSURYHG IRU HTXLOLEULXP OLPLWHG UHDFWLRQV� +RZHYHU� PDQ\ RI WKH LQGXVWULDO FKHPLFDO

UHDFWLRQV WDNH SODFH DW KLJK WHPSHUDWXUH WKDW WKH FRQYHQWLRQDO SRO\PHULF PHPEUDQHV FDQQRW ZLWKVWDQG� $ JUHDW GHDO

RI UHVHDUFK KDV EHHQ GRQH UHFHQWO\ WR GHYHORS LRQ�FRQGXFWLQJ FHUDPLF PHPEUDQHV� 0DQ\ RI WKHVH KDYH EHHQ VXFFHVV�

IXOO\ HPSOR\HG WR IRUP PHPEUDQH UHDFWRUV IRU PDQ\ LQGXVWULDOO\ UHOHYDQW FKHPLFDO UHDFWLRQV� VXFK DV K\GURJHQDWLRQ�

GHK\GURJHQDWLRQ� R[LGDWLRQ� FRXSOHG UHDFWLRQV� DQG GHFRPSRVLWLRQ UHDFWLRQV� $Q RYHUYLHZ LV JLYHQ IRU WKH DUHD RI LQ�

RUJDQLF PHPEUDQH SUHSDUDWLRQV DQG PHPEUDQH UHDFWRUV� 0DQ\ H[DPSOHV RI SHWURFKHPLFDO LQWHUHVWV DUH SUHVHQWHG� LQ�

FOXGLQJ K\GURFDUERQ FRQYHUVLRQV DQG IXHO FHOO DSSOLFDWLRQV�

.H\ ZRUGV� ,QRUJDQLF0HPEUDQHV� ,QRUJDQLF0HPEUDQH 5HDFWLRQV� &HUDPLF0HPEUDQHV� 3DOODGLXP0HPEUDQHV� )XHO &HOOV
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7KH LQWHUHVW LQ LQRUJDQLF PHPEUDQHV JRHV EH\RQG WKH VFLHQWLILF

FXULRVLW\� 7KH ORQJ KLVWRU\ RI K\GURJHQ SXULILFDWLRQ ZLWK SDOODGLXP

IRLOV� KHOLXP VHSDUDWLRQ ZLWK IXVHG TXDUW]� DQG R[\JHQ VHSDUDWLRQ

ZLWK VLOYHU UHSUHVHQWV WKH VXFFHVVIXO LQGXVWULDO DSSOLFDWLRQV RI LQRU�

JDQLFPHPEUDQHV�+RZHYHU� VLQFH WKH JDV SHUPHDELOLW\ WKURXJK WKHVH

PHWDOV LV PXFK ORZHU WKDQ WKDW WKURXJK SRO\PHULF PHPEUDQHV� DW�

WHQWLRQ KDV ODUJHO\ EHHQ IRFXVHG RQ SRO\PHU PHPEUDQHV IRU SUDFWL�

FDO DSSOLFDWLRQV� 7KH SURJUHVV RI LQRUJDQLF PHPEUDQHV KDG EHHQ

UHODWLYHO\ GRUPDQW XQWLO WKH GHYHORSPHQW RI WKLQ FRPSRVLWH PHWDO

PHPEUDQHV DQG LRQ�FRQGXFWLQJ FHUDPLF PHPEUDQHV� 7KHVH PHP�

EUDQHV� XQOLNH WKH SRO\PHULF PHPEUDQHV� RIIHU YLUWXDOO\ FRPSOHWH

VHSDUDWLRQ� 6LQFH WKH LQRUJDQLF PHPEUDQHV FDQ ZLWKVWDQG KLJK WHP�

SHUDWXUHV DQG KRVWLOH HQYLURQPHQWV� WKHLU DSSOLFDWLRQV WR PHPEUDQH

UHDFWRUV IRU PDQ\ LQGXVWULDO SURFHVVHV DWWUDFWHG FRQVLGHUDEOH DWWHQ�

WLRQ� 7KH FRQFHSW RI DPHPEUDQH UHDFWRUZDV ILUVW VXFFHVVIXOO\ SURY�

HQ LQ ELRUHDFWRU DSSOLFDWLRQV ZLWK SRO\PHULF PHPEUDQHV DQG DSSUR�

SULDWH HQ]\PHV DV FDWDO\VWV� ,Q WKLV UHYLHZ SDSHU� WKH UHFHQW GHYHO�

RSPHQW RI LQRUJDQLF PHPEUDQHV DQG WKHLU XVH LQ PHPEUDQH UHDF�

WRU DSSOLFDWLRQV ZLOO EH GLVFXVVHG ZLWK UHOHYDQW UHIHUHQFHV� )RU IXU�

WKHU GHWDLOV� UHDGHUV DUH UHIHUUHG WR RWKHU UHFHQW UHYLHZ SDSHUV LQ WKH

ILHOG >$UPRU� ����� 6DUDFFR HW DO�� ����� ����� 6DUDFFR DQG 6SHF�

FKLD� ����� 'ULROL� ����� %RGGHNHU HW DO�� ����� 6WRXNLGHV� �����

=DPDQ DQG &KDNPD� ����@�
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,QRUJDQLF PHPEUDQHV RIIHU WKH IROORZLQJ DGYDQWDJHV�

� $ELOLW\ WR ZLWKVWDQG KLJK WHPSHUDWXUHV IRU D ORQJ WLPH

� 5HVLVWDQFH WR KRVWLOH HQYLURQPHQWV �RUJDQLF VROYHQWV� ODUJH S+

FKDQJHV� GHWHUJHQWV� VWHDP� HWF��

� +LJKPHFKDQLFDO VWUHQJWK �VWDEOH DW KLJK SUHVVXUH DQG KLJK SUHV�

VXUH GURS�

� 5HVLVWDQFH WR PLFURELDO DWWDFNV

� +LJK IOX[ �WKURXJKSXW�

� (DV\ FOHDQLQJ �VWHDP RU EDFNIOXVKHV�

� /RQJ OLIH

� (DV\ PRGLILFDWLRQ WR DGG FDWDO\WLF DFWLYLW\

:KLOH WKHUH DUH VR PDQ\ DGYDQWDJHV IRU LQRUJDQLF PHPEUDQHV�

VRPH GLVDGYDQWDJHV DUH YHU\ FULWLFDO DQG VHULRXV HQRXJK WR KDPSHU

WKH SURJUHVV RI LQGXVWULDO DSSOLFDWLRQ RI LQRUJDQLF PHPEUDQHV� DV

OLVWHG EHORZ�

� %ULWWOHQHVV �HDV\ WR FUDFN�

� 'LIILFXOW VHDOLQJ SUREOHPV DW KLJK WHPSHUDWXUH DSSOLFDWLRQV

� /RZ VXUIDFH�WR�YROXPH UDWLR

� )HZ PHPEUDQHV ZLWK KLJK VHOHFWLYLW\

� ([SHQVLYH FDSLWDO DQG UHSDLU FRVWV

0(7$//,&0(0%5$1(6

�� 3DOODGLXP�%DVHG &RPSRVLWH 0HPEUDQHV

7KH SDOODGLXP�EDVHG PHPEUDQHV DUH WKH PRVW IUHTXHQWO\ XVHG

PHWDO PHPEUDQHV RZLQJ WR WKHLU YHU\ KLJK K\GURJHQ VHOHFWLYLW\ >1D�

JDPRWR DQG ,QRXH� ����� ����� ����@� 7KH\ KDYH EHHQ XVHG IRU K\�

GURJHQDWLRQ� GHK\GURJHQDWLRQ� GHK\GURJHQDWLRQ�R[LGDWLRQ DQG VWHDP

UHIRUPLQJ UHDFWLRQV� 7KH H[FOXVLYH WUDQVSRUW PHFKDQLVP WRZDUG

K\GURJHQ LV JHQHUDOO\ EHOLHYHG WR EH GXH WR WKH LQWHUDFWLRQ RI K\�

GURJHQ DWRPV DQG SDOODGLXP PHWDO� 0ROHFXODU K\GURJHQ LV GLVVRFL�

DWHG DQG FKHPLVRUEHG RQ RQH VLGH RI WKH PHPEUDQH DQG GLVVROYHG

LQ WKH SDOODGLXP PDWUL[� 7KH DWRPLF K\GURJHQ WKHQ GLIIXVHV WR WKH

RWKHU VLGH RI WKH PHPEUDQH� 7KHUH� WKH K\GURJHQ DWRPV UHFRPELQH

DQG GHVRUE DV PROHFXODU K\GURJHQ� 7KHUHIRUH WKH GULYLQJ IRUFH IRU

WKH SHUPHDWLRQ EHFRPHV WKH GLIIHUHQFH LQ WKH VTXDUH URRW RI SUHV�

VXUHV DW ERWK VLGHV RI WKH PHPEUDQH >+ZDQJ DQG .DPPHUPH\HU�

����� 6KX HW DO�� ����@� 2QO\ K\GURJHQ JDV FDQ JR WKURXJK� ZKLOH

QR RWKHU JDV PROHFXOHV DUH DOORZHG WR WUDQVIHU WKURXJK WKH GHQVH

SDOODGLXP PHPEUDQH�
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7KHUH DUH VHYHUDO SUREOHPV ZLWK SDOODGLXP PHPEUDQHV� 7KH ILUVW

LV K\GURJHQ HPEULWWOHPHQW >$UPRU� ����@� 7KLV LV FDXVHG E\ WKH

ODUJH GLVWRUWLRQ LQ ODWWLFH VWUXFWXUH GXH WR WKH DOSKD�EHWD SKDVH WUDQV�

IRUPDWLRQ� :KHQ WKH F\FOLF VWUHVV LV SUHVHQW E\ DGVRUSWLRQ DQG GH�

VRUSWLRQ RI K\GURJHQ� WKH SDOODGLXP EHFRPHV YHU\ EULWWOH�

$QRWKHU ELJ SUREOHP ZLWK SDOODGLXP PHPEUDQH LV LWV VHQVLWLYLW\

WR SRLVRQLQJ LQ WKH SUHVHQFH RI &2� +�6� 62�� VXOIXU� DUVHQLF� FKOR�

ULQH� PHUFXU\� ]LQF� DQG XQVDWXUDWHG K\GURFDUERQV� HWF� 7KHPHFKDQ�

LFDO LQVWDELOLW\ SUREOHP �K\GURJHQ HPEULWWOHPHQW� PD\ EH VRPHZKDW

HDVHG E\ PDNLQJ DOOR\V ZLWK RWKHU PHWDOV VXFK DV $J� 5X� 5K� RU

RWKHU UDUH HDUWKV >$UPRU� ����@� 6RPH DOOR\ HOHPHQWV IURP WKH 9,�

9,,� DQG 9,,, JURXSV LQ WKH SHULRGLF WDEOH DUH DOVR NQRZQ WR LQFUHDVH

SDOODGLXPPHPEUDQH SHUPHDELOLW\ >*U\D]QRY HW DO�� ����� *U\D]QRY�

����@�

,Q SUDFWLFH� LW LV D GLIILFXOW FKDOOHQJH WR VHOHFW WKH EHVW DOOR\LQJ

PHWDOV DQG WKHLU DPRXQWV LQ RUGHU WR DFKLHYH WKH KLJK SHUPHDELOLW\�

FDWDO\WLF DFWLYLW\� DQG UHVLVWDQFH WR SRLVRQLQJ DQG K\GURJHQ HPEULW�

WOHPHQW�

$QRWKHU PDMRU KXUGOH ZLWK SDOODGLXP DOOR\ PHPEUDQHV LV WKH

UHGXFWLRQ RIPHPEUDQH WKLFNQHVV� 7KH IOX[ZLOO LQFUHDVH DV WKHPHP�

EUDQH JHWV WKLQQHU� WKHUHIRUH WKH FRVWV ZLOO GHFUHDVH EHFDXVH RI WKH

UHGXFHG RSHUDWLQJ DQGPDWHULDO FRVWV� 0DQ\ PHWKRGV KDYH EHHQ GH�

YHORSHG WR SUHSDUH D WKLQ SDOODGLXP�FRDWHG FRPSRVLWH PHPEUDQH�

VRPH RI ZKLFK ZLOO EH EULHIO\ RXWOLQHG DQG UHYLHZHG EHORZ�

���� (OHFWUROHVV 3ODWLQJ

2QH FDQ SURGXFH WKLQ SDOODGLXP�EDVHG FRPSRVLWH PHPEUDQHV

E\ GLSSLQJ SRURXV VXSSRUW PDWHULDOV VXFK DV FHUDPLF� PHWDO� RU JODVV

LQ D EDWK RI SDOODGLXP VDOW FRPSOH[ VROXWLRQ� )RU XQLIRUP FRDWLQJ�

WKH VXSSRUW PDWHULDO PXVW EH FOHDQHG� VHQVLWL]HG� DQG DFWLYDWHG EHIRUH

GLSSLQJ� 3DOODGLXP GHSRVLWLRQ WDNHV SODFH RQ WKH VXSSRUW VXUIDFH

E\ DXWRFDWDO\]HG UHGXFWLRQ UHDFWLRQ RI PHWDVWDEOH PHWDOOLF FRP�

SOH[HV� 8HPL\D HW DO� >����� ����D� E@ DQG .LNXFKL HW DO� >����D� E@

XVHG SRURXV JODVV WXEHV ZKLOH *RYLQG DQG$WQRRU >����@ HPSOR\HG

SRURXV VLOYHU DV VXSSRUWV� 6KX HW DO� >����@ ZHUH VXFFHVVIXO LQ GH�

SRVLWLQJ SDOODGLXP DQG VLOYHU RQ SRURXV VWDLQOHVV VWHHO� $OVR� DOX�

PLQD >8HPL\D HW DO�� ����� ����F� G� H� 0DWVXGD HW DO�� ����@ DQG

VWDLQOHVV VWHHO ZHUH FRDWHG ZLWK WKLQ SDOODGLXP OD\HUV E\ HOHFWUROHVV

SODWLQJ�

���� 6SXWWHULQJ

7KLV SURFHVV UHPRYHV DWRPV IURP D VXLWDEOH WDUJHW DQG GHSRVLWV

RQ WKH VXSSRUW VXUIDFH LQ WKH IRUP RI D WKLQ ILOP E\ PHDQV RI UDSLG

LRQ ERPEDUGPHQW IURP D KLJK�HQHUJ\ SODVPD >.RQQR HW DO�� �����

*U\D]QRY HW DO�� ����� -D\DUDPDQ HW DO�� ����� ;RPHULWDNLV DQG

/LQ� ����@� 7KLQ ILOPV RI ELQDU\ DQG WHUQDU\ DOOR\V RI SDOODGLXPZLWK

PDQJDQHVH� FREDOW� UXWKHQLXP� WLQ� DQG OHDG ZHUH GHSRVLWHG RQ SRO\�

PHULF� SRURXV VWDLQOHVV VWHHO DQG R[LGH VXSSRUWV E\ *U\D]QRY HW DO�

>����@� 6SXWWHU GHSRVLWLRQ RQ SRO\PHUPHPEUDQHV XVXDOO\ SURGXFHV

YHU\ IUDJLOH DQG GHIHFWLYH PHPEUDQHV� ZKLFK FDQQRW IXQFWLRQ DW

KLJK WHPSHUDWXUHV� 0HWDOOL]HG SRURXV FHUDPLF PHPEUDQHV PD\ DO�

ORZ RSHUDWLRQ DW HOHYDWHG WHPSHUDWXUHV LI WKH DGKHVLRQ RI PHWDO RQ

WKH VXEVWUDWH LV JDV�WLJKW�

���� 6SUD\ 3\URO\VLV

$ VROXWLRQ RI PHWDO VDOWV LV VSUD\HG LQWR D KHDWHG JDV VWUHDP DQG

S\URO\]HG� /L HW DO� >����@ SURGXFHG SDOODGLXP�VLOYHU DOOR\ PHP�

EUDQH E\ XVLQJ VSUD\ S\URO\VLV RI D SDOODGLXP QLWUDWH DQG VLOYHU QL�

WUDWH VROXWLRQ LQ D K\GURJHQ�R[\JHQ IODPH� 7KH\ REWDLQHG DQ DOOR\

PHPEUDQH ZLWK D WKLFNQHVV RI OHVV WKDQ �µP� EXW WKH VHSDUDWLRQ

IDFWRU EHWZHHQ K\GURJHQ DQG QLWURJHQ JDVHV ZDV WRR ORZ FRPSDUHG

ZLWK WKRVH RI PHPEUDQHV REWDLQHG E\ RWKHU PHWKRGV�

���� &KHPLFDO 9DSRU 'HSRVLWLRQ �&9'�

7KH VXFFHVVIXO SK\VLFDO YDSRU GHSRVLWLRQ WHFKQLTXHV XVHG IRU WKH

HOHFWURQLF LQGXVWU\ GR QRW RIIHU JDV�WLJKW FRPSRVLWH PHPEUDQHV� ,W

LV EHOLHYHG WKDW LQ WKRVH PHWKRGV ILOP IRUPDWLRQ WDNHV SODFH RQ WRS

RI WKH VXSSRUW� ,W LV GLIILFXOW WR FRQWURO DQG SURGXFH XQLIRUPO\ WKLQ

PHWDO ILOPV DQG JRRG DGKHVLRQ RQ WKH VXSSRUW PDWHULDOV� $OVR� WKH\

UHTXLUH FXPEHUVRPH DQG WLPH�FRQVXPLQJ SUHWUHDWPHQW VWHSV� 7KXV�

DWWHQWLRQ LV JURZLQJ IRU YDSRU SKDVH SURFHVVHV VXFK DV UHDFWLYH &9'

SURGXFLQJ JRRG ILOP TXDOLW\ DQG IDVW ILOP JURZWK� <DQ HW DO� >����@�

0RURRND HW DO� >����@� 8HPL\D HW DO� >����@� DQG ;RPHULWDNLV DQG

/LQ >����� ����@ XVHG WKHUPDO GHFRPSRVLWLRQV RI YRODWLOH PHWDO�

ORUJDQLF SDOODGLXP SUHFXUVRUV IRU IDEULFDWLRQ RI FRPSRVLWH PHP�

EUDQHV� 'HQVH SDOODGLXP ZDV GHSRVLWHG LQVLGH SRUHV RI FHUDPLF VXS�

SRUW �α�DOXPLQD WXEHV� E\ &9' HPSOR\LQJ WKHUPDO GHFRPSRVLWLRQ

RI DPHWDOORUJDQLF SUHFXUVRU �SDOODGLXP DFHWDWH RU SDOODGLXP DFHW\O�

DFHWRQDWH��

�� 6LOYHU $OOR\ 0HPEUDQHV

7KH RQO\ RWKHU PHWDO PHPEUDQH WKDW KDV EHHQ VWXGLHG LQ PHP�

EUDQH UHDFWRUV LV VLOYHU DOOR\� ZKLFK SHUPLWV R[\JHQ SHUPHDWLRQ >$Q�

VKLWV HW DO�� ����� *U\D]QRY HW DO�� ����� ����@� %DVHG RQ WKH SRRU

SHUIRUPDQFH� WKH VLOYHU DOOR\ PHPEUDQHV KDYH QRW EHHQ DFWLYHO\

SXUVXHG IRU XVH LQ PHPEUDQH UHDFWRUV RU VHSDUDWLRQ GHYLFHV�

62/,' (/(&752/<7(0(0%5$1(6

$OWKRXJK VRPH QRYHO VROLG HOHFWURO\WHV FDQ VHOHFWLYHO\ WUDQVIHU

VSHFLILF HOHPHQWV VXFK DV )� &� 1� 6� HWF�� PRVW RI WKH UHFHQW VWXGLHV

KDYH RQO\ IRFXVHG RQ WZR W\SHV RI VROLG HOHFWURO\WHV� RQH IRU R[\�

JHQ�FRQGXFWLQJ DQG WKH RWKHU IRU K\GURJHQ�FRQGXFWLQJ FHUDPLFV�

7KH UHDVRQV DUH WKDW WKHVH QHZ FHUDPLF PDWHULDOV RIIHU YHU\ KLJK

SHUPHDELOLWLHV WRZDUG R[\JHQ DQG K\GURJHQ� UHVSHFWLYHO\� ZLWK LQ�

ILQLWH VHSDUDWLRQ IDFWRUV� 7KXV� WKH\ DUH YHU\ VXLWDEOH QRW RQO\ IRU

JDV VHSDUDWLRQV EXW DOVR IRU PHPEUDQH UHDFWRUV LQYROYLQJ R[\JHQ�

DWLRQ� R[LGDWLYH FRXSOLQJ RI PHWKDQH� K\GURJHQDWLRQ� GHK\GURJHQD�

WLRQ� HWF� ,I WKH DV VKRZQ LQ )LJV� � DQG �� 7KH LPSXULWLHV RU GRSDQWV

LQFRUSRUDWHG LQWR WKHVH R[LGHV GXULQJ SUHSDUDWLRQ PD\ FDXVH R[\�

JHQ YDFDQFLHV� 7KURXJK WKHVH YDFDQFLHV WKH R[\JHQ DQLRQV DUH SDVVHG

IURP RQH VLWH WR WKH QH[W� $OVR� HOHFWURQVPD\ EH WUDQVPLWWHG E\ HLWKHU

Q�HOHFWURQ FRQGXFWLYLW\ LV ORZ� WKDW SDUWLFXODU FHUDPLF PDWHULDO FDQ

EH XVHG IRU IXHO FHOO DSSOLFDWLRQ�

)LJ� �� )OXRULWH W\SH VWUXFWXUH�



,QRUJDQLF 0HPEUDQHV DQG 0HPEUDQH 5HDFWRUV ���
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�� 2[\JHQ ,RQ�(OHFWURQ &RQGXFWLQJ &HUDPLFV

7KHPRVW ZLGHO\ VWXGLHGPDWHULDOV DV LRQ�FRQGXFWLQJPHPEUDQHV

DUH IOXRULWH� DQG SHURYVNLWH�W\SH FHUDPLFV� 0HWDO R[LGHV LQ WKH IRUP

RI IOXRULWH DQG SHURYVNLWH KDYH FU\VWDOOLQH VWUXFWXUHV ZLWK D VLPSOH

FXELF ODWWLFH W\SH FRQGXFWLRQ RU S�W\SH FRQGXFWLRQ�

)RXU GLIIHUHQWZD\V RIPDNLQJ R[\JHQ LRQ�FRQGXFWLQJPHPEUDQHV

DUH LOOXVWUDWHG LQ )LJ� �� 7KH WRS OHIW SLFWXUH LV WKH GXDO SKDVH PHP�

EUDQH� 7KH WRS ULJKW SLFWXUH VKRZV WKH R[\JHQ SHUPHDWLRQ E\ DPL[HG

R[\JHQ LRQ�HOHFWURQ FRQGXFWLQJ PHPEUDQH� ,Q ERWK RI WKHVH SUR�

FHVVHV� WKH GULYLQJ IRUFH IRU RYHUDOO R[\JHQ SHUPHDWLRQ LV WKH GLIIHU�

HQFH RI R[\JHQ SDUWLDO SUHVVXUH UDLVHG VRPH SRZHU DFURVV WKH PHP�

EUDQH� 7KH ERWWRP OHIW SLFWXUH VKRZV KRZ DQ DLU�K\GURJHQ IXHO FHOO

ZRUNV ZLWK WKH R[LGH PHPEUDQH VDQGZLFKHG E\ WZR HOHFWURGHV� ,W

JHQHUDWHV HOHFWULF SRZHU DV R[\JHQ SHUPHDWHV WR UHDFW ZLWK K\GUR�

JHQ� 7KH ERWWRP ULJKW SLFWXUH GHSLFWV DQ R[\JHQ SXPS� 7KLV DUUDQJH�

PHQW UHTXLUHV H[WHUQDO SRZHU WR GULYH WKH R[\JHQ IURP RQH VLGH WR

WKH RWKHU�

���� )OXRULWH 7\SH

7KH WZR PRVW FRPPRQO\ VWXGLHG R[\JHQ LRQ�HOHFWURQ FRQGXFW�

LQJ FHUDPLFV RI IOXRULWH�W\SH DUH EDVHG RQ \WWULD VWDELOL]HG ]LUFRQLD

�<6=� DV VKRZQ E\ 'RX HW DO� >����@ DQG .LP DQG /LQ >����@� DQG

δ�SKDVH %L�2� DV UHSRUWHG E\ -XUDGR HW DO� >����@ DQG %RXZPHHVWHU

HW DO� >����@� ,Q VSLWH WR D RI WKHLU KLJK R[\JHQ LRQ FRQGXFWLYLW\� WKHLU

R[\JHQ IOX[ WKURXJK GHQVH PHPEUDQHV DUH VWLOO OLPLWHG YHU\ ORZ

OHYHO GXH WR WKH ORZ HOHFWURQLF FRQGXFWLYLW\� 'RSLQJ PXOWLYDOHQW

PHWDO R[LGHV FDQ LQFUHDVH WKH HOHFWURQLF FRQGXFWLYLW\ >$UDVKL DQG

1DLWR� ����� 1LJDUD HW DO�� ����� +DQ DQG :RUUHOO� ����� +DQ HW

DO�� ����@� $ VLPLODU UHVXOW ZDV REWDLQHG E\ SUHSDULQJ GXDO�SKDVH

PHPEUDQH >&KHQ HW DO�� ����� .LP DQG /LQ� ����@� &HULD KDV WKH

KLJKHVW R[\JHQ�LRQ PRELOLW\� D ODUJH VROXELOLW\ IRU DFFHSWRU GRSLQJ�

D YDULDEOH�YDOHQW FDWLRQ� DQG DQ H[WHQVLYH UDQJH RI QRQVWRLFKLRPH�

WU\� 3XUH &H2� H[KLELWV Q�W\SH HOHFWURQLF FRQGXFWLRQ� 7XOOHU >����@

VKRZHG WKDW GRSLQJ ZLWK DFFHSWRU <�2� LQFUHDVHV WKH LRQLF FRQ�

GXFWLYLW\ DW WKH H[SHQVH RI HOHFWURQLF FRQGXFWLYLW\� 7KXV� WKH GRSHG

FHULD FHUDPLFV DUH JRRG FDQGLGDWHV IRU VROLG HOHFWURO\WHV IRU D IXHO

FHOO�

���� 3HURYVNLWH 7\SH

7KH R[\JHQ IOX[ DWWDLQHG E\ YDULRXV IOXRULWH W\SH FHULD PHP�

EUDQHV LV VWLOO WRR ORZ WR EH DSSOLFDEOH IRU PHPEUDQH UHDFWRUV� 7HU�

DRND HW DO� >����� ����@ ILUVW GHPRQVWUDWHG WKDW /D�−[6U[&R�−\)H\2�−δ

EDVHG SHURYVNLWH�W\SH FHUDPLF PHPEUDQHV SRVVHVV FRQVLGHUDEO\

KLJK R[\JHQ IOX[HV DW KLJK WHPSHUDWXUHV VXLWDEOH IRUPHPEUDQH UHDF�

WRUV� 6LQFH WKHQ WKHUH KDYH EHHQPDQ\ UH� SRUWV >.UXLGKRI HW DO�� �����

4LX HW DO�� ����� 6WHYHQVRQ HW DO�� ����� 7VDL HW DO�� ����� ;X DQG

7KRPVRQ� ����� =KDQJ HW DO�� ����@ RQ WKH VDPH VXEMHFW� EXW WKH

R[\JHQ IOX[ KDUGO\ LPSURYHG� 2[\JHQ FRQGXFWLQJ SHURYVNLWH�W\SH

PHPEUDQHV ZHUH XVHG LQ PHPEUDQH UHDFWRU IRU R[LGDWLYH FRXSOLQJ

RIPHWKDQH E\ +DPDNDZD HW DO� >����@� 7H\PRXUL HW DO� >����@� =HQJ

HW DO� >����@� DQG =HQJ DQG /LQ >����@�

4L HW DO� >����@ VXPPDUL]HG IRXU GLIIHUHQW PHWKRGV RI SUHSDULQJ

/D���6U���&R���)H���2�−δ SRZGHUV WR SURGXFH GHQVH FHUDPLFPHPEUDQHV�

FLWUDWH PHWKRG� VROLG�VWDWH PHWKRG� VSUD\�S\URO\VLV PHWKRG� DQG FR�

SUHFLSLWDWLRQ PHWKRG� (DFK PHWKRG RIIHUHG GLIIHUHQW FRPSRVLWLRQV

WKDW FKDQJHG WKH R[\JHQ SHUPHDELOLW\ DQG HOHFWURQLF FRQGXFWLYLW\�

,Q JHQHUDO� SHURYVNLWH�W\SH PHPEUDQHV VKRZ KLJKHU R[\JHQ IOX[�

HOHFWURQLF FRQGXFWLYLW\� DQG PHFKDQLFDO VWUHQJWK WKDQ IOXRULWH�W\SH

PDWHULDOV� EHFDXVH SHURYVNLWH LV FDSDEOH RI DFKLHYLQJ KLJK GHJUHH

RI GRSLQJ ZKLOH UHWDLQLQJ JRRG SKDVH VWDELOLW\�

�� 3URWRQ�(OHFWURQ &RQGXFWLQJ &HUDPLFV

&HUWDLQ SHURYVNLWH�W\SH PDWHULDOV FDQ WUDQVSRUW K\GURJHQ UHDGLO\

VLQFH WKH\ FDQ KRVW ODUJH DPRXQW RI SURWRQV LQ WKHLU ODWWLFH VWUXF�

WXUH�

���� 3HURYVNLWH 7\SH

3URWRQ�FRQGXFWLQJ SHURYVNLWH�W\SHPHPEUDQHV ZHUH XVHG LQ K\�

GURJHQ VHSDUDWLRQ IURP JDV PL[WXUHV E\ +DPDNDZD HW DO� >����@

DQG ,ZDKDUD HW DO� >����@� DQG LQ K\GURJHQ VHQVRUV E\ <DMLPD HW DO�

>����@� 4L DQG /LQ >����@ UHSRUWHG WZR PHWKRGV RI SUHSDULQJ SHU�

RYVNLWH�W\SHPDWHULDOV� WKH FLWUDWHPHWKRG DQG WKH R[DOLF DFLGPHWKRG�

���� 7HUELXP 'RSHG 6WURQWLXP &HUDWH

7HUELXP GRSHG VWURQWLXP FHUDWH �6U&H2��� 6&7E� VKRZHG KLJK

HOHFWULFDO DQG SURWRQ FRQGXFWLYLW\ LQ K\GURJHQ DWPRVSKHUH� $OVR�

.UHXHU >����@� ,ZDKDUD HW DO� >����@� DQG ,ZDKDUD HW DO� >����@ UH�

SRUWHG WKDW 6U&H����<E����2�−δ �6&<E� DQG %D&H���1G���2�−δ �%&1G�

KDYH YHU\ KLJK SURWRQ FRQGXFWLYLW\ DW ��� R& LQ SXUH K\GURJHQ� 6LQFH

ERWK 6&<E DQG %&1G SRVVHVV VLJQLILFDQW DPRXQW RI R[\JHQ YD�

FDQF\� WKH\ H[KLELW KLJK R[\JHQ LRQ FRQGXFWLYLW\ DV PXFK DV SURWRQ

)LJ� �� 3HURYVNLWH�W\SH VWUXFWXUH�

)LJ� �� )RXUZD\V RIPDNLQJ R[\JHQ LRQ�FRQGXFWLQJ FHUDPLFPHP�

EUDQHV�
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FRQGXFWLYLW\� ,W LV LQWHUHVWLQJ WR QRWH WKDW 6&<E LV HVVHQWLDOO\ D QRQ�

R[\JHQ LRQLF FRQGXFWRU� 7KH HOHFWURQLF FRQGXFWLYLW\ RI 6&7E LQ

R[\JHQ LV VHYHUDO RUGHUV RI PDJQLWXGH VPDOOHU WKDQ WKDW RI 6&<E�

DOORZLQJ LW WR EH DQ LGHDO SURWRQ�FRQGXFWLQJ HOHFWURO\WH IRU IXHO FHOO

DQG VHQVRU DSSOLFDWLRQV >4L DQG /LQ� ����@�

3252860(0%5$1(6

7KH PDMRULW\ RI LQRUJDQLF PHPEUDQHV WKDW DUH EHLQJ HPSOR\HG

E\ LQGXVWU\ QRZ DUH SRURXV PHWDOV DQG FHUDPLF PHPEUDQHV VXFK

DV DOXPLQD� VLOLFD� WLWDQLD� ]LUFRQLD� JODVV� HWF� 6LQFH WKHVH PDWHULDOV

KDYH EHHQ NQRZQ DQG XVHG IRU D ORQJ WLPH� WKHUH LV DEXQGDQW OLWHUD�

WXUH� ,Q WKLV UHYLHZ SDSHU� KHQFH� PDLQO\ WKH QHZ W\SHV RI FHUDPLF

PHPEUDQHV ZLOO EH GLVFXVVHG�

75$1632570(&+$1,606

6LQFH WKH WUDQVSRUW PHFKDQLVPV LQ FRQYHQWLRQDO SRURXV LQRUJDQLF

PHPEUDQHV DUH ZHOO GHVFULEHG E\ YLVFRXV IORZ� .QXGVHQ IORZ� VXU�

IDFH GLIIXVLRQ� FDSLOODU\ FRQGHQVDWH IORZ� DQGPROHFXODU VLHYLQJ IORZ

>+ZDQJ DQG.DPPHUPH\HU� ����@� LW ZLOO EH RPLWWHG KHUH� 7KH K\�

GURJHQ IOX[ -+� WKURXJK D WKLFN SDOODGLXP PHPEUDQH LV NQRZQ WR

REH\�

���

ZKHUH O LV PHPEUDQH WKLFNQHVV DQG 4+�
LV K\GURJHQ SHUPHDELOLW\�

ZKLFK FDQ EH H[SUHVVHG DV D SURGXFW RI GLIIXVLYLW\ DQG VROXELOLW\�

7KH XSVWUHDP DQG GRZQVWUHDP SDUWLDO SUHVVXUHV RI K\GURJHQ DUH

3X

+�
DQG 3G

+�
� UHVSHFWLYHO\� 7KH VTXDUH URRW GHSHQGHQF\ RI IOX[ RQ

JDV SUHVVXUH LV GXH WR VXUIDFH GLVVRFLDWLRQ RI K\GURJHQ PROHFXOH�

+RZHYHU� WKH K\GURJHQ SHUPHDWLRQ UDWH LV LQ JHQHUDO GHWHUPLQHG E\

WKH VXUIDFH H[FKDQJH UDWHV DQG WKH SURWRQ LRQ GLIIXVLRQ UDWH WKURXJK

WKH EXONPHPEUDQH >+DPDNDZD HW DO�� �����4L DQG/LQ� ����� ����@�

7KH R[\JHQ SHUPHDWLRQ UDWH LV LQ JHQHUDO GHWHUPLQHG E\ WKH VXU�

IDFH H[FKDQJH UDWHV DQG WKH R[\JHQ LRQ GLIIXVLRQ UDWH WKURXJK WKH

EXON PHPEUDQH >7HUDRND HW DO�� ����� ����� .UXLGKRI HW DO�� �����

4LX HW DO�� ����� 6WHYHQVRQ HW DO�� ����@� )RU D WKLFN PHPEUDQH� WKH

VXUIDFH H[FKDQJH VWHS PD\ EH LJQRUHG DQG WKH EXON GLIIXVLRQ EH�

FRPHV WKH FRQWUROOLQJ UDWH� ,Q WKLV FDVH� WKH R[\JHQ SHUPHDWLRQ IOX[

WKURXJK R[\JHQ LRQ FRQGXFWLQJ FHUDPLF PHPEUDQHV LV H[SUHVVHG

DV�

���

ZKHUH Q LV WKH SRZHU FRHIILFLHQW� ZKLFK GHSHQGV RQ WKH FUHDWLRQ

VSHHG RI R[\JHQ YDFDQF\ ZLWK WKH FKDQJH RI DPELHQW R[\JHQ SDU�

WLDO SUHVVXUH� O LV PHPEUDQH WKLFNQHVV� DQG 42�
LV R[\JHQ SHUPH�

DELOLW\� ZKLFK FDQ EH H[SUHVVHG DV D SURGXFW RI GLIIXVLYLW\ DQG VR�

OXELOLW\� 7KH XSVWUHDP DQG GRZQVWUHDP SDUWLDO SUHVVXUHV RI R[\JHQ

DUH 3X

2�
DQG 3G2�� UHVSHFWLYHO\� $V WKH PHPEUDQH WKLFNQHVV GHFUHDVHV�

WKH R[\JHQ SHUPHDWLRQ UDWH ZLOO GHSHQG QRW RQO\ RQ WKH EXON GLI�

IXVLRQ EXW DOVR RQ WKH VXUIDFH NLQHWLFV�

0(0%5$1( 5($&7256

�&$7$/<7,&0(0%5$1( 5($&7256�

0HPEUDQH UHDFWRUV DUH FKHPLFDO UHDFWRUV LQ ZKLFK PHPEUDQHV

DUH XVHG WR FRPELQH WZR XQLW RSHUDWLRQV� QDPHO\ UHDFWLRQ DQG VHSD�

UDWLRQ� LQWR D VLQJOH RQH�:KHQ0LFKDHOV >����@ RULJLQDOO\ VXJJHVWHG

-+�

=4+�

3+�

X( )� �⁄ − 3+�

G( )� �⁄

O
������������������������������������ 

 

-2�

=42�

32�

X( )−Q − 32�

G( ) −Q

O
������������������������������������ 

 

7DEOH �� 7\SHV RI FKHPLFDO UHDFWLRQV

(TXLOLEULXP VKLIW UHDFWLRQV�

+\GURJHQDWLRQ� 'HK\GURJHQDWLRQ� 2[LGDWLRQ� &RXSOLQJ 5HDFWLRQV� DQG 'HFRPSRVLWLRQ�

+�6'+��6�

&+��+�2'&2� &2�� +�� «�

&+�2+�7ROXHQH'(WK\OEHQ]HQH� 3URSHQH�

&�+�'&�+��+��

3URSHQH�+�2'$FHWRQH�

,VREXWDQH',VREXWHQH�

+H[DQH'(WKDQH� 3URSHQH

&2�+�2'&2��+��

&+�2+'&+�2�+��

3URSDQH'3URSHQH�

%XWDQH'%XWHQH�

��%XWHQH�+�'%XWDQH�

&\FORKH[DQH'%HQ]HQH�

+\GURJHQDWLRQ �JDV SKDVH��

&2�+�'+\GURFDUERQV�

&�+��+�'&�+��

��%XWHQH'%XWDQH�

%HQ]HQH'&\FORKH[DQH�

)XUIXUDO')XUIXULO $OFRKRO�

&2��+�'+\GURFDUERQV�

&�+��+�'&�+��

&\FORKH[HQH'&\FORKH[DQH�

1LWUREHQ]HQH'$QLOLQH�

+\GURJHQDWLRQ �OLTXLG SKDVH��

$FHWRQH�+�'��0HWK\OSHQWDQRQH���

$FHWRQH�+�'��0HWK\OSHQWHQ���RQH���

��%XW\QH�����GLRO�+�'FLV�WUDQV�%XWHQHGLRO�

FLV�WUDQV�EXWHQH�����GLRO�+�'FLV�WUDQV�%XWDQHGLRO�

4XLQRQH�$FHWLF $QK\GULGH'9LWDPLQ .�

'HK\GUROLQDORRO�+�'/LQDORRO�



,QRUJDQLF 0HPEUDQHV DQG 0HPEUDQH 5HDFWRUV ���

.RUHDQ -� &KHP� (QJ��9RO� ��� 1R� ��

WKLV WR DFKLHYH JUHDWHU FRQYHUVLRQ E\ VKLIWLQJ WKH HTXLOLEULXP OLP�

LWHG UHDFWLRQV WKURXJK VHOHFWLYH HOLPLQDWLRQ RI RQH RI WKH SURGXFWV�

RQO\ SRO\PHULF PHPEUDQHV ZHUH DYDLODEOH IRU VHSDUDWLRQV� $ FRX�

SOH RI GUDZEDFNVZLWK SRO\PHUPHPEUDQHV KDYH UHWDUGHGZLGH XVDJH

RI PHPEUDQH UHDFWRUV IRU LQGXVWULDO DSSOLFDWLRQV� 3RO\PHUV H[KLELW

RQO\ SDUWLDO VHOHFWLYLW\ DQG FDQQRWZLWKVWDQG KLJK WHPSHUDWXUHV� 6LQFH

WKHQ YDULRXV LQRUJDQLF PHPEUDQHV KDYH EHHQ GHYHORSHG WR RYHU�

FRPH WKHVH VKRUWFRPLQJV DV GLVFXVVHG DERYH� $W SUHVHQW� RQO\ WZR

NLQGV RI LQRUJDQLF PHPEUDQHV DWWUDFW PRVW RI WKH DWWHQWLRQ� RQH IRU

K\GURJHQ DQG WKH RWKHU IRU R[\JHQ� )RU K\GURJHQ VHSDUDWLRQ PHP�

EUDQHV� PHWDOOLF SDOODGLXP DQG SURWRQ�SHUPHDWLQJ FHUDPLFV KROG

SURPLVH� )RU R[\JHQ VHSDUDWLRQ PHPEUDQHV� RQO\ R[\JHQ LRQ�FRQ�

GXFWLQJ FHUDPLFV KDYH EHHQ FRQVLGHUHG DV SUDFWLFDO FDQGLGDWHV IRU

PHPEUDQH UHDFWRU PDWHULDOV�

7KHUH DUH VHYHUDO GLIIHUHQW ZD\V WR FRQVWUXFW D PHPEUDQH UHDFWRU�

$ YHVVHO RI DQ LQHUW PHPEUDQH ZLWK SHUPVHOHFWLYLW\ FDQ EH SDFNHG

7DEOH �� &RQWLQXHG

'HK\GURJHQDWLRQ �JDV SKDVH��

+�6'+��6�

&+��+�2'&2��+��

3URSDQH'$URPDWLFV�

%XWHQH'%XWDGLHQH�

Q�+H[DQH'&\FOLF +\GURFDUERQV�

&2�+�2'&2��+��

&+�2+�+�2'�+��&2��

,VRSURSDQRO'$FHWRQH�

Q�+H[DQH'%HQ]HQH�

'HK\GURJHQDWLRQ �OLTXLG SKDVH��

&+�2+'+&22&+��

�1DILRQ� &+��2&+����

0HWK\OIRUPDWH�

0HWK\ODO� +�� +�2

&+�2+'&+�2&+�2+� +�� «

�+�32�� +HWHURSRO\DFLGV� 3W�

2[\GDWLRQ�

&+��2�'&��«�

3URS\OHQH�2�'3URS\OHQH 2[LGH�

3URS\OHQH�2�'+H[DGLHQH� %HQ]HQH�«�

%HQ]\OLF DQG $OO\OLF &RPSRXQGV�2�'
«�

62��ò2�'62��

&+��2�'&��«�

&+�2+�2�'+�&2� &2� &+�� «�

(WK\OEHQ]HQH�2�'6W\UHQH� &2��«�

&�+��2�'(WK\OHQH 2[LGH�

%XWHQH�2�'%XWDGLHQH�

&2�ò2�'&2��

&+��2�'&2��+�2�

&�+��ò2�'&�+�2� &2��2��

&�+��2�'&�+�2� &2��+�2�

&RXSOLQJ RI UHDFWLRQV�

&�+�'&�+��+� DQG +��ò2�'+�2�

�&+�'&�+��+� DQG +��ò2�'+�2�

%XWDQH'%XWHQHV DQG +��ò2�'+�2�

&\FORKH[DQRO'&\FORKH[DQRQH DQG 3KHQRO'&\FORKH[DQRO�

��%XWHQH'%XWDGLHQH DQG 7ROXHQH'%HQ]HQH�

&\FORKH[DQH'%HQ]HQH DQG R�;\OHQH'%HQ]HQH� 0HWKDQH�

&\FORKH[HQH'%HQ]HQH DQG &\FORKH[HQH'&\FORKH[DQH�

&\FORKH[DQH'%HQ]HQH DQG 7ROXHQH'%HQ]HQH� 0HWKDQH�

/LTXLG SKDVH KRPRJHQHRXV DQG KHWHURJHQHRXV FDWDO\VLV RQ SRURXV PHPEUDQHV�

12�+�6�2�'� +12��6�

&�+��+��&2'&+�&+�&+2�

0HWK\O�W�EXW\OHWKHU',VR�EXWHQH 0HWKDQRO�

2OHLF $FLG�(WKDQRO'(VWHU�+�2�

&�+��2�'&+�&+2�

&+�� &�+�� &�+��+�2�'
«�

1LWUREHQ]RLF $FLG�+�'
«�

0RUH UHDFWLRQV�

'HK\GURJHQDWLRQ RI (WKDQH� 3URSDQH� Q�%XWDQH� &\FORKH[DQH� (WK\OEHQ]HQH� 0HWKDQRO�

5HGXFWLRQ RI 1LWURJHQ 2[LGH ZLWK $PPRQLD�

6WHDP 5HIRUPLQJ RI 0HWKDQH�

)XHO FHOO DSSOLFDWLRQV�

0HPEUDQHV� 2[\JHQ &RQGXFWRUV �/RZ (OHFWULFDO &RQGXFWLYLW\��

)XHOV� +�� &2� &+�� &+�2+� &�+�2+� DQG 1+��

7HPSHUDWXUH 5DQJH� ��������� R&�
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ZLWK FDWDO\VW RU WKH FDWDO\VW PD\ EH IOXLGL]HG� $QRWKHU PHWKRG LV WR

HPSOR\ D FDWDO\WLF PHPEUDQH� ZKLFK PD\ EH PDGH RI HLWKHU WKH

FDWDO\VW LWVHOI RU DQ LQHUW PHPEUDQH LPSUHJQDWHG ZLWK FDWDO\VW� 7KLV

W\SH LV FDOOHG D FDWDO\WLF PHPEUDQH UHDFWRU� 7KH FDWDO\WLFPHPEUDQH

UHDFWRU FDQ EH SDFNHG ZLWK FDWDO\VWV RU FRQWDLQ IOXLGL]HG FDWDO\VW�

%RWK WXEXODU DQG IODW GLVN PHPEUDQHV KDYH EHHQ XVHG IRU PHP�

EUDQH UHDFWRUV LQ ODERUDWRU\ LQ SDUDOOHO RU FURVV IORZ PRGH� )RU LQ�

GXVWULDO UHDFWRUV� WKH VKHOO�DQG�WXEH W\SH PD\ EH PRUH IHDVLEOH�

�� 7\SHV RI &KHPLFDO 5HDFWLRQV

7DEOH � OLVWV VRPH H[DPSOHV RI W\SLFDO FKHPLFDO UHDFWLRQV WKDW

KDYH EHHQ VWXGLHG XVLQJ YDULRXV LQRUJDQLF PHPEUDQHV LQ PHPEUDQH

UHDFWRU DUUDQJHPHQW� 6RPH SRWHQWLDO FDQGLGDWHV IRU LQGXVWULDO PHP�

EUDQH UHDFWRU DSSOLFDWLRQV LQFOXGH� ZDWHU�JDV VKLIW UHDFWLRQ� PHWK�

DQH VWHDP UHIRUPLQJ� GHK\GURJHQDWLRQ RI HWKDQH� SURSDQH� EXWDQH�

F\FORKH[DQH� HWK\OEHQ]HQH� HWF� %\ XVLQJ D PHPEUDQH UHDFWRU� WKH

VHOHFWLYLW\ WRZDUGV GHVLUHG SURGXFWV FDQ EH HQKDQFHG IRU PDQ\ R[�

LGDWLYH UHDFWLRQV� $OVR� QXPHURXV FRXSOLQJ UHDFWLRQV FDQ WDNH DG�

YDQWDJH RI PHPEUDQH UHDFWRU FRQILJXUDWLRQ� 7KH UROH RI PHPEUDQH

UHDFWRUV LV QRW OLPLWHG WR SUDFWLFDO DSSOLFDWLRQV� &DWDO\VLV RI PDQ\

UHDFWLRQV DQG VRPH R[LGDWLRQ UHDFWLRQV FDQ EH EHWWHU XQGHUVWRRG�

WKXV UHVXOWLQJ LQ LPSURYHG UHDFWLRQPHFKDQLVPV IRU WKRVH UHDFWLRQV�

�� (TXLOLEULXP 6KLIW 8VLQJ 0HPEUDQH 5HDFWRUV

$V LOOXVWUDWHG LQ 7DEOH �� PDQ\ RI WKH HTXLOLEULXP�OLPLWHG UHDF�

WLRQV ZHUH WKH IDYRULWH VXEMHFWV RI HDUOLHU VWXGLHV DSSOLHG WR PHP�

EUDQH UHDFWRUV� 0DQ\ RI WKHVH UHDFWLRQV DWWUDFWHG D JUHDW GHDO RI LQ�

WHUHVW IURP WKH SHWURFKHPLFDO LQGXVWU\ >$UPRU� ����@� ,Q D PHP�

EUDQH UHDFWRU� RQH RI WKH SURGXFWV FDQ EH HOLPLQDWHG FRQWLQXRXVO\�

WKXV \LHOGLQJ D VKLIW RI HTXLOLEULXP LQ D WKHUPRG\QDPLFDOO\ OLPLWHG

UHDFWLRQ� (YHQ D VPDOO SHUFHQWDJH RI HTXLOLEULXP FRQYHUVLRQ FDQ

UHVXOW LQ D KXJH HFRQRPLF JDLQ IRU LQGXVWULDO SURFHVVHV� ,I K\GURJHQ

LV LQYROYHG DV RQH RI WKH VSHFLHV LQ WKH HTXLOLEULXP�OLPLWHG UHDFWLRQ�

WKH SURWRQ�FRQGXFWLQJ PHPEUDQH FDQ EH HIIHFWLYHO\ HPSOR\HG DV

WKH PHPEUDQH WKDW FDQ VXSSO\ RU HOLPLQDWH K\GURJHQ WR DQG IURP

WKH UHDFWLRQ ]RQH�

�� 3DOODGLXP�%DVHG 0HPEUDQH 5HDFWRUV

7KH SDOODGLXP PHPEUDQHV DUH KLJKO\ VHOHFWLYH WR K\GURJHQ� DQG

WKHUHIRUH KDYH EHHQ ZLGHO\ XVHG IRU K\GURJHQDWLRQ� GHK\GURJHQD�

WLRQ� DQG VWHDP UHIRUPLQJ UHDFWLRQV� 'HFRPSRVLWLRQ RI K\GURJHQ

VXOILGHZDV WHVWHG E\ ERWK SDOODGLXPPHPEUDQH >(GOXQG DQG3OHGJHU�

����@ DQG SURWRQ�FRQGXFWLQJ FHUDPLFPHPEUDQH >3HWHUVRQ DQG:LQ�

QLFN� ����@�:DWHU�JDV VKLIW UHDFWLRQ DQG PHWKDQH VWHDP UHIRUPLQJ

ZHUH VWXGLHG E\ XVLQJ SDOODGLXP�EDVHG PHPEUDQHV� 0DQ\ GHK\�

GURJHQDWLRQV RI K\GURFDUERQV ZHUH DOVR WKH VXEMHFW RI UHVHDUFK E\

WKH SDOODGLXP�EDVHG PHPEUDQHV DV VKRZQ LQ 7DEOH �� LQ ZKLFK H[�

DPSOHV RI RWKHU UHDFWLRQV DUH DOVR JLYHQ� 7KH SDOODGLXP PHPEUDQHV

KDYH VHYHUDO GUDZEDFNV WKDW LQFOXGH K\GURJHQ HPEULWWOHPHQW� FRU�

7DEOH �� (TXLOLEULXP VKLIW XVLQJ PHPEUDQH UHDFWRUV

7\SH RI FKHPLFDO UHDFWLRQV 5HIHUHQFHV

&2�+�2'&2��+� &KDPSDJQLH HW DO�� ����� (GOXQG HW DO�� ����� .LNXFKL HW DO�� ����D� 6HRN DQG +ZDQJ�

����� 8HPL\D HW DO�� ����E�

&+��+�2'&2� &2�� +��
« $GULV HW DO�� ����� *X\� ����� 2HUWHO HW DO�� ����� 7VRWVLV HW DO�� ����� ����� 8HPL\D HW DO��

����D� 9D\HQDV HW DO�� �����

&+�2+'&+�2�+� 6RQJ DQG +ZDQJ� �����

&�+�'&�+��+� %LWWHU� ����� *X\� ����� &KDPSDJQLH HW DO�� ����� &KDQ DQG %URZQVWHLQ� ����� 7VRWVLV HW

DO�� ����� =LDND HW DO�� �����

&�+�'&�+��+� %LWWHU� ����� 5RWK� ����� 7VRWVLV HW DO�� ����� =LDND HW DO�� �����

&�+�'&�+�� &�+� 6HRN DQG +ZDQJ� �����

&�+��'&�+� =DVSDOLV HW DO�� �����

,VREXWDQH',VREXWHQH ,RDQQLGHV DQG *DYDODV� �����

&\FORKH[DQH''HK\GURJHQDWLRQ *X\� ����� ,WRK� ����� 2NXER HW DO�� �����

(WK\O %HQ]HQH''HK\GURJHQDWLRQ 0LFKDHOV DQG 9D\HQDV� ����� 0RVHU HW DO�� ����� *DOODKHU HW DO�� ����� 7LVFDUHQR�/HFKXJD

HW DO�� �����

7DEOH �� 3DOODGLXP�EDVHG PHPEUDQH UHDFWRUV

7\SH RI FKHPLFDO UHDFWLRQV 5HIHUHQFHV

+�6'+��6 (GOXQG DQG 3OHGJHU� ����� 3HWHUVRQ DQG :LQQLFN� �����

&2�+�2'&2��+� .LNXFKL HW DO�� ����D� 8HPL\D HW DO�� ����E�

&+��+�2'&2� &2�� +��
« 8HPL\D HW DO�� ����D�

3URSDQH'$URPDWLFV 8HPL\D HW DO�� ����� 8HPL\D HW DO�� ����D�

,VREXWDQH',VREXWHQH 0DWVXGD HW DO� �����

,VREXWHQH 'HK\GURJHQDWLRQ 5DLFK DQG )ROH\� �����

����3HQWDGLHQ'&\FORSHQWDQH� &\FORSHQWHQH *U\D]QRY HW DO�� �����

&2�+�2'+\GURFDUERQV *U\D]QRY HW DO�� �����

3DUDIILQ� 2OHILQ� &\FORKH[DQH� 7ROXHQH 'HK\GURJHQDWLRQ $UPRU HW DO�� ����� )DUULV DQG $UPRU� ����� 5DLFK DQG )ROH\� �����

*U\D]QRY HW DO�� �����

(WKDQRO'$FHWDOGHK\GH 5DLFK DQG )ROH\� �����



,QRUJDQLF 0HPEUDQHV DQG 0HPEUDQH 5HDFWRUV ���

.RUHDQ -� &KHP� (QJ��9RO� ��� 1R� ��

URVLRQ E\ VXOIXU FRPSRXQGV� DQG KLJK FRVW� &RPSRVLWH SDOODGLXP

PHPEUDQHV KDYH UHFHQWO\ EHHQ V\QWKHVL]HG DQG WHVWHG XVLQJ PDQ\

GLIIHUHQW WHFKQLTXHV >=LHJOHU HW DO�� ����� *RWR HW DO�� ����� 1DP HW

DO�� ����� -XQ DQG /HH� ����� ����� 6RXOHLPDQRYD HW DO�� ����� /L

HW DO�� ����� <HXQJ HW DO�� ����� &KHQJ DQG <HXQJ� ����@�

�� 2[\JHQ &RQGXFWLQJ &HUDPLF 0HPEUDQH 5HDFWRUV

$V PHQWLRQHG HDUOLHU� PHPEUDQH UHDFWRUV IRU R[\JHQDWLRQ UHDF�

WLRQV FDQ EH FRQVWUXFWHG E\ XVLQJ R[\JHQ LRQ�FRQGXFWLQJ FHUDPLF

PHPEUDQHV� 7DEOH � OLVWV VRPH RI WKH SRSXODU R[\JHQDWLRQ UHDF�

WLRQV UHSRUWHG LQ WKH OLWHUDWXUH WKDW KDYH EHHQ FDUULHG RXW LQ YDULRXV

GHQVH FHUDPLF PHPEUDQH UHDFWRUV� &LFHUR DQG -DUU >����@ UHSRUWHG

WKH 8�6� 'HSDUWPHQW RI (QHUJ\¶V GHPRQVWUDWLRQ DQG IHDVLELOLW\ VWXG\

RI XVLQJ KLJK�WHPSHUDWXUH FHUDPLF PHPEUDQHV WR UHPRYH VXOIXU

DQG QLWURJHQ FRQWDPLQDQWV IRXQG LQ JDV VWUHDPV RI FRDO�EDVHG SRZHU

JHQHUDWLRQ V\VWHPV� (QJ� 6WRXNLGHV� DQG WKHLU FRZRUNHUV SXEOLVKHG

PDQ\ SDSHUV RQ FHUDPLF PHPEUDQH UHDFWRUV� DV VKRZQ LQ WKH UH�

IHUHQFHV� 7KHLU VWXGLHV RQ WKH R[LGDWLRQ RI PHWKDQH DQG PHWKDQH

VWHDP UHIRUPLQJ DUH HVSHFLDOO\ QRWHZRUWK\ DQG YHU\ UHOHYDQW LQ DS�

SOLFDWLRQV WR IXHO FHOOV DQG VHQVRUV� ,WRK HW DO� >����@ DSSOLHG DQ \WWULD

VWDELOL]HG ]LUFRQLD �<6=� PHPEUDQH UHDFWRU V\VWHP WR HQKDQFH WKH

GLUHFW WKHUPDO GHFRPSRVLWLRQ RI FDUERQ GLR[LGH DW KLJK WHPSHUD�

WXUH� 1LJDUD HW DO� >����@ VSOLW ZDWHU WR JHQHUDWH R[\JHQ DQG VHSD�

UDWHG LW WKURXJK D KLJK WHPSHUDWXUH R[\JHQ SHUPHDWLRQ PHPEUDQH�

FDOXFLD�VWDELOL]HG ]LUFRQLD GRSHG ZLWK FHULXP R[LGH� %DIDV HW DO�

>����@ VWXGLHG WKH SDUWLDO R[LGDWLRQ RI PHWKDQH WR IRUPDOGHK\GH LQ

D FRQWLQXRXV JDV UHF\FOHPHPEUDQH UHDFWRU�VHSDUDWRU� 7KH\ DFKLHYHG

��� VHOHFWLYLW\ ZLWK ��� PHWKDQH FRQYHUVLRQ�

�� 3URWRQ�&RQGXFWLQJ &HUDPLF 0HPEUDQH 5HDFWRUV

7KH SURWRQ�FRQGXFWLQJ FHUDPLF PHPEUDQH UHDFWRUV KDYH EHHQ

LQYHVWLJDWHG IRUPDQ\ LQGXVWULDOO\ DWWUDFWLYH FKHPLFDO UHDFWLRQV� 7DEOH

� OLVWV VRPH H[DPSOHV� K\GURJHQ JHQHUDWLRQ E\ ZDWHU VSOLWWLQJ� K\�

GURJHQDWLRQ RI 12� DPPRQLD V\QWKHVLV� PHWKDQRO V\QWKHVLV� K\GUR�

JHQDWLRQ DQG GHK\GURJHQDWLRQ RI DONDQHV DQG DONHQHV� GLPHUL]D�

WLRQ RI PHWKDQH� DQG R[LGDWLRQ RI K\GURJHQ VXOILGH�

�� )XHO &HOO $SSOLFDWLRQV

7KH UHFHQW IOXUU\ RI DFWLYLWLHV LQ IXHO FHOO UHVHDUFK DQG WKH DGYHQW

RI LQRUJDQLF PHPEUDQHV FUHDWHG D SHUIHFW HQYLURQPHQW FRQGXFLYH

WR GHYHORSLQJ HIILFLHQW IXHO FHOOV� $OO NLQGV RI K\GURFDUERQV DV ZHOO

DV K\GURJHQ ZHUH VWXGLHG DV WKH IXHO DQG VRPH H[DPSOHV DUH VKRZQ

LQ 7DEOH �� %RWK R[\JHQ LRQ� DQG SURWRQ�FRQGXFWLQJ FHUDPLF PHP�

EUDQHV KDYH EHHQ HPSOR\HG LQ IXHO FHOO UHVHDUFK� 7KH \WWULD VWDEL�

OL]HG ]LUFRQLD �<6=� PHPEUDQHV UHFHLYHG FRQVLGHUDEOH DWWHQWLRQ

DPRQJ PDQ\ UHVHDUFKHUV IRU FDUU\LQJ RXW R[LGDWLRQ UHDFWLRQV�

�� 3RURXV 0HPEUDQH 5HDFWRUV

3RURXV LQRUJDQLF PHPEUDQHV ZHUH DPRQJ WKH ILUVW LQRUJDQLF PDW�

HULDOV WKDW ZHUH PDGH LQWR UHDFWRUV DQG WHVWHG� ,Q WKH HDUO\ GD\V� QR

LRQ�FRQGXFWLQJ FHUDPLF PHPEUDQHV ZHUH DYDLODEOH� 7KHVH LQFOXGHG

SRURXV 9\FRU JODVV� ZKLFK LV DQ LQWHUPHGLDWH SURGXFW RI 9\FRU EUDQG

7DEOH �� 2[\JHQ�FRQGXFWLQJ FHUDPLF PHPEUDQH UHDFWRUV

7\SH RI FKHPLFDO UHDFWLRQV 5HIHUHQFHV

+�6'+��6 $OTDKWDQ\ HW DO�� �����

&+��2�'&��
« (QJ DQG 6WRXNLGHV� ����D� E� &KLDQJ HW DO�� ����� (QJ HW DO�� ����� -LQ HW DO�� ����� /LQ DQG

=HQJ� ����� ����� =HQJ HW DO�� ����� =HQJ DQG /LQ� ����� �����

&+��+�2'&2� &2�� +��
« $OTDKWDQ\ HW DO�� ����D� E�

&+��2�'+�&2 %DIDV HW DO�� �����

&+��2�'+�� &2 +LELQR HW DO�� �����

&+��2�'&�+�� &��
« -LDQJ HW DO�� ����� +LELQR HW DO�� �����

&�+��2�'&2�� +�2 .DOR\DQQLV DQG 9D\HQDV� �����

&�+��2�'&2�� +�2 3HWUROHNDV HW DO�� ����� %HDWULFH HW DO�� �����

&�+��2�'&2�� +�2 %HDWULFH HW DO�� �����

&+�2+�2�'+�&2� &2� &DYDOFD HW DO�� �����

12�&�+��2�'1�� &2�� +�2�
« 3OLDQJRV HW DO�� �����

&2�'2�� &� &2 ,WRK HW DO�� �����

12
[
'1�� 2� &LFHUR DQG -DUU� �����

62
[
'6� 2� &LFHUR DQG -DUU� �����

+�2'+�� 2� 1LJDUD HW DO�� ����

7DEOH �� 3URWRQ�FRQGXFWLQJ FHUDPLF PHPEUDQH UHDFWRUV

7\SH RI FKHPLFDO UHDFWLRQV 5HIHUHQFHV

+�2'+��ò2� ,ZDKDUD HW DO�� �����

12�+�'1�� 1�2 �ORZ FXUUHQW GHQVLW\��

1+� �KLJK FXUUHQW GHQVLW\�

.RED\DVKL HW DO�� ����� ����D� E� F�

1��� +�'� 1+� 0DUQHOORV HW DO�� ����� 3DQDJRV HW DO�� ����� <LRNDUL HW DO�� �����

&+�2+ V\QWKHVLV 3DQDJRV HW DO� �����

&+�'&�+�� &�+� &KLDQJ HW DO�� �����

&+��2�'&��
« /DQJJXWK HW DO�� ����D� E�

+�6�2�'62�� +� 3HWHUVRQ DQG :LQQLFN� �����



��� 6��7� +ZDQJ

1RYHPEHU� ����

JODVV E\ &RUQLQJ *ODVV� SRURXV DOXPLQD �ERWK DOSKD DQG JDPPD��

SRURXV VWDLQOHVV VWHHO� DQG WKHLU PRGLILHG RU FRPSRVLWH PHPEUDQHV�

$OWKRXJK PHPEUDQH VHOHFWLYLW\ ZDV JHQHUDOO\ SRRU� SHUPHDWLRQ IOX[

ZDV DGHTXDWH HQRXJK WR WHVW WKH YHU\ FRQFHSW RI PHPEUDQH UHDFWRU

IRUPDQ\ RI WKH LQGXVWULDO FKHPLFDO UHDFWLRQV DV VKRZQ LQ 7DEOH ��

�� 2WKHU $SSOLFDWLRQV �6HQVRUV DQG 6HSDUDWLRQ 'HYLFHV�

%HVLGHV WKH LQGXVWULDO PHPEUDQH UHDFWRUV� PDQ\ RI WKH PHPEUDQH

UHDFWRU FRQFHSWV �FLWHG UHIHUHQFHV LQ WKLV UHYLHZ� FDQ EH XWLOL]HG LQ

SURGXFLQJ R[\JHQ DQG K\GURJHQ JDVHV DV ZHOO DV PDQXIDFWXULQJ

FKHPLFDO VHQVRUV� EXW WKH\ ZLOO QRW EH GLVFXVVHG KHUH VLQFH LW LV EH�

\RQG WKH VFRSH RI WKH SUHVHQW UHYLHZ�

&21&/86,216

7KH FRQFHSW RI WKH PHPEUDQH UHDFWRU LV D QRYHO LGHD� %\ FRP�

ELQLQJ WKH FKHPLFDO UHDFWLRQ ZLWK WKH VHSDUDWLRQ SURFHVV LQ D VLQJOH

XQLW RSHUDWLRQ� PDQ\ DGYDQWDJHV RYHU WKH FRQYHQWLRQDO UHDFWRU�VHSD�

UDWRU FDQ EH UHDOL]HG� $W WKH VDPH WLPH� WKHUH DUH VWLOO PDQ\ REVWD�

FOHV EHIRUH WKLV QHZ GHYLFH FDQ EHFRPH IXOO\ RSHUDWLRQDO LQ LQGXVWU\�

0RVW RI WKH UHVHDUFK SXEOLVKHG VR IDU GHDOV ZLWK ODERUDWRU\ VFDOH

H[SHULPHQWV� 7KH SRWHQWLDO DSSOLFDWLRQV LQYROYH KLJK�WHPSHUDWXUH

LQGXVWULDO UHDFWLRQV� VHSDUDWLRQV RI R[\JHQ DQG K\GURJHQ JDVHV� IXHO

FHOOV� DQG VHQVRUV� 7KH ODWHVW GHYHORSPHQWV RI LRQ�FRQGXFWLQJ FHUDPLF

PHPEUDQHV UDLVH PXFK KRSH RI IXWXUH VXFFHVV� +RZHYHU� PRUH HI�

IRUWV VKRXOG EH PDGH WR DGGUHVV VHDOLQJ SUREOHPV� KLJK FRVW� ORZ

SHUPHDELOLW\� PHPEUDQH GHIHFWV� VWDELOLW\ RI PHPEUDQHV� DQG ORQJ�

WHUP SHUIRUPDQFH GDWD�

5()(5(1&(6

$EGDOOD�%�.� DQG(OQDVKDLH�6� 6�(�+�� ³)OXLGL]HG�%HG5HDFWRUV:LWK�

RXW DQG:LWK 6HOHFWLYH0HPEUDQHV IRU WKH &DWDO\WLF 'HK\GURJHQD�

WLRQRI(WK\OEHQ]HQH WR6W\UHQH�́ -�0HPEU�6FL����������� �� �������

$GULV� $�0�� (OQDVKDLH� 6� 6� (� +� DQG +XJKHV� 5�� ³$ )OXLGL]HG %HG

0HWKDQH�́ &DQ� -� &KHP� (QJ�� ��� ���� �������

$OEHUWL� *�� &DVFLROD�0� DQG 3DORPEDUL� 5�� ³,QRUJDQR�2UJDQLF 3URWRQ

&RQGXFWLQJ0HPEUDQHV IRU )XHO&HOOV DQG6HQVRUV DW0HGLXP7HP�

SHUDWXUHV�́ -� 0HPEU� 6FL�� ��������� ��� �������

$OTDKWDQ\� +�� &KLDQJ� 3�+�� (QJ� '�� 6WRXNLGHV� 0� DQG 5REEDW� $��

³(OHFWURFDWDO\WLF 'HFRPSRVLWLRQ RI +\GURJHQ�6XOILGH�́ &DWDO� /HWW��

7DEOH �� )XHO FHOO DSSOLFDWLRQV

&KHPLFDO UHDFWLRQV 0HPEUDQHV 5HIHUHQFHV

+��2�'+�2 =LUFRQLD &HUPHW� &HULD�EDVHG %LHEHUOH HW DO�� �����

&+��2�'&2� +��
« <6=� %D&H< $OTDKWDQ\ HW DO�� ����D� $VDQR HW DO�� �����

&+��+�2'&2� +��
« <6= $OTDKWDQ\ HW DO�� ����E�

&+��1+��2�'+&1� « <6= 0F.HQQD HW DO�� �����

2[LGDWLRQ RI Q�+H[DQH� %HQ]HQH� 7ROXHQH <6= <DPDQDND DQG 2WVXND� ����D� E�

2[LGDWLRQ RI $ONDQHV� $ONHQHV� %HQ]HQH <6= 2WVXND DQG <DPDQDND� �����

2[LGDWLRQ RI 7ROXHQH� Q�'HFDQH� 6\QWKHWLF 'LHVHO )XHO <6= .LP HW DO�� �����

2[LGDWLRQ RI &+�2+ <6= -LDQJ DQG 9LUNDU� �����

2[LGDWLRQ RI &+�2+ =LUFRQLXP VXOIRDU\OSKRVSKRQDWH $OEHUWL HW DO�� �����

2[LGDWLRQ RI &�+�2+�+�2 <6= -LDQJ DQG 9LUNDU� �����

&�+��2�'&2� +�� &+�
« 6P6U&R +LELQR HW DO�� �����

7ROXHQH�2�'&UHVRO <6= 2WVXND HW DO�� �����

+�6�2�'62�� +� /LWKLXP VXOIDWH 3HWHUVRQ DQG :LQQLFN� �����

7DEOH �� 3RURXV PHPEUDQH UHDFWRUV

&KHPLFDO UHDFWLRQV 0HPEUDQHV 5HIHUHQFHV

&2�+�2'&2��+� 3RURXV 9\FRU *ODVV 6HRN DQG +ZDQJ� �����

&+��+�2'&2� &2�� +�� $OXPLQD 7VRWVLV HW DO�� ����� �����

&+��2�'&2��+�2 3W�JDPPD�$OXPLQD 1HRPDJXV HW DO�� �����

&+�2+'&+�2�+� 3RURXV 9\FRU *ODVV 6RQJ DQG +ZDQJ� �����

&�+�'&�+��+� 3W�$OXPLQD &KDPSDJQLH HW DO�� ����� 7VRWVLV HW DO�� �����

&�+�'&�+��+� $OXPLQD %LWWHU� ����� 7VRWVLV HW DO�� ����� =LDND HW DO�� �����

&�+�'&�+�� &�+� 3RURXV 9\FRU *ODVV 6HRN DQG +ZDQJ� �����

&�+��'&�+� $OXPLQD� 3W�6L2� =DVSDOLV HW DO�� �����

,VREXWDQH',VREXWHQH 'HQVH 6L2� RQ 9\FRU ,RDQQLGHV DQG *DYDODV� �����

2[LGDWLRQ RI +�6 6LQWHUHG 6WDLQOHVV 6WHHO 1HRPDJXV HW DO�� �����

+\GURJHQDWLRQ RI QLWUDWH LQ ZDWHU 3G�$OXPLQD� 7LQ�$OXPLQD 'DXE HW DO�� �����

5HGXFWLRQ RI DTXHRXV QLWUDWH 3G�&X�$OXPLQD ,OLQLWFK HW DO�� �����

&LQQDPDOGHK\GH K\GURJHQDWLRQ &X�3W�JDPPD�$OXPLQD 3DQ HW DO�� �����

'HK\GURJHQDWLRQ RI HWK\OEHQ]HQH WR VW\UHQH )OXLGL]HG %HG LQ 0HWDO 5HDFWRU $EGDOOD DQG (OQDVKDLH� �����

'HK\GURJHQDWLRQ RI HWK\OEHQ]HQH WR VW\UHQH 3G�3RURXV 6WDLQOHVV 6WHHO 6KH HW DO�� �����



,QRUJDQLF 0HPEUDQHV DQG 0HPEUDQH 5HDFWRUV ���

.RUHDQ -� &KHP� (QJ��9RO� ��� 1R� ��

������ ��� �������

$OTDKWDQ\� +�� (QJ� '� DQG 6WRXNLGHV� 0�� ³6\QWKHVLV *DV�3URGXFWLRQ

IURP0HWKDQH RYHU DQ ,URQ (OHFWURGH LQ D 6ROLG�(OHFWURO\WH &HOO�́ -�

(OHFWURFKHP� 6RF�� ������� ���� �����D��

$OTDKWDQ\�+�� (QJ�'� DQG6WRXNLGHV�0�� ³0HWKDQH6WHDP5HIRUPLQJ

RYHU )H (OHFWURGHV LQ D 6ROLG�(OHFWURO\WH &HOO�́ (QHUJ� )XHO� �����

��� �����E��

$QVKLWV�$�*��6KLJDSRY�$�1��9HUHVKFKDJLQ�6�1� DQG6KHYQLQ�9�1��

³2[LGDWLYH &RQYHUVLRQ RI 0HWKDQH LQWR &�� +\GURFDUERQV RQ 6LO�

YHU0HPEUDQH &DWDO\VWV�́ .LQHW� &DWDO�� ������ ���� �������

$UDVKL�+� DQG1DLWR�+�� ³2[\JHQ3HUPHDELOLW\ LQ=U2��7L2��<�2�6\V�

WHP�́ 6ROLG 6WDWH ,RQLFV� ��� ��� �������

$UPRU� -�1�� ³$SSOLFDWLRQV RI &DWDO\WLF ,QRUJDQLF0HPEUDQH5HDFWRUV

WR 5HILQHU\ 3URGXFWV�́ -� 0HPEU� 6FL�� ������� ��� �������

$UPRU� -�1�� ³&KDOOHQJHV LQ0HPEUDQH &DWDO\VLV�́ &KHP�WHFK� ��� ���

�������

$UPRU� -�1�� )DUULV� 7� 6�� 6LOYHVWRQ� 3�/��+LJKWRZHU� -�:��+DDJ�:�2��

5RVV� -� 5�+�� .DOLDJXLQH� 6�� 6DUNDQ\� $� DQG *HXV� -�:�� ³0HP�

EUDQH&DWDO\VLV RYHU 3DOODGLXP DQG ,WV$OOR\V�́ 6WXG� 6XUI� 6FL� &DWDO��

��� 3DUW %� ���� �������

$VDQR�.��+LELQR� 7� DQG ,ZDKDUD�+�� ³$1RYHO6ROLG2[LGH )XHO�&HOO

6\VWHP 8VLQJ WKH 3DUWLDO 2[LGDWLRQ RI 0HWKDQH�́ -� (OHFWURFKHP�

6RF�� �������� ���� �������

%DIDV� ,� &�� &RQVWDQWLQRX� ,� (� DQG 9D\HQDV� &�*�� ³3DUWLDO 2[LGDWLRQ

RI 0HWKDQH WR )RUPDOGHK\GH ZLWK ��� <LHOG LQ D &RQWLQXRXV 5H�

F\FOH 5HDFWRU 6HSDUDWRU �&556��́ &KHP� (QJ� -�� ��������6S� ,VV�

6L��� ��� �������

%HDWULFH� 3�� 3OLDQJRV� &�� :RUUHOO� :�/� DQG 9D\HQDV� &�*�� ³(OHFWUR�

FKHPLFDO 3URPRWLRQ RI(WK\OHQH DQG3URS\OHQH2[LGDWLRQ RQ3W'H�

SRVLWHG RQ <WWULD�7LWDQLD�=LUFRQLD�́ 6ROLG 6WDWH ,RQLFV� ����6S� ,VV�

6L��� ��� �������

%LHEHUOH� $��0HLHU� /� 3� DQG*DXFNOHU� /� -�� ³7KH (OHFWURFKHPLVWU\ RI

1L 3DWWHUQ$QRGHV8VHG DV 6ROLG2[LGH )XHO &HOO0RGHO (OHFWURGHV�́

-� (OHFWURFKHP� 6RF�� ������� $��� �������

%LWWHU� -� *�$�� ³3URFHVV DQG$SSDUDWXV IRU WKH'HK\GUDWLRQ RI2UJDQLF

&RPSRXQGV�́ %U� 3DW� $SSO�� ���������$ �������

%RGGHNHU� .�:�� 3HLQHPDQQ� .��9� DQG 1XQHV� 6� 3�� �*XHVW (GLWRUV��

³0HPEUDQHV LQ )XHO &HOOV�́ -�0HPEU� 6FL�� �������6SHFLDO ,VVXH�� �

�������

%RXZPHHVWHU� +� -�0�� .UXLGKRI� +�� %XUJJUDDI� $� -� DQG *HOOLQJV�

3� -�� ³2[\JHQ6HPLSHUPHDELOLW\ RI (UELD�6WDELOL]HG%LVPXWK2[LGH�́

6ROLG 6WDWH ,RQLFV� ��� ��� �������

&DYDOFD� &�$�� /DUVHQ� *�� 9D\HQDV� &�*� DQG +DOOHU� *� /�� ³(OHFWUR�

FKHPLFDO 0RGLILFDWLRQ RI &+�2+2[LGDWLRQ 6HOHFWLYLW\ DQG $FWLY�

LW\ RQ D 3W 6LQJOH�3HOOHW &DWDO\WLF 5HDFWRU�́ -� 3K\V� &KHP�� �������

���� �������

&KDPSDJQLH� $�0�� 7VRWVLV� 7� 7�� 0LQUW� 5�*� DQG :DJQHU� (�� ³7KH

6WXG\ RI (WKDQH 'HK\GURJHQDWLRQ LQ D &DWDO\WLF 0HPEUDQH 5HDF�

WRU�́ -� &DWDO�� ���� ��� �������

&KDQ� .�.� DQG %URZQVWHLQ� $�0�� ³&HUDPLF 0HPEUDQHV�*URZWK

3URVSHFWV DQG 2SSRUWXQLWLHV�́ &HUDP� %XOO�� ��� ��� �������

&KHQ�&�6��.UXLGKRI�+��%RXZPHHVWHU�+� -�0��9HUZHLM�+� DQG%XUJ�

JUDDI�$� -�� ³2[\JHQ3HUPHDWLRQ WKURXJK2[\JHQ ,RQ2[LGH�1REOH

0HWDO 'XDO 3KDVH&RPSRVLWHV�́ 6ROLG 6WDWH ,RQLFV���� ��� �������

&KHQJ� <� 6� DQG<HXQJ� .� /�� ³3DOODGLXP�6LOYHU &RPSRVLWH0HP�

EUDQHV E\ (OHFWUROHVV 3ODWLQJ 7HFKQLTXH�́ -� 0HPEU� 6FL�� ���������

��� �������

&KLDQJ�3�+��(QJ�'� DQG6WRXNLGHV�0�� ³6ROLG(OHFWURO\WH$LGHG'LUHFW

&RXSOLQJ RI0HWKDQH�́ -� &DWDO�� ������� ��� �������

&KLDQJ� 3�+�� (QJ� '�� $OTDKWDQ\� +� DQG 6WRXNLGHV� 0�� ³1RQR[LGD�

WLYH0HWKDQH&RXSOLQJZLWK WKH$LGRI6ROLG(OHFWURO\WHV�́ 6ROLG6WDWH

,RQLFV� ��� 3DUW �� ��� �������

&LFHUR� '�&� DQG -DUU� /�$�� ³$SSOLFDWLRQ RI &HUDPLF 0HPEUDQHV LQ

$GYDQFHG&RDO�%DVHG 3RZHU�*HQHUDWLRQ 6\VWHPV�́ 6HSDU� 6FL� 7HFK�

QRO������������ ���� �������

'DXE�.��:XQGHU�9�.� DQG'LWWPH\HU�5�� ³&9'3UHSDUDWLRQRI&DWD�

O\WLF 0HPEUDQHV IRU 5HGXFWLRQ RI 1LWUDWHV LQ:DWHU�́ &DWDO� 7RGD\�

�������� ��� �������

'RX� 6�� 0DVRQ� &�5� DQG 3DFH\� 3� '�� ³0HFKDQLVP RI 2[\JHQ 3HU�

PHDWLRQ WKURXJK/LPH�VWDEOL]HG =LUFRQLD�́ -� (OHFWURFKHP� 6RF�� ����

���� �������

'ULROL� (� �*XHVW (GLWRU�� ³&DWDO\WLF0HPEUDQH 5HDFWRUV DQG0HPEUDQH

2SHUDWLRQV�́ -�0HPEU� 6FL�� �������6SHFLDO ,VVXH� ����5DYHOOR &RQ�

IHUHQFH�� � �������

(GOXQG�'� -� DQG3OHGJHU�:�$�� ³7KHUPRO\VLV RI+\GURJHQ�6XOILGH LQ

D0HWDO�0HPEUDQH5HDFWRU�́ -�0HPEU� 6FL���������� ��� �������

(GOXQG� '� -�� 3OHGJHU� :�$�� -RKQVRQ %�0� DQG )ULHVHQ� '� 7�� ³7R�

ZDUG(FRQRPLFDO DQG(QHUJ\ (IILFLHQW3URGXFWLRQRI+\GURJHQ IURP

&RDO XVLQJ 0HWDO�0HPEUDQH 5HDFWRUV�́ �WK $QQX� 0HHW� 1$06�

/H[LQJWRQ� .<�� SDSHU ��) �������

(QJ� '� DQG 6WRXNLGHV� 0�� ³7KH &DWDO\WLF DQG (OHFWURFDWDO\WLF &RX�

SOLQJ RI 0HWKDQH RYHU <WWULD�6WDELOL]HG =LUFRQLD�́ &DWDO� /HWW�� ����

��� �� �����D��

(QJ�'� DQG6WRXNLGHV�0�� ³&DWDO\WLF DQG(OHFWURFDWDO\WLF0HWKDQH2[�

LGDWLRQ ZLWK 6ROLG 2[LGH 0HPEUDQHV�́ &DWDO� 5HY�� �������� ���

�����E��

(QJ� '�� &KLDQJ� 3�+� DQG 6WRXNLGHV� 0�� ³0HWKDQH 2[LGDWLYH &RX�

SOLQJ � 7HFKQLFDO DQG (FRQRPLF�(YDOXDWLRQ RI D &KHPLFDO &RJHQ�

HUDWLYH )XHO�&HOO�́ (QHUJ� )XHO� ����� ��� �������

)DUULV� 7� 6� DQG $UPRU� -�1�� ³/LTXLG�3KDVH &DWDO\WLF�+\GURJHQDWLRQ

8VLQJ 3DOODGLXP $OOR\ 0HPEUDQHV�́ $SSO� &DWDO�� $�*HQ�� ������

�� �������

*DOODKHU� *�5�� *HUGHV� 7� (� DQG /LX� 3�.� 7�� ³([SHULPHQWDO (YDOXD�

WLRQ RI 'HK\GURJHQDWLRQV 8VLQJ &DWDO\WLF 0HPEUDQH 3URFHVVHV�́

6HSDU� 6FL� 7HFKQRO�� ��� ��� �������

*RWR� 6�� $VVDEXPUXQJUDW� 6�� 7DJDZD� 7� DQG 3UDVHUWKGDP� 3�� ³7KH

(IIHFW RI 'LUHFWLRQ RI +\GURJHQ 3HUPHDWLRQ RQ WKH 5DWH WKURXJK D

&RPSRVLWH 3DOODGLXP0HPEUDQH�́ -�0HPEU� 6FL��������� �� �������

*RYLQG� 5� DQG $WQRRU� '�� ³'HYHORSPHQW RI D &RPSRVLWH 3DOODGLXP

0HPEUDQH IRU 6HOHFWLYH +\GURJHQ6HSDUDWLRQ DW +LJK7HPSHUDWXUH�́

,QG� (QJ� &KHP� 5HV�� ��� ��� �������

*U\D]QRY� 9�0�� ³3ODWLQXP0HWDOV DV &RPSRQHQWV RI &DWDO\VW�0HP�

EUDQH 6\VWHPV�́ 3ODWLQXP0HW� 5HY�� ��� �� �������

*U\D]QRY� 9�0�� (UPLORYD� 0�0� DQG 2UHNKRYD� 1�9�� ³0HPEUDQH�

&DWDO\VW 6\VWHPV IRU 6HOHFWLYLW\ ,PSURYHPHQW LQ 'HK\GURJHQDWLRQ

DQG+\GURJHQDWLRQ5HDFWLRQV�́ &DWDO� 7RGD\��������� ��� �������

*U\D]QRY�9�0��*XOt\DQRYD� 6�*� DQG6HURY�<�0�� ³5ROHRI$GVRUEHG

+\GURJHQ DQG 2[\JHQ )RUPV LQ &RQYHUVLRQV RI 2[\JHQ�&RQWDLQ�

LQJ 0RQRFDUERQ 0ROHFXOHV RQ 0HPEUDQH &DWDO\VWV�́ 863 .KLP��

������ �� �������

*U\D]QRY� 9�0�� 0LVFKHQNR� $� 3� DQG 6DU\ORYD� 0�(�� ³&DWDO\VW IRU

&\FOL]DWLRQ RI 3HQWDGLHQH���� LQWR&\FORSHQWHQH DQG&\FORSHQWDQH�́

*% 3DW� ��������� $ �������

*U\D]QRY� 9�0�� 6HUHEU\DQQLNRYD� 2� 6� DQG 6HURY� <�0�� ³3UHSDUD�



��� 6��7� +ZDQJ

1RYHPEHU� ����

WLRQ DQG &DWDO\VLV RYHU 3DOODGLXP &RPSRVLWH 0HPEUDQHV�́ $SSO�

&DWDO�� $�*HQ�� ��� �� �������

*U\D]QRY� 9�0�� 9HGHUQLNRY� 9� ,� DQG *XOt\DQRYD� 6�*�� ³3DUWLFLSD�

WLRQ RI2[\JHQ� +DYLQJ'LIIXVHG WKURXJK D 6LOYHU0HPEUDQH &DWD�

O\VW� LQ +HWHURJHQHRXV 2[LGDWLRQ 3URFHVVHV�́ .LQHW� &DWDO�� ������

��� �������

*X\� &�� ³/H 5HDFWHXUV D 0HPEUDQH� 3RVVLELOLWLHV G¶DSSOLFDWLRQ GDQV

O¶LQGXVWULH 3HWUROLHUH HW 3HWURFKLPLTXH�́ 5HY� ,QVW� )U� 3HW�� ��� ���

�������

+DPDNDZD� 6�� +LELQR� 7� DQG ,ZDKDUD� +�� ³(OHFWURFKHPLFDO0HWKDQH

&RXSOLQJ 8VLQJ 3URWRQLF &RQGXFWRUV�́ -� (OHFWURFKHP� 6RF�� ����

��� �������

+DPDNDZD� 6�� +LELQR� 7� DQG ,ZDKDUD� +�� ³(OHFWURFKHPLFDO +\GUR�

JHQ3HUPHDWLRQ LQ D 3URWRQ�+ROH0L[HG&RQGXFWRU DQG ,WV$SSOLFD�

WLRQ WR D0HPEUDQH5HDFWRU�́ -�(OHFWURFKHP�6RF�� ��� ���� �������

+DQ� 3� DQG:RUUHOO�:�/�� ³0L[HG2[\JHQ ,RQ DQG S�W\SH&RQGXFWLY�

LW\ LQ <WWULD�6WDELOL]HG =LUFRQLD &RQWDLQLQJ 7HUELD�́ -� (OHFWURFKHP�

6RF�� �������� ���� �������

+DQ� -�� =HQJ� <� DQG/LQ� <� 6�� ³2[\JHQ3HUPHDWLRQ WKURXJK )OXRULWH�

7\SH %LVPXWK�<WWULXP�&RSSHU 2[LGH0HPEUDQHV�́ -� 0HPEU� 6FL��

���� ��� �������

+LELQR� 7�� 0DVHJL� $� DQG ,ZDKDUD� +�� ³(OHFWURFDWDO\WLF 2[LGDWLRQ RI

0HWKDQH E\ $OWHUQDWLQJ�&XUUHQW (OHFWURO\VLV 8VLQJ<WWULD�6WDELOL]HG

=LUFRQLD�́ -� (OHFWURFKHP� 6RF�� �������� ���� �������

+LELQR�7��8VKLNL�.��.XZDKDUD�<��0DVHJL�$� DQG ,ZDKDUD�+�� ³2[�

LGDWLYH &RXSOLQJ RI &+� 8VLQJ $ONDOL�0HWDO ,RQ &RQGXFWRUV DV D

6ROLG (OHFWURO\WH�́ -�&KHP� 6RF� )DUDGD\ � 7�� ������� ���� �������

+LELQR� 7�� +DVKLPRWR� $�� ,QRXH� 7�� 7RNXQR� -�� <RVKLGD� 6� DQG 6DQR�

0�� ³$ 6ROLG 2[LGH )XHO &HOO 8VLQJ DQ ([RWKHUPLF 5HDFWLRQ DV WKH

+HDW 6RXUFH�́ -� (OHFWURFKHP� 6RF�� ������� $��� �������

+ZDQJ� 6� 7� DQG .DPPHUPH\HU� .�� ³7HFKQLTXHV RI &KHPLVWU\� 9,,�

0HPEUDQHV LQ 6HSDUDWLRQV�́ :LOH\ ,QWHUVFLHQFH�1HZ<RUN �������

,OLQLWFK�2�0��&XSHUXV� )� 3� DQG1RVRYD�/�9�� HW DO�� ³&DWDO\WLF0HP�

EUDQH LQ5HGXFWLRQ RI$TXHRXV1LWUDWHV� 2SHUDWLRQDO 3ULQFLSOHV DQG

&DWDO\WLF 3HUIRUPDQFH�́ &DWDO� 7RGD\� �������� ��� �������

,RDQQLGHV� 7� DQG *DYDODV� *�5�� ³&DWDO\WLF ,VREXWDQH 'HK\GURJHQD�

WLRQ LQ D 'HQVH 6LOLFD 0HPEUDQH 5HDFWRU�́ -� 0HPEU� 6FL�� ��������

��� �������

,WRK� 1�� ³$0HPEUDQH 5HDFWRU 8VLQJ 3DOODGLXP�́ $,&K( -�� ��� ����

�������

,WRK� 1�� 6DQFKH]�0�$� DQG;X�:�&�� HW DO�� ³$SSOLFDWLRQ RI D0HP�

EUDQH5HDFWRU 6\VWHP WR7KHUPDO�'HFRPSRVLWLRQ RI&2��́ -�0HPEU�

6FL�� �������� ��� �������

,ZDKDUD� +�� (VDND 7�� 8FKLGD� +�� <DPDXFKL� 7� DQG 2NDNL� .�� ³+LJK

7HPSHUDWXUH 7\SH3URWRQLF&RQGXFWRU%DVHGRQ6U&H2� DQG ,WV$S�

SOLFDWLRQ WR WKH ([WUDFWLRQ RI +\GURJHQ*DV�́ 6ROLG 6WDWH ,RQLFV� ���

���� �������

,ZDKDUD� +�� 8FKLGD� +� DQG 0RULPRWR� .�� ³+LJK 7HPSHUDWXUH 6ROLG

(OHFWURO\WH )XHO &HOOV 8VLQJ 3HURYVNLWH�7\SH 2[LGH %DVHG RQ

%D&H2��́ -� (OHFWURFKHP� 6RF�� ���� ��� �������

,ZDKDUD�+��0DWVXPRWR�+� DQG7DNHXFKL�.�� ³(OHFWURFKHPLFDO'HKX�

PLGLILFDWLRQ 8VLQJ 3URWRQ &RQGXFWLQJ &HUDPLFV�́ 6ROLG 6WDWH ,RQ�

LFV� ����6S� ,VV� 6L��� ��� �������

-D\DUDPDQ�9�� /LQ�<� 6�� 3DNDOD�0� DQG/LQ�5�<�� ³)DEULFDWLRQ RI8O�

WUDWKLQ0HWDOOLF0HPEUDQHV RQ&HUDPLF 6XSSRUWV E\ 6SXWWHU 'HSR�

VLWLRQ�́ -� 0HPEU� 6FL�� ��� �� �������

-LDQJ� <� DQG 9LUNDU� $�9�� ³$ +LJK 3HUIRUPDQFH� $QRGH�6XSSRUWHG

6ROLG2[LGH )XHO &HOO 2SHUDWLQJ RQ'LUHFW $OFRKRO�́ -� (OHFWURFKHP�

6RF�� ������� $��� �������

-LDQJ� <�� <HQWHNDNLV� ,� 9� DQG 9D\HQDV� &�*�� ³0HWKDQH WR (WK\OHQH

ZLWK ���3HUFHQW <LHOG LQ D *DV 5HF\FOH (OHFWURFDWDO\WLF 5HDFWRU�

6HSDUDWRU�́ 6FLHQFH� ���������� ���� �������

-LQ� :�� /L� 6�� +XDQJ� 3�� ;X� 1�� 6KL� -� DQG /LQ� <� 6�� ³7XEXODU /DQ�

WKDQXP &REDOWLWH 3HUYRVNLWH�7\SH 0HPEUDQH 5HDFWRUV IRU 3DUWLDO

2[LGDWLRQ RI0HWKDQH WR 6\QJDV�́ -�0HPEU� 6FL�� ���� �� �������

-XQ� &� 6� DQG /HH� .�+�� ³3UHSDUDWLRQ RI 3DOODGLXP0HPEUDQHV IURP

WKH 5HDFWLRQ RI 3G�&�+���&�+�� ZLWK +���:HW�,PSUHJQDWHG 'HSR�

VLWLRQ�́ -� 0HPEU� 6FL�� ������� ��� �������

-XQ� &� 6� DQG /HH� .�+�� ³3DOODGLXP DQG 3DOODGLXP $OOR\ &RPSRVLWH

0HPEUDQHV 3UHSDUHG E\ 0HWDO�2UJDQLF &KHPLFDO 9DSRU 'HSRVL�

WLRQ0HWKRG �&ROG�:DOO��́ -� 0HPEU� 6FL�� ������� ��� �������

-XUDGR� -� 5�� 0RXUH� &�� 'XUDQ� 3� DQG 9DOYHUGH� 1�� ³3UHSDUDWLRQ DQG

(OHFWULFDO 3URSHUWLHV RI 2[\JHQ &RQGXFWRUV LQ WKH %L�2��<�2� 6\V�

WHP�́ 6ROLG 6WDWH ,RQLFV� ��� ��� �������

.DOR\DQQLV� $� DQG 9D\HQDV� &�*�� ³1RQ�)DUDGDLF (OHFWURFKHPLFDO

0RGLILFDWLRQ RI &DWDO\WLF $FWLYLW\� ��� (WKDQH 2[LGDWLRQ RQ 3W�́ -�

&DWDO�� ������� ��� �������

.LNXFKL� (��8HPL\D� 6�� 6DWR�1�� ,QRXH�+��$QGR�+� DQG0DWDXGD� 7��

³5HDFWRU 8VLQJ 0LFURSRURXV *ODVV�6XSSRUWHG 7KLQ )LOP RI 3DOOD�

GLXP$SSOLFDWLRQ WR WKH:DWHU *DV 6KLIW 5HDFWLRQ�́ &KHP� /HWW�� ���

�����D��

.LNXFKL� (��8HPL\D� 6�� 6DWR�1�� ,QRXH�+��$QGR�+� DQG0DWVXGD� 7��

³0HPEUDQH5HDFWRU8VLQJ0LFURSRURXV*ODVV6XSSRUWHG7KLQ)LOP

RI 3DOODGLXP�́ &KHP� /HWW�� ��� �����E��

.LP� -� DQG/LQ�<� 6�� ³6RO�*HO 6\QWKHVLV DQG&KDUDFWHUL]DWLRQ RI<WWULD

6WDELOL]HG =LUFRQLD0HPEUDQHV�́ -� 0HPEU� 6FL� ���� �� �������

.LP� -� DQG/LQ�<� 6�� ³6\QWKHVLV DQG2[\JHQ3HUPHDWLRQ3URSHUWLHV RI

&HUDPLF�0HWDO 'XDO�3KDVH 0HPHEUDQHV�́ -� 0HPEU� 6FL�� ��� ���

�������

.LP�+�� 3DUN� 6��9RKV� -�0� DQG*RUWH� 5� -�� ³'LUHFW2[LGDWLRQRI/LT�

XLG )XHOV LQ D 6ROLG 2[LGH )XHO &HOO�́ -� (OHFWURFKHP� 6RF�� �������

$��� �������

.RED\DVKL� 7�� 0RULVKLWD� 6�� $EH� .� DQG ,ZDKDUD� +�� ³5HGXFWLRQ RI

1LWURJHQ 2[LGH E\ D 6WHDP (OHFWURO\VLV &HOO 8VLQJ D 3URWRQ &RQ�

GXFWLQJ (OHFWURO\WH�́ 6ROLG 6WDWH ,RQLFV�������3DUW ��� ��� �������

.RED\DVKL� 7��$EH�.��8N\R�<� DQG ,ZDKDUD�+�� ³5HGXFWLRQRI1LWUR�

JHQ 2[LGH 8VLQJ D 3HURYVNLWH�7\SH 3URWRQLF &RQGXFWRU 6U=U����

<E���2��α�́ (OHFWURFKHP�� ������ ��� �����D��
.RED\DVKL� 7�� <DPD]DNL� .�� $EH� .�� 8N\R� <� DQG ,ZDKDUD� +�� ³5H�

PRYDO RI 1LWURJHQ 2[LGH E\ 6WHDP (OHFWURO\VLV &HOO ZLWK 3URWRQ

&RQGXFWLQJ&HUDPLFV DQG D&R�$O�2�&DWDO\VW�́ -�&HUDP� 6RF� -SQ��

������� ��� �����E��

.RED\DVKL� 7��$EH�.��8N\R�<� DQG ,ZDKDUD�+�� ³5HGXFWLRQRI1LWUR�

JHQ 2[LGH E\ 6WHDP (OHFWURO\VLV &HOO 8VLQJ D 3URWRQLF &RQGXFWRU

6U=U���<E���2��α DQG WKH&DWDO\VW 6U�$O�2��́ 6ROLG 6WDWH ,RQLFV� ������

��� ��� �����F��

.RQQR�0�� 6KLQGR�0�� 6XJDZDUD� 6� DQG6DLWR� 6�� ³$&RPSRVLWH 3DO�

ODGLXPDQG3RURXV$OXPLQXP2[LGH0HPEUDQH IRU+\GURJHQ*DV

6HSDUDWLRQ�́ -� 0HPEU� 6FL�� ��� ��� �������

.UHXHU� .�'�� ³2Q WKH 'HYHORSPHQW RI 3URWRQ &RQGXFWLQJ 0DWHULDOV

IRU 7HFKQRORJLFDO $SSOLFDWLRQV�́ 6ROLG 6WDWH ,RQLFV� ��� � �������

.UXLGKRI�+��%RXZPHHVWHU�+� -�0�9��'RRUQ�5�+� (� DQG%XUJJUDDI�

$� -�� ³,QIOXHQFH RI 2UGHU�'LVRUGHU 7UDQVLWLRQ RQ 2[\JHQ 3HUPH�

DELOLW\ 7KURXJK 6HOHFWHG 1RQVWRLFKLRPHWULF 3HURYVNLWH�7\SH 2[L�



,QRUJDQLF 0HPEUDQHV DQG 0HPEUDQH 5HDFWRUV ���

.RUHDQ -� &KHP� (QJ��9RO� ��� 1R� ��

GHV�́ 6ROLG 6WDWH ,RQLFV� ����� %� ��� �������

/DQJJXWK� -�� 'LWWPH\HU� 5�� +RIPDQQ� +� DQG 7RPDQGO� *�� ³6WXGLHV

RQ 2[LGDWLYH &RXSOLQJ RI 0HWKDQH 8VLQJ +LJK�7HPSHUDWXUH 3UR�

WRQ�&RQGXFWLQJ 0HPEUDQHV�́ $SSO� &DWDO�� $�*HQ�� ��������� ���

�����D��

/DQJJXWK� -�� 'LWWPH\HU� 5�� +RIPDQQ� +� DQG 7RPDQGO� *�� ³&HUDPLF

+LJK 7HPSHUDWXUH 3URWRQ &RQGXFWRUV DV D 0HPEUDQH &RQFHSW IRU

2[LGDWLYH &RXSOLQJ RI 0HWKDQH�́ &KHP��,QJ��7HFK�� ������ ���

�����E��

/L�$�� /LDQJ�:� DQG+XJKHV�5�� ³7KH (IIHFW RI&DUERQ0RQR[LGH DQG

6WHDP RQ WKH +\GURJHQ 3HUPHDELOLW\ RI D 3G�6WDLQOHVV 6WHHO 0HP�

EUDQH�́ -� 0HPEU� 6FL�� ������� ��� �������

/L� =� <�� 0DFGD� +�� .XVDNDEH� .�� 0RURRND� 6�� $Q]DL� +� DQG $NL�

\DPD� 6�� ³3UHSDUDWLRQ RI 3DOODGLXP�6LOYHU $OOR\ 0HPEUDQHV IRU

+\GURJHQ 6HSDUDWLRQ E\ WKH 6SUD\ 3\URO\VLV 0HWKRG�́ -� 0HPEU�

6FL�� ��� ��� �������

/LQ� <� 6� DQG =HQJ� <�� ³&DWDO\WLF 3URSHUWLHV RI 2[\JHQ 6HPLSHUPH�

DEOH 3HURYVNLWH�7\SH &HUDPLF 0HPEUDQH 0DWHULDOV IRU 2[LGDWLYH

&RXSOLQJ RI0HWKDQH�́ -� &DWDO�� ������� ��� �������

/LQ� <� 6� DQG =HQJ� <�� ³&DWDO\WLF 3URSHUWLHV RI 2[\JHQ 6HPLSHUPH�

DEOH 3HURYVNLWH�7\SH &HUDPLF 0HPEUDQH 0DWHULDOV IRU 2[LGDWLYH

&RXSOLQJ RI 0HWKDQH >��� ���� ��� ������@�́ -� &DWDO�� ������� ���

�������

0DUQHOORV� *�� =LVHNDV� 6� DQG 6WRXNLGHV� 0�� ³6\QWKHVLV RI $PPRQLD

DW $WPRVSKHULF 3UHVVXUHZLWK WKH8VH RI 6ROLG 6WDWH 3URWRQ&RQGXF�

WRUV�́ -� &DWDO�� ������� �� �������

0DWVXGD� 7��.RLNH� ,�� .XER�1� DQG.LNXFKL� (�� ³'HK\GURJHQDWLRQ RI

,VREXWDQH WR ,VREXWHQH LQ D 3DOODGLXP 0HPEUDQH 5HDFWRU�́ $SSO�

&DWDO�� $�*HQ�� ��� � �������

0F.HQQD� (�$�� 2WKRQHRV� $�� .LUDW]LV� 1� DQG 6WRXNLGHV� 0�� ³6\Q�

WKHVLV RI+&1 LQ D 6ROLG�(OHFWURO\WH�&HOO 5HDFWRU�́ ,QG� (QJ� &KHP�

5HV�� ������ ���� �������

0LFKDHOV� $� 6�� ³1HZ 6HSDUDWLRQ 7HFKQLTXH IRU WKH &3,�́ &KHP� (QJ�

3URJ�� ������� �� �������

0LFKDHOV� -�1� DQG 9D\HQDV� &�*�� ³.LQHWLFV RI 9DSRU�3KDVH (OHFWUR�

FKHPLFDO 2[LGDWLYH 'HK\GURJHQDWLRQ RI (WK\OEHQH]H�́ -� &DWDO�� ���

��� �������

0RURRND� 6�� <DQ� 6�&�� <RNR\DPD� 6� DQG .XVDNDEH� .�� ³3DOODGLXP

0HPEUDQH )RUPHG LQ 0DFURSRUHV RI 6XSSRUW 7XEH E\ &KHPLFDO

9DSRU 'HSRVLWLRQ ZLWK &URVVIORZ 7KURXJK D 3RURXV :DOO�́ 6HSDU�

6FL� 7HFKQRO�� ��� ���� �������

0RVHU�:�5�� %HFNHU� <�� 'L[RQ� $�*� DQG0D� <�+�� ³&DWDO\WLF ,QRU�

JDQLF 0HPEUDQHV� DQG 7KHLU 0RGLILFDWLRQ IRU 8VH LQ &DWDO\]HG

&KHPLFDO 3URFHVVHV�́ �WK$QQX�0HHW�1$06�/H[LQJWRQ�.<� SDSHU

��( �������

1DJDPRWR�+� DQG ,QRXH�+�� ³$QDO\VLV RI0HFKDQLVPRI(WK\OHQH+\�
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&DWDO\WLF 2[LGDWLRQ RI +�6 LQ D 6WDLQOHVV 6WHHO 0HPEUDQH 5HDFWRU

ZLWK 6HSDUDWH )HHG RI 5HDFWDQWV�́ -� 0HPEU� 6FL�� ������� ���
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1LJDUD� <�� 0L]XVDNL� -� DQG ,VKLJDPH� 0�� ³0HDVXUHPHQW RI 2[\JHQ
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³([SORUDWLRQ RI&LQQDPDOGHK\GH+\GURJHQDWLRQ LQ&R�3W�*DPPD�

$O�2�&DWDO\WLF0HPEUDQH5HDFWRUV�́ &DWDO� /HWW�������� ��� �������
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4L� ;�:� DQG /LQ� <� 6�� ³(OHFWULFDO &RQGXFWLQJ DQG 3URWRQ�&RQGXFW�

LQJ 7HUELXP�'RSHG 6WURQWLXP &HUDWH 0HPEUDQH�́ 6ROLG 6WDWH ,RQ�
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3HUPHDWLRQ 3URSHUWLHV RI /DQWKDQXP &REDOLWH 0HPEUDQHV 6\QWKH�

VL]HG E\ 'LIIHUHQW 0HWKRGV�́ ,QG� (QJ� &KHP� 5HV�� ������ ���
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6DUDFFR�*� DQG6SHFFKLD�9�� ³&DWDO\WLF ,QRUJDQLF�0HPEUDQH5HDFWRUV �

3UHVHQW ([SHULHQFH DQG )XWXUH 2SSRUWXQLWLHV�́ &DWDO� 5HY�� ������
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�������

7H\PRXUL� (�� %DJKHU]DGHK� (�� 3HWLW� &�� 5HKVSULQJHU� -� /�� /LEV� 6� DQG
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³'HQVH 3HURYVNLWH /D�−[0[&R�−\)H\2�−� �0 6U�%D� &D�0HPEUDQH
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JHQ 6HSDUDWLRQ�́ &KHP� /HWW�� ���� �������
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&DWDO� $�*HQ�� ��� ��� �����H��

8HPL\D� 6�� .RVHNL�0� DQG.RMLPD� 7�� ³3UHSDUDWLRQRI+LJKO\ 3HUPH�
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;X� 6� -� DQG 7KRPVRQ� :� -�� ³6WDELOLW\ RI /D���6U���&R���)H���2�−� 3HU�
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