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7KLV LV DFDGHPLF ZRUN WKDW FDQ EH XVHG E\ WKLUG SDUWLHV DV ORQJ DV LQWHUQDWLRQDOO\ DFFHSWHG UXOHV DQG JRRG

SUDFWLFHV UHJDUGLQJ FRS\ULJKW DQG UHODWHG ULJKWV DUH UHVSHFWHG�

$FFRUGLQJO\� WKLV ZRUN PD\ EH XVHG XQGHU WKH OLFHQVH SURYLGHG EHORZ�

,I WKH XVHU QHHGV SHUPLVVLRQ WR PDNH XVH RI WKH ZRUN XQGHU FRQGLWLRQV QRW SURYLGHG IRU LQ WKH LQGLFDWHG

OLFHQVLQJ� WKH\ VKRXOG FRQWDFW WKH DXWKRU WKURXJK WKH 5HSRVLWRUL80 RI 8QLYHUVLGDGH GR 0LQKR�

LY



$FNQRZOHGJHPHQWV

)LYH \HDUV KDYH SDVVHG� , JUHZ XS� OHDUQHG QRYHO VXEMHFWV� DQG PDGH QHZ IULHQGV� 8QLYHUVLW\ LV D WXPXO�

WXRXV SKDVH� IXOO RI FRXUVHV WR VWXG\ DQG GHDGOLQHV WR PHHW� ZKLFK FDQ RQO\ EH VXFFHVVIXOO\ RYHUFRPH

ZLWK FRPPLWPHQW DQG GDLO\ ZRUN �KDUG VRPHWLPHV DQG VRPHWLPHV QRW VR PXFK�� , OHDYH WKH PRWLYDWLRQ WR

ZDNH XS DQG WR FRQWLQXH ZRUNLQJ IRUZDUG WR P\VHOI� ZKR DOZD\V NHSW WKH ZLOO WR IXOILOO P\ OLIH FRPPLWPHQWV�

, DOVR GHGLFDWH WKLV WR P\ JUDQGPRWKHU� ZKR DOZD\V LQVLVWHG RQ ZDQWLQJ WR VHH KHU JUDQGVRQ D JUDGXDWHG

HQJLQHHU� R SURPHWLGR p GHYLGR� 9y�

, ZRXOG OLNH WR WKDQN P\ DGYLVRU 'U� 0DUWLQ *DUFLD�/RSH]� KHDG RI WKH 1DWXUDO DQG $UWLILFLDO 3KRWRQLF

6WUXFWXUHV UHVHDUFK JURXS DW WKH ,QWHUQDWLRQDO ,EHULDQ 1DQRWHFKQRORJ\ /DERUDWRU\� ZKRVH VXSSRUW ZDV

FUXFLDO� IRU KLV FRQVWDQW JXLGDQFH WKURXJKRXW P\ ZRUN DQG IRU KLV GHHS NQRZOHGJH LQ HDFK RI WKH VWHSV

, WRRN LQ WKLV GLVVHUWDWLRQ� , DOVR WKDQN 3URIHVVRU 'U� 3HGUR $OSXLP IRU EHLQJ P\ VXSHUYLVRU IURP WKH

8QLYHUVLW\ RI 0LQKR DQG IRU WUXVWLQJ P\ DELOLWLHV WR GHYHORS WKLV DVVLJQHG SURMHFW�

0\ DSSUHFLDWLRQ WR 0LJXHO &DVWLOOR DQG )UDQFLVFD *XHGHV� IURP WKH 1$36 UHVHDUFK JURXS� DQG 9tWRU

6LOYD DQG -RmR )HUQDQGHV� IURP WKH �' 0DWHULDOV DQG 'HYLFHV UHVHDUFK JURXS� IRU DOO WKHLU KHOS ZLWK

HTXLSPHQW� PHDVXUHPHQWV� ODERUDWRU\ PLVFHOODQHRXV� DQG PDWHULDO VXSSO\ DQG IRU WKH TXDOLW\ WLPH VSHQW

EH\RQG UHVHDUFKLQJ� 7R WKH ,1/ DQG DOO LWV SHRSOH� WKDQN \RX IRU P\ VWD\� , ZDV D WUXO\ ZHOFRPH JXHVW� ,

DOVR WKDQN P\ FROOHDJXHV 'LRJR %DSWLVWD DQG 5DIDHO 9LODULQKR IRU WKH VXEMHFWV· H[SODQDWLRQV� WKH ERUURZHG

QRWHV� WKH VROYHG H[HUFLVHV� DQG WKH NH\ VXSSRUW WKURXJKRXW RXU FROOHJH FRXUVH�

)LQDOO\� , ZRXOG OLNH WR WKDQN P\ SDUHQWV IRU VXSSRUWLQJ DQG HQFRXUDJLQJ PH WR ZRUN DQG FRQWLQXH P\

DFDGHPLF SDWK�
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, KHUHE\ GHFODUH KDYLQJ FRQGXFWHG WKLV DFDGHPLF ZRUN ZLWK LQWHJULW\� , FRQILUP WKDW , KDYH QRW XVHG

SODJLDULVP RU DQ\ IRUP RI XQGXH XVH RI LQIRUPDWLRQ RU IDOVLILFDWLRQ RI UHVXOWV DORQJ WKH SURFHVV OHDGLQJ WR

LWV HODERUDWLRQ�

, IXUWKHU GHFODUH WKDW , KDYH IXOO\ DFNQRZOHGJHG WKH &RGH RI (WKLFDO &RQGXFW RI WKH 8QLYHUVLGDGH GR
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´7KH VDGGHVW DVSHFW RI OLIH >���@ LV WKDW VFLHQFH JDWKHUV NQRZOHGJH

IDVWHU WKDQ VRFLHW\ JDWKHUV ZLVGRP�µ �,VDDF $VLPRY� �����
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$EVWUDFW

7RGD\·V VRFLHW\ OLYHV LQ FRQVWDQW GHSHQGHQFH RQ HOHFWULFLW\� ,W LV FRPPRQ VHQVH WR ORRN IRU VRXUFHV WKDW

SURGXFH HOHFWULFLW\ ZLWK D PLQLPDO HFRORJLFDO IRRWSULQW VXFK DV VRODU HQHUJ\� 7KH VWDWH�RI�WKH�DUW RI VRODU

HQHUJ\ FRQYHUVLRQ LV D YHU\ RSWLPLVWLF EXW XQLQVSLULQJ VFHQDULR VLQFH WKH KLJKHVW HIILFLHQF\ UHVHDUFK FHOO

GRHV QRW H[FHHG ������ 8VLQJ ELRLQVSLUHG SKRWRQLF QDQRVWUXFWXUHV� LW LV SRVVLEOH WR LPSURYH OLJKW�PDWWHU

LQWHUDFWLRQV RI DGGLWLRQDO OLJKW�KDUYHVWLQJ OD\HUV IURP YROXPHV DV UHGXFHG DV WZR�GLPHQVLRQDO PDWHULDOV

RQ WRS RI WKHVH FHOOV� WKURXJK WHFKQLTXHV DYDLODEOH LQ FOHDQURRP�IUHH HQYLURQPHQWV� 7KLV DOORZV D VLPSOHU

DQG ORZHU�FRVW ZD\ WR LQFUHDVH WKH SHUIRUPDQFH RI WKH ILQDO GHYLFH ZLWKRXW LQFUHDVLQJ LWV IRRWSULQW� 7KH

UHSURGXFWLRQ RI VLQXVRLGDO RSWLFDO GLIIUDFWLRQ JUDWLQJV �QDQRZULQNOHV� LQVSLUHG LQ HSLGHUPDO FHOOV· ZDOOV RI

DQJLRVSHUPV WR HQKDQFH OLJKW�PDWWHU LQWHUDFWLRQV RI DGMDFHQW JUDSKHQH ZDV VWXGLHG�

$ UHSURGXFLEOH SURFHVV ZDV GHYHORSHG IRU WKH PDQXIDFWXUH RI QDQRZULQNOHV ZLWK SHULRGLF IHDWXUHV RI

���� ���� DQG ���� QP FRPSRVHG RI 3'06 DFWLYDWHG E\ DQ R[\JHQ SODVPD WUHDWPHQW VKRZLQJ D VLQXVRLGDO

SURILOH ZLWK '2 RI ������� ������� DQG ������ UHVSHFWLYHO\� $OPRVW DOO IDEULFDWHG VDPSOHV EHKDYHG DV

RSWLFDO GLIIUDFWLRQ JUDWLQJV LQ DQJXODU VSHFWURSKRWRPHWU\ PHDVXUHPHQWV�

$ PHWKRG IRU LQWHJUDWLQJ JUDSKHQH JURZQ E\ FKHPLFDO YDSRU GHSRVLWLRQ LQWR WKH DIRUHPHQWLRQHG QDQRV�

WUXFWXUHV ZDV GHYHORSHG� EDVHG RQ D ZHW WUDQVIHU� )DEULFDWHG VDPSOHV ZLWK WUDQVIHUUHG JUDSKHQH PDLQ�

WDLQHG WKH VDPH SHULRGLFLW\� VKRZLQJ D VLQXVRLGDO SURILOH ZLWK '2 RI ������� ������� DQG ������ UHVSHF�

WLYHO\� 2SWLFDOO\� WKH FRPELQDWLRQ RI WKH QDQRVWUXFWXUH ZLWK WKH PDWHULDO NHSW WKH EHKDYLRU RI D GLIIUDFWLRQ

JUDWLQJ� 5DPDQ·V VSHFWURVFRS\ PHDVXUHPHQWV RQ WUDQVIHUUHG JUDSKHQH RQWR R[\JHQ SODVPD�WUHDWHG 3'06

VKRZHG D �'�* EDQGV UDWLR DQG * EDQG VSHFWUDO SRVLWLRQ H[SHFWHG IURP D PRQROD\HU� 'XH WR WKH PDWHULDO·V

EULWWOHQHVV UHVXOWLQJ IURP WKH R[\JHQ SODVPD WUHDWPHQW RI 3'06� FRQVLVWHQWO\ RULHQWHG FUDFNV DSSHDUHG

DFURVV WKH HQWLUH VXUIDFH� LQKLELWLQJ HOHFWULFDO FRQGXFWLRQ LQ WUDQVIHUUHG JUDSKHQH�

$Q LPSOHPHQWDWLRQ RI JROG FRQWDFWV E\ VSXWWHULQJ ZLWK D FRSSHU DGKHVLRQ OD\HU VSDFHG E\ ��� `<

ZDV GHYHORSHG VR WKDW FUDFN�IUHH FRQWLQXRXV DUHDV RI JUDSKHQH FRQQHFWHG VLGH�E\�VLGH FRQWDFWV� 7KLV

WHFKQLTXH DOORZHG WKH LQMHFWLRQ RI HOHFWULF FXUUHQW ZKHQ YROWDJH ZDV DSSOLHG EHWZHHQ FRQWDFWV� 5HVLVWDQFH

ZDV PHDVXUHG ZLWK YDOXHV ' ∼ ��1 ² ��2 :Ω�

VRODU HQHUJ\� ELRLQVSLUHG� OLJKW�PDWWHU� OLJKW�KDUYHVWLQJ� FOHDQURRP�IUHH� IRRWSULQW� QDQRZULQ�

NOHV� 30'6� R[\JHQ SODVPD� JUDSKHQH� ZHW WUDQVIHU
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5HVXPR

$ VRFLHGDGH DWXDO YLYH HP FRQVWDQWH GHSHQGrQFLD GH HQHUJLD HOpWULFD� e GR VHQVR FRPXP SURFXUDU

IRQWHV SURGXWRUDV GH HQHUJLD HOpWULFD FRP SHJDGD HFROyJLFD PtQLPD� WDLV FRPR D HQHUJLD VRODU� 2 HVWDGR

GD DUWH GD FRQYHUVmR HQHUJpWLFD VRODU p XP FHQiULR PXLWR RWLPLVWD� PDV SRXFR LQVSLUDGRU� Mi TXH D Fp�

OXOD VRODU LQYHVWLJDGD GH PDLRU UHQGLPHQWR QmR XOWUDSDVVD RV ������ 8WLOL]DQGR QDQRHVWUXWXUDV IRWyQLFDV

ELRLQVSLUDGDV� p SRVVtYHO PHOKRUDU LQWHUDo}HV OX]�PDWpULD GH FDPDGDV DGLFLRQDLV GH FROKHLWD OXPLQRVD GH

YROXPHV WmR UHGX]LGRV TXDQWR GH PDWHULDLV ELGLPHQVLRQDLV QR WRSR GHVWDV FpOXODV� XWLOL]DQGR WpFQLFDV GLV�

SRQtYHLV HP DPELHQWHV IRUD GH VDOD�OLPSD� ,VWR SHUPLWH DXPHQWDU R UHQGLPHQWR GR GLVSRVLWLYR ILQDO VHP

DXPHQWDU FRQVLGHUDYHOPHQWH D VXD GLPHQVmR� GH IRUPD PDLV VLPSOHV H EDUDWD� (VWXGRX�VH D UHSURGXomR

GH UHGHV GH GLIUDomR yWLFDV VLQXVRLGDLV �QDQRUUXJDV� ELRLQVSLUDGDV HP SDUHGHV FHOXODUHV HSLGpUPLFDV GH

DQJLRVSHUPDV SDUD PHOKRUDU DV LQWHUDo}HV OX]�PDWpULD GH JUDIHQR DGMDFHQWH�

'HVHQYROYHX�VH XP SURFHVVR FRQVLVWHQWH GH IDEULFR GH QDQRUUXJDV SHULyGLFDV GH ���� ��� H ���� QP

FRPSRVWDV SRU 3'06 WUDWDGR SRU SODVPD GH R[LJpQLR PRVWUDQGR XP SHUILO VLQXVRLGDO FRP '2 GH �������

������ H ������� UHVSHWLYDPHQWH� 4XDVH WRGDV DV DPRVWUDV IDEULFDGDV FRPSRUWDUDP�VH FRPR UHGHV GH

GLIUDomR yWLFD HP PHGLo}HV GH HVSHWURIRWRPHWULD DQJXODU�

'HVHQYROYHX�VH XP PpWRGR GH LQWHJUDomR GH JUDIHQR FUHVFLGR SRU GHSRVLomR TXtPLFD D YDSRU QDV QD�

QRHVWUXWXUDV PHQFLRQDGDV DFLPD� FRP EDVH QXPD WUDQVIHUrQFLD K~PLGD� $PRVWUDV IDEULFDGDV FRP JUD�

IHQR WUDQVIHULGR PDQWLYHUDP D SHULRGLFLGDGH� PRVWUDQGR XP SHUILO VLQXVRLGDO FRP '2 GH ������� ������

H ������� UHVSHWLYDPHQWH� 2WLFDPHQWH� D FRPELQDomR GD QDQRHVWUXWXUD FRP R PDWHULDO PDQWHYH R FRP�

SRUWDPHQWR GH XPD UHGH GH GLIUDomR� 0HGLo}HV HP HVSHFWURVFRSLD GH 5DPDQ VREUH JUDIHQR WUDQVIHULGR

SDUD 3'06 WUDWDGR FRP SODVPD GH R[LJpQLR PRVWUDUDP XP UiFLR GH EDQGDV �'�* H SRVLomR HVSHFWUDO GH

EDQGD * HVSHUDGRV GH XPD PRQRFDPDGD� 'HYLGR j IUDJLOLGDGH GD VXSHUItFLH GH 3'06 WUDWDGD� DSDUHFH�

UDP IHQGDV TXH LQLEHP D FRQGXomR HOpWULFD QR JUDIHQR WUDQVIHULGR� FRQVLVWHQWHPHQWH RULHQWDGDV�

)RL GHVHQYROYLGD XPD LPSOHPHQWDomR GH FRQWDFWRV GH RXUR SRU SXOYHUL]DomR FDWyGLFD� FRP FDPDGD

GH DGHVmR GH FREUH� GLVWDQFLDGRV SRU ��� `<� GH IRUPD TXH ]RQDV FRQWtQXDV GH JUDIHQR HQWUH IHQGDV

FRQHFWDVVHP FRQWDFWRV ODGR D ODGR� (VWD WpFQLFD SHUPLWLX D LQMHomR GH FRUUHQWH HOpWULFD TXDQGR DSOLFDGD

WHQVmR HQWUH FRQWDFWRV� WHQGR VLGR PHGLGDV UHVLVWrQFLDV FRP YDORUHV ' ∼ ��1 ² ��2 :Ω�

OX]�PDWpULD� FROKHLWD OXPLQRVD� QDQRUUXJDV� 3'06� SODVPD GH R[LJpQLR� JUDIHQR

L[



&RQWHQWV

��� )UDPLQJ DQG 0RWLYDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

����� 1DWXUDO 3KRWRQLFV 5HVHDUFK � � � � � � � � � � � � � � � � � � � � � � � � �

����� 2SWRHOHFWURQLF 'HYLFHV � � � � � � � � � � � � � � � � � � � � � � � � � � �

����� ,PSURYLQJ &RQYHQWLRQDO 'HYLFHV � � � � � � � � � � � � � � � � � � � � � �

��� 6WDWH RI 7KH $UW � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

����� 7ZR�GLPHQVLRQDO 0DWHULDOV IRU 2SWRHOHFWURQLF $SSOLFDWLRQV � � � � � � � � � �

����� /LJKW�0DWWHU ,QWHUDFWLRQ (QKDQFHPHQW RQ �' 0DWHULDOV � � � � � � � � � � �

����� :RRG·V $QRPDOLHV RQ 2SWLFDO 'LIIUDFWLRQ *UDWLQJV � � � � � � � � � � � � � �

����� 5HFRQILJXUDEOH DQG 3URJUDPPDEOH 1DQRVWUXFWXUHV � � � � � � � � � � � � �

����� /DUJH�$UHD �' 0DWHULDO 7UDQVIHU � � � � � � � � � � � � � � � � � � � � � ��

��� 0HDVXUHPHQW 0HWKRGV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� $WRPLF )RUFH 0LFURVFRS\ � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� )RXULHU ,PDJLQJ 6HWXS � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 2SWLFDO 0LFURVFRS\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 5DPDQ·V 6SHFWURVFRS\ � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 6FDQQLQJ (OHFWURQ 0LFURVFRS\ � � � � � � � � � � � � � � � � � � � � � � ��
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��� 'HVLJQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 6XEVWUDWH &KRLFH DQG &RQVLGHUDWLRQV � � � � � � � � � � � � � � � � � � � ��

����� 6NLQ /D\HU 'HILQLWLRQ DQG 7DLORULQJ � � � � � � � � � � � � � � � � � � � � ��

��� &RQGLWLRQV DQG 3DUDPHWHUV � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� )DEULFDWLRQ 0HWKRG � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� &DOLEUDWLRQ RI &RQGLWLRQV � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 0RUSKRORJLFDO $QDO\VLV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 2SWLFDO &KDUDFWHUL]DWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� *UDSKHQH DV DQ 2SWRHOHFWURQLF 0DWHULDO � � � � � � � � � � � � � � � � � � � � � � ��

��� *UDSKHQH ,QWHJUDWLRQ 0HWKRGRORJ\ � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 6XUIDFH 4XDOLW\ &RQWURO � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 0RUSKRORJLFDO $QDO\VLV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 2SWLFDO &KDUDFWHUL]DWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� (OHFWULFDO &RQWDFWV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� &RQGXFWLYH 6LOYHU ,QN � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� *ROG 6SXWWHULQJ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� (OHFWURQLF ,QVSHFWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� )XWXUH 3HUVSHFWLYHV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

$�� 1DQRZULQNOHV· )DEULFDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

$�� *UDSKHQH RQ &RSSHU :HW 7UDQVIHU 3URWRFRO � � � � � � � � � � � � � � � � � � � � ��

$�� 2SWRHOHFWURQLF ([SHULPHQWV � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

%�� 8VHIXO (TXDWLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

%�� 5DZ 'DWD � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

%�� 3URFHVVHG 'DWD � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
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&�� 2SWLFDO 0LFURVFRS\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

&�� $WRPLF )RUFH 0LFURVFRS\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

&�� 5DPDQ·V 6SHFWURVFRS\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
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/LVW RI 7DEOHV

� 1RWLFHDEOH H[SHULPHQWDO TXDQWLWLHV RI KH[DJRQDO 70'& PRQROD\HUV � � � � � � � � � � � �

� 5HSUHVHQWDWLYH WUDQVIHU PHWKRGV IRU �'0V � � � � � � � � � � � � � � � � � � � � � � � ��

� &RPSDULVRQ EHWZHHQ PHDVXUHG Λ DW $)0 DQG PLFURVFRSH LQVSHFWLRQ�EDVHG � � � � � � ��

� *UDSKLFDO DQDO\VLV RI * DQG �' 5DPDQ EDQG SHDNV RI JUDSKHQH WUDQVIHUUHG RQWR GLIIHUHQW

W\SHV RI VXEVWUDWHV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� &RPSDULVRQ EHWZHHQPHDVXUHGΛ RI VDPSOHV ZLWK JUDSKHQH DW $)0 DQGPLFURVFRSH LQVSHFWLRQ�

EDVHG � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� *UDSKHQH FRQGXFWLRQ WHVW UHVXOWV RQ IODW VXEVWUDWHV � � � � � � � � � � � � � � � � � � ��

� Λ YDOXHV IRU IDEULFDWHG EDWFKHV ZLWK QR GHOD\ WLPH DIWHU SODVPD WUHDWPHQW � � � � � � � ��

� 6WDWLVWLFDO DQDO\VLV RI WDEOH �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� Λ YDOXHV IRU IDEULFDWHG EDWFKHV ZLWK YDU\LQJ GHOD\ WLPH DIWHU SODVPD WUHDWPHQW DQG UHVSHFWLYH

VWDWLVWLFDO DQDO\VLV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

�� Λ YDOXHV IRU IDEULFDWHG EDWFKHV ZLWK YDU\LQJ GHOD\ WLPH DIWHU SODVPD WUHDWPHQW � � � � � ��
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*ORVVDU\

$OORWURS\ LV WKH SURSHUW\ RI VRPH FKHPLFDO HOHPHQWV WR H[LVW LQ WZR RU PRUH

GLIIHUHQW IRUPV LQ WKH VDPH SK\VLFDO VWDWH� 7KHVH IRUPV DUH FDOOHG DOORWURSHV

DQG DUH FDXVHG E\ WKH ZD\ DWRPV RI WKH VWUXFWXUH DUH ERQGHG ZLWK HDFK

RWKHU� ([DPSOHV RI FDUERQ DOORWURSHV DUH IXOOHUHQHV DV D �'� QDQRWXEHV DV

D �'� DQG JUDSKLWH DQG GLDPRQG DV D �' PDWHULDO� �

$QJLRVSHUPV DUH YDVFXODU SODQWV ZKRVH VHHGV DUH GHYHORSHG DIWHU HJJV� L�H��

IHPLQLQH JDPHWHV DUH IHUWLOL]HG LQ DQ RYDU\� XVXDOO\ LQVLGH D IORZHU� $Q�

JLRVSHUPV· IORZHUV DOVR KDYH PDOH UHSURGXFWLYH RUJDQV SURGXFLQJ SROOHQ

JUDLQV RU WXEHV� 7KHVH VSHFLHV UHTXLUH WKH FURVVLQJ RI JDPHWHV EHWZHHQ

GLIIHUHQW LQGLYLGXDOV IRU IROORZLQJ IHUWLOL]DWLRQ >�@� ��� ��

$ FKDUJH�FRXSOHG GHYLFH LV DQ LQWHJUDWHG FLUFXLW FRQWDLQLQJ DQ DUUD\ RI OLQNHG

RU FRXSOHG FDSDFLWRUV OLQNHG ZLWK SKRWRGHWHFWRUV� 7KHVH FDSDFLWRUV DW HDFK

OLJKW H[SRVXUH FDQ FKDUJH XS E\ SKRWRYROWDLF HIIHFW� 7KH FKDUJHV RQ HDFK

SL[HO RI WKH ILUVW URZ DUH UHDG E\ D UHDG�RXW UHJLVWHU� WKHQ UHFHLYLQJ WKH FKDUJHV

IURP WKH VHFRQG URZ DQG VR RQ >�@� [[� ��

)DVW )RXULHU 7UDQVIRUP LV DQ DOJRULWKP WKDW TXLFNO\ FDOFXODWHV WKH 'LVFUHWH

)RXULHU 7UDQVIRUP RU LWV LQYHUVH� )RXULHU DQDO\VLV FRQYHUWV D VLJQDO IURP WKH

RULJLQDO GRPDLQ WR D IUHTXHQF\ GRPDLQ UHSUHVHQWDWLRQ DQG YLFH YHUVD� 7KH

GLVFUHWH )RXULHU WUDQVIRUP LV REWDLQHG E\ GHFRPSRVLQJ D VHTXHQFH RI YDOXHV

LQWR FRPSRQHQWV RI GLIIHUHQW IUHTXHQFLHV� ��
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$ ORZ�SDVV ILOWHU SDVVHV VLJQDOV ZLWK D IUHTXHQF\ ORZHU WKDQ D VHOHFWHG FXWRII

IUHTXHQF\ DQG DWWHQXDWHV VLJQDOV ZLWK KLJKHU IUHTXHQFLHV� ,Q RSWLFV LW LV DOVR

NQRZQ DV DQWL�DOLDVLQJ RU EOXU ILOWHU DQG VPRRWKV XS WKH LPDJH VLQFH RXWOLQH

SL[HOV DUH WKH RQHV ZLWK WKH KLJKHU IUHTXHQFLHV� WKXV WKHLU LQWHQVLW\ EHLQJ

DWWHQXDWHG >�@� ��

2SWRHOHFWURQLFV LV WKH ILHOG LQ FKDUJH RI VWXG\LQJ WKH SURFHVV RI WUDQVIRUPLQJ

OLJKW LQWR HOHFWULFDO HQHUJ\ RU WKH RWKHU ZD\ DURXQG� ,W LV XVXDOO\ FRQVLGHUHG

D VXE�ILHOG RI SKRWRQLFV� 2SWRHOHFWURQLF GHYLFHV DUH HOHFWULFDO�WR�RSWLFDO RU

RSWLFDO�WR�HOHFWULFDO WUDQVGXFHUV� RU V\VWHPV WKDW EDVH WKHLU ZRUNLQJ SULQFLSOH

RQ VXFK WUDQVGXFHUV >�@� �� �� ��� ��� ��� ��� ��� ��

3RODUL]DWLRQ LV D VSDWLDO SURSHUW\ RI HOHFWURPDJQHWLF ZDYHV� 7KHVH ZDYHV

KDYH DQ HOHFWULF DQG D PDJQHWLF ILHOG RUWKRJRQDOO\ RVFLOODWLQJ EHWZHHQ DQ

DEVROXWH PD[LPXP DQG PLQLPXP� :KHQ WKH OLJKW JHWV UHIOHFWHG RQ D IODW

VXUIDFH� LW IROORZV D FRQVWDQW SODQH RI LQFLGHQFH� 3�SRODUL]HG OLJKW FRPHV

IURP SDUDOOHO� ZKLFK PHDQV WKH OLJKW ZDYH·V HOHFWULF ILHOG LV SDUDOOHO WR WKLV

SODQH� 2Q WKH RWKHU KDQG� V�SRODUL]HG FRPHV IURP VHQNUHFKW� *HUPDQ IRU

SHUSHQGLFXODU� PHDQLQJ WKLV HOHFWULF ILHOG LV RUWKRJRQDO ZLWK WKDW SODQH� ��

6SLQ FRDWLQJ LV D PHWKRG IRU HYHQO\ GLVSHUVLQJ WKLQ ILOPV RYHU IODW VXEVWUDWHV�

7\SLFDOO\� D OLWWOH TXDQWLW\ RI FRDWLQJ PDWHULDO LV GHSRVLWHG WR WKH VXEVWUDWH·V

FHQWHU� ZKLFK LV HLWKHU QRW VSLQQLQJ DW DOO RU VSLQQLQJ DW D ORZ VSHHG� 7KH

FRDWLQJ PDWHULDO LV VXEVHTXHQWO\ GLVVHPLQDWHG E\ FHQWULIXJDO IRUFH ZKLOH WKH

VXEVWUDWH LV URWDWHG DW D VSHHG RI XS WR ������ USP� 6SLQ FRDWHUV� RU VLPSO\

VSLQQHUV� DUH GHYLFHV XVHG IRU VSLQ FRDWLQJ >�@� ��

$ QXPHULFDO FRQVWDQW WKDW GHVFULEHV WKH HODVWLF SURSHUWLHV RI D VROLG XQGHU�

JRLQJ WHQVLRQ RU FRPSUHVVLRQ LQ RQO\ RQH GLUHFWLRQ� 7KLV FRQVWDQW LV D PHD�

VXUH RI WKH DELOLW\ RI D PDWHULDO WR ZLWKVWDQG FKDQJHV LQ OHQJWK ZKHQ XQGHU

OHQJWKZLVH WHQVLRQ RU FRPSUHVVLRQ� ,W LV D VSHFLILF IRUP RI +RRNH·V ODZ RI

HODVWLFLW\� 7KH LQWHUQDWLRQDO XQLW RI <RXQJ·V PRGXOXV LV QHZWRQV SHU VTXDUH

PHWHU �#<−2� EXW LW FDQ EH DOVR PHDVXUHG LQ SDVFDOV �3D�� �� ��� ��� ���

��
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WZR�GLPHQVLRQDO PDWHULDO �� �� �� �� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��

WKUHH�GLPHQVLRQDO [YLLL� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��

$WRPLF )RUFH 0LFURVFRS\ ��� ��� ��� ��� ��� ��� ��

EULJKW�ILHOG PLFURVFRS\ ��� ��� ��� ��� ��� ��

FKDUJH�FRXSOHG GHYLFH ��� ��

&KHPLFDO 9DSRU 'HSRVLWLRQ ��� ��� ��

GLUHFW FXUUHQW ��

GDUN�ILHOG PLFURVFRS\ ��� ��� ��

OLJKW DPSOLILFDWLRQ E\ VWLPXODWHG HPLVVLRQ RI UDGLDWLRQ �� ��� ��� ��

QHDU�LQIUDUHG �� �� ��� ��� ��

SRO\�GL�PHWK\OVLOR[DQH� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ���

��� ��� ��� ��� ��

SRO\�PHWK\O PHWKDFU\ODWH� ��� ��� ��� ��� ��� ��� ��� ��

6FDQQLQJ (OHFWURQ 0LFURVFRS\ ��� ��� ��� ��� ��

VSHFLILF VXUIDFH DUHD �� ��

7UDQVLWLRQ 0HWDO 'LFKDOFRJHQLGH PRQROD\HU �� �� �� ��� ��
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6\PEROV

0 ODWWLFH FRQVWDQW �

n" VXEVWUDWH SUH�VWUHWFKLQJ SHUFHQWDJH ��� ��� ��� ��

" UDWLR RI PL[HG PDWHULDOV WR WKHLU PDVV ��

c WKH QXPHULFDO YDOXH RI SL ��� ��

� JUDWLQJ IHDWXUHV· DPSOLWXGH ��� ��� ��� ��� ��� ��

Λ JUDWLQJ IHDWXUHV· SHULRG �� �� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ���

��� ��� ��

_ SKRWRQ ZDYHOHQJWK �� �� �� �� ��� ��� ��
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,QWURGXFWLRQ

%ULHI IUDPLQJ DQG PRWLYDWLRQ RI WKH GLVVHUWDWLRQ SURMHFW� WKHRUHWLFDO LQWURGXFWLRQ RI WKH

WRSLFV FRYHUHG �6WDWH RI WKH $UW� DQG WKH PHDVXUHPHQW PHWKRGV XVHG�

,Q WKLV LQWURGXFWRU\ FKDSWHU� WKH FXUUHQW FRQV RI WKH PRVW VWXGLHG OLJKW�KDUYHVWLQJ PDWHULDOV DQG WKHLU

SUREOHPDWLFV IRU OLJKW�PDWWHU LQWHUDFWLRQV DUH GHILQHG� 2SWLFDO GLIIUDFWLRQ JUDWLQJV DV VXLWDEOH QDQRVWUXF�

WXUHV WR HQKDQFH VXFK LQWHUDFWLRQV DUH DQDO\]HG� 0HWKRGRORJLHV IRU WKH IDEULFDWLRQ RI GHYLFHV EDVHG RQ

WKHVH QDQR�DUFKLWHFWXUHV DORQJ ZLWK WKH LQWHJUDWLRQ RI WZR�GLPHQVLRQDO PDWHULDOV DUH GLVFXVVHG� )LQDOO\�

PHDVXUHPHQW PHWKRGV DQG VHWXSV XVHG WKURXJKRXW WKLV GLVVHUWDWLRQ DUH SUHVHQWHG�

&DSWXULQJ OLJKW LV D SKHQRPHQRQ WKDW KDV EHHQ RQ WKLV SODQHW IRU RYHU ���� PLOOLRQ \HDUV >�@� ,Q WKH

DWWHPSW WR VXUYLYH� QDWXUH LV FRQWLQXRXVO\ DGDSWLQJ HYHU\ OLYLQJ VSHFLHV WR WKH HQYLURQPHQW� DV ZHOO DV

WKHLU IXQGDPHQWDO SURFHVVHV DQG WKH VWUXFWXUHV EHKLQG WKHP� /LJKW�LQWHUDFWLQJ SURFHVVHV DPRQJ OLYLQJ

EHLQJV ZHUH DOVR WXQHG GHSHQGLQJ RQ HDFK SXUSRVH >�@� 8VLQJ QDWXUH DV D JXLGHOLQH WR PDQXIDFWXUH QHZ

OLJKW�KDUYHVWLQJ GHYLFHV EDVHG RQ WZR�GLPHQVLRQDO PDWHULDOV FRXOG OHDG WR JUHDWHU GHYLFH HIILFLHQF\ LQ OHVV

VSDFH�

1DWXUDO SKRWRQLFV VWXGLHV OLJKW�LQWHUDFWLQJ SURFHVVHV LQ QDWXUH� 7KLV LV D VXE�ILHOG RI WKH YHU\ EURDG ILHOG

RI SKRWRQLFV� %LRPLPHWLF SKRWRQLF VWUXFWXUHV DUH DUWLILFLDO SKRWRQLF VWUXFWXUHV PLPLFNLQJ H[LVWLQJ QDWXUDO

RQHV� 7KHVH QDWXUDO VWUXFWXUHV FDQ JR IURP D VLPSOH 'LSOD]LXP WRPHQWRVXP OHDI WR D FRPSOH[ 0RUSKR

UKHWHQRU ZLQJ� DV VKRZQ LQ ILJXUH ��

7KH ZDYH�OLNH EHKDYLRU RI OLJKW DOORZV IRU FRQVWUXFWLYH DQG GHVWUXFWLYH LQWHUIHUHQFH� 3KRWRQLFV XVHV

WKLV SULQFLSOH WR PDQLSXODWH� JHQHUDWH DQG GHWHFW OLJKW LQ D KXJH UDQJH RI ZD\V ZLWK PXOWLSOH VFLHQWLILF

�
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REMHFWLYHV LQ PLQG� PDNLQJ XVH RI QDWXUDO VWUXFWXUHV DV EOXHSULQWV IRU DUWLILFLDO ELRLQVSLUHG SKRWRQLF VWUXF�

WXUHV� 7KH PRWLYDWLRQ EHKLQG WKLV UHVHDUFK ILHOG PDWFKHV WKH SRVVLELOLW\ RI FUHDWLQJ VWUXFWXUHV ZLWK PRUH

UHVLOLHQW RSWLFDO SURSHUWLHV �H�J�� VWUXFWXUDO FRORUV LQ FRQWUDVW WR G\H�GHSHQGDQW FRORUV� XVLQJ D ZLGH UDQJH

RI WUDQVSDUHQW PDWHULDOV SURYLGHG E\ WKH FRUUHFW QDQRVWUXFWXULQJ RI WKH OD\HUV LQ WKH V\VWHP� 0RUHRYHU�

QDQRVWUXFWXUHV IRXQG LQ QDWXUH DUH XVXDOO\ PRUH UREXVW WR GUDZEDFNV UHODWLYH WR DUWLILFLDO GHVLJQV�

)LJXUH �� � 5HDO FRORXU LPDJH RI D 0� UKHWHQRU ZLQJ� � %DU ��� `P� 7(0 RI ZLQJ·V FURVV�VHFWLRQ RI
0� UKHWHQRU� � %OXH LULGHVFHQFH LQ 6HODJLQHOOD� � 7(0 VHFWLRQ RI D OHDI IURP 'LSOD]LXP WRPHQWRVXP�
$GDSWHG IURP >�@�

,Q WKLV FDVH� QDWXUDO SKRWRQLF VWUXFWXUHV ZLOO EH VRXJKW LQ RUGHU WR SURGXFH GLIIUDFWLYH HIIHFWV LQ WKH

YLVLEOH �9,6��QHDU�LQIUDUHG �1,5� VSHFWUXP RI OLJKW� VXFK DV LQ RSWLFDO GLIIUDFWLRQ JUDWLQJV� 7KH UHSOLFDWLRQ

RI WKLV SKHQRPHQRQ LV IUHTXHQW LQ QDWXUH� PRWLYDWHG E\ WKH LPSRUWDQFH RI FRORU LQ PHFKDQLVPV RI VXUYLYDO

RU EUHHGLQJ RI VSHFLHV�

7KH PDLQ UHDVRQ KXPDQLW\ DGDSWHG OLJKW�LQWHUDFWLQJ SURFHVVHV IURP QDWXUH ZDV WR FRQYHUW OLJKW LQWR XVDEOH

HQHUJ\ DV HOHFWULFLW\� 'HYLFHV FDSDEOH RI SURGXFLQJ VXFK FRQYHUVLRQ SURFHVVHV DUH FDOOHG RSWRHOHFWURQLF

GHYLFHV� 7KH PDQXIDFWXULQJ RI WKHVH GHYLFHV EHORQJV WR D ODUJH� WKULYLQJ� DQG ZHOO�HVWDEOLVKHG LQGXVWU\

LQ PRGHUQ VRFLHW\ ZLWK D YDVW QXPEHU RI DSSOLFDWLRQV VXFK DV VRODU HQHUJ\� OLJKW GHWHFWLRQ� DQG GLJLWDO

SKRWRJUDSK\�

7KH PRVW FRPPRQ EXLOGLQJ EORFNV RI FRQYHQWLRQDO RSWRHOHFWURQLF GHYLFHV DUH VHPLFRQGXFWRU S�Q MXQF�

WLRQV� :KHQ D VXIILFLHQWO\ HQHUJHWLF EHDP RI SKRWRQV LOOXPLQDWHV DQ LQVXODWHG S�Q MXQFWLRQ� _ ≤ ℎ2
�60?

� ZLWK

�60? EHLQJ WKH EDQG JDS EHWZHHQ WKH WRS RI WKH YDOHQFH EDQG DQG WKH ERWWRP RI WKH FRQGXFWLRQ EDQG� WKH

PDWHULDO VXIIHUV DQ LQWHUQDO SKRWRHOHFWULF HIIHFW� (OHFWURQV WUDQVLW IURP WKH YDOHQFH EDQG WR WKH FRQGXFWLRQ

�
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EDQG� OHDYLQJ DQ HPSW\ VWDWH ² DOVR FDOOHG KROH� LQ WKH IRUPHU� WKXV JHQHUDWLQJ HOHFWURQ�KROH SDLUV� ERXQG

E\ WKH HOHFWURVWDWLF DWWUDFWLRQ�

7KH HOHFWULF ILHOG LQ WKH MXQFWLRQ·V GHSOHWLRQ ]RQH IRUFHV HOHFWURQV DQG KROHV WR PRYH LQWR GLIIHUHQW

UHJLRQV� SUHYHQWLQJ UHFRPELQDWLRQ� 7KH FKDUJHV FUHDWHG DFFXPXODWH XQHYHQO\ RQ HLWKHU VLGH� GHFUHDVLQJ

WKH MXQFWLRQ·V SRWHQWLDO EDUULHU KHLJKW� :KHQHYHU WKLV EDUULHU GLVDSSHDUV� WKH FKDUJH WUDQVLWLRQ IURP RQH

UHJLRQ WR DQRWKHU FRPHV WR DQ HQG� :LWK WKLV� WKH HOHFWURQ�KROH SDLUV VHSDUDWLRQ VWRSV DQG WKH MXQFWLRQ

UHDFKHV D IODW EDQG FRQGLWLRQ� VKRZQ DV D FRQVWDQW SRWHQWLDO ² WKH SKRWRHOHFWURPRWLYH IRUFH +0 �ILJXUH ���

)LJXUH �� 7KH RULJLQ RI+0 DW D S�Q MXQFWLRQ� 'DVKHG OLQHV UHSUHVHQW
HOHFWURQLF EDQGV LQ WKH GDUN� /LJKWLQJ FDXVHV WKH EDUULHU KHLJKW WR
GHFUHDVH� 7KH DUURZV LQGLFDWH WKH SKRWRFXUUHQW DQG WKH FXUUHQW
GXH WR WKH GHFUHDVH RI WKH EDUULHU� $GDSWHG IURP >�@�

:KHQ WKH GHSOHWLRQ ]RQH RI WKH MXQFWLRQ LV VKRUW�FLUFXLWHG� D VWDWLRQDU\ FXUUHQW SURSRUWLRQDO WR WKH

LQWHQVLW\ RI WKH LOOXPLQDWLRQ LV JHQHUDWHG� FDOOHG SKRWRFXUUHQW�

95 = 4�V �����

ZKHUH � LV WKH HOHFWURQ�KROH SDLU JHQHUDWLRQ UDWH QHDU WKH VXUIDFH E\ DUHD XQLW DQG V LV WKH IUDFWLRQ RI

KROHV FUHDWHG WKDW UHDFK WKH GHSOHWLRQ ]RQH >�@�

$V LQ HYHU\ RWKHU FRQYHUVLRQ SURFHVV� WKH DLP LV WR PD[LPL]H LWV HIILFLHQF\� 7KH ODUJHVW VRXUFH RI ORVVHV

LQ VHPLFRQGXFWRU MXQFWLRQV LV UHODWHG WR SKRWRQ DEVRUSWLRQ ZLWK HQHUJ\ PXFK JUHDWHU WKDQ WKH EXLOGLQJ

PDWHULDO �60? >��@� &KDUJH FDUULHUV DUH FUHDWHG ZLWK HQRUPRXV NLQHWLF HQHUJ\� ZKLFK LV WKHQ GLVVLSDWHG

LQ VHYHUDO FROOLVLRQV� WXUQLQJ LQWR KHDW� DQ XQSOHDVDQW JXHVW LQ HYHU\ HOHFWURQLF GHYLFH� HVSHFLDOO\ LQ SKR�

WRYROWDLF FHOOV >��@� 7KH EXON PDWHULDO VHOHFWLRQ DQG LWV OHYHO RI SXULW\ ODUJHO\ LQIOXHQFH WKH HIILFLHQF\ RI

WKH GHYLFH� 7KH ZD\ WR PD[LPL]H SKRWRYROWDLF HIILFLHQF\ LV WR DFKLHYH WKH WKHRUHWLFDO OLPLW LQ ZKLFK DOO

OLJKW�JHQHUDWHG HOHFWURQ�KROH SDLUV FUHDWHG SDUWLFLSDWH LQ WKH SKRWRFXUUHQW 95 �

1RWDEO\� DOWKRXJK WKH SHDN YDOXH RI WKH VSHFWUDO GLVWULEXWLRQ RI VXQOLJKW FRUUHVSRQGV WR SKRWRQ HQHUJ\

VLPLODU WR WKH �60? RI FU\VWDOOLQH VLOLFRQ ���� 4+ �� WKHUH DUH FXUUHQWO\ QR GHYLFHV EDVHG RQ WKLV PDWHULDO

ZLWK HIILFLHQF\ JUHDWHU WKDQ ����� �ILJXUH ��� 3OXV� WKH DFWLYH UHJLRQ RI DQ\ SKRWRYROWDLF GHYLFH LV MXVW D WKLQ

OD\HU RQ WKH VXUIDFH >�@�

�H[FLWRQV

�
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)LJXUH �� 5HSRUWHG WLPHOLQH RI UHVHDUFK VRODU FHOO HQHUJ\ FRQYHUVLRQ HIILFLHQFLHV VLQFH ����� 5HWULHYHG
IURP >��@�

7ZR�GLPHQVLRQDO PDWHULDOV DORQJ ZLWK SKRWRQLF VWUXFWXUHV FDQ EH D YLDEOH DGG�RQ WR H[LVWHQW WHFKQRORJ\�

DV LWV GLPHQVLRQV ZLOO QRW DIIHFW WKH GHYLFH·V IRRWSULQW� LQFUHDVLQJ WKH RYHUDOO HIILFLHQF\ RI WKH ILQDO GHYLFH�

3OXV� WKHLU WKHUPRHOHFWULF SURSHUWLHV ZLOO QRW SOD\ D UROH LQ RYHUKHDWLQJ HIIHFWV >��@� ,Q WKH PLGGOH WHUP

EH\RQG WKH ILQDO VFRSH RI WKLV SURMHFW� LW LV LQWHQGHG WR GHYHORS D WZR�GLPHQVLRQDO PDWHULDO ��'0� LQWHJUDWLRQ

LQ D FRVW�HIIHFWLYH ZD\ LQWR ODUJH DUHDV RI ELRLQVSLUHG QDQR�DUFKLWHFWXUH WR SURYLGH EHWWHU SKRWRYROWDLF HIIHFWV

RQ WKH �'0�

7KH SURMHFW LQ LWV HQWLUHW\ KDV H[WUHPHO\ UHFHQW WKHRUHWLFDO IRXQGDWLRQV� 'HVSLWH EHLQJ VFLHQWLILFDOO\ ZHOO

HVWDEOLVKHG� DOO WRSLFV FRYHUHG GDWH EDFN WR LQYHVWLJDWLRQV FDUULHG RXW LQ WKH SDVW GHFDGH� 7KH JDWKHULQJ RI

WKHVH WRSLFV OHDGV WR WKH YDQJXDUG LQ SKRWRQLF DQG RSWRHOHFWURQLF GHYLFH GHYHORSPHQW�

7KH XVH RI �'0V IRU RSWRHOHFWURQLF DSSOLFDWLRQV� DV PHQWLRQHG DERYH� LV RQH RI WKH PRVW SURPLVLQJ UH�

VHDUFK ILHOGV DW WKH PRPHQW� 7KH\ KDYH XQLTXH HOHFWURQLF DQG RSWLFDO SURSHUWLHV GXH WR WKHLU TXDQWXP�

PHFKDQLFDO FRQILQHPHQW >��@�

2QH VWUDWHJ\ IRU GHYHORSLQJ D KLJK�HIILFLHQF\ RSWRHOHFWURQLF GHYLFH LV WR LQFUHDVH WKH OLJKW DEVRUSWLRQ

RI WKHVH PDWHULDOV� )RU WKLV SXUSRVH� WKH PRVW LQYHVWLJDWHG �'0V DUH JUDSKHQH DQG 7UDQVLWLRQ 0HWDO

'LFKDOFRJHQLGH PRQROD\HU �70'&P�V�

�
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*UDSKHQH LV DQ DOORWURSH RI FDUERQ �&� FRQVLVWLQJ RI D VLQJOH OD\HU RI B?2 ERQGHG DWRPV DUUDQJHG LQ D

WZR�GLPHQVLRQDO KRQH\FRPE ODWWLFH ZLWK 0  ���� c� >��@� ,WV B?2�K\EULGL]DWLRQ FDXVHV D WULJRQDO SODQDU

PROHFXODU JHRPHWU\ >��@� (DFK FDUERQ DWRP DW WKH FRUQHUV KDV IRXU ERQGV� RQH f �ERQG ZLWK HDFK RI WKH

WKUHH QHLJKERUV DQG RQH c �ERQG RULHQWHG LQ WKH RXW�RI�SODQH GLUHFWLRQ� 7KH f �ERQGV KDYH WKH OHQJWK RI ≈
���� c�

*UDSKHQH KDV RQH RI WKH KLJKHVW WKHRUHWLFDO VSHFLILF VXUIDFH DUHD �66$� �≈ ����<2�6�� OHDGLQJ WR D

KXJH DUHD RI LQWHUDFWLRQ >��@� 0RQROD\HU JUDSKHQH LV D KLJKO\ IOH[LEOH PDWHULDO LQ WKH RXW�RI�SODQH GLUHFWLRQ

EHFDXVH RI LWV GLPHQVLRQDO VKDSH� +RZHYHU� LQ WKH ODWWLFH SODQH LW LV UHSRUWHG WR KDYH D <RXQJ·V PRGXOXV

� ≈ � )%0 >��@� DOPRVW DV PXFK DV LWV DOORWURSH GLDPRQG ����� )%0� >��@� WKH VWLIIHVW PDWHULDO NQRZQ�

0RUHRYHU� JUDSKHQH FDQ UHDFK D FKDUJH FDUULHU PRELOLW\ a4 RI � × ��4 2<2 + −1 B−1 >��@� KDYLQJ KLJKHU

HOHFWULFDO FRQGXFWLYLW\ WKDQ URRP�WHPSHUDWXUH PHWDOV VXFK DV JROG� VLOYHU� RU FRSSHU >��@� 5HJDUGLQJ WKLV�

JUDSKHQH KDV D VKHHW UHVLVWDQFH '� ∼ ��2 Ω >��@� 3OXV� LWV H[SHULPHQWDO WKHUPDO FRQGXFWLYLW\ : ∈ >����

� ����@, <−1  −1 >��@� PXFK KLJKHU WKDQ VLOYHU·V ����, <−1  −1� >��@� WKH HOHFWLRQ PDWHULDO IRU

KHDW GLVVLSDWLRQ LQ HOHFWURQLF DSSOLFDWLRQV�

70'&PV ZLWK KH[DJRQDO DOORWURS\ DUH WKH VHPLFRQGXFWRU DQDORJV RI JUDSKHQH� 7KH\ DUH DWRPLFDOO\ WKLQ

VHPLFRQGXFWRUV RI WKH W\SH 0;�� ZLWK 0 EHLQJ D WUDQVLWLRQ�PHWDO DWRP� H�J� PRO\EGHQXP �0R�� WDQWDOXP

�7D�� RU WXQJVWHQ �:�� DQG ; D FKDOFRJHQ� DWRP VXFK DV VXOIXU �6�� VHOHQLXP �6H�� RU WHOOXULXP �7H�� $OWKRXJK

WKH\ DUH FRQVLGHUHG PRQROD\HUV� VWUXFWXUDOO\ WKHVH PDWHULDOV FRQVLVW RI RQH OD\HU RI WUDQVLWLRQ�PHWDOV LQ

WKH PLGGOH RI WZR OD\HUV RI FKDOFRJHQV >��@�

,Q WDEOH � IROORZV QRWLFHDEOH H[SHULPHQWDO TXDQWLWLHV UHJDUGLQJ PHFKDQLFDO� HOHFWURQLF DQG WKHUPDO

SURSHUWLHV RI WKH PRVW VWXGLHG KH[DJRQDO 70'&PV�

7DEOH �� 1RWLFHDEOH H[SHULPHQWDO TXDQWLWLHV RI KH[DJRQDO 70'&PV�

K�70'&PV 0� �c� 66$ �P2 J−1� �*3D� .e �FP2 9−1 V−1� �: P−1 .−1�

����� ���� >��@ ����� >��@ ������ >��@ !��� >��@ ���� >��@

����� ����� >��@ ���� >��@ ��� >��@ �� >��@ �� >��@

����� ����� >��@ ��� >��@ ����� >��@ ��� >��@ �� >��@

�FKHPLFDO HOHPHQW IURP JURXS �� RI WKH SHULRGLF WDEOH

�
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70'&PV VWURQJ OLJKW�PDWWHU LQWHUDFWLRQV FDQ EH FRQWUDVWHG ZLWK WKH ORZ OLJKW DEVRUSWLRQ DQG SKRWRUHVSRQ�

VLYLW\ RI JUDSKHQH GXH WR WKH DEVHQFH RI D EDQG JDS LQ WKH ODWWHU >��@� $V VKRZQ LQ ILJXUH �� JUDSKHQH LQ

LWV XQGRSHG VWDWH DEVRUEV ≈ 2.3% RI WKH LQFLGHQW OLJKW ZLWKLQ WKH 9,6�1,5 VSHFWUXP ´DV D UHVXOW RI GLUHFW

HOHFWURQĆKROH SDLU WUDQVLWLRQV EHWZHHQ LWV ORZHU RFFXSLHG 'LUDF FRQHV DQG WKH XSSHU XQRFFXSLHG FRQHV

�WZR LQHTXLYDOHQW RQHV LQ HYHU\ %ULOORXLQ ]RQH�µ >��@�

)LJXUH �� 7KHRUHWLFDO DEVRUEDQFH RI WKUHH
70'& PRQROD\HUV DQG JUDSKHQH� RYHU�
ODSSHG ZLWK LQFLGHQW $0���* VRODU IOX[ LQ
WKH 9,6 VSHFWUXP� $GDSWHG IURP >��@�

'HVSLWH WKH ORZ RYHUDOO DEVRUEDQFH� D SURPLVLQJ DSSURDFK LV GRSLQJ WKHVH PDWHULDOV� DV WKHLU EDQG

VWUXFWXUHV DOORZ PRUH HOHFWURQ WUDQVLWLRQV EHWZHHQ EDQGV� PHDQLQJ D VLQJOH LQFLGHQFH RI D OLJKW EHDP

ZRXOG FUHDWH PRUH IUHH FKDUJH FDUULHUV >��@�

$Q DOWHUQDWLYH VROXWLRQ UDLVHV WKH DEVRUSWLRQ E\ LQFUHDVLQJ WKH UHJLRQ RI WKH �'0 RYHU ZKLFK OLJKW

LQWHUDFWV� IRU H[DPSOH E\ FRXSOLQJ WKH �'0 WR DQ RSWLFDO FDYLW\ RI KLJK�TXDOLW\ IDFWRU� L�H�� E\ WUDSSLQJ D

OLJKW EHDP IRU D ORQJ WLPH QHDU WKH PDWHULDO >��@�

7KH XVH RI RSWLFDO FDYLWLHV LQYROYHV XVLQJ PHWDOOLF VWUXFWXUHV WKDW LQIOXHQFH WKH ILQDO GHYLFH GLPHQVLRQV

DQG RSWLFDO SURSHUWLHV� 5HJDUGLQJ WKLV� LW ZDV IRXQG WKDW JUDSKHQH LQVLGH D PLFURFDYLW\ �ILJXUH �� RI WZR

GLHOHFWULF PDWHULDOV HQFORVHG E\ WZR PHWDOOLF PLUURUV ZLWK D VSDFLQJ ! ≈ _20E8C~/2 = _/2� ZLWK _ EHLQJ

WKH LQFLGHQW OLJKW ZDYHOHQJWK� SURGXFHV D PD[LPXP SHDN LQ SKRWRFXUUHQW JHQHUDWLRQ �ILJXUH ��� 7KLV LV

EHFDXVH WKH GLHOHFWULF VWDFN OHQJWK GHILQHV WKH FDYLW\·V UHVRQDWLQJ ZDYHOHQJWK ZKLFK FRUUHVSRQGV WR WKH

WUDQVPLVVLRQ VSHFWUXP SHDN ZKHQ ZKLWH OLJKW LV LQFLGHQW >��@� /LJKW�PDWWHU LQWHUDFWLRQ HQKDQFHPHQW LQ

70'&PV LV DOVR SRVVLEOH XVLQJ VLPLODU RSWLFDO QDQR�DUFKLWHFWXUHV >��@�

�
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)LJXUH �� (OHFWULFDO VFKHPDWLF RI D PLFURFDYLWLHV GHYLFH� 7KH WKLFNQHVV / RI WKH GLHOHFWULF VWDFN EHWZHHQ
WKH FDYLW\ PLUURUV GHWHUPLQHV WKH UHVRQDQFH ZDYHOHQJWK _20E8C~ RI WKH RSWLFDO PLFURFDYLW\� $GDSWHG IURP
>��@�

)LJXUH �� 'HYLFH·V WUDQVPLVVLRQ VSHFWUXP� &DYLW\ UHVR�
QDQFH DW _20E8C~ = 585=< ZLWK D TXDOLW\ IDFWRU RI ��� 7KH
UHG GRWV PHDQ WKH PHDVXUHG LQGXFHG SKRWRFXUUHQW DP�
SOLWXGH E\ D OLJKW DPSOLILFDWLRQ E\ VWLPXODWHG HPLVVLRQ RI
UDGLDWLRQ �/$6(5� ILHOG ZLWK YDULDEOH ZDYHOHQJWK� $GDSWHG
IURP >��@�

7KH SKRWRFXUUHQW JHQHUDWLRQ HIIHFW RQ JUDSKHQH REVHUYHG LQ ILJXUH � FRQVLVWV LQ LQFUHDVLQJ WKH UHJLRQ RI

WKH �'0 RYHU ZKLFK OLJKW LQWHUDFWV ZLWK� +RZHYHU� WKHVH GHYLFHV DUH XVXDOO\ GLIILFXOW WR IDEULFDWH� UHTXLULQJ

WKH XVH RI PHWDO OD\HUV WKDW FDQ EH SUREOHPDWLF LI WUDQVSDUHQF\ LV QHHGHG� 5HSOLFDWLQJ D SHULRGLF VXSHUILFLDO

FRUUXJDWLRQ�� FRXOG FDXVH D VLPLODU HIIHFW DV WKH WZR�PLUURU FDYLW\ RI ILJXUH � GXH WR :RRG·V DQRPDOLHV

>��@�

&ODVVLFDOO\� OLJKW LV WKRXJKW RI DV VWUDLJKW�WUDYHOLQJ SDUWLFOHV� EXW ZKHQ LW SDVVHV FORVH WR D SK\VLFDO

EDUULHU LWV ZDYH SURSHUWLHV DUH PRUH QRWLFHDEOH� DV LW WHQGV WR FXUYH DURXQG WKDW EDUULHU DQG VSUHDG RXW

>��@� ´7KH GHILQLWLRQ RI GLIIUDFWLRQ LV WKH VFDWWHULQJ RI ZDYHV DV WKH\ SDVV WKURXJK RU DURXQG DQ REVWDFOHµ

>��@� 7KLV HIIHFW KDSSHQV ZKHQ D OLJKW ZDYH UHIOHFWV RU SDVVHV DURXQG D JURRYH DW DQ LQWHUIDFH EHWZHHQ

PDWHULDOV RI GLIIHUHQW UHIUDFWLYH LQGLFHV RU WKURXJK D VOLW ZLWK DQ DSSUR[LPDWH VL]H RU VPDOOHU WKDQ _�

�DOVR FDOOHG GLIIUDFWLRQ JUDWLQJ

�
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�D� ([SHULPHQW VFKHPDWLF� ILUVW FRQGXFWHG E\ $XJXVWLQ )UHVQHO
���WK�FHQWXU\� �E� 'LIIUDFWHG OLJKW LQWHQVLW\ RQ WUDQVPLVVLRQ VFUHHQ

)LJXUH �� 6LQJOH�VOLW RSWLFDO GLIIUDFWLRQ H[SHULPHQW� 5HWULHYHG IURP >��@�

$V VKRZQ LQ ILJXUH ��D�� D FRKHUHQW OLJKW EHDP� HPLWWHG IURP SRLQW VRXUFH ( ZLOO KDYH FRQVLVWHQW

PD[LPD DQG PLQLPD LQ VSDFH� $IWHU SDVVLQJ WKURXJK WKH VOLW� OLJKW SURSDJDWHV UDGLDOO\ LQWR D VFUHHQ�

VKRZLQJ WKHQ WKH PXOWLSOH GLIIUDFWHG RUGHUV ZLWK FRQVHTXHQW GHFUHDVLQJ LQWHQVLWLHV� $V QRWLFHG LQ ILJXUH

��E�� WKH GLIIUDFWLRQ RUGHUV DUH SHULRGLFDOO\ VSDFHG E\ B8=(\ )� ZLWK \ EHLQJ WKH DQJOH EHWZHHQ QRUPDO

LQFLGHQFH DQG WKH ILUVW GLIIUDFWLRQ PLQLPXP� )XUWKHUPRUH� ZKHQ _ LV PXFK VPDOOHU WKDQ WKH DSHUWXUH

ZLGWK 3 � WKH ZDYH VLPSO\ WUDYHOV RQZDUG LQ D VWUDLJKW OLQH� MXVW DV LW ZRXOG LI QR VOLW H[LVWHG�

B8=(\ ) = _

3
�����

$ GLIIUDFWLRQ JUDWLQJ LV D PXOWL�VOLW VXUIDFH� 7KH UHIOHFWHG�WUDQVPLWWHG OLJKW ZDYHIURQWV FRQVWUXFWLYHO\ LQWHU�

IHUH WR SURGXFH D GLIIUDFWLRQ SDWWHUQ ZLWK LQWHQVLWLHV SHDNHG LQ FHUWDLQ GLUHFWLRQV� GHSHQGLQJ RQ ERWK 3�

DQG _ DQG EDVHG RQ WKH DQJOH OLJKW LV IRFXVHG LQWR WKH JUDWLQJ >��@�

<_ = 3 (sin(\8) + sin(\3)) �����

ZKHUH \8 LV WKH LQFLGHQW OLJKW·V DQJOH ZLWK WKH JUDWLQJ VXUIDFH QRUPDO� \3 WKH GLIIUDFWHG OLJKW·V DQJOH ZLWK

WKH JUDWLQJ VXUIDFH QRUPDO� DQG< ∈ ℤ EHLQJ WKH QXPEHU RI WKH GLIIUDFWLRQ RUGHU� 7KH VLJQDO FRQYHQWLRQ

DVVRFLDWHG ZLWK WKH JUDWLQJ WKHRU\ LV UHSUHVHQWHG LQ ILJXUH �� 0DFURVFRSLFDOO\ ZKHQ GLIIUDFWLQJ ZKLWH OLJKW�

WKLV SKHQRPHQRQ DSSHDUV DV D SHULRGLF UHSHWLWLRQ RI WKH VFDWWHU HIIHFW RI OLJKW�

�ZLWK DOO SKRWRQV ZLWK LGHQWLFDO IUHTXHQF\ DQG ZDYHIRUP
�DOVR UHIHUUHG WR DV Λ

�
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)LJXUH �� 2SWLFDO GLIIUDFWLRQ JUDWLQJ VLJQDO
FRQYHQWLRQ� $GDSWHG IURP >��@�

:KHQ OLJKW LV IRFXVHG LQWR WKH JUDWLQJ RQ QRUPDO LQFLGHQFH \8  �◦� WKXV sin(\8)  �� ZKLFK JLYHV�

<_ = 3 sin(\3) �����

:RRG·V DQRPDOLHV DUH REVHUYHG LQ WKH OLJKW VSHFWUXP DQG UHVROYHG E\ RSWLFDO GLIIUDFWLRQ JUDWLQJV� ´7KH\

PDQLIHVW WKHPVHOYHV DV UDSLG YDULDWLRQV >���@ LQ WKH LQWHQVLW\ RI WKH YDULRXV GLIIUDFWHG VSHFWUDO RUGHUV LQ

FHUWDLQ QDUURZ IUHTXHQF\ EDQGVµ� 7KLV SKHQRPHQRQ ZDV WHUPHG ¶DQRPDOLHV· E\ 5� :� :RRG ������ VLQFH

RUGLQDU\ JUDWLQJ WKHRU\ FRXOG QRW H[SODLQ LWV DSSHDUDQFH� 2UGLQDU\ JUDWLQJ WKHRU\ VKRZV WKDW LQFLGHQW OLJKW

GLIIUDFWHG GHSHQGLQJ RQ WKH DQJOH RI LQFLGHQFH DQG RQ LWV IHDWXUHV· GLPHQVLRQV� DV VKRZQ LQ HTXDWLRQ

������ ,Q UHDOLW\� D SDUW RI LQFLGHQW SKRWRQV ZLWK _ ≈ Λ FRXSOHV WR WKH QDQRVWUXFWXUH� 7KH FRXSOHG SKRWRQV

SURSDJDWH DQG OHDYH WKH QDQRVWUXFWXUH WKURXJK RWKHU SRLQWV� 7KHVH SKRWRQV SURPRWH YDULDWLRQV LQ WKH

LQWHQVLW\ RI WKH GLIIUDFWHG OLJKW PHDVXUHG DW WKRVH SRLQWV >��@� :LWK WKLV� LW LV SRVVLEOH WR FRXSOH H[LWLQJ

SKRWRQV ZLWK D �'0 DERYH WKH JUDWLQJ� IXUWKHU LQFUHDVLQJ WKH UHJLRQ RYHU ZKLFK OLJKW LQWHUDFWV ZLWK LW�

7KH QHHG IRU WKH IDEULFDWLRQ RI GLIIUDFWLRQ JUDWLQJV FDSDEOH RI UHSURGXFLQJ RSWLFDO SKHQRPHQD VXFK DV

:RRG·V DQRPDOLHV ZLWKRXW H[FHVVLYH RSWLFDO ORVVHV KDV EHFRPH D FKDOOHQJH� )XUWKHUPRUH� LW LV HVVHQWLDO WR

NHHS WKH SRVVLELOLW\ RI FRQWUROOLQJ DQG VHWWLQJ XS WKH SHULRG RI WKHVH VWUXFWXUHV� 7KLV FRQWURO RYHU SHULRGLF

IHDWXUHV DW WKH QDQR DQG PLFURPHWHU VFDOHV LV UHTXLUHG LQ PRVW UHVHDUFK DUHDV� EXW UHFRQILJXUDEOH VXUIDFH

VWUXFWXUHV UHTXLUH FRPSOH[ OLWKRJUDSKLF SURFHVVHV ZLWK VHYHUDO PDVNLQJ DQG HWFKLQJ VWHSV�

+RZHYHU� PHFKDQLFDO LQVWDELOLWLHV UHVXOWLQJ IURP FRPSUHVVLQJ D SUH�VWUHWFKHG WKLQ� ULJLG PDWHULDO ILOP

²� RIWHQ UHIHUUHG WR DV VNLQ OD\HU� RYHU DQ HODVWRPHU�EDVHG VXEVWUDWH� D QHZ� PRUH VWUDLJKWIRUZDUG ZD\ RI

FUHDWLQJ YDULDEOH VFDOH VXUIDFHV ZLWK SHULRGLF FRUUXJDWLRQV KDV EHHQ GLVFRYHUHG >��@� *URZWK�LQGXFHG VXU�

IDFH LQVWDELOLWLHV DUH YHU\ FRPPRQ LQ QDWXUH �H�J�� SXPSNLQ VNLQ� FHUHEUDO FRUWH[�� PDNLQJ WKHLU UHSOLFDWLRQ

D ELRLQVSLUHG SURFHVV�

�
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)LJXUH �� &URVV�VHFWLRQ VFKHPDWLFV RI JURZWK�LQGXFHG VXUIDFH LQVWDELOLWLHV� :ULQNOH� &UHDVH�
'HODPLQDWHG�EXFNOH� )ROG� 3HULRG�GRXEOH DQG 5LGJH� $GDSWHG IURP >��@�

7KH DSSHDUDQFH RI WKH VSHFLILF VWUXFWXUHV IURP ILJXUH � WKURXJK DQ H[FOXVLYH GHSHQGHQFH RQ WKH YDUL�

DWLRQ LQ WKH UHODWLRQVKLS EHWZHHQ WKH PDWHULDOV· <RXQJ·V PRGXOXV `5 /`B LV QRWLFHG IRU n" ≥ ���� �VHH

HTXDWLRQ ������� 7KH GHFUHDVLQJ RI WKLV YDOXH EHORZ n"  ���� SURPRWHV WKH DSSHDUDQFH RI SHULRGLF ZULQ�

NOHV ORJDULWKPLF�GHSHQGDQW RQ WKDW VDPH UHODWLRQVKLS �ILJXUH ���� )XUWKHUPRUH� WKH QRUPDOL]HG DGKHVLRQ

HQHUJ\ Γ/(`(� 5 ) RI WKH LQWHUIDFH EHWZHHQ PDWHULDOV DOVR SOD\V D FUXFLDO UROH LQ FUHDWLQJ WKHVH VWUXFWXUHV
>��@�

)LJXUH ��� 7KHRUHWLFDO �' SKDVH GLDJUDP RI
WKH YDULRXV VXUIDFH LQVWDELOLW\ SDWWHUQV LQGXFHG
E\ PLVPDWFK VWUDLQV� $GDSWHG IURP >��@�

6LQXVRLGDO ZULQNOHG VXUIDFHV DUH IRXQG PDQ\ WLPHV LQ QDWXUH� H�J�� LQ WKH OHDYHV RI SODQWV IURP WKH

JHQXV 'LSOD]LXP� DV VKRZQ LQ ILJXUH �� RU LQ DQJLRVSHUPV DV IORUDO JUDWLQJ�OLNH VWUXFWXUHV IRU VWURQJ RSWLFDO

GLIIUDFWLYH HIIHFWV WR HQKDQFH VLJQDOLQJ WR EHHV >��@� %RWK ZDYHOHQJWK DQG DPSOLWXGH FDQ EH GHVLJQHG

EDVHG RQ WKH PDWHULDOV SURSHUWLHV RI WKH V\VWHP DQG DSSOLHG VWUDLQ� ZKHUH

Λ ∼ 2cℎ
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ZLWK ℎ EHLQJ WKH VNLQ OD\HU WKLFNQHVV� DQG `5 DQG `B WKH <RXQJ·V PRGXOXV RI WKH VNLQ OD\HU DQG VXEVWUDWH

UHVSHFWLYHO\� 1DQRZULQNOHV EHKDYH DV GLIIUDFWLRQ JUDWLQJV DQG KDYH WKH VDPH RSWLFDO PRGH RI D UHVRQDWRU

FDYLW\ DV WKH RQH VKRZQ HDUOLHU �ILJXUH ���

)LVVXUHV· DSSHDUDQFH LQ WKH VNLQ OD\HU FDQ EH VXSSUHVVHG XVLQJ VRIWHU SRO\PHU�EDVHG PDWHULDOV� 0RUH�

RYHU� WKHVH VWUXFWXUHV FDQ EH PHFKDQLFDOO\ RULHQWHG DIWHU EHLQJ PDQXIDFWXUHG DW URRP WHPSHUDWXUH� 7KLV

DGMXVWPHQW FRQVLVWV LQ UHSHDWLQJ WKH VWUHWFKLQJ SURFHVV WR IRUFH WKH WH[WXUH WR IODWWHQ DQG WKHQ VWUHWFK LQ

DQRWKHU GLUHFWLRQ >��@�

7UDQVIHUULQJ ODUJH DUHDV RI D �'0 PXVW EH D VXUJLFDO SURFHGXUH� HVSHFLDOO\ RQWR VRIW DQG QRQ�IODW WDUJHW

VXEVWUDWHV VXFK DV SHULRGLF QDQRZULQNOHV� :KHQ V\QWKHVL]HG E\ &KHPLFDO 9DSRU 'HSRVLWLRQ �&9'� RQ

GRQRU VXEVWUDWHV WKHVH PDWHULDOV DUH SURQH WR GDPDJH GXULQJ WKH WUDQVIHU SURFHVV WR D WDUJHW VDPSOH

ZLWK VXFK GLPHQVLRQV� 0DWHULDO GDPDJH FDQ EH RI YDULRXV W\SHV� VXFK DV FRQWDPLQDWLRQ� FKHPLFDO GRS�

LQJ� RU WHDULQJ� $OO WUDQVIHU SURFHVVHV DUH FDWHJRUL]HG LQWR IRXU PDLQ JURXSV� ZHW� GU\� PHFKDQLFDO� DQG

HOHFWURFKHPLFDO WUDQVIHUV� DV VXPPDUL]HG E\ WDEOH ���

:HW WUDQVIHUV DUH DVVLVWHG E\ D SRO\�PHWK\O PHWKDFU\ODWH� �300$� VXSSRUW WKLQ ILOP ² DOVR NQRZQ

DV DFU\OLF� 7KLV WKLQ ILOP LV VSLQ�FRDWHG RQ WRS RI WKH �'0 SURWHFWLQJ LW IURP PHFKDQLFDO GDPDJH RU

DEUDVLRQ� 7KH WUDQVIHU PHWKRG FRQVLVWV LQ VFRRSLQJ WKHVH VHWV RI WKLQ OD\HUV RQWR D VWLII IODW PDWHULDO� ODWHU

GLSSLQJ LW LQWR DQRWKHU VROXWLRQ� DQG SDVVLQJ WKHP IURP RQH FRQWDLQHU WR DQRWKHU� $IWHU UHPRYLQJ WKH GRQRU

VXEVWUDWH� WKH 300$��'0 IORDWV LQ GHLRQL]HG ZDWHU IRU ULQVLQJ UHVLGXDO HWFKDQW� ODWHU EHLQJ VFRRSHG E\ D

WDUJHW VXEVWUDWH� 7KHQ� WKH 300$��'0�WDUJHW VXEVWUDWH LV GLSSHG LQ D VROYHQW IRU UHPRYLQJ WKH 300$�

:HW WUDQVIHUV DUH WKH PRVW FRPPRQ VLQFH WKH\ RIIHU WKH KLJKHVW SURWHFWLRQ DJDLQVW PHFKDQLFDO GDPDJH

DQG FRYHU D ZLGH UDQJH RI GLIIHUHQW �'0V�

)LJXUH ��� 6FKHPDWLF RI FRQYHQWLRQDO ZHW WUDQVIHU SURFHVV RI �'0 XVLQJ D 300$ VXSSRUW ILOP� 5HWULHYHG
IURP >��@�

��
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'U\ WUDQVIHUV DUH EDVHG RQ WKH DGKHVLRQ EHWZHHQ WKH �'0� D FRPSOLDQW OD\HU� DQG WKH WDUJHW VXEVWUDWH�

7KHVH DGKHVLRQV DUH D FRQVHTXHQFH RI 9DQ GHU :DDOV IRUFHV EHWZHHQ PDWHULDOV� 7R VLPSOLI\� �'0 LV

SUHVVHG RQWR D FRPSOLDQW OD\HU FRDWHG RQ WRS RI D VXSSRUWLQJ ILOP� 7KHQ� WKH GRQRU VXEVWUDWH VKRXOG EH

HWFKHG DQG ULQVHG LQ GHLRQL]HG ZDWHU� 7KH DGKHVLRQ EHWZHHQ WKH FRPSOLDQW OD\HU DQG WKH �'0 VKRXOG EH

ORZHU WKDQ WKH RQH EHWZHHQ WKH WDUJHW VXEVWUDWH DQG WKH ODWWHU� 3UHVVLQJ WKH VXSSRUWLQJ ILOP��'0 LQWR WKH

WDUJHW VDPSOH DQG SHHOLQJ LW RII ZLOO OHDYH WKH �'0 RQ WRS RI WKH GHVLUHG VDPSOH� 7KLV SURFHVV LV VXLWHG

IRU ODUJH�VFDOH WUDQVIHUV DQG RIIHUV WKH OHDVW SRO\PHU UHVLGXH VRLOLQJ� +RZHYHU� WKH �'0 LV PRUH SURQH WR

GDPDJH ZLWK WKLV WUDQVIHU PHWKRG WKDQ WKH ZHW�

)LJXUH ��� 6FKHPDWLF RI WKH FRQYHQWLRQDO GU\ WUDQVIHU SURFHVV RI �'0 XVLQJ D FRPSOLDQW OD\HU FRDWHG RQWR
D VXSSRUWLQJ ILOP� 5HWULHYHG IURP >��@�

0HFKDQLFDO WUDQVIHUV ZRUN ZLWK DFWLYH WKHUPRSODVWLF RU WKHUPRVHWWLQJ DGKHVLYH PDWHULDOV� 7KHUPRSODV�

WLFV DUH FRDWHG RQWR WKH WDUJHW VDPSOH DQG FRQWDFW ZLWK WKH �'0 RQ WKH GRQRU VXEVWUDWH DW KLJK WHPSHUDWXUH

DQG SUHVVXUH� ODWHU WKH WDUJHW�DGKHVLYH��'0 LV SHHOHG�RII IURP WKH GRQRU VXEVWUDWH DW URRP WHPSHUDWXUH�

7KHUPRVHWWLQJ PDWHULDOV DUH FRDWHG RQWR WKH WDUJHW VDPSOH DQG SUHVVHG LQWR WKH �'0 RQ D GRQRU VXEVWUDWH

LQ D YLVFRXV VWDWH DQG WKHUPDOO\ FXUHG WR ILUPO\ DGKHUH WR WKH �'0� 7KHQ� WKH WDUJHW�FXUHG DGKHVLYH��'0

LV GHODPLQDWHG IURP WKH GRQRU VXEVWUDWH� 0HFKDQLFDO WUDQVIHUV KDYH WKH OLPLWDWLRQ RI GHSHQGLQJ RQ WKH

WDUJHW VDPSOH VKDSH�

7KH HOHFWURFKHPLFDO WUDQVIHU SURFHVV ² DOVR NQRZQ DV WKH EXEEOLQJ WUDQVIHU SURFHVV� LV YHU\ VLPLODU WR

WKH ZHW WUDQVIHU� 7KH VLJQLILFDQW GLIIHUHQFH LV WKDW WKH �'0 LV GHODPLQDWHG IURP WKH GRQRU VXEVWUDWH XVLQJ

K\GURJHQ EXEEOHV JHQHUDWHG DW LWV LQWHUIDFH E\ D UHGXFWLRQ UHDFWLRQ RI DQ DTXHRXV VROXWLRQ DFFRUGLQJ WR

WKH YROWDJH DSSOLHG EHWZHHQ DQ DQRGH DQG WKH GRQRU VXEVWUDWH �FDWKRGH�� $IWHU WKLV� WKH 300$��'0 OD\HU

HPHUJHV LQ WKH DTXHRXV VROXWLRQ� ODWHU EHLQJ VFRRSHG LQ WKH VDPH ZD\ WKDW ZHW WUDQVIHUV� (OHFWURFKHPLFDO

WUDQVIHUV DUH NQRZQ IRU EHLQJ WKH TXLFNHVW� DOORZLQJ WKH UHF\FOLQJ RI WKH GRQRU VXEVWUDWH� +RZHYHU� GXULQJ

WKLV WUDQVIHU WKH �'0 KDYH WKH PRVW ULVN RI PHFKDQLFDO GDPDJLQJ >��@�

��
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)LJXUH ��� 6FKHPDWLF RI WKH PHFKDQLFDO
WUDQVIHU SURFHVV XVLQJ DQ DGKHVLYH� 5HWULHYHG

IURP >��@�

)LJXUH ��� 6FKHPDWLF RI WKH HOHFWURFKHPLFDO
WUDQVIHU SURFHVV ZLWK +� EXEEOHV� 5HWULHYHG

IURP >��@�

7DEOH �� 5HSUHVHQWDWLYH WUDQVIHU PHWKRGV IRU �'0V� $GDSWHG IURP >��@�

*UDSKHQH

0R6�

/HDVW PHFKDQLFDO GDPDJH

:DIHU�VL]H WUDQVIHU

'LIILFXOW WR VFDOH XS

6XSSRUW SRO\PHU UHVLGXH

*UDSKHQH

0R6�

(DV\ WR VFDOH XS

/HVV SRO\PHU UHVLGXH

0HFKDQLFDO GDPDJH

�PRUH WKDQ ZHW WUDQVIHU�

*UDSKHQH

0R6�

(DV\ WR VFDOH XS

5HF\FOH RI GRQRU VXEVWUDWH

0HFKDQLFDO GDPDJHV

'LIILFXOW WR UHPRYH DGKHVLYH

'HSHQGDQW RQ VDPSOH VKDSH

*UDSKHQH
5HF\FOH RI GRQRU VXEVWUDWH

4XLFNHU PHWKRG

&DQ·W VFDOH XS

0HFKDQLFDO GDPDJH

�PRUH WKDQ GU\ WUDQVIHU�

6XSSRUW SRO\PHU UHVLGXHV

2I DOO GLVFXVVHG SURFHVVHV� WKH PRVW VXLWDEOH WR EH XVHG ZLWK WKH QDQRVWUXFWXUH IDEULFDWLRQ WHFKQLTXH

PHQWLRQHG LQ VHFWLRQ ����� DSSHDUV WR EH WKH ZHW WUDQVIHU PHWKRG� 7KLV LV EHFDXVH LW SURYLGHV WKH ORZHVW

ULVN RI PHFKDQLFDO GDPDJH WR WKH �'0 DW WKH H[SHQVH RI D VPDOOHU DUHD�

0RUSKRORJLFDO DQDO\VLV DQG RSWLFDO FKDUDFWHUL]DWLRQ DUH FULWLFDO VWHSV WR GHWHUPLQH ZKHWKHU RU QRW WKH

VWDWH RI WKH QDQRVWUXFWXUH ZLOO LQIOXHQFH WKH OLJKW�PDWWHU LQWHUDFWLRQ ZLWK WKH �'0� )ROORZLQJ DUH DOO WKH

PHDVXUHPHQW PHWKRGV DQG VHWXSV XVHG GXULQJ WKLV GLVVHUWDWLRQ� ZLWK D EULHI WKHRUHWLFDO LQWURGXFWLRQ�

��



&+$37(5 �� ,1752'8&7,21

$WRPLF )RUFH 0LFURVFRS\ �$)0� LV XVHG WR DQDO\]H WKH WRSRJUDSK\ RI VDPSOHV DW WKH PLFUR DQG QDQRVFDOH�

7KH LQWHUDFWLRQ EHWZHHQ WZR PDWHULDOV DW WKH DWRPLF OHYHO LV EDVHG RQ IRUFHV VXFK DV 9DQ GHU :DDOV�

HOHFWURVWDWLF� DQG PDJQHWLF� DPRQJ RWKHUV� :KHQ RQH RI WKHVH PDWHULDOV LV GUDZQ LQ WKH IRUP RI D WLS�

ZLWK D UDGLXV LQ WKH RUGHU RI PDJQLWXGH RI DQ DWRP� IL[HG LQ D FDQWLOHYHU� LW ZLOO GHYLDWH GHSHQGLQJ RQ

WKH DWWUDFWLRQ RU UHSXOVLRQ EHWZHHQ WKH WLS DQG WKH VDPSOH� 7UDGLWLRQDOO\� PRVW $)0 WHFKQLTXHV XVH WKH

GHIOHFWLRQ RI D /$6(5 EHDP UHIOHFWHG LQ WKH UHDU RI WKH FDQWLOHYHU RYHU D PDWUL[ RI SKRWRGHWHFWRUV WR FDOFXODWH

WKH WRSRJUDSK\ RI WKH VDPSOH >��@�

7KH HTXLSPHQW XVHG ZDV WKH %58.(5 'LPHQVLRQ ,FRQ $)0 RQ 7DSSLQJ PRGH� ZKHUH ´WKH VKDUS

SUREH WLS LV QRW VFDQQHG DFURVV WKH VDPSOH VXUIDFH ZKLOH LQ FRQVWDQW FRQWDFW� ,QVWHDG� WKH FDQWLOHYHU LV

YLEUDWHG QHDU LWV UHVRQDQFH IUHTXHQF\ FDXVLQJ WKH WLS WR RVFLOODWH XS DQG GRZQ� 7KLV PHDQV WKH SUREH

RQO\ FRPHV LQWR FORVH FRQWDFW ZLWK WKH VXUIDFH LQWHUPLWWHQWO\µ� XVLQJ WKH FDQWLOHYHU RVFLOODWLRQ DPSOLWXGH WR

GHWHFW WLS�VDPSOH LQWHUDFWLRQ FKDQJHV >��@� $OO PHDVXUHPHQWV DUH SURFHVVHG ZLWK WKH GDWD YLVXDOL]DWLRQ

DQG DQDO\VLV VRIWZDUH *Z\GGLRQ�

7KH IXOO )RXULHU VHWXS XVHG LV VKRZQ LQ ILJXUH ��� 7KH HQWLUH VHWXS ZDV GHVLJQHG WR RSHUDWH LQ WKH 9,6

VSHFWUXP� 7KH OHQVHV· IRFDO OHQJWKV DUH UHSUHVHQWHG DV DUURZ WUDFHV H[FHSW IRU REMHFWLYH OHQVHV� DV WKH\

DUH QRW FRQVLGHUHG WKLQ OHQVHV� 7KH SURFHVV VWDUWV E\ FRXSOLQJ OLJKW IURP D KDORJHQ ODPS WR D YDULDEOH

GLDPHWHU RSWLFDO ILEHU� ��� ��� ���� RU ��� `<� 7KH ILEHU GLDPHWHU ZLOO LQIOXHQFH WKH VL]H RI WKH IRFXVHG

VSRW RQ WKH VDPSOH� )RU WKLV DSSOLFDWLRQ WKH FKRVHQ VL]H ZDV ��� `<� FRYHULQJ DV PXFK DUHD RI WKH

VDPSOH DV SRVVLEOH� LPSURYLQJ WKH JUDWLQJ GLIIUDFWLRQ HIIHFW� $Q REMHFWLYH OHQV LV XVHG WR FROOLPDWH OLJKW

ZKLFK LV KHDGHG LQWR WKH PLFURVFRSH FDJH ² D 1LNRQ (FOLSVH 7L�� ,Q ILJXUH �� WKH VFKHPH LV VLPSOLILHG�

VLQFH WKH OLJKW RSHUDWHV LQ WKH QRUPDO GLUHFWLRQ� FUHDWLQJ D �' V\VWHP� 7KURXJK D ����� EHDP VSOLWWHU� WKH

OLJKW LV QRUPDOO\ IRFXVHG LQWR WKH VDPSOH DQG WKHQ KHDGHG LQWR WZR LULVHV� 7KH ILUVW UHJXODWHV UHDO LPDJH

VL]H DQG WKH VHFRQG DFWV DV D ORZ�SDVV ILOWHU LQ WKH UHDO VSDFH� WKXV KDYLQJ WKH VDPH SXUSRVH DV WKH ILUVW�

EXW LQ )RXULHU VSDFH� 7KH SRODUL]HU LV XVHG WR VHOHFW WKH SRODUL]DWLRQ RI WUDQVPLWWHG OLJKW� 7KURXJK WZR PRUH

EHDP VSOLWWHUV� OLJKW LV GLUHFWHG WR IRXU GLIIHUHQW GHWHFWRUV� WKUHH FKDUJH�FRXSOHG GHYLFH �&&'� FDPHUDV �$�

%� DQG &�� D &&' FDPHUD �&� RQ D VSHFWURJUDSK LQVLGH D EODFN ER[� DQG D VSHFWURPHWHU &DPHUDV $ DQG

% FDSWXUH WKH LPDJH RQ WKH UHDO DQG )RXULHU VSDFH UHVSHFWLYHO\�

/6 LV XVHG WR WUDQVODWH WKH UHDO SODQH WR D �I GLVWDQFH DZD\ WR UHDFK HLWKHU RQH RI WKH WZR ODVW VHQVRUV

PHQWLRQHG� :LWK WKH IOLS PLUURU RQ� OLJKW LV IRFXVHG RQWR DQ RSWLFDO ILEHU FRQQHFWHG WR WKH VSHFWURPHWHU�

/RZHULQJ WKH IOLS PLUURU� OLJKW LV KHDGHG WR WKH VSHFWURJUDSK� DQG WKXV WR &&' FDPHUD �&�� SURYLGLQJ D �'

DUUD\ RI VHQVRUV IRU ZDYHOHQJWK UHIOHFWLRQ PHDVXUHPHQWV ZLWK DQJXODU UHVROXWLRQ� 7KH VSHFWURJUDSK XVHG

LV WKH $FWRQ 6SHFWUD3UR 63������ WKH ILEHU�FRXSOHG VSHFWURPHWHU LV WKH 86%����� 6SHFWURPHWHU� DQG WKH

&&' FDPHUD �&� LV D 4,PDJLQJ 5HWLJD 5� 86%��� &RORXU�

��
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)LJXUH ��� 6FKHPDWLF RI WKH IXOO )RXULHU PLFURVFRSH VHWXS XVHG WKURXJKRXW WKH GLVVHUWDWLRQ�

$QJXODU VSHFWURSKRWRPHWU\ LV WKH VHOHFWHG H[SHULPHQWDO WHFKQLTXH IRU RSWLFDO GLIIUDFWLRQ JUDWLQJ WHVWLQJ� ,W

FRQVLVWV RI IRFXVLQJ D OLJKW EHDP RQ D VDPSOH·V VXUIDFH DQG VHQVLQJ WKH DQJOH DQG ZDYHOHQJWK�GHSHQGHQW

LQWHQVLW\ RI UHIOHFWHG OLJKW�

7KLV PHDVXUHPHQW WHFKQLTXH LV RQO\ DEOH WR FDSWXUH D ZDYHOHQJWK UDQJH RI ∼�� =< DW D WLPH� )RU

ZLGH�UDQJH PHDVXUHPHQWV� D 0$7/$% VFULSW ZDV XVHG WR FRXSOH WKH GDWD IURP HDFK RI WKH LQWHUYDOV� 1RWH

WKDW WKH UHIOHFWLRQ PHDVXUHG �AB0<?;4 � RQ WKH VHQVRU PXVW EH QRUPDOL]HG E\ RQH UHIHUHQFH �AA4 5 � WR REWDLQ

��
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VDPSOH UHIOHFWDQFH �'�� $V D UHIHUHQFH� D VLOYHU PLUURU ZDV XVHG GXH WR LWV XQPDWFKHG UHIOHFWLYH SURSHUWLHV

LQ 9,6 VSHFWUXP >��@� ,Q DGGLWLRQ� LW LV QHFHVVDU\ WR FRQVLGHU WKH PHDVXUHPHQW QRLVH �X �� ZKLFK LV WDNHQ

ZLWK WKH VSHFWURJUDSK·V VOLW FORVHG� &RQVHTXHQWO\� WKUHH PHDVXUHPHQWV DUH UHTXLUHG WR REWDLQ WKH UHVXOW�

' =

AB0<?;4 − X
AA4 5 − X

�����

7KH PHDVXUHPHQW H[SRVXUH WLPH PXVW EH PD[LPL]HG WR WKH SRLQW ZKHUH WKH UHIHUHQFH EHJLQV WR VDWXUDWH�

0LFURVSHFWURPHWU\ HOLPLQDWHV IURP FDSWXUHG OLJKW DQ\ DQJXODU LQIRUPDWLRQ EXW DOORZV TXLFN PHDVXUHPHQWV

ZLWK JRRG UHVROXWLRQ� $ GLIIHUHQW FRQILJXUDWLRQ FDQ DOVR EH XVHG IURP WKH )RXULHU VHWXS RI ILJXUH ���

ZKHUH WKH ILEHU FRQQHFWLQJ WR WKH VSHFWURPHWHU LV PRYHG WR /7·V ORFDWLRQ WR PHDVXUH RQO\ WKH QRUPDO

UHIOHFWLRQ� 7KH RSWLFDO ILEHU XVHG KDV D GLDPHWHU RI ��� `<� QDUURZ HQRXJK IRU TXDVL�QRUPDO UHIOHFWLRQ

PHDVXUHPHQWV�

2SWLFDO PLFURVFRS\ FRQVLVWV LQ IRFXVLQJ OLJKW RQWR D VDPSOH WKDW� DIWHU EHLQJ UHIOHFWHG RU WUDQVPLWWHG�

SHQHWUDWHV D OHQV V\VWHP� PDJQLI\LQJ WKH LPDJH XS WR ���× RYHU WKH XVHU·V UHWLQD RU RQ D &&' FDPHUD

>��@� 7KH HTXLSPHQW XVHG ZDV WKH RSWLFDO PLFURVFRSH 1LNRQ (&/,36( /9����

7R PHDVXUH Λ� WKH SURFHGXUH GHYHORSHG LQ WKLV GLVVHUWDWLRQ FRQVLVWV LQ FDSWXULQJ DQ RSWLFDO LPDJH DW

IRXU GLVWLQFW VSRWV RI HDFK RI WKH VDPSOHV� (DFK LPDJH LV SURFHVVHG E\ ,PDJH-� DSSO\LQJ D )DVW )RXULHU

7UDQVIRUP� ,Q WH[WXUHG LPDJHV� WKH SHULRGLFLW\ RI WKH SDWWHUQ LV HDVLO\ LGHQWLILDEOH LQ )RXULHU VSDFH� &RQVLG�

HULQJ �� =<�SL[HO DV WKH REWDLQHG VFDOH IRU WKH ��× OHQV IRU WKH VHWXS XVHG DQG PHQWLRQHG LQ ��������

WKH SRLQWV RI JUHDWHVW LQWHQVLW\ LQ WKH )RXULHU VSDFH JLYH WKH DYHUDJH SHULRG RI WKH HQWLUH FURSSHG VHFWLRQ

RI WKH FDSWXUHG LPDJH�

)LJXUH ��� &URSSHG VHFWLRQ IURP :'����
6SRW�� 6HH DSSHQGL[ %���

)LJXUH ��� )DVW )RXULHU 7UDQVIRUP RI ILJXUH ���
3L[HO LQWHQVLW\ DV D IXQFWLRQ RI IUHTXHQF\�

��
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5DPDQ·V VSHFWURVFRS\ DOORZV FRPSRVLWLRQ DQDO\VLV LQ D QRQ�GHVWUXFWLYH ZD\� SURYLGLQJ GHWDLOHG LQIRUPDWLRQ

DERXW WKH FKHPLFDO VWUXFWXUH� FU\VWDOOLQLW\� DQG PROHFXODU LQWHUDFWLRQV ZLWK RWKHU PDWHULDOV� 7KH LQFLGHQW

OLJKW LQWHUDFWV ZLWK PROHFXODU YLEUDWLRQV� SKRQRQV� DQG RWKHU H[FLWDWLRQV IURP WKH V\VWHP� GLVSHUVLQJ HODVWLF

² 5D\OHLJK·V VFDWWHULQJ� ZKLFK LV ILOWHUHG E\ WKH VSHFWURVFRS\ V\VWHP� DQG LQHODVWLF ² 5DPDQ·V VFDWWHULQJ�

7KLV VFDWWHULQJ FKDQJHV WKH HQHUJ\ RI WKH VFDWWHUHG SKRWRQV >��@� 7KLV FKDQJH� FDOFXODWHG LQ LQWHQVLW\

UHODWHG WR WKH LQFLGHQW SKRWRQ� LV PHDVXUHG DV OLJKW VFDWWHULQJ LQ WKH GLIIUDFWLRQ JUDWLQJ ZKHUH WKH FRQIRFDO

EHDP LV IRFXVHG DIWHU WKH VDPSOH UHIOHFWLRQ� 7KLV FKDUDFWHUL]HV WKH V\VWHP LQ WHUPV RI LWV YLEUDWLRQDO PRGHV

>��@� %\ FRPSDULQJ WKH VSHFWUXP REWDLQHG ZLWK UHIHUHQFHV� LW LV SRVVLEOH WR GHWHUPLQH WKH SXULW\ RI WKH

PDWHULDO� ZKLFK ZLOO LQIOXHQFH SURSHUWLHV VXFK DV HOHFWURQLF RU PHFKDQLFDO�

7KH HTXLSPHQW XVHG ZDV WKH :,7(& DOSKD��� 5 &RQIRFDO� ZLWK DQ H[FLWDWLRQ OLQH RI ��� =<� DW ���

<, RI SRZHU� ZLWK D GLIIUDFWLRQ JUDWLQJ RI ��� 2<−1�

6FDQQLQJ (OHFWURQ 0LFURVFRS\ �6(0� LV D QRQ�LQYDVLYH PHWKRG RI WRSRJUDSKLF DQG FRPSRVLWLRQ DQDO\VLV�

GHSHQGLQJ RQ WKH JHQHUDWHG VLJQDO REVHUYHG� 6(0 LV FDSDEOH RI SURGXFLQJ LPDJHV ZLWK PDJQLILFDWLRQV

XS WR ��� ���× E\ VFDQQLQJ D IRFXVHG HOHFWURQ EHDP RQ D VDPSOH >��@� ,QFLGHQW HOHFWURQV LQWHUDFW ZLWK

VDPSOH DWRPV DQG YDULRXV VLJQDOV DUH SURGXFHG� LQFOXGLQJ VHFRQGDU\ HOHFWURQV� JHQHUDWHG EHFDXVH RI

WKHLU LRQL]DWLRQ� 7KHVH HOHFWURQV KDYH YHU\ ORZ HQHUJLHV� OLPLWLQJ WKHLU DYHUDJH IUHH SDWK LQ VROLG PDWWHU�

%\ WKLV IDFW� WKH\ GLVVLSDWH LQ WKH ILUVW PDQRPHWHUV DERYH WKH VDPSOH·V VXUIDFH� EHLQJ H[FOXVLYHO\ ORFDWHG

DW WKH IRFXV VSRW RI WKH H�EHDP� HQDEOLQJ LPDJHV ZLWK UHVROXWLRQV EHORZ � =< >��@�

7KH HQHUJ\ ZLWK ZKLFK WKH H�EHDP LV DFFHOHUDWHG LQIOXHQFHV WKH DPRXQW DQG W\SH RI VLJQDO FUHDWHG�

)RU WRSRJUDSKLF DSSOLFDWLRQV� ORZ�YROWDJH� ZLWK D ZRUNLQJ SRWHQWLDO XS WR � :+ � LV WKH LGHDO PRGH� DOORZLQJ

JUHDWHU VXUIDFH GHWDLO DW WKH H[SHQVH RI JUHDWHU QRLVH LQ WKH LPDJH REWDLQHG >��@� 6DPSOHV PDGH RI

GLHOHFWULF PDWHULDOV DFFXPXODWH FKDUJH ZKHQ VFDQQHG E\ WKH H�EHDP� ZKLFK FDQ FDXVH KLJK QRLVH DQG

LPDJH SURFHVVLQJ IDLOXUHV� 7R DYRLG WKLV� DOO VDPSOHV DUH FRYHUHG E\ �� =< RI JROG� DQG HOHFWULFDOO\

JURXQGHG ZLWK FRSSHU WDSH >��@�

7KH HTXLSPHQW XVHG ZDV WKH )(, +HOLRV 1DQR/DE ���6 'XDO%HDP� LQ 6(0 � 6HFRQGDU\ (OHFWURQV

PRGH�

��



3KRWRQLF 1DQRVWUXWFWXUH )DEULFDWLRQ

)LUVW VWHS IRU WKH ILQDO GHYLFH� )DEULFDWLRQ RI WKH WKUHH�GLPHQVLRQDO VWUXFWXUH WKDW ZLOO KROG

WKH WZR�GLPHQVLRQDO PDWHULDO DQG EHKDYH ZLWK WKH GHVLUHG SKRWRQLF SURSHUWLHV�

$V PHQWLRQHG LQ VHFWLRQ ������ WKH GHYLFH EHKLQG WKH ZKROH SURMHFW VKRXOG EH D FRPELQDWLRQ RI D �'

VWUXFWXUH ZLWK D �'0 LQWHUDFWLQJ E\ DQ\ PHDQV ZLWK D VSHFLILF OLJKW VSHFWUXP� ,Q DGGLWLRQ� WKH QDQRVWUXFWXUH

KROGLQJ WKH �'0 PXVW KDYH SHULRGLF IHDWXUHV LQ WKH RUGHU RI PDJQLWXGH RI WKH OLJKW·V ZDYHOHQJWK DQG EH

WUDQVSDUHQW�

7KLV FKDSWHU GHVFULEHV WKH IDEULFDWLRQ SURFHVV RI WKH �' VWUXFWXUHV WKDW RULJLQDWH SKRWRQLF SURSHUWLHV

RQ WKH ILQDO GHYLFH� VHUYLQJ DV D ZRUNVWDWLRQ IRU WKH �'0�

7KH PDLQ PRWLYDWLRQ RI WKH GHYLFH LV WR ZRUN ZLWKLQ WKH VRODU VSHFWUXP� 6XQOLJKW� GHVSLWH EHLQJ ILOWHUHG

E\ VXFFHVVLYH OD\HUV RI (DUWK·V DWPRVSKHUH� UHDFKHV WKH SODQHW·V VXUIDFH DW VHD OHYHO ZLWK D ZDYHOHQJWK

EHWZHHQ ��� DQG ���� =<� ZLWK D PD[LPXP VSHFWUDO LUUDGLDQFH RI ���, <−2 =<−1 DW ��� =<� ZKLFK

FRUUHVSRQGV WR WKH FHQWUDO ZDYHOHQJWK RI EOXH�9,6 OLJKW >��@� $V HYLGHQFHG E\ ILJXUH ��� IURP DOO WKLV HQHUJ\

FRPLQJ IURP VXQOLJKW WKDW UHDFKHV RXU H\HV� ����� UHIHUV WR WKH UDQJH EHWZHHQ YLROHW�9,6 ���� =<� DQG

1,5 ����� =<� >��@�

)LJXUH ��� 6RODU LUUDGLDQFH VSHFWUXP
DERYH (DUWK·V DWPRVSKHUH DQG DW VHD OHYHO�
5HWULHYHG IURP >��@�

��
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7KH IDEULFDWLRQ SURFHVV PXVW FDXVH D WH[WXULQJ LQ WKH QDQRVWUXFWXUH ZLWK D FRQVWDQW SHULRG� ZLWK WKH

RUGHU RI PDJQLWXGH ZLWKLQ WKH W\SLFDO VSHFWUXP RI WKH LQFLGHQW OLJKW� WKHUHIRUH ZLWK SHULRGV RI ��� WR ����

=<� DV VWDWHG LQ ������

7KH WH[WXULQJ RI WKH VXEVWUDWH DQG VNLQ OD\HU� DV GHVFULEHG LQ ������ ZLOO EH WKH FDXVH RI WKH OLJKW GLIIUDF�

WLRQ HIIHFW RQ WKH GHYLFH� WKHUHIRUH LPSURYLQJ WKH OLJKW�PDWHULDO LQWHUDFWLRQ LQ WKH DGMDFHQW �'0� H�J�� YLD WKH

H[FLWDWLRQ IURP :RRG·V DQRPDOLHV� ,Q RWKHU ZRUGV� WKH �' VWUXFWXUH PXVW EHKDYH DV D GLIIUDFWLRQ JUDWLQJ�

,Q DGGLWLRQ WR WKH VWUXFWXUH·V SHULRGLFLW\� LWV PRUSKRORJ\ LV FUXFLDO WR SURSHU IXQFWLRQLQJ� &KDUDFWHULVWLFV

VXFK DV WKH ZDYHOHQJWK UDQJH DIIHFWHG� DV ZHOO DV LWV HIILFLHQF\ E\ GLIIUDFWLRQ RUGHU� L�H�� WKH SHUFHQWDJH

RI VFDWWHUHG SKRWRQV ZLWKLQ WKH W\SLFDO ZDYHOHQJWK UDQJH E\ WKH WRWDO LQFLGHQW� DUH SURSHUWLHV GHILQHG E\

WKH SHULRGLF IHDWXUHV VKDSH >��@� 7KHVH VKDSHV FDQ EH RI FRQWLQXRXV PRUSKRORJLHV VXFK DV VLQXVRLGDO�

RU GLVFRQWLQXRXV VXFK DV ELQDU\� VDZWRRWK� RU WULDQJXODU�

'LIIUDFWLRQ JUDWLQJV ZLWK GLVFRQWLQXRXV PRUSKRORJLHV SURYLGH PD[LPXP HIILFLHQFLHV DERYH ���� DW WKH

H[SHQVH RI D UHGXFWLRQ RI PRUH WKDQ KDOI WKH ZDYHOHQJWK UDQJH IRU HIILFLHQFLHV DERYH ��� >��@� +RZHYHU�

WKHVH JUDWLQJV UHTXLUH FRPSOH[ SKRWROLWKRJUDSK\ SURFHVVHV IRU WKHLU IDEULFDWLRQ� RIWHQ RQO\ SRVVLEOH LQ

FRQWUROOHG FOHDQURRP HQYLURQPHQWV >��@�

7DNLQJ DGYDQWDJH RI VXUIDFH LQVWDELOLWLHV SKHQRPHQD LQ ELOD\HU DUFKLWHFWXUHV UHVXOWLQJ IURP FRPSUHVV�

LQJ IRUFHV UHSRUWHG LQ ������ LW LV SRVVLEOH WR PDQXIDFWXUH FRQWLQXRXV PRUSKRORJ\ GLIIUDFWLRQ JUDWLQJV LQ D

VLPSOH� IDVW DQG DFFXUDWH ZD\� DYRLGLQJ DOO WKH LQFRQYHQLHQFH RI WLPH�FRQVXPLQJ SURFHVVHV LQ D FOHDQ URRP

HQYLURQPHQW� )URP DOO WKH FRQWLQXRXV PRUSKRORJLHV PHQWLRQHG� GXH WR LWV VLPSOLFLW\ VLQXVRLGDO GHVLJQ SUR�

YLGHV WKH EHVW FRQGLWLRQV IRU IXUWKHU PRUSKRORJLFDO DQDO\VLV DQG RSWLFDO FKDUDFWHUL]DWLRQ� )XUWKHUPRUH� WKH

VLQXVRLGDO GHVLJQ DOORZV ODUJHU URRP IRU PDQHXYHULQJ RQ FRQWURO SDUDPHWHUV� DV VKRZQ LQ ILJXUH ���

)LJXUH ��� &URVV�VHFWLRQ VNHWFK RI WKH GHVLUHG �' QDQRVWUXFWXUH�

7R VXP XS� WKH �' QDQRVWUXFWXUH ZLOO KDYH VLQXVRLGDO IHDWXUHV� ZLWK Λ EHWZHHQ ��� DQG ���� =<�

DV FDQ EH VHHQ LQ ILJXUH ���

�DOVR UHIHUUHG WR DV QDQRZULQNOHV

��
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7KH VXEVWUDWH RI WKH �' VWUXFWXUH LV WKH GHYLFH·V EXON� 2QH PXVW EH RI DQ RUJDQLF�EDVHG SRO\PHULF PDWHULDO�

7KLV PDWHULDO VKRXOG EH WUDQVSDUHQW� L�H�� WR KDYH D ORZ UHIUDFWLYH LQGH[ DQG GHVSLFDEOH DEVRUSWLRQ LQ WKH

RSHUDWLQJ VSHFWUXP� 3OXV� WKDW PDWHULDO PXVW KDYH KLJK HODVWLFLW\� VLQFH LW VKRXOG UHVLVW KLJK FRPSUHVVLYH RU

WHQVLOH VWUDLQV� 7R ILQDOL]H� LWV <RXQJ·V PRGXOXV VKRXOG EH KLJKHU WKDQ WKH VNLQ OD\HU� 7KH PDWHULDO FKRVHQ

IRU WKH VXEVWUDWH ZDV SRO\�GL�PHWK\OVLOR[DQH� �3'06�� ,Q DGGLWLRQ� WKLV PDWHULDO VKRZV KLJK WKHUPDO DQG

FKHPLFDO VWDELOLW\� DOORZLQJ WKH GHSRVLWLRQ RI PDWHULDOV DQG VXUIDFH WUHDWPHQWV ZLWK WRR OLWWOH VWUXFWXUDO

GDPDJH >��@�

3'06 LV D SRO\PHU FKDLQ WKDW EHORQJV WR WKH RUJDQRVLOLFRQ JURXS� WUDGLWLRQDOO\ FDOOHG VLOLFRQHV� 7KH

PRQRPHU·V PROHFXODU VWUXFWXUH FRUUHVSRQGV WR D FHQWUDO VLOLFRQ �6L� DWRP� VWURQJO\ ERXQG WR DQRWKHU

R[\JHQ �2� ZLWK WZR ZHDN ERQGV WR WZR PHWK\O JURXSV �&+��� DV REVHUYHG LQ ILJXUH ���

O Si

&+�

&+�

)LJXUH ��� &KHPLFDO VWUXFWXUH RI GL�PHWK\OVLOR[DQH�

,Q LWV IXQGDPHQWDO VWDWH� WKLV PDWHULDO LV NQRZQ WR EH YLVFRHODVWLF� WKDW LV� LW IORZV EHWZHHQ WKH VWDWH

RI D YLVFRXV OLTXLG DQG DQ HODVWLF VROLG GHSHQGLQJ RQ WKH WHPSHUDWXUH >��@� ,Q DGGLWLRQ� 3'06 KDV D

UHIUDFWLYH LQGH[ =  ����� FORVH HQRXJK WR DLU� ZKLFK SURYLGHV ORZ UHIOHFWDQFH LQ WKH 9,6 VSHFWUXP >��@�

DQG LWV VXUIDFH LV K\GURSKRELF� 5HJDUGLQJ KHDOWK DQG VDIHW\ KD]DUGV DW ZRUN� 3'06 GRHV QRW SURYLGH DQ\

ULVN RI LQIODPPDWLRQ RU WR[LFLW\� WKXV KDYLQJ KLJK FKHPLFDO VWDELOLW\� )XUWKHUPRUH� WKLV PDWHULDO RIIHUV ZHDN

LQWHUPROHFXODU IRUFHV PDNLQJ LW DQ HODVWRPHU� NQRZQ WR KDYH UHGXFHG <RXQJ·V PRGXOXV� DQG KLJK VKHDU

VWUHVV�

3'06 LV UDUHO\ XVHG LQ LWV IXQGDPHQWDO VWDWH DQG LV XVXDOO\ VXEMHFWHG WR FURVV�OLQNLQJ SURFHVVHV�

&URVV�OLQNLQJ LV WKH DGGLWLRQ RI WKHUPDOO\ DFWLYDWHG UHVLQV WKDW VWLIIHQ ZKHQ DEVRUELQJ KHDW� 7KLV DGGLWLRQ

VWUHQJWKHQV WKH ZHDN ERQGV EHWZHHQ SRO\PHU FKDLQV RI WKH PDWHULDO� PDNLQJ LW PRUH ULJLG DQG FRKHVLYH�

EXW DOVR LPSURYLQJ LWV GXUDELOLW\ >��@�

$V VKRZQ LQ VHFWLRQ ������ WKH VNLQ OD\HU LV WKH ULJLG DQG WKLQ OD\HU RQ WRS RI DQ HODVWLF VXEVWUDWH WKDW

JHQHUDWHV VXUIDFH LQVWDELOLWLHV� 6LQFH WKH GHYLFH RSHUDWHV ZLWK RSWRHOHFWURQLF SKHQRPHQD� WKLV PDWHULDO�

DV LQ WKH FDVH RI WKH VXEVWUDWH� PXVW EH WUDQVSDUHQW LQ WKH UHJLRQ RI LQWHUHVW� EXW DOVR D JRRG HOHFWULFDO

LQVXODWRU� ,Q DGGLWLRQ� DV PHQWLRQHG DERYH� LWV <RXQJ·V PRGXOXV VKRXOG EH VXEVWDQWLDOO\ ORZHU WKDQ 3'06·V�

7KH PDWHULDO FKRVHQ ZDV WKH UHVXOW RI SURORQJHG WUHDWPHQW RI WKH 3'06·V VXUIDFH E\ R[\JHQ SODVPD� ZKLFK

LV RQH RI WKH PRVW FRPPRQ WHFKQLTXHV WR DFKLHYH VXUIDFH LQVWDELOLWLHV ZLWK WKLV W\SH RI SRO\PHU >��@�

��
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7KLV PDWHULDO LV QRW D VLPSOH FRPSRXQG� VLQFH LW LV WKH UHVXOW RI WKH FKHPLFDO WUHDWPHQW RI D SRO\�

PHU FKDLQ� 6WLOO� WKLV FORVHO\ UHVHPEOHV VLOLFRQ GLR[LGH GXH WR WKH Si O ERQGV IRUPHG RQ WKH VXU�

IDFH� 2[\JHQ SODVPD DFWV E\ R[LGL]LQJ WKH PHWK\O JURXSV DQG UHPRYLQJ FDUERQ� FKHPLFDOO\ DOWHULQJ WKH

GL�PHWK\OVLOR[DQH PRQRPHU �6L2�&+���� LQWR VLODQRO �6L2�2+��� JURXSV� OHDYLQJ WKH SRO\PHU VXUIDFH FRY�

HUHG E\ K\GUR[\O �2+� JURXSV� DV REVHUYHG LQ ILJXUH ��� SURYLGLQJ DQ H[WUHPHO\ K\GURSKLOLF VWDWH >��@� 7KLV

UHDFWLRQ OHDYHV WKH VWUXFWXUH FKHPLFDOO\ XQVWDEOH�

)LJXUH ��� (IIHFW RI WKH R[\JHQ SODVPD WUHDWPHQW RQ 3'06·V VXUIDFH� 5HWULHYHG IURP >��@�

6LQFH RQH RI WKH PDLQ VWHSV RI WKH SURMHFW LV WKH WUDQVIHU RI PDWHULDOV RQWR WKH VXUIDFH RI WKH 3'06

WUHDWHG E\ R[\JHQ SODVPD� LW LV ZRUWK XQGHUVWDQGLQJ LWV FKHPLFDO SURSHUWLHV DIWHU WKH WUHDWPHQW� 6NLQ OD\HU

DJLQJ WULJJHUV D UHYHUVLEOH FKHPLFDO UHDFWLRQ FDOOHG VLODQRO FRQGHQVDWLRQ� ZKHUH XQVWDEOH K\GUR[\O JURXSV

UHDFW ZLWK HDFK RWKHU� FRQGHQVLQJ LQ WKH IRUP RI ZDWHU PROHFXOHV �+�2�� UHVXOWLQJ LQ DQ LQRUJDQLF VLOLFD�OLNH

VXUIDFH �6L2G �� DV HYLGHQFHG E\ ILJXUH ��� 7KH QHZ VXUIDFH LV PXFK PRUH FKHPLFDOO\ VWDEOH >��@� $V LQ

HYHU\ FRQGHQVDWLRQ SURFHVV� WKLV UHDFWLRQ LV FDWDO\]HG E\ ORZ�SUHVVXUH HQYLURQPHQWV >��@�

Si OH + OH Si Si O Si + +�2

)LJXUH ��� &RQGHQVDWLRQ �IURP OHIW WR ULJKW� DQG K\GURO\VLV �IURP ULJKW WR OHIW� UHDFWLRQV RI VLODQRO JURXSV�

$FFRUGLQJ WR WKH LQWHQVLW\ DQG GXUDWLRQ RI WKH SODVPD� WKH WUHDWPHQW ZLOO DFW RQ GHHSHU OD\HUV RI

WKH SRO\PHU� EXW GXH WR K\GURSKLOLF K\GUR[\O� VLODQRO JURXSV ZLOO VXIIHU FRQVHTXHQW FKHPLFDO PLJUDWLRQ

WR WKH PDWHULDO LQWHUIDFH� DFFHOHUDWLQJ WKH FRQGHQVDWLRQ UHDFWLRQ� 7KLV UHDFWLRQ GLUHFWO\ LQIOXHQFHV WKH

K\GURSKRELFLW\ RI WKH VNLQ OD\HU·V VXUIDFH� ZKLFK KDV D ORJDULWKPLF HYROXWLRQ IURP WKH PRPHQW RI SODVPD

WUHDWPHQW ZLWK DQ LQIOHFWLRQ SRLQW FORVH WR �� KRXUV RI H[SRVXUH >��@� DV VKRZQ LQ ILJXUH ��� 6XUIDFH

K\GURSKRELFLW\ GRHV QRW FRPSOHWHO\ FKDUDFWHUL]H WKH VNLQ OD\HU� VLQFH WKH FKHPLFDO PLJUDWLRQ RI VLODQRO

JURXSV LV QRW DQ LPPHGLDWH SURFHVV�

��
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)LJXUH ��� $GYDQFLQJ ��� DQG UHFHGLQJ ��� ZDWHU�LQ�DLU FRQWDFW DQJOHV DV D IXQFWLRQ RI DJLQJ WLPH DW ���
.� 5HWULHYHG IURP >��@�

)LJXUH �� UHSUHVHQWV WKH SURFHVV GLVFXVVHG DERYH� 7KH FKHPLFDO VWUXFWXUH RI 3'06 WUHDWHG E\ WKH

R[\JHQ SODVPD FKDQJHV DFFRUGLQJ WR WKH VDPSOHV· UHVWLQJ WLPH�

)LJXUH ��� &KHPLFDO FKDQJHV RQ 3'06·V VDPSOHV DIWHU R[\JHQ SODVPD WUHDWPHQW DQG DIWHU UHVWLQJ WLPH�

��



���� &21',7,216 $1' 3$5$0(7(56

7R DYRLG XQQHFHVVDU\ SURSDJDWLRQ RI H[SHULPHQWDO HUURUV DQG NHHS DFFXUDWH UHVXOWV LW LV QHFHVVDU\ NHHS�

LQJ FRQVWDQW PDQXIDFWXULQJ FRQGLWLRQV� 7KHVH FRQGLWLRQV GLUHFWO\ LQIOXHQFH WKH SDUDPHWHUV UHSUHVHQWHG

JHQHULFDOO\ LQ HTXDWLRQV ����� DQG ������ ZKLFK FKDUDFWHUL]H WKH QDQRVWUXFWXUH·V PRUSKRORJ\� DV GLVFXVVHG

LQ VHFWLRQ ������

7KH VNLQ OD\HU·V WKLFNQHVV ℎ LV WKH PRVW HDVLO\ FRQWUROODEOH SDUDPHWHU� GHSHQGLQJ H[FOXVLYHO\ RQ WKH

SODVPD WUHDWPHQW FKDPEHU FRQGLWLRQV� LQFOXGLQJ R[\JHQ SUHVVXUH� WKH QXPEHU RI SXUJH F\FOHV� SODVPD

H[SRVXUH WLPH� DQG� LQ VRPH FDVHV� VDPSOHV· SRVLWLRQ LQVLGH WKH FKDPEHU� 6LQFH PHDVXULQJ WKH WKLFNQHVV

RI WKH VNLQ OD\HU DIWHU SODVPD WUHDWPHQW LV DQ LPSUDFWLFDO WDVN DQG RIWHQ SURGXFHV LQDFFXUDWH UHVXOWV� WKH

EHVW VWUDWHJ\ LV WR NHHS DOO FRQGLWLRQV FRQVWDQW DQG DGMXVW RQO\ WKH H[SRVXUH WLPH LI QHHGHG�

7KH <RXQJ·V PRGXOXV RI WKH VNLQ OD\HU LV DIIHFWHG E\ WKH FKHPLVWU\ DVVRFLDWHG ZLWK WKH R[\JHQ SODVPD

WUHDWPHQW DV GHVFULEHG LQ ������ ,Q WKH FDVH RI WKH VXEVWUDWH WKH FURVV�OLQNLQJ UDWLR LV WKH PDLQ HOHPHQW WR

DIIHFW WKLV SURSHUW\ �VHH VHFWLRQ ������� 3DUWLFXODUO\� WKH PRVW XVXDO FURVV�OLQNLQJ LV PDGH E\ D PL[LQJ UDWLR

EHWZHHQ WKH HODVWRPHU EDVH DQG WKH FXULQJ DJHQW RI ���� �" �� RIIHULQJ VWLIIQHVV EXW PDLQWDLQLQJ HQRXJK

HODVWLFLW\ IRU n" XS WR ��� >��@� 7KHVH SDUDPHWHUV DUH WXQHDEOH WKURXJK WKH FKRLFH RI PDWHULDOV XVHG LQ

WKH PDQXIDFWXULQJ SURFHVV�

$V IRU n" LW ZDV XVHG ���� PDWFKLQJ WKH SRLQW WKDW JHQHUDWHV ZULQNOHV ZLWK PD[LPXP DPSOLWXGH

ZLWKRXW WKH DSSHDUDQFH RI ILVVXUHV LQ WKH VNLQ OD\HU WKDW FRXOG MHRSDUGL]H WKH ILQDO GHYLFH >��@� 7KLV LV

DQRWKHU SDUDPHWHU QRW HDVLO\ FRQWUROODEOH FRQVLGHULQJ WKH PHWKRG XVHG LQ ���� ,Q DGGLWLRQ� WKLV SDUDPHWHU

ZRXOG RQO\ LQIOXHQFH �� ZKLFK SOD\V D UROH LQ WKH PD[LPXP HIILFLHQF\ RI WKH GLIIUDFWLRQ JUDWLQJ� EXW QRW LQ

LWV ZDYHOHQJWK UDQJH� )RU WKH ODWWHU� WKH PDLQ UHVSRQVLEOH LV Λ�

)ROORZLQJ LV D OLVW RI WKH PDWHULDO DQG HTXLSPHQW XVHG IRU WKH PHWKRG GLVFXVVHG LQ WKLV VHFWLRQ�

� 6</*$5'� ��� 6LOLFRQH (ODVWRPHU .LW �%DVH � &XULQJ $JHQW��

� � 2< FRQYHQWLRQDO� ELQGHU SDSHU FODPSV�

� �� 2<2 SODVWLF 3HWUL ER[�

� ��� × ���<< JODVV VOLGHV�

� +$55,&. 3/$60$� +LJK 3RZHU 3ODVPD &OHDQHU�

$ SRUWLRQ RI HODVWRPHU EDVH DQG FXULQJ DJHQW ZDV SRXUHG LQWR D JREOHW LQ WKH UDWLR RI ���� �" �� 7KH PL[WXUH

ZDV VWLUUHG ZLWK D JODVV URG IRU DERXW � PLQXWHV� 7KH PL[WXUH ZDV WKHQ WDNHQ WR WKH GHVLFFDWRU� PDNLQJ

�PHWDOOLF

��
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SXUJH F\FOHV LQ RUGHU WR UHPRYH DLU EXEEOHV� ,W ZDV GRVHG ZLWK �� <! RI PL[WXUH SHU 3HWUL ER[ VR WKDW

WKH VXEVWUDWH UHPDLQHG ZLWK D IL[HG WKLFNQHVV� 7KH PL[WXUH ZDV FDUHIXOO\ GHSRVLWHG RQWR WKH ER[·V FHQWHU�

OHDYLQJ LW WR OHYHO RQ D IODW VXUIDFH� 6XEVHTXHQWO\� WKH ER[HV ZHUH WDNHQ WR WKH RYHQ �� ◦� IRU � KRXUV�

WKXV FURVV�OLQNLQJ WKH 3'06�

7KH QH[W VWHS ZDV WR FXW WKH VXEVWUDWH LQVLGH HDFK ER[ LQ VXFK D ZD\ WKDW� XVLQJ WKH OHQJWK RI WKH

JODVV VOLGH DV D JXLGH� WKH SUH�VWUDLQ FRUUHVSRQGV WR WKH GHVLUHG YDOXH� DV VKRZQ LQ ILJXUH ��� 1RWH WKDW

WKH HQG RI WKH VXEVWUDWH IDVWHQHG E\ WKH ILUVW FODPS VKRXOG QRW EH FRQVLGHUHG� 7KHUHIRUH� WKH SHUFHQWDJH

RI SUH�VWUHWFK LV JLYHQ E\�

n" =

!′
5
− !′8
!′8

⇒ !B =
!′
5
+ n" × 2
1 + n"

�����

ZKHUH !8 = !′8 + 2 FRUUHVSRQGV WR WKH LQLWLDO OHQJWK RI WKH VXEVWUDWH DQG !5 = !′5 + 2 WR WKH ILQDO RQH� ZLWK
!′
5
EHLQJ WKH OHQJWK RI WKH JODVV EODGH DQG WKH 2 OHQJWK RI WKH ILUVW VSULQJ�

$VVXPLQJ !′
5
 ��� 2<� 2  � 2< DQG n" ���� WKLV JLYHV !B ≈��� 2<� &XWWLQJ WKH VXEVWUDWH ZLWK WKH

JODVV VOLGH ZLGWK IRU HDV\ VWUHWFKLQJ� WKH VXEVWUDWH VWULSV ZLOO KDYH WKH GLPHQVLRQV RI ���×��� 2<�

)LJXUH ��� 6XEVWUDWH VWUHWFKLQJ GLDJUDP RI WKH PHWKRG XVHG LQ VHFWLRQ ����

7KH VXEVWUDWH VWULS LV SODFHG RQ RQH HQG RI WKH JODVV VOLGH DQG IDVWHQHG E\ D FODPS� 7KHQ WKH VWULS LV

VWUHWFKHG WR WKH IXOO OHQJWK RI WKH VOLGH DQG IDVWHQHG LPPHGLDWHO\ E\ WKH VHFRQG FODPS� 7KH EDWFK LV WKHQ

LQVHUWHG LQWR WKH SODVPD WUHDWPHQW FKDPEHU LQ R[\JHQ PRGH�

)LJXUH ��� %DWFK RI � VDPSOHV ZLWK IDVWHQHG FODPSV
RQ ERWK VLGHV DIWHU 3'06 SUH�VWUHWFKLQJ� (DFK JODVV
VOLGH ZDV QXPEHUHG IURP � WR �� PHDQLQJ WKH SODFLQJ
SRVLWLRQ LQVLGH WKH R[\JHQ SODVPD FKDPEHU DFFRUGLQJ
WR ILJXUH ���

��



���� )$%5,&$7,21 0(7+2'

7KH R[\JHQ SODVPD WUHDWPHQW FRQGLWLRQV VKRXOG EH NHSW FRQVWDQW� 7KHVH FRQGLWLRQV DUH WKH LQMHFWHG

R[\JHQ SUHVVXUH� %2�
= 5Ψ� WKH QXPEHU RI SXUJH F\FOHV� � R[\JHQ F\FOHV� WKH LQWHQVLW\ RI WKH 5)

VLJQDO� +,*+� DQG WKH SODVPD XS�WLPH� �� PLQXWHV� 7KH FKRLFH RI WKHVH SDUDPHWHUV ZDV PDGH GXULQJ

WKH FDOLEUDWLRQ RI WKH FDPHUD ZKLFK FDQ EH FRQVXOWHG LQ ILJXUH ��� %DWFKHV RI � VDPSOH W\SHV HDFK DUH

PDQXIDFWXUHG� 3ODVPD WUHDWPHQW LV FDUULHG RXW VLPXOWDQHRXVO\ LQ WKH � VDPSOHV� ZKLFK DUH LQVHUWHG LQWR

WKH YDFXXP FKDPEHU LQ WKH VDPH ZD\ DV VKRZQ LQ ILJXUH ���

)LJXUH ��� +$55,&. 3/$60$� KLJK
SRZHU SODVPD FOHDQHU XVHG LQ WKLV VHF�
WLRQ·V IDEULFDWLRQ PHWKRG� 7KH UHG FRORU
LV D SODVPD RI DWPRVSKHULF DLU�

)LJXUH ��� $HULDO YLHZ RI WKH SODVPD FOHDQHU FKDPEHU RI ILJXUH
�� DQG VDPSOH W\SH SODFHPHQW GLDJUDP� 7KHVH W\SHV ZLOO EH
XVHG WKURXJKRXW WKLV SURMHFW�

$IWHU WUHDWPHQW� WKH EDWFK LV OHIW DW UHVW LQ ORZ YDFXXP IRU �� KRXUV� IROORZLQJ WKH UHPRYDO RI WKH VHFRQG

FODPS IDVWHQHG DQG JHQWO\ UHWUDFWLQJ WKH VXEVWUDWH� 7KH VDPSOHV DUH FXW DW WKH HGJHV ZKHUH VWUHWFK IRUFHV

GR QRW H[LVW RU DUH QRW ZHOO GLVWULEXWHG� 7KH UHVWLQJ WLPH ZDV VHOHFWHG DIWHU WKH DQDO\VLV FDUULHG RXW LQ

VHFWLRQ ������ 3URFHGXUH DQG PDWHULDO SLFWXUHV FDQ EH YLHZHG LQ DSSHQGL[ $���

$V LQ DQ\ SURFHVV ZKHUH UHSURGXFLELOLW\ LV GHVLUDEOH� WKH FDOLEUDWLRQ RI LWV UHVSHFWLYH FRQGLWLRQV DQG SD�

UDPHWHUV LV QHFHVVDU\� 7KH VDPSOH IDEULFDWLRQ VKRXOG FRQVLGHU WKH VNLQ OD\HU·V DJLQJ SURFHVV GLVFXVVHG

LQ VHFWLRQ ����� VLQFH LW LQIOXHQFHV WKH UHVXOW RI WKH ZULQNOHV FUHDWHG� 7KH VWDELOL]DWLRQ RI Λ LV LPSRUWDQW

LQ UHGXFLQJ WKH GLVSDULW\ EHWZHHQ PHDVXUHG SRLQWV� DV LW·V QRWLFHDEOH LQ ���D� IRU KLJKHU UHVWLQJ WLPHV WKH

ORZHU WKH VWDQGDUG GHYLDWLRQ�

%DWFKHV RI VDPSOHV IDEULFDWHG E\ WKH PHWKRG GHVFULEHG LQ VHFWLRQ ��� ZHUH PHDVXUHG ZLWK WKH VWD�

WLVWLFDO SURFHGXUH PHQWLRQHG LQ ������ YDU\LQJ WKH UHVWLQJ WLPH DIWHU SODVPD WUHDWPHQW� DV ZHOO DV WKHLU

SUHVVXUH HQYLURQPHQW EHIRUH WKH VXEVWUDWH XQVWUHWFKLQJ� 5HVWLQJ LQ ORZ�SUHVVXUH HQYLURQPHQWV �ILJXUH

���E�� EHKDYHG DV D FDWDO\VW IRU WKH FRQGHQVDWLRQ UHDFWLRQ PHQWLRQHG LQ ������ UHGXFLQJ WKH WLPH UHTXLUHG

IRU WKDW� 7KHVH UHVXOWV DUH FRQVLVWHQW ZLWK WKH GDWD VKRZQ LQ ILJXUH ��� DV WKH VXUIDFH·V K\GURSKRELFLW\

��
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LQFUHDVHV DQG VWDELOL]HV RYHU WLPH� ([SHULPHQWDOO\� DV VKRZQ LQ ���D� WKH LQIOHFWLRQ SRLQW RI WKH FKHPLFDO

FRPSRVLWLRQ RI WKH VXUIDFH LV SHUFHSWLEOH DIWHU �� KRXUV� 7KH YDFXXP LV VHW WR RYHUH[WHQG WKLV HIIHFW�

�D� Λ GHSHQGLQJ RQ VDPSOHV· UHVWLQJ WLPH �E� Λ GHSHQGLQJ RQ VDPSOHV· UHVWLQJ WLPH LQ YDFXXP

)LJXUH ��� 6WDWLVWLFDO DQDO\VLV RI IDEULFDWLRQ PHWKRG PHQWLRQHG LQ VHFWLRQ ��� ZLWK YDU\LQJ UHVWLQJ WLPH
DIWHU R[\JHQ SODVPD WUHDWPHQW� 6DPSOHV �� �� DQG � FRUUHVSRQG WR WKH GLIIHUHQW VDPSOH SRVLWLRQ W\SHV DV
VKRZQ LQ ILJXUH ���

$V VKRZQ LQ ILJXUH ��� FRQVLVWHQF\ FDQ EH DFKLHYHG IRU HDFK VDPSOH SRVLWLRQ LQVLGH WKH FKDPEHU XVLQJ

FRQVLVWHQW IDEULFDWLRQ SDUDPHWHUV� Λ ≈ ����� ��� DQG ��� =< IRU W\SH ��� ��� DQG �� ZHUH REWDLQHG

UHVSHFWLYHO\ IRU WKH IDEULFDWLRQ PHWKRG PHQWLRQHG LQ ���� ZLWK UHODWLYH VWDQGDUG GHYLDWLRQ RI PHDVXUHG

VSRWV %f RI ������ ������ DQG ����� UHVSHFWLYHO\� DV VKRZQ LQ DSSHQGL[ %��� 7KH JHQHUDO RXWFRPH ZDV D

ODFN RI RYHUDOO VWUHQJWK LQ WKH R[\JHQ SODVPD� 7KLV LV EHFDXVH WKH SODVPD FKDPEHU XVHG GRHV QRW KDYH WKH

ILQHVVH UHTXLUHG IRU WKLQ ILOP JURZWK SURFHVVHV� DV LW LV XVHG IRU WKH SUHSDUDWLRQ RI K\GURSKRELF VXUIDFHV

LQ SRO\PHULF PDWHULDOV�

0RUHRYHU� WKH R[\JHQ SODVPD LQWHQVLW\ GLVWULEXWLRQ ZLWKLQ WKH FKDPEHU ZDV QRW XQLIRUP� ZLWK D YHUWLFDO

JUDGLHQW �~�GLUHFWLRQ� ZLWK GHFUHDVLQJ LQWHQVLWLHV IRU SRVLWLRQV IXUWKHU WR WKH FKDPEHU GRRU� 7KLV LV H[SHFWHG

WR SURGXFH D YDULDWLRQ LQ WKH SHULRGLFLW\ REWDLQHG DV VKRZQ LQ ILJXUH �� EHWZHHQ VDPSOH W\SHV ��� ��� DQG

��� 'HVSLWH WKLV YDULDWLRQ� LW LV SRVVLEOH WR REWDLQ FRQVLVWHQW UHVXOWV E\ VHOHFWLQJ WKH VDPH SRVLWLRQ ZLWKLQ WKH

FKDPEHU V\VWHPDWLFDOO\ DQG YDU\LQJ WKH WLPH RI H[SRVXUH� NHHSLQJ WKH XQLIRUPLW\ RI WKH VLOLFD�OLNH WKLFNQHVV

FRQVWDQW IURP VDPSOH WR VDPSOH�

)LJXUH ��� 3UHGLFWLRQ RI R[\JHQ SODVPD
LQWHQVLW\ GLVWULEXWLRQ LQVLGH WKH YDFXXP
FKDPEHU� 5HFWDQJOHV DUH WKH WKUHH VDP�
SOH W\SHV RI RQH EDWFK SURSHUO\ QXPEHUHG�

��
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,W·V DOVR SUHGLFWDEOH WKH H[LVWHQFH RI D FDOLEUDWLRQ FXUYH IRU WKLV IDEULFDWLRQ PHWKRG� 6LQFH WKH FRQWLQ�

XRXV UHODWLRQ EHWZHHQ WKH H[SRVXUH WLPH DQG WKH ZULQNOHV SHULRG LV QRW QHFHVVDU\ IRU WKH FXUUHQW SURMHFW�

LW LV SRVVLEOH WR ZRUN RQO\ ZLWKLQ D OLPLWHG UDQJH RI YDOXHV� VR WKH H[SRVXUH WLPH ZDV NHSW DW �� PLQXWHV�

WKXV REWDLQLQJ WKH WKUHH GLVWLQFW Λ PHQWLRQHG DERYH�

$V GLVFXVVHG� WKH �' QDQRVWUXFWXUH IHDWXUHV· GLPHQVLRQV DQG VKDSH ZLOO LQIOXHQFH WKH GLIIUDFWLRQ JUDWLQJ·V

SHUIRUPDQFH� 0RUSKRORJLFDO DQDO\VLV LV D FUXFLDO VWHS LQ HVWDEOLVKLQJ WKH VDPSOH PDQXIDFWXULQJ SURFHVV�

DOORZLQJ WR FKHFN WKH VWDWH RI WKH IHDWXUHV DQG� WKHUHIRUH� FDOLEUDWLQJ WKH IDEULFDWLRQ FRQGLWLRQV�

)ROORZLQJ DUH RSWLFDO PLFURVFRSH LPDJHV RI VDPSOHV PDQXIDFWXUHG E\ WKH PHWKRG GHVFULEHG LQ VHFWLRQ

����

�D� ��× REMHFWLYH EULJKW�ILHOG PLFURVFRS\ �%)� �E� ���× REMHFWLYH %)

)LJXUH ��� 2SWLFDO PLFURVFRSH LPDJHV RI D W\SH �� VDPSOH �ODUJHU Λ��

7KH REOLTXH DQG SHUSHQGLFXODU VWULSHV WR WKH QDQRZULQNOHV· RULHQWDWLRQ DUH ILVVXUHV� LQ WKH VNLQ OD\HU�

7KH\ DUH VXEVWUDWH VWUHWFKLQJ�GLUHFWLRQ RULHQWHG GXH WR WKH KLJK VKHDU VWUHVV FUHDWHG GXULQJ WKH FODPS

UHOHDVH GXH WR IRUFHV DSSOLHG LQ RWKHU GLUHFWLRQV WKDQ WKH XQVWUHWFKLQJ PRYHPHQW� &UDFN DSSHDUDQFH LV

PRUH IUHTXHQW RQ VNLQ OD\HUV ZLWK EULWWOH PDWHULDOV VXFK DV VLOLFD� DV PHQWLRQHG LQ VHFWLRQ ������ )RU

REMHFWLYH PDJQLILFDWLRQV RI ��× �ILJXUHV ���D�� ���D�� DQG ���D��� ODUJHU Λ ZHUH EDUHO\ YLVLEOH� )RU ���×
PDJQLILFDWLRQV �ILJXUHV ���E�� ���E�� DQG ���E�� DOO VDPSOHV KDG YLVLEOH QDQRZULQNOHV�

7KH 5DPDQ VSHFWUXP IURP D IODW 3'06 VDPSOH ZDV FRPSDUHG ZLWK RQH WUHDWHG ZLWK R[\JHQ SODVPD

ZLWK WKH FRQGLWLRQV PHQWLRQHG LQ ��� WR LQYHVWLJDWH WKH LQIOXHQFH RI HDFK RI WKH IDEULFDWLRQ VWHSV RQ WKH

FKHPLFDO FRPSRVLWLRQ RI WKH PDWHULDO� $OO PHDVXUHPHQWV REWDLQHG DUH SUHVHQW LQ DSSHQGL[ &���

�DOVR FDOOHG FUDFNV

��
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)LJXUH ��� 5DPDQ VSHFWUD RI R[\JHQ SODVPD�WUHDWHG DQG XQWUHDWHG 3'06� 7KH LQWHJUDWLRQ WLPH XVHG ZDV
� B� ZLWK �� DFTXLVLWLRQV�

,Q ILJXUH �� LV QRWLFHG WKDW DOO 5DPDQ SHDNV IURP XQWUHDWHG 3'06 PDWFK WKH WKHRUHWLFDO VSHFWUXP RI

ILJXUH ���� 0RUHRYHU� DOO SHDNV KDYH WKH VDPH LQWHQVLW\ DQG ZDYHQXPEHU DV LQ WUHDWHG VDPSOHV� VKRZLQJ

D VOLJKW EURDGEDQG LQFUHDVH LQ LQWHQVLW\ ZLWK D PD[LPXP YDOXH QHDU ��� 2<−1� FRUUHVSRQGLQJ WR WKH

DGGLWLRQ RI D ORZ�LQWHQVLW\ VLOLFD 5DPDQ VSHFWUXP WR WKH SORW� )XVHG VLOLFD·V 5DPDQ UHIHUHQFH VSHFWUXP LV

VKRZQ LQ ILJXUH ����

7ZR EDWFKHV RI VDPSOHV PDQXIDFWXUHG E\ WKH PHWKRG GHVFULEHG LQ ��� ZHUH PHDVXUHG DW WKH $)0

WR XQGHUVWDQG WKH VWDWH RI WKH SHULRGLF IHDWXUHV RI WKH QDQRVWUXFWXUHV LQ WHUPV RI WKHLU DPSOLWXGH DQG

SHULRGLFLW\� $OO REWDLQHG UHVXOWV DUH SUHVHQW LQ DSSHQGL[ &���

)LJXUH ��� $)0�PHDVXUHG �' UHSUHVHQWDWLRQ RI D W\SH �� VDPSOH�

$V VKRZQ LQ ILJXUH ��� $)0 DOORZV WKH YLVXDOL]DWLRQ RI �' IHDWXUHV ZLWK D KLJK OHYHO RI GHWDLO LQ DQ

RUWKRJUDSKLF SURMHFWLRQ�

��
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�D� 7\SH �� VDPSOH �E� 7\SH �� VDPSOH �F� 7\SH �� VDPSOH

)LJXUH ��� $)0�PHDVXUHG SORWV RI VDPSOHV RI GLIIHUHQW W\SHV�

7\SH �� VDPSOH VKRZV UHGXFHG �� FRQILUPLQJ LWV GLUHFW GHSHQGHQFH RQ Λ� ZKLFK LV UHODWLYHO\ ORZHU�

DV VWDWHG LQ HTXDWLRQ ������ 7KHVH GDWD DOVR H[SODLQ WKH LQFUHDVHG GLIILFXOW\ LQ PHDVXULQJ WKH SHULRG XQGHU

RSWLFDO PLFURVFRS\ WR YDOXHV EHORZ ��� =<�

�D� 7\SH �� VDPSOH �E� 7\SH �� VDPSOH

�F� 7\SH �� VDPSOH

)LJXUH ��� &URVV�VHFWLRQ SURILOH RYHU SORWV IURP ILJXUH ���

)LJXUH �� VKRZV WKH FURVV�VHFWLRQ SURILOH PHDVXUHG RQ W\SH �� ����D��� W\SH �� ����E��� DQG W\SH ��

����F�� VDPSOHV� VKRZLQJ VXFFHVVIXOO\ ILWWHG VLQXVRLGDO UHJUHVVLRQV ZLWK '2 �HTXDWLRQ �%���� RI �������

������� DQG ������ UHVSHFWLYHO\� 3URILOH OLQHV XVHG ZHUH � SL[HO ZLGH�

��
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7DEOH �� &RPSDULVRQ EHWZHHQ PHDVXUHG Λ DW $)0 DQG REWDLQHG PLFURVFRSH LQVSHFWLRQ�EDVHG DYHUDJH
Λ�

6DPSOH Λ DW $)0 0LF� EDVHG Λ 5HODWLYH HUURU XG
:'� W\SH �� ������ ������� �����

:'� W\SH �� ������ ������ �����

:'� W\SH �� ������ ������ �����

:'� W\SH �� ������ ������ �����

:'� W\SH �� ������ ������ �����

:'� W\SH �� ������ ������ �����

)XUWKHUPRUH� DV HYLGHQFHG LQ WDEOH �� YDOXHV REWDLQHG E\ VWDWLVWLFDO DQDO\VLV IRU WKH WZR PHDVXUHG

EDWFKHV KDYH UHODWLYH HUURUV EHORZ ��� UHJDUGLQJ WKH RQHV PHDVXUHG DW $)0� VKRZLQJ WKH UHOLDELOLW\ RI WKH

VWDWLVWLFDO SURFHVVLQJ RI WKH PHDVXUHPHQWV SHUIRUPHG� :' LV DQ DUELWUDU\ ODEHO� QRW VDPSOH SURSHUWLHV�

UHODWHG UHIHUULQJ WR EDWFKHV IDEULFDWHG E\ WKH PHWKRG PHQWLRQHG LQ ���� ZLWK YDU\LQJ UHVWLQJ WLPH� DQG WKH

QXPEHU RI LWV IDEULFDWLRQ�

6(0 LPDJHV RI RQH EDWFK PDQXIDFWXUHG E\ WKH PHWKRG GHVFULEHG LQ ��� ZHUH REWDLQHG WR FRQILUP WKH

PRUSKRORJLFDO VWDWXV RI WKH PDWHULDOV� $OO UHVXOWV REWDLQHG DUH SUHVHQW LQ DSSHQGL[ &���

�D� ���× PDJQLILFDWLRQ� �� N9 �E� � ���× PDJQLILFDWLRQ� �� N9 �F� �� ���× PDJQLILFDWLRQ� �� N9

)LJXUH ��� 6(0 LPDJHV RI W\SH �� VDPSOH IURP :'�� 'LUHFWLRQDO VSXWWHUHG JROG FRDWLQJ�

7KURXJK ILJXUH �� RQH REVHUYHV WKH XQLIRUPLW\ RI WKH VLQXVRLGDO IHDWXUHV RI WKH IDEULFDWHG QDQRVWUXF�

WXUHV� ERWK LQ WHUPV RI DPSOLWXGH DQG SHULRG� ,W LV QRWLFHG LQ ���E� WKDW FUDFNV RQ WKH VXUIDFH DUH GXH

H[FOXVLYHO\ WR WKH VNLQ OD\HU VLQFH LW LV SRVVLEOH WR REVHUYH WKH VXEVWUDWH LQVLGH WKH YDOOH\� 7KH IUHTXHQF\

RI WKHLU DSSHDUDQFH ZLOO EH JUHDWHU WKH VPDOOHU WKH VNLQ OD\HU·V WKLFNQHVV� 6LQFH WKH JROG FRDWLQJ DSSOLHG

WR WKH EDWFK IURP ILJXUH �� ZDV FDUULHG RXW E\ D GLUHFWLRQDO VSXWWHULQJ� JROG ZDV PRVWO\ GHSRVLWHG LQ WKH

GHSUHVVLRQV RI WKH VLQXVRLGDO VXUIDFH� JLYLQJ WKH DSSHDUDQFH RI D IODW VXUIDFH ZLWK VPDOO SHULRGLF UHOLHIV�

7KLV LQ DQ\ ZD\ FRPSURPLVHV WKH IXQFWLRQLQJ RI WKH QDQRVWUXFWXUH DV D GLIIUDFWLRQ JUDWLQJ� VLQFH Λ LV NHSW

FRQVWDQW�

��
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�D� � ���× PDJQLILFDWLRQ� �� N9 �E� �� ���× PDJQLILFDWLRQ� �� N9

)LJXUH ��� 6(0 LPDJHV RI W\SH �� VDPSOH IURP 5%� �ZLWKRXW WUDQVIHUUHG JUDSKHQH�� 'LIIXVH VSXWWHUHG
JROG FRDWLQJ�

,Q WKH FDVH RI ILJXUH ��� WKH JROG FRDWLQJ ZDV SHUIRUPHG E\ D GLIIXVLYH VSXWWHULQJ� PHDQLQJ D PRUH

FRQIRUPDO SDUWLFOH GHSRVLWLRQ� ,Q ���D� DQG ���E�� WKH VXUIDFH·V VLQXVRLGDO SURILOH LV PRUH QRWLFHDEOH

FRPSDUHG WR ILJXUH ��� )XUWKHUPRUH� LQ ���E�� D GU\�WHUUDLQ WH[WXUH LV QRWLFHDEOH RQ WKH VXUIDFH RI WKH

QDQRZULQNOHV· SHDNV DQG RQ WKH FUDFN·V YDOOH\� ZKLFK FRPELQHV ZLWK WKH IUDJLOLW\ RI WKH VNLQ OD\HU·V VLOLFD�

OLNH PDWHULDO�

7KH RSWLFDO FKDUDFWHUL]DWLRQ RI WKH �' QDQRVWUXFWXUH LV DV LPSRUWDQW DV LWV PRUSKRORJLFDO DQDO\VLV� :KLOH

PRUSKRORJLFDO DQDO\VLV LQGLFDWHV WKH VWDWH RI WKH IHDWXUHV RI WKH GLIIUDFWLRQ JUDWLQJ� RSWLFDO FKDUDFWHUL]DWLRQ

FRQILUPV H[SHULPHQWDOO\ WKH UHVXOWV RI WKH LQFLGHQFH RU SDVVDJH RI OLJKW WKURXJK WKH GHYLFH�

7KH FKRVHQ PDWHULDOV LQ VHFWLRQ ��� KDYH YHU\ ORZ UHIOHFWDQFH LQ WKH 9,6�1,5 VSHFWUXP� 6LQFH WKH

JRDO LV WR FRQILUP WKDW WKH QDQRVWUXFWXUH EHKDYHV DV DQ RSWLFDO GLIIUDFWLRQ JUDWLQJ� PHDVXUHG VDPSOHV ZHUH

FRDWHG ZLWK D �� =< WKLQ ILOP RI JROG E\ VSXWWHU� WKXV LPSURYLQJ WKH VXUIDFH UHIOHFWLRQ LQ WKH OLJKW VSHFWUXP

RI LQWHUHVW >��@� ,Q WKLV UHJDUG� PHDVXUHG VDPSOHV LQ ��� ZHUH UHXVHG� $OO PHDVXUHPHQWV ZHUH SHUIRUPHG

ZLWK QRQ�SRODUL]HG OLJKW� 6DPSOHV IDEULFDWHG E\ WKH PHWKRG PHQWLRQHG LQ ��� ZHUH PHDVXUHG LQ WKH

VSHFWURJUDSK SDWK RI WKH )RXULHU VHWXS �VHH VHFWLRQ ������� KHQFH E\ DQJXODU UHIOHFWLRQ VSHFWURSKRWRPHWU\�

$OO UHVXOWV REWDLQHG DUH SUHVHQW LQ DSSHQGL[ &���

��
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�D� 7\SH �� VDPSOH� Λ  ������ =< �E� 6DPSOH UHIOHFWDQFH IURP QRUPDO GLIIUDFWLRQ LQ ���D�

�F� 7\SH �� VDPSOH� Λ  ������� =< �G� 7\SH �� VDPSOH� Λ  ������ =<

)LJXUH ��� $QJXODU UHIOHFWDQFH SORWV RI VDPSOHV IDEULFDWHG E\ WKH PHWKRG GHVFULEHG LQ ���� 5HIOHFWDQFH
FRORU PDS �IURP EOXH WR \HOORZ� DV D IXQFWLRQ RI DQJOH RI UHIOHFWLRQ DQG _� 7KH EODFN� UHG� DQG JUHHQ VROLG
OLQHV FRUUHVSRQG WR WKH DUUDQJHG GLIIUDFWLRQ RUGHUV< = ��< = �� DQG< = � UHVSHFWLYHO\� SORWWHG XVLQJ
HTXDWLRQ ������ 7KH GDVKHG OLQHV PDWFK WKH UHHQWU\ RI OLJKW�

0HDVXUHPHQWV VKRZ D GLS LQ UHIOHFWDQFH FRUUHVSRQGLQJ WR WKH JUDWLQJ·V ILUVW RUGHU RI GLIIUDFWLRQ� 7KLV

JDS LV GXH WR WKH SHUIRUPHG PHDVXUHPHQW� ZKLFK PHDVXUHV WKH OLJKW UHIOHFWHG IURP WKH VDPSOH·V VXUIDFH�

FRUUHVSRQGLQJ WR WKH DPRXQW RI GLIIUDFWHG OLJKW IURP WKH LQFLGHQW EHDP� DFFRUGLQJ WR WKH HTXDWLRQ ������

,I WKH PHDVXUHPHQW DQDO\]HG WUDQVPLVVLRQ LQVWHDG� WKH DQJXODU UHIHUHQFH ZRXOG FKDQJH DFFRUGLQJ WR WKH

FRQYHQWLRQ IURP ILJXUH �� 7KH UHVXOW ZRXOG EH DQ DQJOH�LQGHSHQGHQW UHIOHFWDQFH LQFUHDVH FHQWHUHG RQ WKH

QRUPDO D[LV �\3  ��� ZLWK PD[LPXP LQWHQVLW\� FRLQFLGHQW ZLWK WKH WUDQVPLWWHG OLJKW WKURXJK WKH GHYLFH�

5HIOHFWDQFH JDSV PDWFKLQJ WKH GLSV LQ ILJXUH �� RI KLJK LQWHQVLW\ ZRXOG DOVR DSSHDU� FRUUHVSRQGLQJ WR WKH

UHVSHFWLYH RUGHUV RI WKH OLJKW GLIIUDFWHG E\ WKH QDQRZULQNOHV�

8S WR � RUGHUV RI GLIIUDFWLRQ DUH H[SHFWHG IURP WKH WKHRUHWLFDO SORWWLQJ GXH WR WKH QDQRZULQNOHV· ODUJHU

��
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Λ� 7KH H[LVWHQFH RI D VHFRQG GLIIUDFWLRQ RUGHU LV EDUHO\ SHUFHSWLEOH GXH WR D VOLJKW FRORU JUDGLHQW LQVLGH

WKH ILUVW GLIIUDFWLRQ RUGHU EDQG RQ VDPSOHV ���D� DQG ���F�� 7KLV HIIHFW LV FRPSOHPHQWHG E\ WKH VXUIDFH

LUUHJXODULW\ GLVFXVVHG LQ VHFWLRQ ���� ���E� VKRZV WKH UHIOHFWDQFH GHSHQGHQFH RQ LQFLGHQW OLJKW·V _ IURP

QRUPDO GLIIUDFWLRQ �\3 � IRU WKH PHDVXUHG VDPSOH RQ ���D�� 7KH GLS LQ UHIOHFWDQFH RQ VDPSOH ���G� LV EDUHO\

QRWLFHDEOH HYHQ IRU WKH ILUVW RUGHU GXH WR LWV UHGXFHG �� ZKLFK LQIOXHQFHV WKH GLIIUDFWLRQ JUDWLQJ HIILFLHQF\�

DV GLVFXVVHG LQ VHFWLRQ ���� $OO PHDVXUHPHQWV KDYH D JHQHUDO GHFUHDVH LQ UHIOHFWDQFH DW _ ≤ ��� =<�

7KLV SKHQRPHQRQ LV GXH WR WKH LQFUHDVH LQ OLJKW DEVRUSWLRQ RI JROG IRU WKLV ZDYHOHQJWK UDQJH >��@�

��



,QWHJUDWLRQ RI WKH 7ZR�GLPHQVLRQDO 0DWHULDO

/DVW VWHS IRU WKH ILQDO GHYLFH� 7UDQVIHU PHWKRGRORJ\ RI WKH WZR�GLPHQVLRQDO PDWHULDO RQWR

WKH SKRWRQLF QDQRVWUXFWXUH DQG IXUWKHU FKDUDFWHUL]DWLRQ�

7KLV FKDSWHU GHVFULEHV WKH WUDQVIHU SURFHVV RI WKH �'0 WR WKH VXUIDFH RI WKH SKRWRQLF QDQRVWUXFWXUH�

ZKRVH PDQXIDFWXULQJ SURFHVV ZDV GHYHORSHG LQ FKDSWHU �� EULHIO\ DQDO\]LQJ WKH PRUSKRORJLFDO DQG RSWLFDO

SURSHUWLHV RI WKH VHW�

$V GHVFULEHG LQ ������ WKHUH DUH VHYHUDO RSWLRQV IRU WZR�GLPHQVLRQDO PDWHULDOV ZLWK RSWRHOHFWURQLF SURSHUWLHV

FRQVRQDQW IRU WKH GHYLFH� *UDSKHQH LV WKH �'0 ZLWK WKH EHVW HOHFWURQLF SURSHUWLHV� FRPSDULQJ WDEOH

�70'&PV� TXDQWLWLHV ZLWK WKRVH UHIHUUHG WR LQ �������� ,Q DGGLWLRQ� LW SURYLGHV D KLJK WKHUPDO GLVVLSDWLRQ

WKDW DYRLGV XQQHFHVVDU\ RYHUKHDWLQJ HIIHFWV DQG KDV WKH ODUJHVW 66$ ² D UHOHYDQW IDFWRU LQ WKH GHYLFH·V

ZRUNLQJ SULQFLSOH� DV PHQWLRQHG LQ VHFWLRQ ������ )LJXUH � VKRZV WKH ORZHU OLJKW DEVRUSWLRQ LQ WKH 9,6

VSHFWUXP RI JUDSKHQH UHODWLYH WR WKH PRVW VWXGLHG 70'&PV� 7KLV LV QRW D GLVDGYDQWDJH VLQFH RQH RI WKH

PDLQ PRWLYDWLRQV RI WKH GHYLFH LV WR EH WUDQVSDUHQW LQ WKLV UDQJH� )XUWKHUPRUH� LWV JURZWK SURFHVVHV DUH

FXUUHQWO\ EHWWHU HVWDEOLVKHG DQG ZHOO�GHYHORSHG� SURYLGLQJ EHWWHU UHSURGXFLELOLW\� DQG DOORZLQJ OHHZD\ IRU

DQ\ WUDQVIHU SODQ FKDQJH ZLWK PLQLPDO LPSDFW >��@�

3DUWLFXODUO\� WKH JUDSKHQH XVHG ZLOO EH V\QWKHVL]HG WKURXJK D SURFHVV EDVHG RQ &9'� 7KLV PHWKRG

HPHUJHG DV RQH RI WKH PRVW SURPLVLQJ IRU LPSOHPHQWLQJ WKLV PDWHULDO LQ RUJDQLF SKRWRYROWDLF FHOOV DV

WUDQVSDUHQW DQG IOH[LEOH FRQGXFWRUV� SURPRWLQJ XQLTXH SURSHUWLHV LQ RSWLFDO DQG HOHFWURQLF WHUPV GXH WR

LWV KLJK�TXDOLW\ V\QWKHVLV RQ D ODUJH�VFDOH ZLWK JRRG XQLIRUPLW\ >��@� *UDSKHQH LV GHSRVLWHG WKURXJK WKH

UHDFWLRQ RI UHDFWRU JDVHV DW ORZ�SUHVVXUH DQG KLJK�WHPSHUDWXUH HQYLURQPHQWV� &DWDO\WLF PHWDOOLF VXEVWUDWHV

VXFK DV FRSSHU �&X� DUH XVHG WR KHOS GHFRPSRVH WKH SUHFXUVRU PROHFXOH� XVXDOO\ PHWKDQH �&+��� DQG

DVVLVW WKH �' JURZWK� 7KHQ WKH JUDSKHQH LV FRDWHG ZLWK 300$ E\ VSLQ FRDWLQJ� PDNLQJ LW VWURQJ HQRXJK

WR EH WUDQVIHUUHG WR DQRWKHU VXEVWUDWH ZLWKRXW GDPDJLQJ WKH PDWHULDO >��@�

��
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7KH W\SH RI WUDQVIHU SHUIRUPHG LQIOXHQFHV WKH ILQDO TXDOLW\ RI WKH �'0� IURP HOHFWURQLF WR RSWLFDO SURSHUWLHV�

DQG VKRXOG EH FKRVHQ GHSHQGLQJ RQ LWV W\SH RI PDQXIDFWXULQJ SURFHVV� GLPHQVLRQV� DQG VKDSH� ,Q WKLV

FDVH� WKH WUDQVIHU SURFHVV VKRXOG DYRLG GDPDJH WR WKH SKRWRQLF QDQRVWUXFWXUH SURMHFWHG LQ FKDSWHU �� 7KH

WUDQVIHU VKRXOG DOORZ WKH XVH RI JUDSKHQH RQ WKH GHYLFH� SURYLGLQJ WKH OHDVW PHFKDQLFDO GDPDJH SRVVLEOH�

VLQFH PD[LPXP VXUIDFH FRQWLQXLW\ LV GHVLUHG� FRQVLGHULQJ WKH RSHUDWLQJ SULQFLSOH PHQWLRQHG LQ ������

:HW WUDQVIHUV RIIHU WKH ORZHVW ULVN RI PHFKDQLFDO GDPDJH WR WKH �'0 DW WKH H[SHQVH RI KLJKHU VXUIDFH

UHVLGXDO GLUWLQHVV GXH WR 300$ VXSSRUW OD\HUV� 7KLV W\SH RI WUDQVIHU LV OLPLWHG WR QRW H[WHQVLYH DUHDV� EHLQJ

GLIILFXOW WR VFDOH XS� DV LQGLFDWHG LQ WDEOH � ZLWK D ��� FKDQFH RI WUDQVIHUULQJ D SHUIHFW PRQROD\HU >��@�

'XH WR WKH VDPSOHV· YROXPLQRXV VKDSH GXULQJ WKH VWUHWFKLQJ VWHS LQ WKH VWDQGDUG SURFHVV GHYHORSHG LQ

FKDSWHU �� WKH ZHW WUDQVIHU RI JUDSKHQH JURZQ E\ &9' LQ D FRSSHU VXEVWUDWH LV WKH PRVW ILWWLQJ SURFHGXUH�

´0DLQWDLQLQJ FRQIRUPDO FRQWDFW EHWZHHQ JUDSKHQH DQG SRO\PHU VXEVWUDWHV LV DGYDQWDJHRXV IRU FRQ�

WUROOLQJ WKH IHDWXUH VL]H DQG RULHQWDWLRQ RI WH[WXUHG JUDSKHQH LQ VSDWLDOO\ GHILQHG UHJLRQV·· >��@� )RU WKLV�

JUDSKHQH PXVW EH WUDQVIHUUHG WR WKH VXEVWUDWH EHIRUH PDNLQJ WKH QDQRZULQNOHV� L�H�� LQ WKH XQFODPSLQJ

VWHS RI WKH 3'06 VXEVWUDWH� ,Q VXPPDU\� WKH H[SHULPHQWDO PHWKRG LV EDVHG RQ VWUHWFKLQJ D 3'06 VXE�

VWUDWH� IROORZHG E\ DQ R[\JHQ�SODVPD WUHDWPHQW RI LWV VXUIDFH� WKXV FUHDWLQJ D WKLQ VLOLFD�OLNH OD\HU RQ WRS�

DV GLVFXVVHG LQ VHFWLRQ ���� 7KH JUDSKHQH LV WKHQ WUDQVIHUUHG RQWR WKH VXUIDFH E\ D ZHW PHWKRG� DQG

ILQDOO\� WKH VDPSOH LV UHOHDVHG� SURGXFLQJ WKH LQWHQGHG QDQRVWUXFWXUH ZLWK FRUUXJDWHG JUDSKHQH� DV VKRZQ

LQ ILJXUH ���

)LJXUH ��� 6XPPDU\ GLDJUDP RI WKH FRPSOHWH IDEULFDWLRQ SURFHGXUH RI WKH GHYLFH� $GDSWHG IURP >��@�

7KH JUDSKHQH WUDQVIHU PHWKRG� DV ZHOO DV WKH PDWHULDO DQG XVHG HTXLSPHQW� LV GHVFULEHG VWHS E\ VWHS

LQ DSSHQGL[ $��� GXO\ LOOXVWUDWHG�

%DWFKHV RI VDPSOHV IDEULFDWHG E\ WKLV PHWKRG ZHUH PHDVXUHG LQ ]RQHV ZLWK WUDQVIHUUHG JUDSKHQH ZLWK

WKH SURFHGXUH PHQWLRQHG LQ ������

��
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)LJXUH ��� 6WDWLVWLFDO DQDO\VLV RI IDEULFDWLRQ PHWKRG PHQWLRQHG LQ WKH FXUUHQW VHFWLRQ�

)LJXUH �� VKRZV PHDVXUHG Λ RQ GLIIHUHQW VSRWV E\ WKH PHWKRG PHQWLRQHG LQ VHFWLRQ ����� E\ VDPSOH

W\SH� 7KH DFKLHYHG Λ DUH VLPLODU WR WKRVH REWDLQHG IRU VDPSOHV ZLWKRXW JUDSKHQH �≈ ���� ���� DQG

���� =<� ZLWK DQ HUURU ZLWKLQ WKH UDQJH RI � VWDQGDUG GHYLDWLRQV� ZKLFK JXDUDQWHHV ������ VWDWLVWLFDO

FRQILGHQFH�

$V PHQWLRQHG LQ DSSHQGL[ $��� HWFKLQJ WKH 300$ VXSSRUW OD\HU UHTXLUHV WRWDO LPPHUVLRQ RI WKH VDPSOH LQ

SXUH DFHWRQH LV UHTXLUHG IRU DQ RYHUH[WHQGHG WLPH RI � VWUDLJKW KRXUV� $FHWRQH �&�+�2� LV D ZHDN 3'06

VROYHQW DV LW KDV D VZHOOLQJ UDWLR RI ;>610( < 0.05� 7KLV LV GXH WR WKH ZHDN SRODU FRQWULEXWLRQV RI ERWK

3'06 DV VROXWH DQG DFHWRQH DV VROYHQW �GRW �� RQ ILJXUH ���� FRQWUDVWLQJ IRU H[DPSOH ZLWK PHWK\OHQH

FKORULGH �&+�&O�� �GRW �� RQ ILJXUH ���� ZKRVH SRODU FRQWULEXWLRQV DUH VWURQJ� GHVSLWH KDYLQJ WKH VDPH

VROXELOLW\ SDUDPHWHU� XB>;E = �� 20;1/2 2<−3/2 >��@�

�QXPHULFDO YDOXH WKDW LQGLFDWHV WKH UHODWLYH VROYHQF\ EHKDYLRU RI D VSHFLILF VROYHQW

��
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)LJXUH ��� 5HODWLRQVKLS EHWZHHQ VZHOOLQJ UDWLR �( � �VKRZQ DV ;>6 ( � RI 3'06 LQ YDULRXV VROYHQWV DQG
WKH VROXELOLW\ SDUDPHWHU �X � IRU WKHVH VROYHQWV� 7KH VROYHQWV DUH QXPEHUHG LQ RUGHU RI GHFUHDVLQJ VZHOOLQJ
DELOLW\ �H�J�� � KDV WKH PRVW VZHOOLQJ DELOLW\ DQG �� KDV WKH OHDVW VZHOOLQJ DELOLW\�� 7KH GDVKHG OLQH LQGLFDWHV
WKH VROXELOLW\ SDUDPHWHU RI 3'06 �XB>;D = ��� 20;1/2 2<−3/2�� 5HWULHYHG IURP >��@�

300$� OLNH 3'06� LV D VROXWH ZLWK ZHDN SRODU FRQWULEXWLRQV >��@ ,WV VROYHQW FRPSDWLELOLW\ LV TXLWH

VLPLODU WR WKH ODWWHU� KDYLQJ VR WKH VDPH VHW RI VROYHQWV�

'HVSLWH ORZ VROXELOLW\� H[SRVXUH RI 3'06 LQ DFHWRQH IRU ORQJ LQWHUYDOV� VXFK DV WKH � KRXUV UHTXLUHG

WR UHPRYH WKH 300$ VXSSRUW ILOP� SURPRWHV UHYHUVLEOH GDPDJH� WR WKH ORZHU LQWHUIDFH DQG HGJHV RI WKH

VXEVWUDWH� 7KH ORZ GLVVROXWLRQ UDWH FDXVHV D VOLJKW VKULQNDJH RI WKH VXEVWUDWH� EUHDNLQJ WKH IUDJLOH DQG

WKLQ VNLQ OD\HU� 7KLV SKHQRPHQRQ FDXVHV FUDFNV DQG WHQVLOH VWUDLQV WKDW JHQHUDWH VXUIDFH LQVWDELOLWLHV�

JLYLQJ ULVH WR XQFRQWUROODEOH QDQRVWUXFWXUHV E\ WKH VDPH SURFHVV UHIHUUHG WR LQ VHFWLRQ ������ ZKLFK FRXOG

FRPSURPLVH WKH TXDOLW\ RI JUDSKHQH WUDQVIHUUHG DW WKH WRS RI WKH GHYLFH�

7R WHVW WKH UREXVWQHVV RI WKH DSSHDUDQFH RI VXUIDFH GLVRUGHUV RU ILVVXUHV GXH WR WKH WUDQVIHU SURFHGXUH�

WKUHH IODW VDPSOHV RI 3'06 WUHDWHG E\ R[\JHQ SODVPD XQGHU WKH FRQGLWLRQV PHQWLRQHG LQ ��� ZHUH VXEPLW�

WHG WR D SXUH DFHWRQH EDWK� DW LQWHUYDOV RI ��� ��� DQG �� PLQXWHV XQWLO WKH\ WRWDOHG � KRXUV� LQWHUVSHUVHG

E\ LVRSURS\O DOFRKRO �&�+�2� DQG GHLRQL]HG ZDWHU ULQVLQJ DQG GU\LQJ RI � KRXU WR LQYHVWLJDWH WKH HIIHFW RI

WKH WLPH RI FRQWLQXRXV H[SRVXUH RQ WKH 3'06 VXEVWUDWH�

�LW UHWXUQV WR WKH LQLWLDO VWDWH DIWHU ORQJ SHULRGV DW UHVW

��
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�D� �� PLQXWH LQWHUYDOV� ') �E� �� PLQXWH LQWHUYDOV� ') �F� �� PLQXWH LQWHUYDOV� %)

)LJXUH ��� �× REMHFWLYH LPDJHV RI IODW 3'06 WUHDWHG E\ R[\JHQ SODVPD DIWHU SXUH DFHWRQH EDWK ZLWK
GLIIHUHQW GXUDWLRQ� $OO LPDJHV WDNHQ DUH VKRZQ LQ DSSHQGL[ &���

$V VKRZQ LQ ILJXUH ���E�� DQG ILJXUH ���F�� WKH VKULQNDJH HIIHFW RI WKH VXEVWUDWH LV YLVLEOH IRU �� DQG ��

PLQXWHV LQWHUYDOV UHVSHFWLYHO\� %HVLGHV WKLV GHHS FUDFNV DQG XQFRQWUROOHG VXUIDFH LQVWDELOLWLHV DSSHDU DW

WKH PLFURVFRSLF VFDOH� )RU �� PLQXWHV LQWHUYDOV� WKH VXEVWUDWH UHPDLQHG VWDEOH� H[KLELWLQJ VKDOORZ FUDFNV

ZLWK WKH DEVHQFH RI XQFRQWUROOHG VXUIDFH LQVWDELOLWLHV�

)ROORZLQJ DUH LPDJHV IURP VDPSOHV PDQXIDFWXUHG E\ WKH SURFHVV PHQWLRQHG LQ VHFWLRQ ��� LQ VSRWV ZLWK

DQG ZLWKRXW WUDQVIHUUHG JUDSKHQH� 7KHVH VDPSOHV ZHUH RYHUH[SRVHG WR R[\JHQ SODVPD GXULQJ WKHLU PDQ�

XIDFWXUH� WKXV JLYLQJ KLJKHU Λ WR HDVH WKH DQDO\VLV XQGHU DQ RSWLFDO PLFURVFRSH� $OO WDNHQ LPDJHV DUH LQ

WKH DSSHQGL[ &���

�D� 6SRW ZLWKRXW WUDQVIHUUHG JUDSKHQH �E� 6SRW ZLWK WUDQVIHUUHG JUDSKHQH

)LJXUH ��� 7\SH �� VDPSOH IDEULFDWHG E\ WKH SURFHVV PHQWLRQHG LQ WKH VHFWLRQ ���� ZLWK �� PLQXWHV RI
R[\JHQ�SODVPD WUHDWPHQW�

$ KLJKHU QXPEHU RI FUDFNV LV QRWLFHDEOH LQ VSRWV ZLWK JUDSKHQH� PDLQWDLQLQJ FRQVLVWHQF\ LQ WHUPV RI

Λ DQG �� DIWHU FRPSDULQJ ILJXUHV ���D� DQG ���E��

��
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7KH 5DPDQ VSHFWUXP ZDV FROOHFWHG IURP IRXU GLIIHUHQW IODW VDPSOHV� JUDSKHQH RQ JODVV� JUDSKHQH

RQ XQWUHDWHG 3'06� JUDSKHQH RQ R[\JHQ SODVPD�WUHDWHG 3'06 ZLWKRXW UHVWLQJ WLPH�� DQG JUDSKHQH RQ

R[\JHQ SODVPD�WUHDWHG 3'06 ZLWK �� KRXUV RI UHVWLQJ WLPH WR YHULI\ WKH LPSDFW RI HDFK VXEVWUDWH W\SH RQ

WKH TXDOLW\ RI WKH WUDQVIHU� $OO UHVXOWV REWDLQHG DUH SUHVHQW LQ DSSHQGL[ &���

)LJXUH ��� 5DPDQ DQDO\VLV RI JUDSKHQH WUDQVIHUUHG RQWR GLIIHUHQW VXEVWUDWHV� WKH VXEVWUDWH LV JODVV
�6L2��� WKH VXEVWUDWH LV XQWUHDWHG 3'06� WKH VXEVWUDWH LV R[\JHQ SODVPD�WUHDWHG 3'06 ZLWK
QR UHVWLQJ WLPH DIWHUZDUGV� WKH VXEVWUDWH LV R[\JHQ SODVPD�WUHDWHG 3'06 ZLWK ��K UHVWLQJ WLPH�
7KH 5DPDQ VSHFWUXP ZDV FROOHFWHG RQ HDFK FRORUHG FURVV� 7KH LQWHJUDWLRQ WLPH XVHG ZDV � B� ZLWK ��
DFTXLVLWLRQV�

�WLPH LQWHUYDO FRXQWLQJ ULJKW DIWHU R[\JHQ SODVPD WUHDWPHQW

��
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*UDSKHQH ZDV VXFFHVVIXOO\ WUDQVIHUUHG RQWR DQ\ NLQG RI VXEVWUDWH IURP ILJXUH �� VLQFH LW GRHV QRW

VKRZ VWUXFWXUDO GDPDJH� DV HYHU\ 5DPDQ VSHFWUXP FROOHFWHG DW ]RQHV LGHQWLILHG DV JUDSKHQH H[KLELWV

ZHOO�GHILQHG * DQG �' SHDNV�

,Q DGGLWLRQ� D JUDSKLFDO DQDO\VLV RI * DQG �' 5DPDQ JUDSKHQH EDQGV ZDV SHUIRUPHG WR HYDOXDWH

JUDSKHQH TXDOLW\� 7KH UDWLR EHWZHHQ �' DQG * EDQG SHDNV� �2�/�� � DV ZHOO DV WKH * EDQG SHDN FHQWHU

ZDYHQXPEHU^� DUH WKH PDLQ FKDUDFWHUL]LQJ HOHPHQWV� 7KH ILUVW HOHPHQW VKRXOG EH HTXDO WR � IRU JUDSKHQH

PRQROD\HUV >��@� 7KH ODWWHU DSSUR[LPDWHV WKH QXPEHU RI JUDSKHQH OD\HUV WKURXJK WKH IROORZLQJ HTXDWLRQ

>��@�

^� = 1581.6 + 11

(1 + =1.6) �����

7DEOH �� *UDSKLFDO DQDO\VLV RI * DQG �' 5DPDQ EDQG SHDNV RI JUDSKHQH WUDQVIHUUHG RQWR GLIIHUHQW W\SHV
RI VXEVWUDWHV� � VXEVWUDWH LV JODVV �6L2��� � VXEVWUDWH LV XQWUHDWHG 3'06� � VXEVWUDWH LV R[\JHQ
SODVPD�WUHDWHG 3'06 ZLWK QR UHVWLQJ WLPH DIWHUZDUGV� � VXEVWUDWH LV R[\JHQ SODVPD�WUHDWHG 3'06 ZLWK
��K RI UHVWLQJ WLPH�

6XEVWUDWH �2�/�� ^� �2<−1� =� HT� �����

���� ������� �

���� ������� �

���� ������� �

���� ������� �

7DEOH � VKRZV WKH PHQWLRQHG YDOXHV QHDUO\ H[SHFWHG IRU D JUDSKHQH PRQROD\HU LQ DOO VXEVWUDWH W\SHV�

+RZHYHU� IRU 3'06 VXEVWUDWHV WUHDWHG HLWKHU ZLWK RU ZLWKRXW UHVWLQJ WLPH� KLJK �'0 VKDWWHULQJ LV

QRWLFHG GXH WR WKH SKHQRPHQRQ WULJJHUHG E\ WKH DFHWRQH GLVVROXWLRQ RI 3'06 GLVFXVVHG LQ VHFWLRQ ���

DQG E\ VXEVWUDWH XQVWUHWFKLQJ SURFHGXUH� 7KLV VNLQ OD\HU·V VKDWWHULQJ FDXVHV JUDSKHQH UXSWXUH� DV WKH

DEVHQFH RI W\SLFDO * DQG �' 5DPDQ EDQGV LV QRWLFHG LQ PHDVXUHPHQWV FDUULHG RXW RQ VSRWV ZLWKLQ FUDFNV�

DV VKRZQ LQ ILJXUH ��� $ VLPLODU HIIHFW LV REVHUYHG RQ XQWUHDWHG 3'06 VXEVWUDWHV� )XUWKHUPRUH� WKH VNLQ

OD\HU FKHPLFDO VWUXFWXUH GLVFXVVHG LQ VHFWLRQ ����� GRHV QRW VHHP WR LQIOXHQFH JUDSKHQH·V TXDOLW\� DV QR

GLIIHUHQFH LV QRWLFHG LQ 5DPDQ VSHFWUD PHDVXUHG EHWZHHQ VXEVWUDWHV DQG �

��
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�D� 5DPDQ·V VSHFWUXP FROOHFWHG VSRWV �FRORUHG FURVVHV��

�E� &ROOHFWHG 5DPDQ·V VSHFWUD� ,QWHJUDWLRQ WLPH RI �B� �� DFTXLVLWLRQV�

)LJXUH ��� 5DPDQ DQDO\VLV RI JUDSKHQH WUDQVIHUUHG RQWR R[\JHQ SODVPD�WUHDWHG 3'06 ZLWK QR UHVWLQJ
WLPH DIWHUZDUGV� 5HG� EOXH� DQG SLQN FURVVHV DUH FROOHFWHG VSHFWUD RQ VSRWV RII�FUDFNV� *UHHQ DQG VN\
EOXH FURVVHV DUH FROOHFWHG VSHFWUD RQ FUDFNV� &UDFNV DUH ≈ � `< ZLGH�

2QH EDWFK RI VDPSOHV PDQXIDFWXUHG E\ WKH PHWKRG GHVFULEHG LQ ��� ZDV PHDVXUHG DW $)0 WR XQGHU�

VWDQG WKH VWDWH RI WKH QDQRZULQNOHV· SHULRGLF IHDWXUHV FRQFHUQLQJ WKHLU DPSOLWXGH DQG SHULRGLFLW\ RQ VSRWV

ZLWK DQG ZLWKRXW JUDSKHQH� $OO REWDLQHG UHVXOWV DUH SUHVHQW LQ DSSHQGL[ &���

)LJXUH ��� $)0�PHDVXUHG �' UHSUHVHQWDWLRQ RI D W\SH �� VDPSOH ZLWK WUDQVIHUUHG JUDSKHQH�

��
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�D� 7\SH �� VDPSOH �E� 7\SH �� VDPSOH �F� 7\SH �� VDPSOH

)LJXUH ��� $)0�PHDVXUHG SORWV RI VDPSOHV ZLWK WUDQVIHUUHG JUDSKHQH�

)LJXUH �� VKRZV WKDW FRQVLVWHQF\ LQ Λ UHPDLQV LQ ]RQHV ZLWK WUDQVIHUUHG JUDSKHQH� 0RUHRYHU� D GH�

FUHDVH LQ� LV QRWLFHG ZKHQ FRPSDUHG WR VDPSOHV ZLWKRXW WUDQVIHUUHG JUDSKHQH �ILJXUH ���� 7KLV GHFUHDVH

LV GXH WR SRO\PHULF UHVLGXHV IURP WKH 300$ HWFKLQJ VWHS DQG ODFN RI DGKHVLRQ IURP JUDSKHQH RQWR WKH

VNLQ OD\HU VXUIDFH�

�D� 7\SH �� VDPSOH �E� 7\SH �� VDPSOH

�F� 7\SH �� VDPSOH

)LJXUH ��� &URVV�VHFWLRQ SURILOH RYHU SORWV IURP ILJXUH ���

)LJXUH �� VKRZV WKH FURVV�VHFWLRQ SURILOH PHDVXUHG RQ W\SH �� ����D��� W\SH �� ����E��� DQG W\SH ��

VDPSOHV ����F��� VKRZLQJ VXFFHVVIXOO\ ILWWHG VLQXVRLGDO UHJUHVVLRQV ZLWK '2 �HTXDWLRQ �%���� RI �������

������� DQG ������ UHVSHFWLYHO\� 3URILOH OLQHV XVHG ZHUH � SL[HO ZLGH� 7KHVH YDOXHV VKRZ WKH LQFUHDVHG

GLIILFXOW\ LQ FRUUXJDWLQJ JUDSKHQH ZLWK D JRRG VLQXVRLGDO WUDFH� DIWHU FRPSDULQJ ZLWK WKH UHVXOWV REWDLQHG

LQ VHFWLRQ ��� LQ WKH VDPH W\SH RI DQDO\VLV�

��
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7DEOH �� &RPSDULVRQ EHWZHHQ PHDVXUHG Λ RI VDPSOHV ZLWK JUDSKHQH DW $)0 DQG REWDLQHG PLFURVFRSH
LQVSHFWLRQ�EDVHG DYHUDJH Λ�

6DPSOH Λ DW $)0 0LF� EDVHG Λ 5HODWLYH HUURU XG
5%� W\SH �� ������ ������� �����

5%� W\SH �� ������ ������ �����

5%� W\SH �� ������ ������ �����

$V VKRZQ LQ WDEOH �� YDOXHV REWDLQHG E\ VWDWLVWLFDO DQDO\VLV IRU WKH PHDVXUHG EDWFK VWLOO KDYH UHODWLYH

HUURUV EHORZ ��� UHJDUGLQJ WKH RQHV PHDVXUHG DW $)0� 5% LV DQ DUELWUDU\ ODEHO� QRW VDPSOH SURSHUWLHV�

UHODWHG UHIHUULQJ WR EDWFKHV IDEULFDWHG E\ WKH PHWKRG PHQWLRQHG LQ ��� DQG WKH QXPEHU RI LWV IDEULFDWLRQ�

$ W\SH �� VDPSOH IDEULFDWHG E\ WKH PHWKRG PHQWLRQHG LQ ��� ZDV PHDVXUHG LQ WKH VSHFWURJUDSK SDWK RI

WKH )RXULHU VHWXS �VHH VHFWLRQ ������� KHQFH E\ DQJXODU UHIOHFWLRQ VSHFWURSKRWRPHWU\�

)LJXUH ��� $QJXODU UHIOHFWDQFH SORW RI D W\SH � � VDPSOH� Λ  ������ =<� 5HIOHFWDQFH FRORU PDS �IURP
EOXH WR \HOORZ� DV D IXQFWLRQ RI DQJOH RI UHIOHFWLRQ DQG _� 7KH EODFN� UHG� DQG JUHHQ VROLG OLQHV FRUUHVSRQG
WR WKH DUUDQJHG GLIIUDFWLRQ RUGHUV< = �� < = �� DQG< = � UHVSHFWLYHO\� SORWWHG XVLQJ HTXDWLRQ ������
7KH GDVKHG OLQHV PDWFK WKH UHHQWU\ RI OLJKW�

$IWHU VDWXUDWLQJ WKH UHIOHFWDQFH FRORU PDS� IURP ILJXUH ��� WKH ERUGHUV EHWZHHQ GLSV LQ WKH UHIOHFWDQFH

VKRZ WKH SUHVHQFH RI WKH ILUVW �EODFN�� VHFRQG �UHG�� DQG WKLUG �JUHHQ� RUGHUV RI GLIIUDFWLRQ RI WKH JUDWLQJ�

7KH EURDG LQWHQVLW\ EDQG LQ UHIOHFWDQFH FHQWHUHG DW QRUPDO UHIOHFWLRQ �\3  ��� LV GXH WR WKH VDWXUDWLRQ RI

WKH FRORU PDS EXW DOVR WR WKH EDFN UHIOHFWDQFH LQKHUHQW WR WKH XVHG OHQV ���×�� 7KHUHIRUH� WKLV FRXOG QRW
�DFKLHYHG E\ UHGXFLQJ WKH PD[LPXP YDOXH RQ WKH FRORU VFDOH WR YHU\ ORZ YDOXHV

��
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KDYH EHHQ UHPRYHG� )XUWKHUPRUH� LW ZDV VKRZQ WKH SRVVLELOLW\ RI REWDLQLQJ ZULQNOHG VXUIDFHV ZLWK RSWLFDO

JUDGH TXDOLW\ HYHQ DIWHU LQWHJUDWLQJ JUDSKHQH E\ D ZHW WUDQVIHU PHWKRG�

��



2SWRHOHFWURQLF :ULQNOHG *UDSKHQH

'HYLFH SUHSDUDWLRQ IRU HOHFWULF FXUUHQW LQGXFWLRQ DQG RSWRHOHFWURQLF WXQLQJ DFFRUGLQJ WR

QDQRVWUXFWXUH·V IHDWXUHV�

)LQDOO\� HOHFWULFDO FRQWDFWV DUH DGGHG WR WKH V\VWHP� 7KLV FKDSWHU FKDUDFWHUL]HV WKH GHYLFH GHYHORSHG

LQ WKH SUHYLRXV LQ WHUPV RI LWV RSWRHOHFWURQLF SURSHUWLHV� DV VXJJHVWHG LQ VHFWLRQ ������ )LUVW� WKH KXUGOHV WR

REWDLQ FRQGXFWLYLW\ RYHU ODUJH�DUHD JUDSKHQH RQ ZULQNOHG 3'06 WUHDWHG E\ R[\JHQ SODVPD DUH GHVFULEHG�

7KHQ� SRVVLEOH VROXWLRQV ZLOO EH LGHQWLILHG� SUHVHQWLQJ VXFFHVVIXO UHVXOWV RI FRQGXFWDQFH RQ WKH V\VWHP�

7KH LQWHJUDWLRQ RI HOHFWULFDO FRQWDFWV LV FUXFLDO LQ WKH ILQDO GHYLFH·V GHYHORSPHQW� DOORZLQJ WKH IORZ RI FXUUHQW

WR WKH GHYLFH IURP D SRZHU VXSSO\ RU EDWWHU\� DQ LPSRUWDQW VWHS LQ DQ\ SURFHVV RI HOHFWURQLF DQDO\VLV RI

V\VWHPV� 7KH HOHFWURQLF SHUIRUPDQFH RI JUDSKHQH ZLOO LQIOXHQFH WKH UHVXOW RI WKH PHDVXUHPHQWV PDGH LQ

WKLV FKDSWHU� :LWK WKLV� LW LV LPSRUWDQW WR WDNH LQWR DFFRXQW WKH HIIHFW RI QDQRVWUXFWXULQJ RQ WKLV PDWHULDO�

3DUWLFXODUO\� ZULQNOHG PRQROD\HUV DUH NQRZQ WR FDXVH DQ LQFUHDVH LQ JUDSKHQH FRQGXFWLYLW\ >��@�

7KH ILUVW DWWHPSW DW LPSOHPHQWLQJ HOHFWULFDO FRQWDFWV ZDV XVLQJ FRQGXFWLYH VLOYHU LQN� 7KLV WHFKQLTXH

DOORZV WKH FUHDWLRQ RI FRQWDFW ]RQHV IRU HOHFWULFDO SUREHV ZLWK JUDSKHQH ZLWKRXW PHFKDQLFDO GDPDJH�

1HYHUWKHOHVV� WKH GLVWDQFH EHWZHHQ FRQWDFWV KDV D UHVROXWLRQ OLPLW WKDW GRHVQ·W JR ORZHU WKDQ WKH RUGHU RI

PDJQLWXGH RI RQH PLOOLPHWHU� GHSHQGLQJ RQ WKH XVHU� VLQFH LW LV D PDQXDO SURFHGXUH�

56 352� &RQGXFWLYH 6LOYHU ,QN ZDV XVHG� &RQGXFWLYH LQN ZDV JUDGXDOO\ GHSRVLWHG� XVLQJ D YROXPHWULF

SLSHWWH� DW D YROXPH RI �� `! DW HDFK SLSHWWLQJ� 7KH OD\RXW RI WKH GHSRVLW LV SUHVHQWHG LQ ILJXUH ��� 7KH

VDPSOH ZDV WKHQ OHIW WR GU\ RXW DW URRP WHPSHUDWXUH IRU �� KRXUV� DYRLGLQJ WKH XVH RI RYHQV DW KLJK

WHPSHUDWXUHV� 7KH ORZ WKHUPDO FRQGXFWLYLW\ RI 3'06 SUHYHQWV WKH UDSLG GLVVLSDWLRQ RI KHDW� FUHDWLQJ D

KLJK WKHUPDO JUDGLHQW� ZKLFK OHDGV WR IDVWHU GU\LQJ RI WKH VLOYHU SDLQW DW LWV HQGV� FDXVLQJ LWV VHSDUDWLRQ

��
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IURP JUDSKHQH� +RZHYHU� ZKHQ XVLQJ KLJKHU WKHUPDO FRQGXFWLYLW\ VXEVWUDWHV VXFK DV JODVV �6L2�� WKH

VDPH GRHV QRW KDSSHQ� DQG RYHQV FDQ VSHHG XS WKH SURFHVV� $SSHQGL[ $�� VKRZV LPDJHV RI WKH PHWKRG

DQG VRPH UHVXOWV LQ VDPSOHV PDQXIDFWXUHG E\ WKH SURFHVV GHVFULEHG LQ VHFWLRQ ����

)LJXUH ��� &RQGXFWLYH VLOYHU LQN FRQWDFWV LPSOHPHQWDWLRQ DQG FRQ�
GXFWDQFH WHVW VFKHPDWLF

)LJXUH ��� &RQGXFWLYH VLOYHU
LQN FRQWDFWV LPSOHPHQWDWLRQ RQ
JUDSKHQH RQ JODVV�

)ODW VDPSOHV RI GLIIHUHQW VXEVWUDWHV ZHUH WHVWHG WR YHULI\ WKHLU LQIOXHQFH RQ WUDQVIHUUHG JUDSKHQH TXDOLW\�

7DEOH � VKRZV WKH LQIOXHQFH RI WKH DSSHDUDQFH RI FUDFNV LQ WKH VXEVWUDWH RQ JUDSKHQH FRQGXFWDQFH� 7KH

FRQVHTXHQW EUHDNDJH RI WKH WUDQVIHUUHG JUDSKHQH� DV VKRZQ LQ ILJXUH ��� SUHYHQWV HOHFWULF FXUUHQW IURP

IORZLQJ� ZKLFK LV QRWLFHG LQ WKH LQILQLWH UHVLVWDQFH PHDVXUHG E\ WKH LPSOHPHQWDWLRQ RI HOHFWULFDO FRQWDFWV

LQ ILJXUH ��� ,Q FRQFOXVLRQ� WKH JUDSKHQH UXSWXUH PDNHV PDFURVFRSLF�VFDOH FRQWDFWV LPSUDFWLFDEOH� DV LW

LV QHFHVVDU\ WR LPSOHPHQW WKHP LQ D PRUH ORFDOL]HG ZD\�

7DEOH �� 7DEOH RI JUDSKHQH FRQGXFWLRQ WHVW UHVXOWV RQ IODW VXEVWUDWHV� 7KH H[SHULPHQW VFKHPDWLF LV VKRZQ
LQ ILJXUH ���

6XEVWUDWH 7\SH &UDFNV $SSHDUDQFH '6A0?ℎ4=4

*ODVV �6L2�� ✗ ∼ � :Ω

8QWUHDWHG 3'06 ✓ ³

7UHDWHG 3'06 �QR GHOD\� ✓ ³

7UHDWHG 3'06 ���K GHOD\� ✓ ³

6LQFH FRQGXFWLYH VLOYHU LQN GLG QRW GHOLYHU WKH QHHGHG SHUIRUPDQFH� PRUH DFFXUDWH PHWKRGRORJLHV IRU

LPSOHPHQWLQJ FRQWDFWV ZHUH FKDVHG� )ROORZLQJ ZDV WKH LPSOHPHQWDWLRQ RI JROG FRQWDFWV WKURXJK D VSXW�

WHULQJ FKDPEHU� XVLQJ D /$6(5�LQVFULEHG SRO\�HWK\OHQH� WHUHSKWKDODWH VKDGRZ PDVN ZLWK WKH OD\RXW VKRZQ

LQ ILJXUH ���

��
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*ROG LV D PHWDO ZLWK ZHDN LQWHUDFWLRQV ZLWK QRQ�PHWDOOLF VXUIDFHV >��@� 7KH LQVHUWLRQ RI HOHFWULF QHHGOHV

LQ VLPSOH FRQWDFWV RI SXUH JROG ZRXOG FDXVH GHWDFKPHQW DQG JUDSKHQH·V PHFKDQLFDO GDPDJH� ,Q VSXWWHULQJ

DSSOLFDWLRQV� LW LV FRPPRQ WR JURZ DQ DGGLWLRQDO WKLQ DGKHVLRQ OD\HU PDGH RI D UREXVW JROG�ERQGLQJ PHWDO DW

WKH LQWHUIDFH EHWZHHQ WKHVH PDWHULDOV� VXFK DV SDOODGLXP �3G�� FRSSHU �&X�� QLFNHO �1L�� RU FKURPLXP �&U��

7KH DGKHVLRQ OD\HU VWUHQJWKHQV HOHFWURQLF ERQGV EHWZHHQ WKH VXEVWUDWH DQG WKH FRQWDFWV >��@� &RSSHU �&X�

DQG QLFNHO �1L�� DOVR XVHG DV QDWLYH VXEVWUDWH PHWDOV IRU JUDSKHQH JURZWK SURFHVVHV� DUH LGHDO FDQGLGDWHV

IRU WKLV HQG >��@�

7ZR PDVNV RI GLIIHUHQW FRQWDFW GLVWDQFHV ZHUH IL[DWHG RQWR HDFK VDPSOH� VSXWWHULQJ D � =<�WKLFN

FRSSHU DGKHVLRQ OD\HU IROORZHG E\ D �� =<�WKLFN WKLQ ILOP RI JROG� 6LQFH WKH SRVLWLRQ RI WKH FUDFNV LV

UDQGRP DQG PRVWO\ ZLWK RULHQWDWLRQ SHUSHQGLFXODU WR WKH ZULQNOHV· RULHQWDWLRQ DQG GLVWDQFHG E\ YDOXHV LQ

WKH RUGHU RI RQH PLFURPHWHU� WKLV PHWKRG FRQVLVWV LQ LPSOHPHQWLQJ FRQWDFW GLVWDQFH ZLWK HTXDO RU OHVVHU

UHVROXWLRQ OLPLW� DOORZLQJ FXUUHQW WR IORZ LQ FRQWLQXRXV DUHDV RI JUDSKHQH LQ WKH VDPSOHV� 7KH FRQWDFW

GLVWDQFHV LQ ILJXUH �� ZHUH FKRVHQ DFFRUGLQJ WR PHDVXUHG DUHDV LQ LPDJHV VKRZQ LQ FKDSWHU ��

)LJXUH ��� /$6(5�LQVFULEHG SRO\�HWK\OHQH� WHUHSKWKD�
ODWH VKDGRZ PDVN OD\RXW�

)LJXUH ��� 6DPSOHV ZLWK D VKDGRZ PDVN�
WDSSHG WR D VLOLFRQ ZDIHU ULJKW DIWHU VSXW�
WHULQJ�

7ZR VDPSOHV PDQXIDFWXUHG E\ WKH PHWKRG PHQWLRQHG LQ VHFWLRQ ��� ZHUH DQDO\]HG XQGHU DQ RSWLFDO

PLFURVFRSH WR FKHFN LI FRQWLQXRXV DUHDV ZHUH REWDLQHG EHWZHHQ GHSRVLWHG FRQWDFWV� 7KHVH VDPSOHV ZHUH

RYHUH[SRVHG WR R[\JHQ SODVPD GXULQJ PDQXIDFWXUH� WKXV JLYLQJ KLJKHU Λ WR HDVH WKH DQDO\VLV XQGHU WKH

RSWLFDO PLFURVFRSH� $GGLWLRQDO LPDJHV IURP WKHVH VDPSOHV IROORZ LQ DSSHQGL[ &���

)LJXUH ��� ��× REMHFWLYH LPDJH RI VDPSOH IDEULFDWHG
E\ WKH PHWKRG PHQWLRQHG LQ VHFWLRQ ��� ZLWK FRQWDFW
GLVWDQFH RI �<<� 7KH EULJKW ]RQH LV D FRUQHU RI RQH
VSXWWHUHG JROG FRQWDFW� 7KH FRRUGLQDWH V\VWHP LV WKH
VDPH DV ILJXUH ���

��
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)LJXUH �� VKRZV WKDW IRU GLVWDQFHV EHWZHHQ FRQWDFWV RI �<<� JUDSKHQH FRQWLQXLW\ EHWZHHQ FRQWDFWV

LV QRW DFKLHYDEOH� $V PHQWLRQHG LQ VHFWLRQ ���� FUDFNV DSSHDU PRVWO\ ZLWK SHUSHQGLFXODU RULHQWDWLRQ WR

WKH VWUHWFKLQJ GLUHFWLRQ� DQG WKH FRQWLQXRXV JUDSKHQH DUHDV PHUJH EHIRUH UHDFKLQJ WKH VHFRQG FRQWDFW

DQ\ZKHUH� )XUWKHUPRUH� WKH VSXWWHUHG OD\HUV� VSHFLILFDOO\ WKH FRSSHU DGKHVLRQ OD\HU� DQG WKH JROG OD\HU�

DUH QRWLFHDEOH WKURXJK D VOLJKW JUDGLHQW DW WKH HGJHV RI WKH HOHFWULFDO FRQWDFW� 7KLV HIIHFW LV GXH WR WKH

JUHDWHU GLIIXVLRQ RI FRSSHU UHODWLYH WR JROG DV D VSXWWHUHG PDWHULDO�

�D� ��× REMHFWLYH �E� ��× REMHFWLYH

)LJXUH ��� ,PDJHV RI D VDPSOH IDEULFDWHG E\ WKH PHWKRG PHQWLRQHG LQ VHFWLRQ ��� ZLWK FRQWDFW GLVWDQFH
RI ��� `< LQ WKH VWUHWFKLQJ GLUHFWLRQ� %ULJKW ]RQHV DUH VSXWWHUHG JROG FRQWDFWV� *UHHQ� UHG� DQG \HOORZ
KLJKOLJKWHG ]RQHV DUH FRQWLQXRXV JUDSKHQH DUHDV IURP RQH FRQWDFW WR DQRWKHU �EOXH ]RQHV�� 7KH FRRUGLQDWH
V\VWHP LV WKH VDPH IURP ILJXUH ���

,Q FRQWDFW GLVWDQFHV RI ��� `< FRQWLQXRXV DUHDV EHWZHHQ FRQWDFWV ZHUH REWDLQHG� DV VKRZQ LQ ILJXUH

��� (YHQ VR� GHVSLWH EHLQJ FRQGXFWLYH DQG IUHTXHQW WKURXJKRXW WKH VDPSOH� WKHVH DUHDV GR QRW KDYH WKH

QHFHVVDU\ VKDSH DQG VL]H WR IRUP D JUDSKHQH VTXDUH� WKHUHIRUH PDLQWDLQLQJ WKH UHVLVWDQFH YDOXHPHQWLRQHG

LQ VHFWLRQ �������� )XUWKHUPRUH� FRQWLQXRXV JUDSKHQH DUHDV ORQJHU WKDQ D IHZ WHQV RI PLFURPHWHUV EHWZHHQ

HOHFWULFDO FRQWDFWV RQO\ DSSHDU LQ WKH VXEVWUDWH·V VWUHWFKLQJ GLUHFWLRQ� VLQFH FUDFNV DSSHDU VLPLODUO\� ,Q

ILJXUH �� LW LV QRWLFHG WKH DEVHQFH RI WKHVH DUHDV IURP RQH FRQWDFW WR DQRWKHU�

)LJXUH ��� ��× REMHFWLYH LPDJH RI D VDPSOH IDEUL�
FDWHG E\ WKH PHWKRG PHQWLRQHG LQ VHFWLRQ ��� ZLWK
FRQWDFW GLVWDQFH RI ��� `< SHUSHQGLFXODU WR WKH
VWUHWFKLQJ GLUHFWLRQ� %ULJKW ]RQHV DUH VSXWWHUHG JROG
FRQWDFWV� $UURZ UHSUHVHQWV WKH GLVWDQFH EHWZHHQ
JROG�VSXWWHUHG FRQWDFWV� 7KH FRRUGLQDWH V\VWHP LV
WKH VDPH DV ILJXUH ���

,Q EHWZHHQ XQLIRUP DUHDV� WKH GHYLFH VKRXOG EHKDYH DV H[SHFWHG� DQG WKHUHIRUH ZLWK FRQWDFWV ZLWK WKH

ULJKW RULHQWDWLRQ RSWRHOHFWURQLF SURSHUWLHV FRXOG EH SURSHUO\ LQVSHFWHG�

��
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7KH EHVW ZD\ WR FRQILUP WKH SURSHU IXQFWLRQLQJ RI WKH ILQDO GHYLFH LV WR WHVW WKH GLUHFW FXUUHQW �'&� FRQ�

GXFWLYLW\ RI WKH �'0 EHWZHHQ LPSOHPHQWHG FRQWDFWV� )RU WKH GHYLFH WR EH HIILFLHQW DQG VWDEOH� LWV LQWULQVLF

SURSHUWLHV PXVW UHPDLQ FRQVWDQW� LQGHSHQGHQWO\ IURP WKH IORZLQJ FXUUHQW� 2KP·V ODZ VKRZV WKDW WKH UH�

VLVWDQFH ' LV H[FOXVLYHO\ GHSHQGHQW RQ SK\VLFDO SURSHUWLHV DVVRFLDWHG ZLWK WKH GHYLFH� VXFK WKDW WKHUH LV D

GLUHFW GHSHQGHQFH GHILQHG E\ WKLV TXDQWLW\ EHWZHHQ WKH DSSOLHG YROWDJH+ DQG WKH LQMHFWHG FXUUHQW � >��@�

' =

+

�
�����

7KLV H[SHULPHQW VHDUFKHV IRU OLQHDU YDULDWLRQV RI WKH LQGXFHG FXUUHQW DV D IXQFWLRQ RI WKH DSSOLHG YROWDJH

DQG GHILQHV WKH YDOXH RI JUDSKHQH·V UHVLVWDQFH ' EHWZHHQ FRQWDFWV WKURXJK HTXDWLRQ ������

)LJXUH ��� (OHFWULFDO QHHGOH SUREHV IRU �'0V VHWXS
VFKHPDWLF� 7KH FRRUGLQDWH V\VWHP LV WKH VDPH DV ILJXUH
��� 6NLQ OD\HU FUDFNV SUHYHQWLQJ JUDSKHQH SHUIRUPDQFH
DUH H[SHFWHG DORQJ WKH ~�GLUHFWLRQ�

)LJXUH ��� 3LFWXUH RI WKH HOHFWULFDO QHH�
GOH SUREHV VHWXS� UHSUHVHQWHG E\ WKH
VFKHPDWLF RI ILJXUH ���

)LJXUH �� VKRZV WKH VFKHPDWLF RI WKH H[SHULPHQW� ZKHUH D YROWDJH LV DSSOLHG EHWZHHQ WZR WHUPLQDOV

WKURXJK PHWDOOLF QHHGOHV WKDW JHQWO\ WRXFK WKH JROG VXUIDFH RI HDFK HOHFWULFDO FRQWDFW� 7KH YROWDJH ZDV

V\PPHWULFDOO\ VZHSW WR WHVW ERWK GLUHFWLRQV RI FRQGXFWLRQ� PHDVXULQJ WKH FXUUHQW IORZLQJ IURP RQH FRQWDFW

WR DQRWKHU�

��
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)LJXUH ��� &XUUHQW²YROWDJH FKDUDFWHULVWLFV RI D VDPSOH IDEULFDWHG E\ WKH PHWKRG PHQWLRQHG LQ ��� RQ HDFK
SDLU RI FRQWDFWV QXPEHUHG� DFFRUGLQJ WR ILJXUH ���

$V VKRZQ LQ ILJXUH ��� WKH FKDUDFWHULVWLF FXUYHV EHWZHHQ VLGH�E\�VLGH FRQWDFWV LQ WKH VXEVWUDWH VWUHWFK�

LQJ GLUHFWLRQ ���� DQG ���� KDYH SHUIHFW OLQHDULW\� DV '2  � �HTXDWLRQ �%����� %HWZHHQ FRQWDFWV � DQG ��

' = � :Ω ZDV FDOFXODWHG� DQ RUGHU RI PDJQLWXGH DERYH WKH YDOXH PHQWLRQHG LQ �������� %HWZHHQ FRQWDFWV

� DQG �� ' = �� :Ω� WZR RUGHUV RI PDJQLWXGH DERYH WKLV YDOXH� 7KHVH GHYLDWLRQV GHSHQG RQ WKH VWDWH RI

WKH PHDVXUHG JUDSKHQH PRQROD\HU� ,Q WKLV FDVH� KLJKHU JUDSKHQH VKDWWHULQJ UDLVHV WKH PHDVXUHG YDOXH�

DV OHVV DUHD WKURXJK ZKLFK WKH HOHFWURQV FDQ FLUFXODWH LV DYDLODEOH� 7KH FXUUHQW IORZLQJ EHWZHHQ YHUWLFDOO\

RULHQWHG FRQWDFWV ���� DQG ���� UHPDLQHG UHVLGXDO IRU DQ\ DSSOLHG YROWDJH GXH WR WKH ODFN RI FRQQHFWLRQ

EHWZHHQ FRQWDFWV ZLWK FRQWLQXRXV JUDSKHQH DUHDV� DV H[SODLQHG E\ WKH SKHQRPHQRQ UHSRUWHG LQ ILJXUH

���

��



*HQHUDO &RQFOXVLRQV

$UWLILFLDOO\ V\QWKHVL]HG �'0V DUH RQH RI WKH EXLOGLQJ EORFNV RI IXWXUH RSWRHOHFWURQLF GHYLFHV GXH WR WKHLU

XQLTXH RSWLFDO� HOHFWURQLF� DQG PHFKDQLFDO SURSHUWLHV� 3OXV� WKH\ FDQ EH LQWURGXFHG LQ GHYLFHV ZLWKRXW

DIIHFWLQJ WKHLU ILQDO IRRWSULQW� 2Q WKH RWKHU KDQG� QDWXUH VKRZV QXPHURXV IRUPV DQG W\SHV RI PHFKDQLVPV

IRU REWDLQLQJ DQG FRQYHUWLQJ HQHUJ\ ZLWK KLJK HIILFLHQF\� ,Q WKH UHVHDUFK DQG GHYHORSPHQW RI QRYHO RSWR�

HOHFWURQLF GHYLFHV� RQH SURPLVLQJ VWUDWHJ\ LV WR IRFXV RQ ELRLQVSLUHG SKHQRPHQD� L�H�� XVLQJ QDWXUH DV D

EOXHSULQW WR REWDLQ KLJKHU HIILFLHQF\ GHYLFHV ZLWK TXLFN DQG VLPSOH PDQXIDFWXULQJ SURFHVVHV�

,Q WKLV SURMHFW� D OLWHUDWXUH UHYLHZ ZDV FDUULHG RXW WR XQGHUVWDQG KRZ LW ZRXOG EH SRVVLEOH WR XVH

�'0V DV SUHFXUVRUV RI WKH LQFUHDVH LQ HIILFLHQF\ RI FRQYHQWLRQDO RSWRHOHFWURQLF GHYLFHV DQG ZKDW UROH KDG

LQVSLUDWLRQ LQ ELRORJLFDO SURFHVVHV LQ WKH PDQXIDFWXUH RI QDQRVWUXFWXUHV WKDW ZRXOG VXSSRUW WKLV PDWHULDO�

,Q WKLV FDVH� WKH UHSURGXFWLRQ RI QDQRZULQNOHV ELRLQVSLUHG LQ OHDYHV RI WKH JHQXV 'LSOD]LXP� RU LQ HSLGHUPDO

FHOOV· ZDOOV RI DQJLRVSHUPV ZDV VWXGLHG� ZKRVH RSWLFDO PRGH UHSOLFDWHV GHYLFHV EDVHG RQ PLFURFDYLWLHV WR

LPSURYH OLJKW�PDWWHU LQWHUDFWLRQV RI DQ DGMDFHQW �'0� VSHFLILFDOO\ JUDSKHQH�

7KH XVH RI 3'06 WUHDWHG E\ R[\JHQ SODVPD SURYHG WR EH D VLPSOH DQG VSHHG\ VWUDWHJ\ LQ WKH IDEULFDWLRQ

RI VXUIDFH FRUUXJDWLRQV ZLWK VLQXVRLGDO JHRPHWU\� FDSDEOH RI UHSURGXFLQJ WKH RSWLFDO PRGH RI D GLIIUDFWLRQ

JUDWLQJ ZLWK WKH VDPH GHVLJQ� 7KLV VWUDWHJ\ SURYLGHG DQ DFFHSWDEOH UHSURGXFLELOLW\� HYLGHQFHG E\ WKH

UHODWLYH VWDQGDUG GHYLDWLRQ %f RI ������ ������ DQG ����� LQ WKH WKUHH W\SHV RI PDQXIDFWXUHG VDPSOHV

UHVSHFWLYHO\� 7KH DSSHDUDQFH RI FUDFNV LQ WKH VNLQ OD\HU ZDV D SKHQRPHQRQ GLIILFXOW WR FRQWURO DIWHU WKH

FKRVHQ PDWHULDO�

7KH XVH RI JUDSKHQH SURYHG WR EH WKH EHVW DOWHUQDWLYH GXH WR WKH EHWWHU�HVWDEOLVKHG V\QWKHVLV SURFHVV

UHODWLYH WR WKH PRVW VWXGLHG 70'&PV� ,WV ORZ DEVRUSWLRQ LQ WKH 9,6�1,5 VSHFWUXP ZDV DQRWKHU UHDVRQ IRU

LWV SUHIHUHQFH RYHU DOWHUQDWLYHV� 7KH WUDQVIHU PHWKRG SHUIRUPHG RQ WKH WDUJHW VXEVWUDWH VKRZHG JRRG UH�

SURGXFLELOLW\ DQG UHOLDELOLW\ VLQFH WKH JUDWLQJ·V SHULRGLFLW\ LQ DUHDV ZLWK WUDQVIHUUHG JUDSKHQH PDWFKHG WKRVH

LQGLFDWHG IRU QDQRZULQNOHV ZLWKRXW JUDSKHQH� )XUWKHUPRUH� 5DPDQ VSHFWUDO DQDO\VLV LQ DUHDV ZLWK WUDQV�

IHUUHG JUDSKHQH VKRZHG * DQG �' EDQGV FRQVRQDQW ZLWK PRQROD\HUV LQ JRRG FRQGLWLRQ� ,Q DOO VDPSOHV�

FUDFNV LQ WKH VNLQ OD\HU FDXVHG WKH UXSWXUH RI WUDQVIHUUHG JUDSKHQH�

7KLV UXSWXUH LQKLELWHG HOHFWULFDO FRQGXFWLRQ RQ D PDFURVFRSLF VFDOH� 2Q WKH RWKHU KDQG� FUDFNV FUHDWHG

FRQWLQXRXV ]RQHV LQ WUDQVIHUUHG JUDSKHQH� 7KH LPSOHPHQWDWLRQ RI VSXWWHUHG JROG FRQWDFWV ZLWK D GLVWDQFH

��
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EHWZHHQ HDFK RWKHU RI ��� `< DOORZHG WKH IORZ RI HOHFWULFDO FXUUHQW� DV WKHVH FRQWLQXRXV ]RQHV� QRW WKLFNHU

WKDQ ��� `<� FRQQHFWHG VLGH�E\�VLGH FRQWDFWV ZLWKLQ WKH VXEVWUDWH VWUHWFKLQJ GLUHFWLRQ� 7KH UHVLVWDQFH

PHDVXUHG LQ FRQWDFWV EHWZHHQ FRQGXFWLYH ]RQHV RI JUDSKHQH VKRZHG YDOXHV ' ∼ 10
1 ² 10

2 :Ω� 7KHVH

UHVXOWV DUH LQ OLQH ZLWK WKH YDOXH UHSRUWHG LQ ��������

7KH IXWXUH RI WKLV SURMHFW LQYROYHV GHPRQVWUDWLQJ RSWRHOHFWURQLF SURSHUWLHV RI WKH ILQDO GHYLFH� 3KRWRFXU�

UHQW JHQHUDWLRQ FRLQFLGHQW ZLWK WKH RSWLFDO PRGH RI WKH GHYLFH FRXOG EH DQDO\]HG E\ HOHFWURQLF JDWLQJ RU

WKURXJK ORFDO GRSLQJ� $QRWKHU LPSRUWDQW VWHS LV WR PD[LPL]H WKLV SKHQRPHQRQ IRU D NQRZQ LQFLGHQW OLJKW

ZDYHOHQJWK� 7KH GHYLFH PDQXIDFWXULQJ PHWKRGRORJ\ DQG WKH FRQWDFW LPSOHPHQWDWLRQ SURFHVV FRXOG EH

WZHDNHG WR DFKLHYH WKLV ZLWK KLJKHU SUHFLVLRQ�

5HJDUGLQJ WKH ILUVW SRLQW� WKH IDEULFDWLRQ PHWKRG RI WKH QDQRVWUXFWXUH FRXOG EH LPSURYHG UHJDUGLQJ

WKH VWUHWFKLQJ PHFKDQLVP RI WKH VXEVWUDWH� 7KLV LV WKH PDLQ UHVSRQVLEOH IRU WKH DSSHDUDQFH RI FUDFNV LQ

WKH VNLQ OD\HU WKDW FRPSURPLVH WKH ILQDO GHYLFH·V IXQFWLRQLQJ� 7KH VWUHWFKLQJ DQG UHOHDVH RI WKH VXEVWUDWH

PXVW KDYH D KLJK OHYHO RI SUHFLVLRQ� SDUWLFXODUO\ LQ DSSOLHG VWUDLQV SHUSHQGLFXODU WR WKH VXEVWUDWH·V VWUHWFKLQJ

GLUHFWLRQ� (YHQ VR� WKH PHFKDQLVP ZRXOG KDYH WR EH QRQFRQIOLFWLQJ ZLWK R[\JHQ SODVPD DQG ZLWK JUDSKHQH

WUDQVIHU E\ D ZHW SURFHVV� 2QH SURPLVLQJ VWUDWHJ\ WR SUHYHQW FUDFN JHQHUDWLRQ LQ WKH VNLQ OD\HU LV WR DYRLG

H[SRVLQJ WKH SUH�VWUHWFKHG 3'06 WR DFHWRQH� 7KURXJK DQ XQFRQYHQWLRQDO LQ�VLWX WUDQVIHU WHFKQLTXH� LW LV

SRVVLEOH WR LQWHJUDWH JUDSKHQH ZLWKRXW WKH DLG RI D 300$ VXSSRUW OD\HU� WDNLQJ DGYDQWDJH RI WKH GLVVROXWLRQ

RI WKH FRSSHU IRLO LQ VRGLXP SHUVXOIDWH �1D�6�2�� >��@� 7KH FKRLFH RI WKH VNLQ OD\HU PDWHULDO LV DOVR D FUXFLDO

IDFWRU LQ FUHDWLQJ VXUIDFH LQVWDELOLWLHV DQG LQ WKH DSSHDUDQFH RI FUDFNV� 7KH XVH RI D VWLII HQRXJK PDWHULDO

UHODWLYH WR WKH VXEVWUDWH EXW ZLWK JUHDWHU HODVWLFLW\ WKDQ VLOLFD �6L2G �� VXFK DV FDUERQ IOXRULGHV �&)G � >��@�

ZRXOG EH D YLDEOH DOWHUQDWLYH LQ WKH PDQXIDFWXUH ZLWKRXW WRWDO RU SDUWLDO FUDFN DSSHDUDQFH�

5HJDUGLQJ WKH ODVW SRLQW� HOHFWULFDO FRQGXFWLRQ FRXOG EH DFKLHYDEOH LQ PRUH SUHFLVH DUHDV ZLWK FRQWDFW

LPSOHPHQWDWLRQ ZLWK VPDOOHU GLVWDQFHV WKDQ WKH RQHV XVHG LQ VHFWLRQ ������ 0RUH SUHFLVHO\� WKURXJK OLIW�RII

OLWKRJUDSKLF SURFHVVHV FDUULHG RXW LQ FRQWUROOHG FOHDQURRP HQYLURQPHQWV� GHVSLWH EHLQJ WLPH�FRQVXPLQJ�

PHWDOOLF FRQWDFWV GLVWDQFHG E\ OHVV WKDQ ��� `< DQG KLJKO\ ORFDWHG LQ FRQWLQXRXV DUHDV ZRXOG EH HDVLO\

UHDFKDEOH�

��



%LEOLRJUDSK\

>�@ 1� +� 3%6 DQG 6� /� 1� 6� &HQWHU� $QJLRVSHUPV � 1DWXUH:RUNV� QKSEV�RUJ� ����� XUO�

�YLVLWHG RQ ����������� �FLW� RQ S� [YLLL��

>�@ %� %DUQHWW� ´%DVLF &RQFHSWV DQG 7HFKQLTXHV RI 9LGHR &RGLQJ DQG WKH +���� 6WDQGDUGµ� ,Q� +DQG�

ERRN RI ,PDJH DQG 9LGHR 3URFHVVLQJ ������� SS� ���²���� GRL�

� XUO�

�YLVLWHG RQ ����������� �FLW� RQ S� [YLLL��

>�@ 1� 0DQVXURY�:KDW LV D /RZ�3DVV )LOWHU" 3KRWRJUDSK\ /LIH� -DQ� ����� XUO�

�YLVLWHG RQ ����������� �FLW� RQ S� [L[��

>�@ 1� .RFK� HG� 6XSUDPROHFXODU 0DWHULDOV IRU 2SWR�(OHFWURQLFV� 6PDUW 0DWHULDOV 6HULHV� 7KH 5R\DO

6RFLHW\ RI &KHPLVWU\� ����� 3���²���� LVEQ� ������������������ GRL�

� XUO� �FLW� RQ S� [L[��

>�@ (� &RKHQ DQG (� -� /LJKWIRRW� ´&RDWLQJ 3URFHVVHVµ� ,Q� .LUN฀2WKPHU (QF\FORSHGLD RI &KHPLFDO

7HFKQRORJ\� -RKQ :LOH\ 	 6RQV� /WG� ����� SS� �²��� LVEQ� �������������� GRL�

� HSULQW�

� XUO�

�FLW� RQ S� [L[��

>�@ 5� (� %ODQNHQVKLS� ´2ULJLQ DQG HDUO\ HYROXWLRQ RI SKRWRV\QWKHVLVµ� ,Q� 3KRWRV\QWKHVLV 5HVHDUFK ����

������� SS� ��²���� LVVQ� ��������� GRL� �FLW� RQ S� ���

>�@ $� 5� *URVVPDQ HW DO� ´/,*+7�+$59(67,1* &203/(;(6 ,1 2;<*(1,& 3+2726<17+(6,6� 'LYHU�

VLW\� &RQWURO� DQG (YROXWLRQµ� ,Q� $QQXDO 5HYLHZ RI *HQHWLFV ���� ������� 30,'� �������� SS� ���²

���� GRL� � HSULQW�

� XUO�

�FLW� RQ S� ���

��
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>�@ 3� 9XNXVLF DQG -� 5� 6DPEOHV� ´3KRWRQLF VWUXFWXUHV LQ ELRORJ\µ� ,Q� 1DWXUH ��� ����� ������

SS� ���²���� LVVQ� ��������� GRL� �FLW� RQ S� ���

>�@ 0� ,� 9DVLOHYVNL\ DQG ,� &� )HUUHLUD� )tVLFD GRV 6HPLFRQGXWRUHV� )XQGDPHQWRV� $SOLFDo}HV H 1D�

QRHVWUXWXUDV� $OPHGLQD� ����� SS� ���²���� LVEQ� �������������� �FLW� RQ S� ���

>��@ *� -DURV]� 5� 0DUF]\฀VNL� DQG 5� 6LJQHUVNL� ´(IIHFW RI EDQG JDS RQ SRZHU FRQYHUVLRQ HIILFLHQF\

RI VLQJOH�MXQFWLRQ VHPLFRQGXFWRU SKRWRYROWDLF FHOOV XQGHU ZKLWH OLJKW SKRVSKRU�EDVHG /(' LOOXPL�

QDWLRQµ� ,Q� 0DWHULDOV 6FLHQFH LQ 6HPLFRQGXFWRU 3URFHVVLQJ ��� ������� S� ������� LVVQ� �����

����� GRL� � XUO�

�FLW� RQ S� ���

>��@ /� *KDEX]\DQ HW DO� ´7KHUPDO (IIHFWV RQ 3KRWRYROWDLF $UUD\ 3HUIRUPDQFH� ([SHULPHQWDWLRQ� 0RGHO�

LQJ� DQG 6LPXODWLRQµ� ,Q� $SSOLHG 6FLHQFHV ���� ������� LVVQ� ���������� GRL�

� XUO� �FLW� RQ S� ���

>��@ 1� .RSLGDNLV� )LOH�&HOO39HII�UHY��������SQJ ³ :LNLPHGLD &RPPRQV� WKH IUHH PHGLD UHSRVLWRU\�

>2QOLQH� DFFHVVHG ���'HFHPEHU�����@� ����� XUO�

�FLW� RQ

S� ���

>��@ -� :X HW DO� ´3HUVSHFWLYHV RQ 7KHUPRHOHFWULFLW\ LQ /D\HUHG DQG �' 0DWHULDOVµ� ,Q� $GYDQFHG (OHF�

WURQLF 0DWHULDOV ���� ������� S� �������� GRL� � HSULQW�

� XUO�

�FLW� RQ S� ���

>��@ %� 3HQJ� 3� .� $QJ� DQG .� 3� /RK� ´7ZR�GLPHQVLRQDO GLFKDOFRJHQLGHV IRU OLJKW�KDUYHVWLQJ DSSOLFD�

WLRQVµ� ,Q� 1DQR 7RGD\ ���� ������� SS� ���²���� LVVQ� �������;� GRL�

� XUO� �FLW� RQ

SS� �� ���

>��@ :LNLSHGLD FRQWULEXWRUV� *UDSKHQH ³ :LNLSHGLD� 7KH )UHH (QF\FORSHGLD� >2QOLQH� DFFHVVHG ���'HFHPEHU�

����@� ����� XUO�

�FLW� RQ S� ���

>��@ -� 6LTXHLUD DQG 2� 1� 2OLYHLUD� ´&DUERQ�%DVHG 1DQRPDWHULDOVµ� ,Q� 1DQRVWUXFWXUHV ������� SS� ���²

���� GRL� � XUO�

�YLVLWHG RQ ����������� �FLW� RQ S� ���

>��@ 6� =KDQJ HW DO� ´0HDVXULQJ WKH VSHFLILF VXUIDFH DUHD RI PRQROD\HU JUDSKHQH R[LGH LQ ZDWHUµ� ,Q�

0DWHULDOV /HWWHUV ��� �)HE� ������ S� ������� GRL� � XUO�

�YLVLWHG RQ ����������� �FLW� RQ S� ���

��
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>��@ &� /HH HW DO� ´0HDVXUHPHQW RI WKH (ODVWLF 3URSHUWLHV DQG ,QWULQVLF 6WUHQJWK RI 0RQROD\HU *UDSKHQHµ�

,Q� 6FLHQFH ��� �-XO\ ������ SS� ���²���� GRL� � XUO�

�YLVLWHG RQ ����������� �FLW� RQ

S� ���

>��@ .� (� 6SHDU DQG -� 3� 'LVPXNHV� 6\QWKHWLF GLDPRQG � HPHUJLQJ &9' VFLHQFH DQG WHFKQRORJ\�

:LOH\� $SU� ����� XUO�

�YLVLWHG RQ

����������� �FLW� RQ S� ���

>��@ '� /L HW DO� ´,QWULQVLF FDUULHU PRELOLW\ RI D VLQJOH�OD\HU JUDSKHQH FRYDOHQWO\ ERQGHG ZLWK VLQJOH�ZDOOHG

FDUERQ QDQRWXEHVµ� ,Q� -RXUQDO RI $SSOLHG 3K\VLFV ��� �-XQH ������ S� ������� GRL�

� XUO� �YLVLWHG RQ

����������� �FLW� RQ S� ���

>��@ :� &RQWULEXWRUV� (OHFWURQ PRELOLW\� :LNLSHGLD� $XJ� ����� XUO�

�YLVLWHG RQ ����������� �FLW� RQ S� ���

>��@ 0� -� $OOHQ� 9� &� 7XQJ� DQG 5� %� .DQHU� ´+RQH\FRPE FDUERQ� $ UHYLHZ RI JUDSKHQHµ� ,Q� &KHPLFDO

5HYLHZV ��� �� -DQ� ������ SS� ���²���� LVVQ� ��������� GRL� �FLW� RQ

S� ���

>��@ $� $� %DODQGLQ HW DO� ´6XSHULRU 7KHUPDO &RQGXFWLYLW\ RI 6LQJOH�/D\HU *UDSKHQHµ� ,Q� 1DQR /HWWHUV �

�0DU� ������ SS� ���²���� GRL� �FLW� RQ S� ���

>��@ 7KHUPWHVW� 7RS �� 7KHUPDOO\ &RQGXFWLYH 0DWHULDOV� 7KHUPWHVW ,QF�� -XQH ����� XUO�

�YLVLWHG RQ ����������� �FLW� RQ S� ���

>��@ :� &RQWULEXWRUV� 7UDQVLWLRQ PHWDO GLFKDOFRJHQLGH PRQROD\HUV� :LNLSHGLD� $XJ� ����� XUO�

�YLVLWHG RQ ����������� �FLW� RQ S� ���

>��@ 0� /L HW DO� /DWWLFH FRQVWDQWV RI 0R6�� ([SHULPHQWDO VWXG\� PRGHOLQJ RI DWRPLF�VFDOH IULFWLRQ LQ

]LJ]DJ� DQG DUPFKDLU ODWWLFH RULHQWDWLRQV RI 0R6�� $SU� ����� XUO�

�YLVLWHG RQ ����������� �FLW� RQ S� ���

>��@ <� /L HW DO� 0R6� ZLWK VWUXFWXUH WXQHG SKRWRFDWDO\WLF DELOLW\ IRU GHJUDGDWLRQ RI PHWK\OHQH EOXH� 5H�

VHDUFK*DWH� $XJ� ����� XUO�

�YLVLWHG RQ ����������� �FLW� RQ S� ���

��
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>��@ $� &DVWHOODQRV�*RPH] HW DO� ´(ODVWLF 3URSHUWLHV RI )UHHO\ 6XVSHQGHG 0R62 1DQRVKHHWVµ� ,Q� $G�

YDQFHG 0DWHULDOV �� �-DQ� ������ SS� ���²���� GRL� � XUO�

�YLVLWHG RQ

����������� �FLW� RQ S� ���

>��@ 0� 9HOLFN\ DQG 3� 7RWK� ´)URP WZR�GLPHQVLRQDO PDWHULDOV WR WKHLU KHWHURVWUXFWXUHV� $Q HOHFWUR�

FKHPLVW·V SHUVSHFWLYHµ� ,Q� $SSOLHG 0DWHULDOV 7RGD\ � �6HSW� ������ SS� ��²���� GRL�

�FLW� RQ S� ���

>��@ 0� =XOILTDU HW DO� ´,QWULQVLF 7KHUPDO FRQGXFWLYLWLHV RI PRQROD\HU WUDQVLWLRQ PHWDO GLFKDOFRJHQLGHV

0;2 �0  0R� :� ;  6� 6H� 7H�µ� ,Q� 6FLHQWLILF 5HSRUWV � �0DU� ������ GRL�

� XUO� �YLVLWHG

RQ ����������� �FLW� RQ S� ���

>��@ '� &RQFHSWV� 0R6H� � 0RO\EGHQXP 'LVHOHQLGH� +TJUDSKHQH�FRP� ����� XUO�

�YLVLWHG RQ ����������� �FLW� RQ S� ���

>��@ $� (IWHNKDUL� ´0RO\EGHQXP GLVHOHQLGH �0R6H � � IRU HQHUJ\ VWRUDJH� FDWDO\VLV� DQG RSWRHOHFWURQLFVµ�

,Q� $SSOLHG 0DWHULDOV 7RGD\ � �6HSW� ������ SS� �²��� GRL� � XUO�

�YLVLWHG RQ ����������� �FLW� RQ S� ���

>��@ ;� :DQJ HW DO� ´0HFKDQLFDO SURSHUWLHV RI PRO\EGHQXP GLVHOHQLGH UHYHDOHG E\ PROHFXODU G\QDP�

LFV VLPXODWLRQ DQG VXSSRUW YHFWRU PDFKLQHµ� ,Q� 3K\VLFDO &KHPLVWU\ &KHPLFDO 3K\VLFV �� �������

SS� ����²����� GRL� � XUO�

�YLVLWHG RQ ����������� �FLW� RQ S� ���

>��@ -� 6KDQJ HW DO� ´7KH HOHFWURQLF DQG RSWLFDO SURSHUWLHV RI 7XQJVWHQ 'LVXOILGH XQGHU KLJK SUHVVXUHµ�

,Q� &KHPLFDO 3K\VLFV /HWWHUV ��� �0D\ ������ SS� ���²���� GRL�

� XUO�

�YLVLWHG RQ ����������� �FLW� RQ S� ���

>��@ $� 6REF]\QVNL HW DO� ´7XQJVWHQ GLVXOILGH� D QRYHO K\GURJHQ HYROXWLRQ FDWDO\VW IRU ZDWHU GHFRPSRVL�

WLRQµ� ,Q� 7KH -RXUQDO RI 3K\VLFDO &KHPLVWU\ �� �$SU� ������ SS� ����²����� GRL�

� �9LVLWHG RQ ����������� �FLW� RQ S� ���

>��@ $� )DOLQ HW DO� ´0HFKDQLFDO 3URSHUWLHV RI $WRPLFDOO\ 7KLQ 7XQJVWHQ 'LFKDOFRJHQLGHV� :62� :6H2�

DQG :7H2µ� ,Q� $&6 1DQR �� �-DQ� ������ SS� ����²����� GRL� �

�9LVLWHG RQ ����������� �FLW� RQ S� ���

>��@ 5� <X� 9� 3UXQHUL� DQG )� -� *DUFtD GH $EDMR� ´5HVRQDQW 9LVLEOH /LJKW 0RGXODWLRQ ZLWK *UDSKHQHµ� ,Q�

$&6 3KRWRQLFV ��� ������� SS� ���²���� GRL� �FLW� RQ S� ���

��
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>��@ %� *XR HW DO� ´*UDSKHQH 'RSLQJ� $ 5HYLHZµ� ,Q� ,QVFLHQFHV -� � ������� SS� ��²��� XUO�

�YLVLWHG RQ ����������� �FLW� RQ

S� ���

>��@ 0� (QJHO HW DO� ´/LJKW²PDWWHU LQWHUDFWLRQ LQ D PLFURFDYLW\�FRQWUROOHG JUDSKHQH WUDQVLVWRUµ� ,Q� 1DWXUH

&RPPXQLFDWLRQV ��� ������� GRL� �FLW� RQ SS� �� ���

>��@ 3� -LD� )� 3DQ� DQG 7� &KHQ� ´(IIHFW RI R[\JHQ SODVPD HWFKLQJ RQ JUDSKHQH·V PHFKDQLFDO DQG HOHF�

WULFDO SURSHUWLHVµ� ,Q� ,23 &RQIHUHQFH 6HULHV� 0DWHULDOV 6FLHQFH DQG (QJLQHHULQJ ��� �0DU� ������

S� ������� GRL� � XUO�

�FLW� RQ S� ���

>��@ 1� 0� 7UDQ HW DO� ´2EVHUYDWLRQ RI WKH QRQOLQHDU :RRG·V DQRPDO\ RQ SHULRGLF DUUD\V RI QLFNHO QDQ�

RGLPHUVµ� ,Q� 3K\VLFDO 5HYLHZ % �� �1RY� ����� �FLW� RQ S� ���

>��@ '� 0DUFXVH� /LJKW WUDQVPLVVLRQ RSWLFV ��QG HGLWLRQ�� ���� �FLW� RQ S� ���

>��@ 0� $EUDPRZLW] DQG 0� :� 'DYLGVRQ� 'LIIUDFWLRQ RI /LJKW� 2O\PSXV�OLIHVFLHQFH�FRP� ����� XUO�

�YLVLWHG RQ ����������� �FLW� RQ SS� �� ���

>��@ 1HZSRUW� 'LIIUDFWLRQ *UDWLQJ 3K\VLFV� 1HZSRUW � 3KRWRQLF 6ROXWLRQV� ����� XUO�

�YLVLWHG RQ ����������� �FLW� RQ S� ���

>��@ (� 8GG DQG :� %� 6SLOOPDQ -U� ´'LIIUDFWLRQ *UDWLQJ 7KHRU\µ� ,Q� )LHOG *XLGH WR )LEHU 2SWLF 6HQVRUV�

63,(� ����� S� ��� GRL� � XUO�

�YLVLWHG RQ ����������� �FLW� RQ S� ���

>��@ $� +HVVHO DQG $� $� 2OLQHU� ´$ 1HZ 7KHRU\ RI :RRG·V $QRPDOLHV RQ 2SWLFDO *UDWLQJVµ� ,Q� $SSO�

2SW� ���� �2FW� ������ SS� ����²����� GRL� � XUO�

�FLW� RQ S� ���

>��@ '� 5KHH� 6� 'HQJ� DQG 7� :� 2GRP� ´6RIW VNLQ OD\HUV IRU UHFRQILJXUDEOH DQG SURJUDPPDEOH QDQRZULQ�

NOHVµ� ,Q� 1DQRVFDOH �� ��� 'HF� ������ SS� �����²������ LVVQ� ��������� GRL�

�FLW� RQ SS� �� ��� ��� ����

>��@ 4� :DQJ DQG ;� =KDR� ´$ WKUHH�GLPHQVLRQDO SKDVH GLDJUDP RI JURZWK�LQGXFHG VXUIDFH LQVWDELOLWLHVµ�

,Q� 6FLHQWLILF 5HSRUWV ��LY ������� SS� �²��� LVVQ� ��������� GRL� �FLW� RQ

S� ����

>��@ (� 0R\URXG HW DO� ´'LVRUGHU LQ FRQYHUJHQW IORUDO QDQRVWUXFWXUHV HQKDQFHV VLJQDOOLQJ WR EHHVµ� ,Q�

1DWXUH ��� �2FW� ������ SS� ���²���� GRL� � XUO�

�YLVLWHG RQ ����������� �FLW� RQ S� ����

��
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>��@ &� .LP HW DO� 7ULERORJ\ DQG /XEULFDQWV $ 5HYLHZ RQ 7UDQVIHU 3URFHVV RI 7ZR�GLPHQVLRQDO 0DWHULDOV�

����� XUO� �FLW� RQ SS� ��²����

>��@ 1� ,QVWUXPHQWV� $WRPLF )RUFH 0LFURVFRS\� 1DQRVFLHQFH ,QVWUXPHQWV� -XO\ ����� XUO�

�YLVLWHG RQ

����������� �FLW� RQ S� ����

>��@ 2� ,QVWUXPHQWV� $)0� ([SORULQJ 7DSSLQJ 0RGH DQG $0�)0� 2[IRUG ,QVWUXPHQWV� ����� XUO�

�YLVLWHG RQ

����������� �FLW� RQ S� ����

>��@ %� =KHQJ HW DO� ´,GHQWLI\LQJ .H\ )DFWRUV WRZDUGV +LJKO\ 5HIOHFWLYH 6LOYHU &RDWLQJVµ� ,Q� $GYDQFHV LQ

0DWHULDOV 6FLHQFH DQG (QJLQHHULQJ ���� ������� SS� �²��� GRL� � XUO�

�YLVLWHG RQ �����������

�FLW� RQ S� ����

>��@ *� 6LOYHLUD� 0LFURVFRSLD ÐSWLFD� 2 TXH p H TXDLV DV LQIRUPDo}HV REWLGDV QHVWH HQVDLR" $ILQNR� 6HSW�

����� XUO�

�YLVLWHG RQ ����������� �FLW� RQ S� ����

>��@ 2� ,� 2OXEL\L HW DO� ´$GYDQFHV LQ 0ROHFXODU ,PDJLQJ IRU 6XUJHU\µ� ,Q� ,PDJH�*XLGHG 1HXURVXUJHU\

������� SS� ���²���� GRL� � XUO�

�YLVLWHG

RQ ����������� �FLW� RQ S� ����

>��@ *� *LULGKDU� 5� 0DQHSDOOL� DQG *� $SSDUDR� ´&RQIRFDO 5DPDQ 6SHFWURVFRS\µ� ,Q� 6SHFWURVFRSLF

0HWKRGV IRU 1DQRPDWHULDOV &KDUDFWHUL]DWLRQ ������� SS� ���²���� GRL�

� XUO�

�YLVLWHG RQ ����������� �FLW� RQ S� ����

>��@ &� (� /\PDQ HW DO� 6FDQQLQJ (OHFWURQ 0LFURVFRS\� ;�5D\ 0LFURDQDO\VLV� DQG $QDO\WLFDO (OHFWURQ 0L�

FURVFRS\� 6SULQJHU 86� ����� S� ���� GRL� � XUO�

�YLVLWHG RQ �����������

�FLW� RQ S� ����

>��@ (� 6X]XNL� ´+LJK�UHVROXWLRQ VFDQQLQJ HOHFWURQ PLFURVFRS\ RI LPPXQRJROG�ODEHOOHG FHOOV E\ WKH XVH

RI WKLQ SODVPD FRDWLQJ RI RVPLXPµ� ,Q� -RXUQDO RI 0LFURVFRS\ ��� �'HF� ������ SS� ���²���� GRL�

� XUO�

�YLVLWHG RQ ����������� �FLW� RQ S� ����

>��@ 9� 'XVHYLFK� -� 3XUN� DQG -� (LFN� ´&KRRVLQJ WKH 5LJKW $FFHOHUDWLQJ 9ROWDJH IRU 6(0 �$Q ,QWUR�

GXFWLRQ IRU %HJLQQHUV�µ� ,Q� 0LFURVFRS\ 7RGD\ �� �-DQ� ������ SS� ��²��� GRL�

� XUO�

��
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�FLW� RQ S� ����

>��@ &� (� /\PDQ HW DO� 6FDQQLQJ (OHFWURQ 0LFURVFRS\� ;�5D\ 0LFURDQDO\VLV� DQG $QDO\WLFDO (OHFWURQ 0L�

FURVFRS\� 6SULQJHU 86� ����� S� �� GRL� � XUO�

�YLVLWHG RQ �����������

�FLW� RQ S� ����

>��@ :� &RQWULEXWRUV� 6RODU LUUDGLDQFH� :LNLSHGLD� $XJ� ����� XUO�

�YLVLWHG RQ

����������� �FLW� RQ S� ����

>��@ )� (QYLURQPHQWDO� 6RODU 5DGLDWLRQ 	 3KRWRV\QWKHWLFDOO\ $FWLYH 5DGLDWLRQ � (QYLURQPHQWDO 0HDVXUH�

PHQW 6\VWHPV� (QYLURQPHQWDO 0HDVXUHPHQW 6\VWHPV� -DQ� ����� XUO�

�YLVLWHG RQ ����������� �FLW� RQ S� ����

>��@ 6� 6FLHQWLILF� %OD]HG +RORJUDSKLF *UDWLQJ _ 6SHFWUXP 6FLHQWLILF� 6SHFWUXP 6FLHQWLILF� ,QF�� 6HSW�

����� XUO� �YLVLWHG RQ

����������� �FLW� RQ S� ����

>��@ '� 2·6KHD HW DO� ´6FDODU 'LIIUDFWLRQ 7KHRU\µ� ,Q� 'LIIUDFWLYH 2SWLFV� 'HVLJQ� )DEULFDWLRQ� DQG 7HVW�

63,(� ����� SS� ��²��� GRL� � XUO�

�YLVLWHG RQ ����������� �FLW� RQ S� ����

>��@ '� 2·6KHD HW DO� ´'LIIUDFWLYH /HQV 'HVLJQµ� ,Q� 'LIIUDFWLYH 2SWLFV� 63,(� ����� SS� ��²��� GRL�

� XUO�

�YLVLWHG RQ ����������� �FLW� RQ S� ����

>��@ 6� 6FLHQWLILF� 6LQXVRLGDO +RORJUDSKLF *UDWLQJ _ 6SHFWUXP 6FLHQWLILF� 6SHFWUXP 6FLHQWLILF� ,QF�� 6HSW�

����� XUO� �YLVLWHG RQ

����������� �FLW� RQ S� ����

>��@ :� &RQWULEXWRUV� 3RO\GLPHWK\OVLOR[DQH� :LNLSHGLD� $XJ� ����� XUO�

�YLVLWHG RQ ����������� �FLW� RQ S� ����

>��@ 6� 9HUODJ� $EVRUSWLRQ VSHFWUD RI 3'0'36 �/6����� DQG 3'06 �6\OJDUG ���� HODVWRPHU��� 5H�

VHDUFK*DWH� $SU� ����� XUO�

�YLVLWHG RQ ����������� �FLW� RQ S� ����

��
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>��@ .� %XVK DQG $� $� *HUW]PDQ� ´3URFHVV 'HYHORSPHQW DQG 0DQXIDFWXULQJ RI +XPDQ DQG $QLPDO

$FHOOXODU 'HUPDO 0DWULFHVµ� ,Q� 6NLQ 7LVVXH (QJLQHHULQJ DQG 5HJHQHUDWLYH 0HGLFLQH� (OVHYLHU ,QF��

����� SS� ��²���� GRL� � XUO�

�YLVLWHG RQ ����������� �FLW� RQ S� ����

>��@ 6� +� 7DQ HW DO� ´2[\JHQ SODVPD WUHDWPHQW IRU UHGXFLQJ K\GURSKRELFLW\ RI D VHDOHG SRO\GLPHWK\OVLOR[�

DQH PLFURFKDQQHOµ� ,Q� %LRPLFURIOXLGLFV � �6HSW� ������ S� ������� GRL� �

XUO� �YLVLWHG RQ

����������� �FLW� RQ S� ����

>��@ .� .DL6HQJ� 0HWK\O JURXS LQ D SRO\GLPHWK\OVLOR[DQH �3'06� QHWZRUN UHSODFHG E\ D VLODQRO JURXS� 5H�

VHDUFK*DWH� $SU� ����� XUO�

�YLVLWHG RQ ����������� �FLW� RQ S� ����

>��@ &� %ULQNHU� ´+<'52/<6,6 $1' &21'(16$7,21 2) 6,/,&$7(6� ())(&76 21 6758&785(µ� ,Q�

-RXUQDO RI 1RQ�&U\VWDOOLQH 6ROLGV ��� ������� SS� ��²��� XUO�

�YLVLWHG RQ ����������� �FLW� RQ S� ����

>��@ +� *UDYH� ´&RQGHQVDWLRQ XQGHU 9DFXXPµ� ,Q� HG� E\ :� -RULVFK� 9DFXXP 7HFKQRORJ\ LQ WKH &KHPLFDO

,QGXVWU\� -RKQ :LOH\ 	 6RQV� 1RY� ����� SS� ��²��� GRL� � XUO�

�YLVLWHG

RQ ����������� �FLW� RQ S� ����

>��@ 0� 0RUUD HW DO� ´2Q WKH DJLQJ RI R[\JHQ SODVPD�WUHDWHG SRO\GLPHWK\OVLOR[DQH VXUIDFHVµ� ,Q� -RXUQDO

RI &ROORLG DQG ,QWHUIDFH 6FLHQFH ��� �-XQH ������ SS� ��²��� GRL�

� XUO�

�YLVLWHG RQ ����������� �FLW� RQ SS� ��� ����

>��@ =� :DQJ� $� $� 9ROLQVN\� DQG 1� '� *DOODQW� ´&URVVOLQNLQJ HIIHFW RQ SRO\GLPHWK\OVLOR[DQH HODVWLF PRG�

XOXV PHDVXUHG E\ FXVWRP�EXLOW FRPSUHVVLRQ LQVWUXPHQWµ� ,Q� -RXUQDO RI $SSOLHG 3RO\PHU 6FLHQFH

��� �-XQH ������ Q�D²Q�D� GRL� � XUO�

�YLVLWHG RQ ����������� �FLW� RQ S� ����

>��@ (OVHYLHU� )LJ� �� 5HIOHFWDQFH YV ZDYHOHQJWK IRU JROG >��@� 5HVHDUFK*DWH� $XJ� ����� XUO�

�YLVLWHG RQ ����������� �FLW� RQ SS� ��� ����

>��@ /� 7DQJ HW DO� ´&KHPLFDO 9DSRU 'HSRVLWLRQ *URZWK RI 7ZR�'LPHQVLRQDO &RPSRXQG 0DWHULDOV� &RQ�

WUROODELOLW\� 0DWHULDO 4XDOLW\� DQG *URZWK 0HFKDQLVPµ� ,Q� $FFRXQWV RI 0DWHULDOV 5HVHDUFK � �'HF�

������ SS� ��²��� GRL� � �9LVLWHG RQ ����������� �FLW� RQ

S� ����

��
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>��@ <� =KDQJ� /� =KDQJ� DQG &� =KRX� ´5HYLHZ RI &KHPLFDO 9DSRU 'HSRVLWLRQ RI *UDSKHQH DQG 5HODWHG

$SSOLFDWLRQVµ� ,Q� $FFRXQWV RI &KHPLFDO 5HVHDUFK �� �0DU� ������ SS� ����²����� GRL�

�FLW� RQ S� ����

>��@ -� GH /D )XHQWH� &UHDWLQJ *UDSKHQH 9LD &KHPLFDO 9DSRXU 'HSRVLWLRQ� *UDSKHQHD� ����� XUO�

�YLVLWHG RQ �����������

�FLW� RQ S� ����

>��@ <� &KHQ� ;��/� *RQJ� DQG -��*� *DL� ´3URJUHVV DQG &KDOOHQJHV LQ 7UDQVIHU RI /DUJH฀$UHD *UDSKHQH

)LOPVµ� ,Q� $GYDQFHG 6FLHQFH � �)HE� ������ S� �������� GRL� � XUO�

�YLVLWHG

RQ ����������� �FLW� RQ S� ����

>��@ '� 5KHH HW DO� ´6RIW 6NLQ /D\HUV (QDEOH $UHD�6SHFLILF� 0XOWLVFDOH *UDSKHQH :ULQNOHV ZLWK 6ZLWFKDEOH

2ULHQWDWLRQVµ� ,Q� $&6 1DQR �� �� -DQ� ������ SS� ���²���� LVVQ� �������;� GRL�

�FLW� RQ SS� ��� ����

>��@ -� 1� /HH� &� 3DUN� DQG *� 0� :KLWHVLGHV� ´6ROYHQW &RPSDWLELOLW\ RI 3RO\�GLPHWK\OVLOR[DQH��%DVHG

0LFURIOXLGLF 'HYLFHVµ� ,Q� $QDO\WLFDO &KHPLVWU\ �� �'HF� ������ SS� ����²����� GRL�

� �9LVLWHG RQ ����������� �FLW� RQ SS� ��� ����

>��@ -� /LX� 7� /LX� DQG 6� .XPDU� ´(IIHFW RI VROYHQW VROXELOLW\ SDUDPHWHU RQ 6:17 GLVSHUVLRQ LQ 300$µ�

,Q� 3RO\PHU �� �$SU� ������ SS� ����²����� GRL� � XUO�

�YLVLWHG RQ ����������� �FLW� RQ S� ����

>��@ ,� &KLOGUHV HW DO� ´5DPDQ 6SHFWURVFRS\ RI *UDSKHQH DQG 5HODWHG 0DWHULDOVµ� ,Q� 1HZ 'HYHORSPHQWV

LQ 3KRWRQ DQG 0DWHULDOV 5HVHDUFK� 1RYD 6FLHQFH� -XQH ����� XUO�

�YLVLWHG RQ ����������� �FLW� RQ S� ����

>��@ 0� :DOO� 7KH 5DPDQ 6SHFWURVFRS\ RI *UDSKHQH DQG WKH 'HWHUPLQDWLRQ RI /D\HU 7KLFNQHVV� 7KHUPR

)LVKHU 6FLHQWLILF ,QF�� ����� XUO�

�YLVLWHG RQ �����������

�FLW� RQ S� ����

>��@ 5��6� 0D HW DO� ´:ULQNOH�LQGXFHG KLJKO\ FRQGXFWLYH FKDQQHOV LQ JUDSKHQH RQ 6L2��6L VXEVWUDWHVµ� ,Q�

1DQRVFDOH �� ������� SS� �����²������ GRL� � �9LVLWHG RQ �����������

�FLW� RQ S� ����

>��@ 0� %DUTXLQV DQG -� &RJQDUG� ´$GKHVLRQ FKDUDFWHULVWLFV RI JROG VXUIDFHVµ� ,Q� *ROG %XOOHWLQ �� �6HSW�

������ SS� ��²��� GRL� � XUO�

�YLVLWHG RQ ����������� �FLW� RQ S� ����

��
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>��@ '� +� %XFNOH\� $GKHVLRQ RI *ROG WR 9DULRXV 3ODQHV RI &RSSHU 6WXGLHG :LWK /HHG� QWUV�QDVD�JRY� -XQH

����� XUO�

�YLVLWHG RQ ����������� �FLW� RQ S� ����

>��@ 7� &XVDWL HW DO� ´(OHFWULFDO SURSHUWLHV RI JUDSKHQH�PHWDO FRQWDFWVµ� ,Q� 6FLHQWLILF 5HSRUWV � �-XO\

������ GRL� � XUO�

�YLVLWHG RQ ����������� �FLW� RQ S� ����

>��@ 5� 0LOOLNDQ DQG (� %LVKRS� (OHPHQWV RI (OHFWULFLW\� $PHULFDQ 7HFKQLFDO 6RFLHW\� ����� S� ��� XUO�

�YLVLWHG RQ ����������� �FLW� RQ S� ����

>��@ -� /HHP HW DO� ´&UDFN�DVVLVWHG� ORFDOL]HG GHIRUPDWLRQ RI YDQ GHU :DDOV PDWHULDOV IRU HQKDQFHG VWUDLQ

FRQILQHPHQWµ� ,Q� �' 0DWHULDOV ��� �-XO\ ������ S� ������� GRL� �

XUO� �FLW� RQ S� ����

>��@ 5DPDQ)RU/LIH� 3'06 UDPDQ VSHFWUXP� 5DPDQOLIH�FRP� ����� XUO�

�YLVLWHG RQ ����������� �FLW� RQ S� ����

>��@ -� 0� 'DZHV� $ W\SLFDO 5DPDQ VSHFWUXP RI IXVHG VLOLFD� )HPWRVHFRQG /DVHU 0RGLILFDWLRQ RI )XVHG

6LOLFD� 7KH (IIHFW RI :ULWLQJ 3RODUL]DWLRQ RQ 6L�2 5LQJ 6WUXFWXUH� ����� GRL�

� XUO�

�YLVLWHG RQ ����������� �FLW� RQ S� ����

>��@ /� /Y� 5DPDQ VSHFWUXP RI PRQROD\HU JUDSKHQH RQ D ��PP 6L2 � VXEVWUDWH� 0RQROD\HU JUDSKHQH

EDVHG RUJDQLF RSWLFDO WHUDKHUW] PRGXODWRU� -DQ� ����� XUO�

�YLVLWHG RQ ����������� �FLW� RQ S� ����

��



3LFWXUHV DQG 3URWRFROV

7KLV DSSHQGL[ VKRZV LPDJHV RI PDWHULDO DQG HTXLSPHQW XVHG RU SURWRFROV SHUIRUPHG H[WUDRUGLQDULO\ RQ

WKH PDQXIDFWXULQJ DQG WUDQVIHU PHWKRGV FRYHUHG WKURXJKRXW WKH GLVVHUWDWLRQ�

)LJXUH ��� (ODVWRPHU EDVH�FXULQJ DJHQW NLW )LJXUH ��� &RQYHQWLRQDO ELQGHU SDSHU FODPS

)LJXUH ��� &XW 3'06 VWULSV RQ JODVV VOLGHV )LJXUH ��� )LUVW IDVWHQHG FODPS RQ HDFK VDPSOH

$WWDFKHG LV WKH SURWRFRO FDUULHG RXW WR VXSSRUW ODERUDWRU\ XVHUV RI WKH 1$36 UHVHDUFK JURXS RI WKH ,QWHUQD�

WLRQDO ,EHULDQ 1DQRWHFKQRORJ\ /DERUDWRU\ RQ JUDSKHQH WUDQVIHUV RQWR ODUJH�DUHD VDPSOHV E\ D ZHW PHWKRG

EDVLV�

��
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Protocol purpose:
This protocol aims to guide the user in the wet trans-
fer process of Graphene grown on copper (Cu) with
acrylic support film (PMMA) to sample surfaces of dif-
ferent dimensions.

EQUIPMENT

2 Aquariums 1 Lab Tub 1 Goblet

Scissors Tweezer Lab Paper

CHEMICALS

FeCl3 H2O 2% HCl

C3H6O (Acetone) C3H8O (IPA)

DANGERS

Chemical Exposure ○ ○ ○ ○ ○

Physical Injury ○ ○ ○ ○ ○

Environmental Harm ○ ○ ○ ○ ○

Fire Hazards ○ ○ ○ ○ ○

Electrical Hazards ○ ○ ○ ○ ○

PROTECTIVE GEAR

Laboratory Coat Gloves

Safety Goggles

PROTOCOL
Step A [Time required 65 minutes]

Copper substrate removal

• Cut a piece of the supply material with the desired dimension. It’s

fine to touch the material without a tweezer. Just make sure it stays

the most flat possible. [1] [2]

• Fill an aquarium with FeCl3. [3]

• Put the cut piece into a FeCl3 bath making sure it stays afloat with

the PMMA surface faced-up for 1 straight hour. [4]

Step B [Time required 35 minutes]

Distilled Water Surface Cleaning

• Fill another aquarium with distilled water.

• Scoop the graphene over a stiff flat material. It was used Si+SiO2 due

to its high resistance to FeCl3 and HCl corrosion and low reflectance

(dark), which leads to a better positioning when catching the sample.

[5]

• Gently dive the stiff material with the sample adhered onto distilled

water expecting the sample to stay afloat. Let it rest for at least 30

minutes. [6]

Step C [Time required 15 minutes]

Graphene Acid Purifying

• Fill the lab tub with a 2% HCl solutiuon. The tub makes it easier to

dispose the acid.

• Repeat the previous step but from the distilled water to a HCl 2% (V)

bath for a 10 minutes basis. The amount of exposure time depends

on the desired properties of the graphene. [7] (View in Notes)

Step D [Time required 5 minutes]

Transfer into the sample

• Once again, using the same catch and release technique of the

previous steps, pass the graphene from the HCl bath to a renewed

distilled water bath.

• Now, repeat the scooping technique but with the target sample

instead of the stiff flat material. [8]

• Let the sample naturally dry overnight tilted into lab paper. [9]

Step E [Time required 95 minutes]

PMMA removal

• Take the dried sample into an acetone bath for 90 minutes. That will

depend on the PMMA film thickness of the supply. The sample can

now sink in freely, the graphene should stay adhered to its surface.

• Take the sample out and rinse it with Isopropyl Alcohol and lastly

with distilled water. Let it dry out. [10]



WARNINGS

#
Corrosive Chemicals
HCl 2% (V) and FeCl3 are corrosive

chemicals

!
Drippy Containers
The liquids might drip off the

aquariums if not handled carefully

NOTES

Take notice that in the original

Cu/Graphene/PMMA supply, the borders

DO NOT have any graphene since it was

where the duct tape was when depositing

the PMMA support layer on the

Cu/Graphene sample by spin-coating.

Those borders should then also be cut off.

The FeCl3 used can be stored on its

aquarium for following transfers but remind

that it should be filtered in order to maintain

the most "variable-free" environment in the

whole process. Typically the filtering is done

after 5 transfers. The filtering should be

something simple using some lab fibre

diapers or even coffee filters.

The amount of exposure time of graphene

in HCl influences its current chemical

structure. For better optical properties,

thus, more neat graphene is achieved after a

higher exposure time since the acid will

attack external bonds with, for example,

remains of copper attached. On the other

hand, higher exposure times also mean

more carbon bonds damaged so the

structure will deteriorate over time leading

to less stability regarding mechanical and

electrical properties.

PEOPLE TO CONTACT

Martin Lopez-Garcia for NAPS lab access.

Francisca Guedes about chemicals usage.

Vítor Silva for graphene supply.
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)LJXUH ��� 56 352� &RQGXFWLYH
6LOYHU ,QN�

)LJXUH ��� &RQGXFWLYH 6LOYHU
,QN FRQWDFW LPSOHPHQWDWLRQ RQ D
EDWFK RI VDPSOHV PDQXIDFWXUHG
E\ WKH PHWKRG PHQWLRQHG LQ ����

)LJXUH ��� 7HVW 3(7 VKDGRZPDVN
ZLWK GLIIHUHQW LQVFULEHG OD\RXWV�
&RQWDFW GLVWDQFHV DUH �� �� DQG
���<<� IURP WRS WR ERWWRP�

)LJXUH ��� 3(7 VKDGRZ PDVN
SODFHG RQ WRS RI VDPSOHV�

)LJXUH ��� 6DPSOHV DWWDFKHG WR D
VLOLFRQ ZDIHU EHIRUH VSXWWHULQJ�

)LJXUH ��� /LJKW GLIIUDFWLRQ HQ�
KDQFHPHQW RI VSXWWHUHG JROG FRQ�
WDFWV RQ D VDPSOH PDQXIDFWXUHG
E\ WKH PHWKRG PHQWLRQHG LQ ����
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)LJXUH ��� )LUVW FDOLEUDWLRQ DWWHPSW RI WKH R[\JHQ SODVPD XS WLPH� 2[\JHQ SUHVVXUH ZDV QRW FRQVLGHUHG�

7DEOH �� 9DOXHV RI Λ REWDLQHG IURP EDWFKHV IDEULFDWHG E\ WKH PHWKRG PHQWLRQHG LQ ��� ZLWK QR GHOD\ WLPH
DIWHU SODVPD WUHDWPHQW �VHH DSSHQGL[ %��� E\ WKH SURFHGXUH VKRZQ LQ ������

ULQNOHV DWFK

6DPSOH 7\SH � � � � � �
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7DEOH �� 9DOXHV RI Λ REWDLQHG IURP EDWFKHV IDEULFDWHG E\ WKH PHWKRG PHQWLRQHG LQ ��� ZLWK YDU\LQJ GHOD\
WLPH DIWHU SODVPD WUHDWPHQW �VHH DSSHQGL[ %��� E\ WKH SURFHGXUH VKRZQ LQ ����� DQG UHVSHFWLYH VWDWLVWLFDO
DQDO\VLV�

ULQNOHV HOD\

�5HVWLQJ 7LPH�
���K� ���K YDFXXP�

6DPSOH 7\SH � � � � � �

Λ1 �QP� ������ ������ ������ ������ ������ ������

Λ2 �QP� ������ ������ ������ ������ ������ ������

Λ3 �QP� ������ ����� ������ ������ ������ ������

Λ4 �QP� ������ ������ ������ ������ ����� ������

Λ �QP� ������ ������ ������ ������ ������ ������

2fΛ �QP� ����� ����� ����� ����� ����� �����

%f ���� ���� ���� ���� ���� ����

���K� ���K YDFXXP� ���K�

� � � � � � � � �

������ ������ ������ ������ ����� ������ ������ ������ ������

������ ������ ������ ������ ������ ������ ������� ����� ������

������ ������ ������ ������ ������ ����� ������� ������ ������

������ ������ ������ ������ ������ ������ ������� ������ �����

������ ������ ������ ������ ������ ������ ������� ������ ������

����� ����� ����� ����� ����� ����� ����� ����� �����

���� ���� ���� ���� ���� ���� ���� ���� ����

���K YDFXXP� ���K�

� � � � � �

������ ������ ������ ������� ������ ������

������ ������ ����� ����� ������ ������

����� ������ ����� ������ ������ �����

������� ������ ������ ������� ������ ������

������ ������ ������ ������ ������ ������

����� ����� ����� ����� ����� �����

���� ���� ���� ���� ���� ����

��



%��� 352&(66(' '$7$

7DEOH ��� 9DOXHV RI Λ REWDLQHG IURP EDWFKHV IDEULFDWHG E\ WKH PHWKRG PHQWLRQHG LQ ��� RQO\ RQ JUDSKHQH
VHFWLRQV �VHH DSSHQGL[ %��� E\ WKH SURFHGXUH VKRZQ LQ ������

HFLSH DWFK

6DPSOH 7\SH � � � � � �
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�D� ��× REMHFWLYH %) �E� ���× REMHFWLYH %)

)LJXUH ��� 7\SH �� VDPSOH IDEULFDWHG E\ WKH PHWKRG PHQWLRQHG LQ VHFWLRQ ����

�D� ��× REMHFWLYH %) �E� ���× REMHFWLYH %)

)LJXUH ��� 7\SH �� VDPSOH IDEULFDWHG E\ WKH PHWKRG PHQWLRQHG LQ VHFWLRQ ����
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)LJXUH ��� 2[\JHQ SODVPD�WUHDWHG IODW 3'06 VDPSOH DIWHU SXUH DFHWRQH EDWK ZLWK LQWHUYDOV RI �� PLQXWHV�

�D� 0HDVXUHG VSRW ��� �× REMHFWLYH� ')� �E� 0HDVXUHG VSRW ��� �× REMHFWLYH� ')�
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R[\JHQ SODVPD�
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)LJXUH ��� 7\SH �� VDPSOH IDEULFDWHG E\ WKH SURFHVV PHQWLRQHG LQ WKH VHFWLRQ ��� RYHUH[SRVHG ZLWK
R[\JHQ SODVPD�

�D� &RQWDFWV GLVWDQFH RI ��� `< �E� &RQWDFWV GLVWDQFH RI �<<

)LJXUH ��� �× REMHFWLYH LPDJHV RI VDPSOHV IDEULFDWHG E\ WKH PHWKRG PHQWLRQHG LQ VHFWLRQ ��� ZLWK
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