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OLFKDHO 6DLG $EGHOPDODN .DPHO
O6F 3K\VLFV

-XQH

JRU WKH GHJUHH RI 'RFWRU RI 3KLORVR
,Q VRMOHJH RI 6FLHQFH DQG (QJLQHHUL
-DPHV &RRN 8QLYHUVLW\

6XSHUYLVRUYV
3URIRKDQ -DFREDG&DRHRIHP|OOHU



'"HFODUDWLRAQ
, GHFODUH WKDW WKLV WKHVLV LV P\ RZQ ZRUN DQG KDV QRW EI

GLSORPXQOWBQVLW\ RU RWKHU LOQVWLWXWH RI WHUWLDU\ HGXFCLC

DQG XQSXEOLVKHG ZRUN RI RWKHUV KDV EHHQ DFNQRZOHGJHG L
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OLFKBEDG $EGHOPDODN .DPHO

-XQH



6WDWHPHQW RI DFFHVV WR WKLV WKHVLYV

, WKH YIQEHEG WKH DXWKRU RI WKLV ZRUN XQGHUVWDQG WKDW
WKLY ZRUN DYDLODEOH IRU XVH ZLWK&RVWHKH @ QD ®H U YILWD QL EKIHD
I1HWZRUN IRU XVH HOVHZKHUH

, XQGHUVWDQG WKDW DV DQ XQSXEGURNWHGWRBY XOQWKHW KHR R
GR QRW ZLVK WR SODFH DQ\ UHVWULFWLRQ RQ DWHF@WERXR W KL
DFNQRZOHGJHG DQG FRXOG SRWHQWLDOO\ EH UHVWULFWHG E\ I

OLFKDHO 6DLG $EGHOPDODN .DPHO
-XQH



$FNQRZOHGJHPHQWYV

,ZRXOG OLNH WR HIRSIMVAWR XBAH. PDYLVIRG 3URI 0RKDBRDW RE XIRYJ K |
VXSSRUWLBO®FH WKURXJKR)RW $8 W RV HPD IDFRD GHPLF DFKLHYHPH(
DFFRPSOLVKHG EHFDXVH RI KLV FRQVLYVW,H®DNV RJVAHDI B Q F\M RD B\
VHFRQG D U3 IDRELYAK/IRWO J H P FXBRHRQ W ULEXWHG Y D OX[FEOD HQSH D & Y V
WKURXJKRKMYRWKHRYHU , JUHDWOLJ D S BUABRW WK DMK FBUR|  -DFRE
2HOJHP$BMWHUHYLHZLQJ DQG HGLWLQJ P\ SXEOLFDWLRQV DQG P\
ZLWK ERWK Rl P\ VXSHUYLVRUYV

, DFHU\ WKDQNIXO WR WKH WHFKQLFDO VWDII DW WKH &ROOH.
8QLYHUVLW\ -&8 IRUJWRNKIWPYXXEKS BUSRIMHFWRXODU , ZRX0OG OLN
7UR\ 3RROH 0OU -RKQ 5HQKDQ DQG OU 'HDQ OU 20LYHU 0D\ 0U
5DPLUH] ZKR KHOSHG PH RYHUFRPH DOO WKH WHFKQLRNO FKDO
P\3K'SURMHFW

6SHFLD OMRKDQSKNPKBD¥F®R JXLGHG PH WKURXJK XVLQJ PDQ\ RI Wk
ZKHQ , MRLQHG WKH UHVHDUFK JURXS

, JUHDWO\ DSSUHFLDWH WKH DVVLVWDQFH RI 'U 6KDQH $VNHZ I
&8 L5PPDQ 6SHFWUY®RVEBRGF KD UD FW BDWQLG DAV PROWNVDSPHE GWLWLR Q

, ZRXOG OLNH WR W K DEQWR'S)LHIEMEH]RRBMW O0DUHQ\FK FHQWUH |
DQG PLFURDQDO\VLV DW WK H 080Q&4 HRWY MAK\HR U 4XUHHDQV GIDIRE W& L Q
FKDUDFWHUL]DWLRQV

'"HHEKDMQNV WR FARIDQHQ GXHV DQG ODERUDWRU\ PDWH\D VR W KK H L L
GLIIHUHQW VWDJHV RI P\ 3K'

W LV D JUHDW S GHIBWDEDHY HR W KPLHPWAREHHML \R IWFR PHDYSO WO W V
EURWKGQIE P\ \ZIKRWHOZOSS R UW HRG | A H HDGE) BDKFED B ®WRRY HP\ DSSUHFLDW
JRHV WR P\ XQFOHV DXQWV DQG FRXVLQV IRU WKH ORYH DQG
RI P\ 3K' VWXG\

)LQDOO\ , DFNQRZOHGJH WKDW P\ 3K' VFK-P®PBHVYVERENZBQLYRQDWY
3RWIDG XDWH FiKRIODUE/BSIES



6WDWHPHQW RI FRQWULEXWLRQ RI RWKHUV
7KLY WKHVLVY LQFOXGHG WKH IROORZLQJ FRQWULEXWLRQ IURP R

JLODQFLDO DVBKVWINQBN ZDV IXO0\ IXQGHG E\$XD\PMYV DERDN W@ UY
-DPHV &RRN 8QLYHDEXWWHRSRKNRMXDBK -&8356 $GGLWIDRQDO X
UHFHLYHG IURP &ROOHJH R| 6P PHY FRRBGHWROWASGSRUWQWKH SURF
RI FRQVXPDEOHVFBRQ G DOFGWHDULA BAGKIHR DR/P\W K WR WIKYH UHVHDUFK WU

DQG 126 (W RBOHPRULDO 6 ZKORODOVRISURYLGHG E\ WKH FRC
DQG (QJLQBPAVLERRN 8 RYHWU WIKM\ ODVW QLQH PRQWKV RI P\ 3K' F

(GLWRULDO BVRLVWIWVKPBEHRNERBEHG WKH HGRW RUQO - KOD/SM YW D MR
DUWLFOHV LQFOXGHRGEG 10QAN® HOPFBBMUGEHG HGLWRULDO DVVLVWD
9 DQGR9 WKH WKHVLV

([SHULPHQWDO DVVLVW DIKRHR DIKR G\ AVEK B IGEIKRAYWW K H\DLIRR E3U R (
DVVLVWHG WR SODQ DQG GHVLJQ3WRH B[LFHO HOP [{YOHNOYPEGR F H G X |
SKRWRVWDELOLW\ PHDVXUHPHQWY DQG GDWD DQDO\VLV LQ FKD

&RQWULEXB\RRRUR G B XEDYADUMIFRIQY HG DV VLV WORPAHH | D LVOH WRWA
W KDVHRW DYDLODEOH LQ -DPHV &RRM BQE M HRQMHING\DVSDIUY L B/Q ROY
DQDO\WLV WM XWKRUDKERS UZD&U DLYHIKRPDVEQOWRISSVHWORI| 4XHHQ"
SURYHGH® R U LD D @R OIOHFDHQRIQ \D QG RIR:36WEKHWIXEOLFDWLRQV H[
FKDSWHUV ,,, DQG ,9 Rl WKLV WKHVLV



$SEVWUDFW

7KISRZHU FRQYHU V I3RQ RHR ILLFD. ®IQFF \S K RV8 B YKRIDMWDHF M QW O\ P D (
QHZ UHFRUGV H[EHMBU@QXMOBYRLWDWLRQVWRID @\K$D ¥V WO\ GIRIEG
HOHFWWRGPDWHULDO LQGLXP WKH RPSGE GHIUDEIGNLRQ RI 239\
FRQ G LKALIQREQHA® D W.F G RPPHUFLDQOLHIMWLR A UHVHDUFK HIIRUW KDYV
WKH SDVWGGE N HIGISHDRD O W H U Q VR EDHW O@IBW LR Q P BWK HUG B OLMF W R
VWDELOLW\

*UDSKB\QLH) DAVHR P WSKLENL KIHHDG RQDO FDUEWBQ M ¥ HHRIOMQWH
FDQGLEDMWMM[{WUDRUGLQDU\ RSWLFDO HOHFWULFDO PRUSKRC
&KHPLFDO YDSR&JIGKBR\VLWULRQW SRWHQWLDO W R DSIULRA\GXFHD 8 KBIQ
ILOPRZHYHU WKH KLJK GHSRV LR L R\K W HHRSYH. W B DR HGRXDEOIDY HV T
FRPSOH[ WUDQVIHU SURFHGXUBSKBNMRPLPWMG VWK BODELOLW\
5DGLR IUHTXHQF\ 5) SODVPD 13Q&D QVHSG S B R\PALWK @R SKW R G X F H
JUDSKHQH ILOPV DW P R®HG DAMOH FAM B RKX \F YHIAD-D W KV S U@ IMEHTF M
DQG HQYLURQPHQGD OIRD @ WOH[WIRMAW P JUDYHROHQV JHUDQLXP
WR GHWHORSHHUIJUDSKHQH 7&(V DQG SODVPD SRO\PHUL]JHG 33
5)3(&9"

*UDSKHIQMHV\QWKHVL]HG GLUHFWO\ RQ JODVV XSXBARRVUDWHV [
WR EH XWLOL]JHG DVKMH ABHVIROWAIQY JMNHDSKH® I IXQPNR WA FRYHUD.
JURZWK VXEVWUDWH DQG H[KLELWHG KLJK RSWLFDO WUDQVPLW\
GHIHFW FRQFHQW U D2BI9R®H BLRFFGIWHE X BRI BMR B/ HE J UDBHIHHYHH G & (V
XS WR DQ®WKHRE( DQG ILOWKBHEWRYD WHRSDAWWLRQ WKH JUL
EDVHG 239V KDG F RPLSDAXD MO FIXWHIRMYGGRISHURDX W Yz:R @AMRDW K R 9 H
RI WKH UHIHUHQFH GHYLFH

7R PDNH WKH GHYHORSHGUM}XMWWOYQB KB & H B RBUWM UTRP\SI HW L W |
WKH K\EULGL]DWLRQ RI VLOYHU QDQRZLUHV $J1:V ZLWK S
FRPSUHKHQ@WKHYARXSOLQJ RI $J1:V DQG SULVWLQH JUDSKHQH FD
VKHHW UHVLVWDMQRH KNEWKB UHYXTZLWKRXW GHWHULRUDWLQJ \
K\EULGL]DWLRQ RI $UIDG KDIEEAKEHYHG XV L QU WH P MWIDRGVHUQ WK
PHWKRG JUDSKHQH ZDV G L URHRDWAOH GJURDY VR FEEMPWMNCKWAH V HE W Q C
PHWKRG $J1:V ZHUH VSLQ FRDWHG RQWIRS IGHQHFR/@® \JUDYW KWXE
1IRWDEX39 GHYLFHV IDEULFDWHG RQ WKH K\EULG 7&(V XVLQJ E
SHUIRUPDQFH FRPSDUHG WR WKRYHKLEDH BE YRE KW XWWQQ R QOD $K
D GHFOLQH LQ SHUIRUPDQFH 5HPDUNDEO\ WKH GHYLFHV IDEULF
FRPSDUBREOBQG KLFARABDUHG WR UHIHUHQFH GHYLFHV ,Q WKH \
RI YHUW L FDHO® \J R DPS KEEIQAHR VKHHWYV HITHFWLYHO\ PLWLJDWHG WKH

9,



RI $J1:V SUHYHQWHG VKRUW FLUFXLWV DQG LQFUHDVHG WKH FR
OHDGLQJ WR D VLIJQLILFDQW HQKDRFHPMBO® 29» \BKNLEBO IDFWR

7KXV WKH GLUHFW V\QWKHVLV Rl JUDSKHQH RQ JODVV VXE
SURPLVLQJ DSSURDFK WRZDUGV VFDODEOH DQG VXVWDLQDEO}
XQGHUVWDQGLQJ WKH LQIOXW@RHWRK HG HERV X WH R @R IS DUWDSPHHADHHU L
LWV HOHFWULFDO RSWLFD®U B QG XMLDOON X U KB 0 RS HW RV IDHAK L |
EHWZHHQ JUDSKHQH DQG $J1:V IRWUKHJRGKW RA SHHEWL WRIY BlU R7Z
WHPSHUDW®RIZFY RQ WKH VWUXFWXUDO RSWLFDO HOHFWULFDO
WUD QWHHUJUDSKHQH 7&(V IRU 239V ZDV V\VWHPDWLFDOO\ LQYH
VWUXFWXUDO IHDWXUHV RI WKH UHQX CGHSHQ EHIMFKHHED BROPK W
RI WKHDV¥ DQG WKH VIQWKHVLVY WHPSHUDWXUH

3 +7 3&%0 EDVHG 239 GHYLFHV RQ WKH SUL$WMLQH &WDSKHQ!
VKRZHG DQ RSWLPXP SHUIRUPDQFH ZLWHKQRD S K V@ FPRRICDHR® @/HHS R \
WHPSHUDRXUK® DGGLWLRQ 239V GHYHOREWGW R® 7&J(VS ISHEHS D U H G
WKHVH RSWLPXP FRQGLWLRQV H[KLELWHG H[FHOOHQW SHUIRU
H[FHHGLQJ WKPXQWHUBD QWARQWKBVWRXSOLQJ RI $J1:V ZLWK JU
LQHIITHFWLYH GRYZ KIDWHY DQG KLIJK GHSRVLWLRQ WHPSHUDWXUH
LQFUHDVHG FDUULHUWFG&EFRPIQD WER®QFH RU9W®B QRKKFHNM WU R
UHVSHFWLYHO\

7RHQKDQFH WKH G HBWOMNU YRAQOLKIPO DD YHROMIMG WR GHSR
HQFDSVXODWE®BQ3W&L RQ LR PHWDO HOHFWURGH RI WKH 239 GH
/IRZ 5) SRZHU XS WR : DQG VKRUW GHSRVILIQ\WR QVW LRI W K BV Q];
WKLQ ILOPV ZLWKRXW HWFKLQJ WKH XQGHUGKH S DHDS BLUWDWPER B BV K H
H[KLELWHG KLJK VWDELOLW)\ KKH B89 X®NYU B HY HRG B\E VIXIDG® MDA R
33WKLQ ILOPV WKW DGYHBQWZR RI LWV LQLWLDO 3&( DQG )) UHVS
DPELHQW DWPRVSKHURFZSYR®REDWKIE GRYLFH GHJUDGHG ZLWKL
LOQWHUHVWLQJO\ WKH HQFDSVXODWHG GHYLFH ZDNDIRXQG WR P
! DQG ! RI LWV RULJLQDO VKRUW FLUFXLW FXUUHQW GHQVLV
WKDQ PRQWKYV LQ DPELHQW DLU

7KLV WKHVLV UHBRUBW\S SURDBRWRUSURGXFH HIILFLHQW JUD
JODWREVWUDWHY DW PRGHUDWH WHPSHUDWXUHVVIRGAH@®D QW H
GDPDUHH PHWKRG WR SUHSDUH HQFDSVXODWLRQ WKLQ ILOPV
WHPSHUIKWMXRXWFRPHY RI WKLV UHVRDUBKWREBBEBMYFLDB D73/ W
DOWHUQRWEWHNG IRWKHU R SOMRRIMHHRFW U RAQUHWK HO RILW PG BBQ DO\
SURPLVLQJ HQFDSYV X0 DM REOHRBGBIRBQPMARW URWDLF GHYLFHV 7KX
WLPHG FRNAFW LRMHVQKW WHSRUWHG DSSURDFKHV SURGRSHE BW WKV
VXVWDLQDEOH UHQHZDEOH HQHUJ\ WHFKQRORJ\ ZLWK PLQLPXP

91!



7DEOH RI &RQWHQWYV
'HFODUDWLRQ |
BWDWHPHQW RI DFFHVV WR WKLV WKHVLV .
$FNQRZOHGJHPHQWYV .9
BWDWHPHQW RI FRQWULEXWLRQ RI RWKHUYV 9
$EVWUDFW 9,
JLVW RI JLIXUHV S
/JLVW RI WDEOHV .9,
/JLVW RI DEEUHYLDWLRQV :9,,
/JLVW RI SXEOLFDWLRQV L
&KDSWBWURGXFWLRQ
., SWLRQDO
., 5HVHDUFK REMHFWLYHV
., TKVLV RUJDQL]DWLRQ
SHIHUHQFHV
&KDSWHWHUDWXUH UHYLHZ
$EVWUDEW
*UDSKLFDO $EVWUDFW
., ,BXEFRLRQ
., )XQGDPHQWDOYV
| 2UJDQLF S KRNWWR¥ROWWDLEMWXUH DQG RSHUDWLRQ
| &WUDSKHQH
,, &9JUDSKHQH IRU 239V
| 7KHUPDO &9' JUDSKHQH IRU 239V
| 7UDQVIHU PHWKRSKHRH&9'
| &WUDSKHQH JURZWK RQ GLHOHFWULF VXEVWUDWHYV
| 7UDIQHIMH B (&9 JUDSKHQH 7&(V
| 'RSHGJYDSKHQH
| *UDSKHQH $J1:V K\EULGL]DWLRQ
., B6XPPDU\ DQG RXWORRNYV
SHIHUHQFHV

&KDSWHILQMMHS VIQWKHVLV Rl JUDSKHQH WUDQVSDUHQW FRQG
SKRWRYROWDLFYV

$EVWUDFW

.H\ZRUGV

*UDSKLFDO DEVWUDFW
.., ,QWURGXFWLRQ
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.., ([SHULPHQWDO OHWKRGYV
s )DEULFDWLRQ RI JUDSKHQH HOHFWURGHYV
. )DEULFDWLRQ RI 239 GHYLFHYV
. &KDUDFWHUL]DWLRQ RI JUDSKHQH ILOPV
. '"HYLFH FKDUDFWHUL]DWLRQ

,,, BHVXOWV DQG GLVFXVVLRQ

.., &RQFOXVLRQ

SHIHUHQFHV

&KDSWHHWYMORSPHQW RI K\EULG VLOYHIHBWQEZDEDY JWLDKHQH U
IRU 239V

$EVWUDFW
*UDSKLFDO DEVWUDFW
H\ZRUGYV
1HZ FRQFHSWYV
9 ,QWURGXFWLRQ
.9 OHWKRGV
.9 BUHSDUDWLRQLRY KUPSKHGMHFWURGHYV
,9 &KDUDFWHUL]DMWIDRREHRQKBIK\FULG HOHFWURGHYV
.9 'HYLFH IDEULFDWLRQ DQG FKDUDFWHUL]DWLRQ
,9 S5HVXOWYV DQG GLVFXVVLRQ
,9 &RQFOXVLRQ
SHIHUHQFHV

&KDSWHKHIOLPSDFIWRQG GHSRVLWMWRXYU W RRBRIWHB QUIHSKHQH 7&(V
IRRB39V

$EVWUDFW
*UDSKLFDO DEVWUDFW
9 S, QRWMFWLRQ
9 ([SHULPHQWDO
6WHNV LY RI JUDSKHQH ILOPV
SUHSDUDWLR®JRIV+YRYYG *U
)DEULFDWLRQ RI 26&V
&KDUDFWHUL]DWLRQ PHWKRGYV
9 S5HVXOWYV
9 &RQFOXVLRQ
SHIHUHQFHV
&KDSWHHYHORSPHQW RI SODVPD SRO\PHUQPVGIRQRBSVXODWLRQ
$EVWUDFW
*UDSKLFDO DEVWUDFW
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9, ,QWURGXFWLRQ
9, )DEULFDWLRQ DQG FKDUDFWHUL]DWLRQ PHWKRGV
, '"HYLFH IDEULFDWLRQ
, 'HYLFH HQFDSVXODWLRQ
, '"HYLFH VWDELOLW\ PHDVXUHPHQWYV
, &KDUDFWHUW KLWLIRQ R 33
9, B5HVXOWV DQG GLVFXVVLRQV
9, 3KRWRYROWDLF VWDELOLW\ RI WKH HQFDSVXODWHG 239
9, ORUSKRORJ\ DQG VXUIDFH KRPRJHQHLW\ Rl SODVPD SRO\
9, 2SWLFDO SUREKHQWLEFWRI 33
9, &KHPLFDO VWUXFWXUHWKL® SKBPMARVWDELOLW\ RI 33
9, ‘DWHU FRQWDWFMLQQIORWI 33
9, &RQFOXVLRQ
SHIHUHQFHYV
&KDSWHU 9,,
9,, *UHHQ V\QWKHVHW RU VSJOHQYHH U
,, +\EULGL]DWLRQHRIJWDSKWOHUDQG $J1:V
,, ,PSDFWDRIDBQG JURZWK WH P SHHID WXDSKRQ W UHQ@V I HU
., *HUDERXRG @BDSVXODWLRQ OD\HUV IRU 239V
., 2YHUDOO FRQFOXVLRQV DQG FRQWULEXWLRQV
9,, 5HFRPPHQGDWLRQV IRU IXWXUH UHVHDUFK
$SSHQGL[ $
$SSHQGL[ %



ILVW RI
JLIXUH |,

JLIXUH |,

JLIXUH ,,

YLIXUH ,,

YLIXUH ,,

JLIXUH ,,

JLIXUH ,,

JLIXUH ,,

JLIXUH ,,

JLIXUHV

7KH EHVW UHVHDUFK VRODU FHOO HIILFLHQF
/IDERUDWRU\ 15(/

6FKHPDOVMAXVRW RMW VRMQU XFWXUH RI D W\SLFDO

D 6WUXFWXUH RI D %+- 239 GHYLFH E $ VFK
VWHSV RI WKH 39 HIITHFW AL @XW¥-H2RBWD MV\BKHL
LOOXPRQD®W (TXLYDOHQW FLUFXLW RI D VROI

7KH KH[DJRQDO KRQH\FRPE VWUXFWXUH RI
FRQVLVWLQJ RI VWDFNHG G JUDSKHQH E

FRQGXFWLRQ EDQGV PHHW DW 'LUDF SRLQW
5ROOHG DQG ZUDSSHG JUDSKHQH VKHHW IRL
FKHPLFDO ERQGV ZLWKLQ JUDSKHQH ODWWLF

6FKHPDWLF UHSUHVHQWDWILRIE RH@HK IR @ UERXZ K
3(&9'JUDSKHQH RQ JODVV VXEVWUDWH E

&XUUHQWY®BRQWDWH FKDUDFWHULVWLFV RI
SKRWRYROWDLF FHOOV IRU GLIIHUHQW EHQG
EHQGLQJ DQJOH IRU &9' JUDSKHQH DQG ,72
JUDSKHQH WRS DQG ,72 EQW®WFRARWBKREWR)
EHQGLQ@ H 6FWHPDUHSUHVHQWDWLRQ R% V@K
&RQWLQXRERORED V\WWHP XVLQJ VHOHFWLY
> @KRWRJUBSKRDR®H®KSURGXFWLRQ RI JUDS
ZUDSSLQJ DURMNKGTEDUW] WXEH W R GEHKLTMHW
K 5RBROO WUDQVIHU RI JUDSKHQH ILOPV U
DWRE L $ WUWQUBDRBIOD UUHD SKHQH ILOP LU
3(7 VKHHW M B6FUHHQ SULQWLQJ SURFHVV F
ILOP N $Q DVVHPEOHG JUDSKHQH 3(7 WRXFk
O $ JUDBXHQG WR}AE® SFRQQHFWHG WR D
VRIW 2D @H

6FKHPDWLF LOOXVWEDWHRQ BRD S\KKH BIOWS) DQV

;36 DQDO\WVLYVY RI JUDSKHQH WUDQVIHUUHG EQ
E WKH PRGLILHG 300%$ PHWKRG ,QVHWYV L® G

D7UDQVPLIRVWWDKFK (9% 3(7 DQG WUDQVIHUUH
E 6FKHPDWLF GLDJUREY RI* VRIQH1IDVIRLO DC



JLIXUH ,,

YLIXUH ,,

YLIXUH ,,

JLIXUH ,,

JLIXUH ,,

JLIXUH ,,

JLIXUH ,,

)/* (9% 3(7 VXEVWEMWHKWIDFH PRUSKRIRIZ®G Y/
1L IRLO F DQG WKH WUDQVIHUUHG )/* (9% 3(7
JURZQ )/* RQ 1L IRLO H DQG WKH WUDQWIH® |

D 6WHSV RI WKH HWMKULDJVIHU SWRRFBYWHWD X
RI *U RQ D &X VXEVWUDWH DQS V&REL G EKHDW
URBIODVHG SURGXFWLRQ RI JUDSKHQH @OPV JL

D 6FKHPDWLF RI WKH &9' JURZWK IURP VROI
DQG 6(0 GDWD IRU EHQ]HQHE GHSHYHBHQWBRF
GHULYHG JWBSKHQH H

D E 5DPDQ VSHFWUD RI JUDSKH®HHIQWP\
WHPSHUDW®DHP\DQ VSHFWUD RI QDQRJUDSKH
VXEVWUD@GIV5DPDQ VSHFWUD RI JUDSKHQH |
FRSSHU IRLO B8R WXEMWWERWH6FKHPDWLF LOO
3(&9" VHWXS IRU JUDSKHXQEHIL@P JWRIZ&/ K DQ(

> @

5DPDQ VSHFWAUDHRWONKHQWKHVL]HG &9' JUD
VROLG FDUERQ ¥RX@FH¥ VIFKHEPDWLF LOOX VWM
&9' JURZWK RI JUDSKHQH @HEG BDWBEQ VO HFR U
ILOPV JURZQ XQGHU GLIIHUHQW &KUWNKKERK
WHPSHUDWXUHYRZE @ QG +

6FKHPDWLF RI WKH &9' FKDPEHU WRUWDW D@ G
FKDPEHU IRU JUDSKHQH V\QWKAROW HEECHAMX H X
([SHULPHQWDO UHVXOWYV IRU JUDSKHQH V\QW
> @

D6FKHPDWLF GLDJUDP RI W KIHY 3OS KH @ W H/F
ORZ WHPSFHHDWMXVSHFWUD E WUDQVPLWWDC
3$7&9*U BQT7UPWYV 3$7&9%U 7KW FKDUDFWHUL
3$7&9*U H DQGWUD®GWHYLFHV DV D IXQFWLR(
WHQVLOH VWUD@Q RI

5DPDQ D 6(0 E RSWLFDO WUDQVPLWWDQF
JUDSKHQH VDPSWHWDBURSD BHGE @®SXW SRZHU (
WKH SHUIRUPDQFH RI 239V GHYHORSHG RQ JU
VIQWKHVL]HG JYMSKHQH 7&(



JLIXUH ,,

JLIXUH ,,

YLIXUH ,,

YLIXUH ,,

JLIXUH ,,

JLIXUH ,,

DF ;36VED RI WKH SULVWLQIBREBG KIS KOHXEH
UHSUHVHQWDMRFHG RIUWR BHQ& ODWWLFH

'URSOHWV Rl 3('27 BYHKDUHG EUDBRIS®HQH F
QP OR2F JUDSKHQH FRYHUHG BLWHKODWLRR
DYHUDJH 3&( WEGFONRRHVYV [RU JU DHS $OHFQXHU YRONH |
SHUIRURLQJ *836 VSHFWUD DQG FDOFXODWHC
OR20D\HUV Rl YDUWQW®WKLFNQHVYV

D-9 FXUYHV RI WKH GHYLFHV EDVHG RQ WKH
JUDSKHQH 7&(V &KDQJH LQ VKHHW UHVLVWD:(
SULVWLQH $J1:VIUDPSKBHDN 7&(V XQGHU SLI@AH
'HYLFH SHUIRUPDQFH RI LQYHUWHG % + +J @RS
K\EUL&(V DV D IXQFWLRQ RI H[SRVXUH WLPH
HQFDSVXOD@AVLRQ

5 UHVSRQVH RI $J1:W(DQIGOBY1IRQ 3(1 VXEGWIU
EHQGLQJ F\FOHV E EHQGLQJ DQJOHV F DLL
G K DW -fp&FEXHYHV RI WKH 26& GHYLFHMW*L
26&> @

D 2SWLFDO WUDQVPLWWDQFH VSHFWUD E
$J 1:V5 DQG *BLYHG $J 1:V *5 7&(V F 1,FLRADS
1:V *5 7&(V DV IXQFWLRQV Rl EHQGLQJ F\FOH
YDULRX\G Q6 FKHPDWLF VWUXFWXUH DQG HQHLI
FRQWDLQLQJ $J 1:V *5 7&(¥'\ZLWHO EXWRRWWK |
1:V *5 7&( )26&V IRU-YDIUURUWMOL]HG 3&(V RI
7&( )26&V DV IXQFWLRQV RIXEHRGGQJ WDGLXK}I
UHDO LPDJHV RI WKH )26&V DW HDFK 5 M 1
7&( )26&V DV IXQFWLRQV RI EHQGLQJ F\FOH D
Qxx DQG > xJa

D 5DPDQ VSHFWUD IRU JUD SK & B WIHIP YODMV
FRQFHQWUDWLRQWRP®J16(0 LPDJHV IRU $J1:
FRDWHG RQ WRS RI EDUHDSEBYWH D®G6(B LPD
$J1:V PJ PO $J1:V PJ PO RQ WR SRR IWWDG
JUDSKHQH JBDISKHQH D @G1lIVMSKHKQH HUHQW
$J1:V PJ PO K M FXUYHV IRU 239V WKMHS!
JUDSKHQH DQG K\EULG JUDSKHQH $J1:V 7&(\



J)LIXUH ,, D 5DPDQ VSHFWUD IRU JUDSKHQH VDPSOHYV ¢
E 7KH YDULRPWQRQ RI JUDSKHQH ILOPV ZLWK
FH 5HSUHVHQWDWLYH 7(0 LPDJHV IRU JUDSK

DQG G . HDQG | DQG - J DQG K
JLIXUH ,, ;36 VXUYH\ VFDQV OHIW KDQG SDQHO RI WK
WRS . PLGGOH DQG . ERWWRP DORC

UHVROXWLRQ +5 VFDQ IRU HDFK VDPSOH 7K
WKH VDPSOHV SULPDULO\ FRQVLVW RI FDUER:
DWWUREMKMH BDWPSOH VXSSRUW 7KH & V +5 Uk
DVVRFLDWHG ZLWK JUDSXEWQE ¥ IDUERQOPVBR
VKRZQ LQVHW

J)LIXUH ,, 6(0 LPDJHV IRU JUDSKHQH ILOPVWGGSUHSDWHHG L
F 1

JLIXUH ,, D 9 FKDUDFWHULVWLFV RI WKH GLITHUHQSRI
SUREH PHWKRG E 7KH YDULDWLRQ RI WKH V
7&(V ZLWK 5) LQSXW SRZHU F 2 SGALIL AHDUWOH QW
HOHFWURGHVY PHDVXUHG E\ - :RROODP (OO
VIQWKHVL]HG JUDSKHQH 7&(

JLIXUH ,, D 9 FKDUDFWHULVWLFV RI WiOH2BQ YGHYLIFE V
GLIIHUHQW JUDSKHQH 7&(V DQG ,8EKH P DFULHQ
VWUXFWXUH Rl LQYHUWHG 239 GHYLFH HPS
FKDUDFWHULVWEPBWHRBU230V RQ JUDSKHQH
72 G 9 FKDUDFWHRBULNVWIBEOGHYWLFHY EDVHG R(
W . ZLW KDL GROEBY =Q2 (7/

J)LIXUH ,¢ 5DPDQ VSHFWUD IRU SULVWL®H. :)W DI5 KBIQG $uJ
F 7KH YDULDWLR®:; RRU WKH LQYVWNIDBNF
$J1:v*U G

JLIXUH ,¢ ;36 VXUYHRGDNDRVWLQH JRYIOSKHEH DQG*3Wl1:
'"HFRQYROXWHG KLJK UHVROXWLRQ VFDQ RI
$J1:vV G DQG $0U1:Y H $QDO\WLV RI WKH $J
*U$Jl:v



JLIXUH ,¢ 6(0 LPDJHV IRU BJ *U1:V G DQG $3W:V RQ
VXEVWUDVBHSUHNHQWDWLYH 7(0 LPDJHV IRV U
N DQ®I¥W O

JLIXUH ,¢ D 6KHHW UKNRLWMOHQEB®YHBVWLJIDWHGS $1:VV WD
$J1:V*U K\EULG VOBPS®MVYEULDWLRQ RI RSWL
ZDYHOHQJWK RI WKH LQFLGHQW OLJKW IRU $
$J1:V F DQG JUDSKHQMHIDQRVS$IL:V

JLIXUH ,¢ D 9 FKDUDFWHULVWLFV ERY HMGK R 2 30U GHW LI
UHIHUHQFH GHYLFH RQ ,72 E &RPSDULVRQ F
GHYLFHY GHYHORSHG RQ $JBM:VIUBSKHTKH 1
RI WRHFXUYHV IRU 239 GHYLFHV IDESUUFDWHDG
$J1:v*U | ZLWK WKH FRQFHQWUDWLRQ RI WK
FRPSDULVRQ EHWZHHQ WKH SHUIRUPDQFH RI
$J1:V 7&( DQG ,72 FRXQWHUSDUW H 7KH "
GHYHORSHG R@ DWW I®WDVV 7&( GXH WR W
$J1:V

JLIXUH 9 5DPDQ VSHFWUD RI JUDSKHQH ILOPV SEeHSDL
GLIIHUHQRZ+UDWHY D DQG DW GLIIHUHQWEJ
7(0 LPDJHV IRU JUDSKHQHE®DOPZHUURZE) DW C
VFFP +I DQG J 7(0 LPDJHV IRU JUDSKRQH M DQW!
J LQ WKH DEVHQFH RI +

J)LIXUH 9 6(0 LPDJHV VKRZLQJ WKH PRUSKRORJIQRN&GE

JUDSKHQH VDPSOHV R\QWKHVL]HD® ®W BH V&

LPDJHV IRU JUDSKHQH ILO®ORZ DRZ QF Z F& KR X\

R& H 6(0 LPDJH IRU JUDSK& @HWKREW Bk
GHSRVLWLRQ WLPH RI A

JLIXUH 9 ;36 VXUYH\ GDWD IRU JUDSK& QY GHUPGE LIOHRZHQ
DF G 'HFRQYROXWHG & V SHDN IRU JUDSKH(
DWPR& 6XUYH\ GDWD IRU VO2SBHD J& RZ QY KORA'
'"HFRQYROXWHG & V SHDN IRUDW PYGHM®I @R ZIQ

JLIJXUH 9 7KH YDULDWLRQ RI VKHHW UHVLVWDQFH DQG
JURZQ XQGHU RHODWQOW +DQG HUMA L WHPSH
DEVHQFHERI +



JLIXUH 9

JLIXUH 9

YJLIXUH 9

YLIXUH 9

YLIXUH 9

JLIXUH 9

JLIXUH 9

JLIXUH 9

JLIXUH 9

JLIXUH 9

-9 FXUYHV IRU 3 +7 3&%0 EDVHG 26&V GHYHC
DQG JUBSKHQK\EULG F G 7&(V Vi WEE QB
+ IORZ D F DQG DW GLIIHUHQW JUEZWX WHP

D ,QYHUWHG VWUXFWXUH %+- 239 GHYLFH Z
VHWXS IRU WKH 5) SODVPD SRO\PHUL]DWLRQ

D 1RUPD® IFJKIBUDFWRUH\QEDSVXODWHG GHYL
RI . 5) DIWHU IDEULFDWLRQ DQG KRXUV
RI 3&( E DQG )) F ZLWK WLPH IIRUFBGCFXSDX\H

D 1RUPDOLHKBUDFWHQEDSVKORWHG GHYLFH
'& DIWHU IDEULFDWLRQ DQG KRXUV R>
3&( E DQG )) F ZLWK WLPH |IRQ FDFDSYXD B

'DQG ' $)0 LPDIJMNKIRQ 3BOIBDUHG DW D F
SODVPD © ZLWK '& RI E G

7KH YDULDWLRQ RI ILOP WKLFNQHVYVY RYHU Wi
SXOVHG SODVPD DW ' & PHDVXUHG E\ (OOL

899,6 VSHRMWKIDRM SUMBDQ HIGO®Y D &RQWLQ.
SODVPD SRO\PHU ILOPV 7DXF 30RWV IRU ILOF
SODVPD G ILOP GHSRVLWHG DW 5) . SXOV
899,6 DEVRUSWDR@ I SODVRD SRO\PHU WKLQ
SXOVHG SODVPD ZLWK V&RN QRYPDOL]HG WR
H[FOXGH WKH HIIHFW Rl WKLFNQHVV GLIIHUH¢
RI WKH ILOP DSSUR] QP

)7,5 VSHFWUD RI D *HUDODMHK® PLIPG E &30’
SRO\PHU WKLQ ILOPV

7KH YDULDWLRQ RI )7,5 VSHFWUD RI WKH &3
ILOPV ZLWKWBYWDGLDWLRQ ZLWKRXW OHIWUDY)
LUUDGLDWLRQ WLPH

:DWHU FRQWDFW B@QWKHMNUYHWBKSHODVYPD SRO\
VXEVWUDWHYV



ILVW RI WDEOHYV

7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEO®H

(OHPHQWDO VXUIDFH FRPSRVLWLRQV RI JUDSK
SRZHU

7KH SKRWRYROWDLF SDUDPHWHUV RI WKH 2:
XQSDWWHUQHG ,72 HOHFWURGHV ZLWK GLIIHUH

7KH SRVLWLRQ DQG DWRPLF SHUFHQWDJH RI W
VDPSOHV

7KH VKHHW UHVLVWDQFH DQG RSWLFDO WUDQYV

7KH SKRWRYROWDLF SDUDPHWHUV RI WKH 239 ¢
XVLQJ 3 +7 3&%0 DV DRHDFWOXHVODQHEDUHQW K
ZLWK WKH EHVW 3&(

2SWLFDO WUDQVPLWWDQFH DQG VKHHW UHVL)
GLIIHUHQW FRQGLWLRQV

3KRWRYROWDLF SDUDPHWHUV IRU 3 +7 3&%0
JUDSKHQH DQG K$EWI\NG 7RIESWKHQYKH JUDSKHQ He
XQGHU GLIGIRHQWWHV

SKRWRYROWDLF SDUDPHWHUV IRU 3 +7 3&%0
JUDSKHQH DQG K\E&MULG J&DO/SEHOYK WKH JUDSK
GLIITHWHR®WHUDWXUHYV £tQ WKH DEVHQFH RI

7KH RSWLFDO EDQGJDSU (ISR IVEKEL QBUIHXPWV DV

9DOXHV RI ZDWHU FRQWD F V8 IDHBIMUAHIGER Q@ W KOHP \G L



/ILVW RI DEEUHYLDWLRQV
$EEUHYLDW L RBO/S B D B HOWLVRADHD@® \

$ $FFHSWRHFWURQ DFFHSWRU

$)0 $WRPLF IRUFH PLFURVFRSH
$J1:V 6LOYHU QDQRZLUHV

$J1:Vv*U 6LOYHREZ QUMY SKHQH ZLWKRZIQDBEHWQBYHU QI
$U $UJRQ

% ( %LQGLQJ HQHUJ\

% + - %XON KHWHURMXQFWLRQ

& + (WK\QH

&+ (WKDQH

&+ %HQ]JHQH

& + OHWKDQH

&17V &DUERQ QDQRWXEHV

&3 &RQWLQXRXV SODVPD

&71 &KDUJH WUDQVSRUW OD\HU

&9 &KHPLFDO YDSRU GHSRVLWLRQ

' 'RQRUBOHFWURQ GRQRU

GF 'LUHFW FXUUHQW

‘& 'XW\ F\FOH

' =Q2 'RXEOB\HU =LQF R[LGH

(% (OHFWURQ EHDP

G YHUPIHYHO

(* ([IROLDWHG JUDSKHQH

(5 %DQGJDS

(*U (SLWD[LDO JUDSKHQH

(7/ (OHFWURQ WUDQVSRUW OD\HU
(9% (WK\OHQH YLQ\O DFHWDWH

)) )LOO IDFWRU

)/ * YHZOD\HU JUDSKHQH

JRO JLIXUH Rl PHULW

)26&V JOH[LEOH RUJDQLF VRODU FHOOV
)7,5 JRXULHU W UDWQNVGRUPHEMURBRYV FRS\
x4\ *UDSKHQH TXDQWXP GRWYV
*U$Jil:V *UDSKWIQHYHU QDQRZLUHV ZLWK VLOYHU QD

+ +\GURJHQ

;9111
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26&V
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3%1
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3&(

3(&9'
3('27 366
3(1

3(6

3(7
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3,

30
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+LJKHVW RFFXSLHG PROHFXODU RUELWDO
+ROH WUDQVSRUW OD\HU

,VRSURGF®KRO

,QGLXP WLQ R[LGH

&XUUHQW GHQVLW\

OD[LPXP FXUUHQW GHQVLW\ Rl WKH VRODU F
6KREMIFXLW FXUUHQW GHQVLW\
&XUUHQWO BOIWD W\

JRZHVW XQRFFXSLHG PROHFXODU RUELWDO\
0XO®D\HU JUDSKHQH

ORO\EGHQXP WULR[LGH

OLFURZDYH SODVPD HQKDQFH FKHPLFDO YD¢
1DWLRQDO UHQHZDEOH HQHUJ\ ODERUDWRU
1DQRZLUHV

2UJDQLF OLJKW HPLWWLQJ GLRGHYV
2UJDQLF SKRWRYROWDLFV

2UJDQLF VRODU FHOOV

3RZHU GHQVLW\

3RO\KH[\OWKLRSKHQH

3RO\F\FOLF DURPDWLF K\GURFDUERQV
3RO\DFU\ORQLWULOH

30DVPD DVVLVWHG WKHUPDO FKHPLFDO YDS
> FKH@OEXW\ULF DFLG PHWK\O HVWHU
3KH@ OEXW\ULF DFLG PHWK\O HVWHU

3RZHU FRQYHUVLRQ HIILFLHQF\

30DVPD HQKDQFHG FKHPLFDO YDSRU GHSRV
SRO\HWK\OHQHGLR[\WKLRSKHQH SRO\VW\UI
3RO\VHWK\OHQH QDSKWKDODWH
3RO\VHVWHUVXOIRQH

3ROVHWK\OHQH WHUHSKWKDODWH
3HUIOXRUXQIRWHE DFLG

SRO\LPLGH

3RO\> ELV HWK\OKIH[X®UR W KOR HRHRE
EY@GLWKDRSKHQ L WKLHR\BPLVHWK\OKH[\O E
F TFT@GLWKLRSRBEH®

OD[LPXP SRZHUHIHAMLWHNG E\ WKH VRODU FH



300% 3RO\ PHWK\O PHWKDFU\ODWH

33 30DVPD SRO\PHUL]HG

36 3RO\WW\UHQH

36&V 3HURYVNLWH VRODU FHOOV

39% 3RO\YLQ\O DOFRKRO

393 3RO\YLQ\OS\UUROLGRQH

55 5R QWRR O O

5) 5DGLR IUHTXHQF\

5)3(&9" 5DGLR IUHTXHQFKB@PWE®FKHPLFDO YDSRU G
5+ SHODWLYH KXPLGLW\

UPV 5RRW PHDQ VTXDUH

USP SHYROXWLRQ SHU PLQXWH

5y 6KHHW UHVLVWDQFH

Bvhu 6HULHV UHVLVWDQFH

5vk BKXQW UHVLVWDQFH

VFFP BWDQGDUG FXELF FHQWLPHWHU SHU PLQXW|
6(0 6FDQQLQJ HOHFWURQ PLFURVFRSH

6/* 6LQIOITHHU JUDSKHQH

7&( 7UDQVSDUHQW FRQGXFWLQJ FRQGXFWLYH H
7(0 7UDQVPLVVLRQ HOHFWURQ PLFURVFRSH
7)6% %LV WULIOXRURPHWKDQHVXOIRQ\O DPLGH
7L2 7LWDQLXP R[LGH

7 2SWLFDO WUDQVPLWWDQFH

757 7KHUPDO UHOHDVH WDSH

836 SOWWBOHW S K R B/HRAVO R WALRSQ

89 B8OWUDYLROHW

899,6 8 OW U DWIL\RLEHOW VSHFWURVFRS\

9 9ROWDJH

9* 9HUW LRFFDLOHIW HG JUDSKHQH

%o OD[LPXP YROWDJH RI WKH VRODU FHOO
924 2SHERLUFXLW YROWDJH

‘&S ':DWHU FRQWDFW DQJOH

) 'RUN IXQFWLRQ

' 7 ‘HW WUDQVIHU

;36 ;s UDSKRWRHOHFWURQ VSHFWURVFRS\



Q2

= = ELVHWK\OKHBIOXQGHF\®LK\GUR
> @WKLD L@ VWRORPQ R > T 1 @QWKLHQR>

J@WKLHQR> E @@ WYE&RBBIRD>ELY PHWKDQ\O)\
GMRUR[R GLK\GUIRQGHQGIL\OLGHQH GLPDOR
=LQF R[LGH

$EVRUSWLRQ FRHIILFLHQW
:DYHOHQJWK



ILVW RI SXEOLFDWLRQV
&DQGLGDWH SUHSDUHG WKH IROORZLQJ SXEOLFDWLRQV GXULQJ

.DPHOLFKDHOS W RS SLHOGRFRE70 9 6LQYAWHS FID\WBODWQ/G
JUHHQ V\QWKHVLV Rl JUDSKHQH WUDQVSDU&DMWERIQHFWURCG

.DPHOLFKDHO 6 $ D®PHOJBHPR®EOMU &KHPOFDDSRU GHSRVLWI
JURZQ JUDSKHQH WUDQVSDUHQW FRQGXFWLQJ HOHFWURG
WRZDUGV VFDODEB N/ W BIXGWIHW HY L H Z

.DPHOLFKDHO 6 $ 2HO JDFF|POHLU 90 6XVWDLQDEOH SODVPD ¢
HQFDSVXODWLRQ PDWHULPROXUIRLORRIJDRWH VROV &KIHDFOLW W |

.DPHO OLFKD$®XEDISOPHOJHP|@WOHDFRE 0 9 ,QRUJDQLF
QDQRSDUWLFOHV W R QRRYLHEULMRRPUHV HR RORRI B Y@M AE Y8 B RW LUH Y LH Z
5HQHZDEOH DQG 6XVWDLQDEOH (QHUJ\ 5HYLHZV
.DPHOLFKDHO ®WRSSL&EODRDFRE 9 ,PSURYHG MJBIBIQVIHU
VXVWDLQDEOH JUDSKHQH HOHFWURD®LXVS KRSV & GAN TLIFRIR Z
SXEOLFDWRISRG $9SOLHG (QHUMREDQWBOLDOV
.DPHOLFKBH®2HOJHP|OWOHWDFRE 0 9 3 QIOXHQFH RI +\GURJHQ
'HSRVLWLRQ 7HPSHUDWXUH R Q U WUDD7SHIHERME [DUCH3D WU COGHA W
IRU 2UJDQLF 6ROQGHIHOBYLHZ

&DQGLGDWH FRQWULEXWHG VDRQERGVWOGWHAGD R/RDW KIXEW KHIVWVY. RQV WK

':DOWHUV %HQFKDPKO -DFRE 0 9 $]JKDGKHOLBSDFW RI
GHSRVLW LR WHR SHEDYSIKH § VBB UHYLHZ

$OXPDLOL $KPHG .DPHO OLFKDHO BKK $QWARPEFORELDO
OHFKDQLVPV Rl ,QRUJDQLF 1DQRIAHVULBEMVYHIDQRVW UXFW X



&KDSWHU ,

 QWURGXFWLRQ

., 5DWLRQDO

7KH LQFUHDVLQJ JOREDO GHPDQG IRU HQHUJ\ DV ZHOO D'
UHQHZDEOH FRQYHQWLRQDW KHR X I 6 RSV KRID\. DDEHIFHH \D\OLWWHDUADHDG L Y H \
RI VRODU HQHUJ\ UHFHLYHG E\ (DUWKNQW XRDFRZIHY W K HQH QW LK
RQH \HEKH H[SORLWDWLRQ RI VRODU HQHUJ\ FDQ EH DFKLHYH
SKRWRYROWDLF 39 GHYLFHV VRODU FHOOV 6RRODUFKBDWNURQ
WKH PRVW HIITHFWLYH@RXUFBXHRWROHEW GLAHFW FRQYHUVLRQ
EHLQJ FOHDQ DQ@ UHQHZDEOH

7KH HYROXWERQ RV WR®DSDVVHG WKURXJK WKUHH 39 JHQHU
EDVHG R@®8 GROYWDOOLQH VLOLFRQ ZKLOH WKH VHFRQG JHQH
VXFK DV DPRUSRRBEP LXIPOWHOD X U RGIS HEUGZBIP OWXPHEH & ,*6
&U\WWWDOOLQH DQG WKLQ ILOP 39V KDYH UHDOL]JHG JRRG UHFR
H[FHHGLQDRG UHVSHFW,LYHRIHYHWXUWKH KLJK FRVW RI IDEULF
VRPH RI WKH PDWHULDOV XVHG VXFK DV ,Q DRREDGVIRKIHZ E D FINWG V
RI WKHV H GKHUEHNMNRUH WKH W UIH@HUADLVRIOR IQGFDERFR BADKQ 1§ BIOW D E O H
7KLUG JHQHUDWLRQ VRODU FHOOV H[SORLW DEX@GDQWF GREA FR
VHQVLWL]HG DQG SHURYVNLWH VRODU FHOOV DUH W3B{VSULQFL
H[FHHGLQRU SHURNYY/ON DI & a ZLWK RUJDQLF SKRWRYROWDLF"
UHDOL]HG

Best Research-Cell Efficiencies
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JLIXUH 7KH EHVW UHVHDUFK VRODU FHOO HIILFL
IDERUDWRUXW®M$%Y ZZZ QUHO JRWSEY HPABHBL ¥ LFRINVL BN



239V RIIHU VHYHUDO DGYDQWDJHV L Q FHO XHFOLIY B IQHKWWZ HLE X @
DQG WXQDELOLW\ RBKLIFWHRLRL®OWKHP D SURPLVLQJ FDQGLGDW
FRXQWHUSDUWY $ W\SLFDO EXON KHWHURMXQFWLRQ %+- 239
GHSRVLWHG RQ D W U B B \SKXRUWMRDAF W K E M VOWDD MHRN W K Y RE IS YWLFRHQ ZK
LV VDQGZLFKHG EHWERBGXF WLILDIQN SE@® @MREHP TXSDUHQW RU R
PHWDO HOKHAWURGHMVKH ILUVW OD\HUW XRIH ZAKK_HF KV 0 BNMBDFER \S H Q W
VXQOLJKW WR UHDFK WKH SKRWRDFWLYH JODQH U DRV HABK A KB K HF Fil
HOHFWURQWY PGE&RWHRQ WZR FKDUJH WUDQVSRUW OD\HUV &7/V
SKRWRDFWLYH OD\HUHN QGRWR A L\WZ R/ BI\WH PMWKUR & UD QNS R U BYWLHEG |
FKDUJH PD@KHBWWXFWXUH DQG RSHUDWLRRR RH Z3HW [DLUOH LAL VK B '8 Wi

Vv

—

Metal electrode
Charge transport layer

i e - 'T A >
A= M Adtiv@Tayer-

Charge transport layer
Transparent conducting electrode

Transparent substrate

J)LIXUH 6FKHPDW L RRM IOX WWWIXWW XUH RI D W\SLFDO %+ -

7KH 3&( Rl 239V KDV UDSLGO\ LQFUHDVHG RYHU WKH ODVW ¢
L®EDWHULDOV GHYHORSPHQW D@SZEMMUF W KBUHQBIWK MYZR PDMR LU
QHHG WR EH RYHUFRPH E M RR@ RV KW KRR P YR FKELAOQ JDMKA FFK@ROMRLQ
GHYHORSLQJ HIILFLHDKN. AXKQBDKRPBUMRPH WKH OLPLWDWLRQV R
LQGLXP WLQ R[LGH ,72 +LJK FRVW PHFKD QMFOHD ULW.\VWRW @B GHX
UHSUHVHQW WKH PDLQ GUDZEDFNV RI ,72 ,W KDV EHHQ UHSRUW
WKH RYHUDOO IDEULFDWLR @ KR VWHRR @R FPZCRDO®HQLIAFH LY WKH UL
239V XQGHU DPELHQWH FROFBARQRG/ H[SRVXUH RI 239V WR RJ[\
WHPSHUDWXUH DQG XOWUDNYRRGHW L&D OHDEW LWRQIVP DSDWKH L
ZLWKLQ WKH GLIITHUHQW OD\HUV Rl WKH GHYLFH ZKW¥K UHDF
HYHQWXDOO\ FDXVH WKH GHY¥LFHI/SBUFROP DQFHWLR HO/HRURGHV U
IHZ WR WKRXVDQGV @+RRXUHW LW PHVUH OLIHWLPHYVY LQFUHDVH VL.
VWRUHG LQ LQH U@ ®GUARMBEBOBIO HQFDSVXODWLRQ RI 239V LV D



WR LQFUHDVH WKHLU OLIHMIUFPHWD W KR @ XRIIKRY W G XORE R IE & RIMHHWH Q D\
OD\HUV RI WKH @HYLFH

YRU PHHWLQJ WKH ILUVW FKDOOHQJH RI 239V UHVHDUFKHL
DOWHUQDWLYHV WR ,72 LQF9 X@GRIQW FR MEXNERHIFOS R {@R8-HWI/O
QDQRZLUHY @DNUERQ QDQRWXHMHYG QUDSKIM$®PRQJ WKHVH FDQGLC
JUDSKBBKHEULGL]HG ' KH[DJRQDRDRDUHRKLYWG XFMHKUHHDWHVW
GXH WR LWV H[WU®Q & UELIQMWUY IRFERZLHBDMUSIMK ML M VHD UFK LV VWL
VFDODEOH SURGXFWLRQ RI JUDSKHQH 7&(V IRU RSWRHOHFWURQ
PRVW SURPLVLQJ PHWKR&DAR W\ QXBICHE-D I B & IR Q H\W &YW J K
TXDOLWIUSLOSKHQH LV RIWHQ JURZQ RQ D PHWDO FDWDO\WVW H J

Re IURP D JDVHRXV SUHFXUVRU 7KLV SUHFXUVRU LQFOXGH

XQIULHQGO\ FDUERQ REBI\WKDHPDQGOKDIPUGRXV FDQGLHU LRQVBV
UHODWL YIHDG WRPWHFWLYH SURFHGXUH ORUH LRERIKHDGWKDY W
EH WUDQVIHUUHG IURP WKH JURZWK VXEVWUDWH RQWR WUDQV
PXOMMHS SURFHGXUHV ZKLFK FDQ UHVXOW LQ VXEWW VOQWL.R BVGE B
RI &9JUDSKHQH LV LQGLVSHQVDEOHILIF IRUBM 7 &(R IRHUD Q3N BIQ
RSWRHOHFWURQLFV

)RU HQKDQFLQJ WKH VWDRS®HW®WRR 2B9M FWHKOWG HRRD SV XOD
GUDZQ WKH DWWHQWLRQ RQ BIHHHFIWLNKIHHY @ FORWX®DWVEIHR Q PDWHU
ZDWHU DQG R[\JHQ SHUPHDELOLW\ KLJK UHVLVWDQFH WR WKH
SHUPLWORWYHRYHU JRRG DGKHVLRQ WR WKH GHYLFH WR EH HQFL
Rl JUHDW LPSR@VODE®NWHG HQFDSVXODWLRQ KLQGHUV WKH XVH
ZHDUDEOH HOHFWURQLFV *UHDW HIIRUWY WR VIQWKHVL]H HIILFI
GHYLFHV LQFOXGLQJ SOMWW LEDDQ G HUM &R N G R QO W KIS @ VWH GN |
PWKRGV DUH ENVWHES RBQ RPKOWIHY DQG RU UHTXLUH DGGLWLRQD
IXUWKHU 89 WUHDWPHQW WR D G KHUHU WIR WHK HD B QVNMSFAN TRV DAEL Q@
VRO YBIQ® GDPBIH HQFDSVXODWI\RHQWEBORWRKHIQKBIQFH WKH OLI
SUDFWLFDO DSSOLFDWLRQV

5DGLR IUHTXHERPKBQBMBD&9&95)KDV EHHQ ZLGHO\ XVHG WR
YDULRXV QDQRPDWHULDOV LQFOXGLQJ JUDSKHQH DQG SODVPD

SUHFXUKRUVYDISQEWADVLQJ PRPHQWXP RI UHVHDUFK WRZDUGV

UHFHQWO\ UHYHDOHG WKH KLJK SRWHQWLDO RI SODQW H[WUD
ELRORJLFDO DSSOLFDWLRQV 7KH FRXSOLQRURIDEFL®QDPADPDH & LIAFI
JURZWK RQ GLHOHFWULF VXEVWUDWHY DW ORZHU WHPSHUDWXU }
WKH WRRPS HUDW&YHBOVR NQRZQ DV SODVPD SRO\PHUL]DWLRQ »
33 WKLQ FRDWLQJ\E WDKDPW HIGULHF IR @K/AL QV X OD WL IBH ZD QMK /LPQRKRRN



VXUIDFHV 7KHVH IHDWXUHV PDNH WKH HVVHQWLDO RLOV EDVHG
IRU RUJDQLF RSWRHOHFWURQLFV LQFOXGLQJ 239V
,Q WKH OLJKW RI WKH \DURQHPHQWQRQHBVVIHMFXYDO RLO ZDV
D SUHFXUVRU IRU WKL\3(&B'VEDWY P/ ISG RVMRIFPWQVBKHVL]H JUDSKHQ
FRPPHUFLDO JODVV VXEVWUDWHV B&V PIRKGHWHWKXO WHES N UW RUE |
IUHH JUDSKHQH ILOPV ZHUH LQWHQVLYHO\ LQYHVWLIJDWHG WR E
UHSODFH ,72 0R WHIPPSHHW DANRRIFHZ BNV XWLOL]HGEW R HSU WXD QHI 133 P V
HQFDSVXODWLRQ OD\HUV IRU 239V IURP JHUDQLXP RLO PRQRPHU
., S5HVHDUFK REMHFWLYHV
7KLV UHVHDUFK SURMHFW DLPV P D LIOROWWV B SSSWHRDHE\WN W WARWD
WUD QWHHUIJUDSKHQH 7&(V DQG HIILFLHQW HQFDSVXODWLRQ WKL
DFKLHYHG YLD DREGMRAMAIY JRDION
x &DWDOWHNDQG GLUHFW TWARQWIKWMYV LW CRIKKIQHK ILOPV RQ WUDC
LQFOXGLQJ FRPPHUFLDO JODVV IURP&PHUDQLXP SUHFXUVRU
X J)DEULFDQ@GRPKDUDFWHEBL]BWYRPHR RQ WKH GHYHQRSHG JLU
FRPPHUFLDO JODVV DQG FRPSDULQJRARKQMWHSISDIRWPDQFH W
x +\EULGL]DWLRQ Rl WKH GHYHORSHG JUDSKHQH DQG VLOYHU
SURSHUWLHV RJHWHKHUW 8D HRILRDSB(LFDWLRQV
X 6WXG\HQHIWKEW Rl GHSRVLWLRQ WHRSNUDQVWHK H B G XR & X R Dh
DQG RSWLFDO SURSHWWHHWU BB KHQH WM B/ £ & (JUIRSK H Q'+
239V
x 3UHSDUDWLRQ DQG FKWKLEIFM BB V] DURPARMIRMDER. XK LQJ ORZ SK
5)3(&9' DW URRP WHPSHUDWXUH
X ,QYHVWLJIJDWLQJ WK HGL-PSIBYEG RD SIHUDMWKRQ WKLQ ILOPV R
239V

7KLV UHVHDUFK SURMHFW UHYHDOHG WKH H[FHODX¥DXONW\RW H
VFDOWEDQG WHBQWBSKHQH 7&(VHIRF® SMXFLWQRQ3BD\HUV IRU 2
3(&9'" 7KH DFKLHYHPHQW R/IHWGBKWHHY ERVYKFK JRDOV UHVXOWHG LQ V
ILHOG RI 239V DQG DGYDQFHV WRZBNREYWILRH WXFWKQ RQRHL O)LXMI\W
GHYHORSHGUWH DQRBIBNMHGH7 & (V DQG HQFDSVXODWLRQ WKLQ ILO
RSWRHOHFWURQLF GHYLFHV LQFOXGLQJ RUJDQLF OLJKW HPLWW
7KXV WKH RXWKARPHVRMHFW DUH H[SHFWHG WR RSHQ QHZ ZLQ
VXVWDLQDAMHHGHORRDQG FKHDS SODQW H[WUDFWV WR SURGXFH H
RI DSSOLFDWLRQV



, 7KHVLV RUJDQL]DWLRQ

7KLV WKHVLV FRQVLVMWQFBX¥HYHOQ FHRSWHRGKFWLRQ OLWH
FKDSWHUV DQG D FRQFOXVLRQ FKDSWHU 7KH ILUVW WKUHH GDW
IUHH JUBS®SKHGH7&(V ZKLOH WKH IRXUWK GDWD FKDSWHU ZDV ¢
HQFDSVXODWLRQ PDWHULDOV IRU 239V $ VKRUW FRPPHQW RQ HEC

&KDSWHU , JLYHV D EULHI LQWURGXFWLRQ WR WKH PRWLYDWLR
SUHVHQWY WKH REMHFWLYHV RI WKH WKHVLYV

&KDSWHU ,DSWIRNHGBWXUH UHYLHZ ZKLFK GLVFXVVHV WKH UHOFH
JUDSKHQH 7&(V IRU 239V 7KH SURJUHVV LQ WKH VI\QWKHVLV RI
SUHVHQWHG LQ GHWDLO 7KH PVWBO H KD Q QRDBWHNDE HRIRWYHI RUK B 3G
DUH SUHVHQWHG 7KLV FKDSWHU SUSKHRQWBG DDISRMLASZIRIM W
JUDSKHQH WUDQVSDUHQW FRQGXFWLQJ HOHFWURGH IRU RUJD
WQDIHWHH VIQWKHVLV XQIGIHW UH FIXWZ HQW O\

&KDSWHU ,,, IRFXVHG RQ WKH JURZWK DQG FKDUDFWHUL]DWLRC
JHUDQLXP SUHFXUVRU AKHHHUHMXSKM QP V& U\D @M UHUXVHG WR GHYt
GHPRQVWUDWHG D SURPLYIGOW B MRRXPWAEBBFRWSDUKLY FKDSWH
DVWODPHOLFKPEHOG6WRSSLHOOR & 7 OLFREWH S9 FIDWHODWQMG JUHHQ
VIQWKHVLV RI JUDSKHQH WUDQVSDUHQ&DHPRBGWURGH IRU RUJDQ

&KDSWHU ,9 LQYHVWLIDWHG WKH FRXSHOH QU RS KSHQH/ I1ZOWK W KH
Rl $J1:V OHG WR D VLJQLILFDQW LPSURYHPHQW LQ WKH HOHFWU
GHWHULRUDWLQJ WKH RSW UREGOI WOWPKNVQ2BRW WY QFHVRG MWKHHOR S H G
H[KLELWHG D FRPSDUDEOH SHUIRUPDQFH WR WKH UHKBUHQFH G
EHHQFBHSWHG IRU SXEOLFDWLRQ LQ WKH *$RYDFIHIDEKGH@ HBU J\ (
$ 6WRSSKBHOMDRG -DERE,PSURYHG WHBBQWAMWDLQDEOH JUDSKHQH
VLOYHU QDQRZLUHV IRU RUIJDQLF SKRWRYROWDLFV

&KDSWHU 9 VWXGLHEDW KH GPEDRFAWRIWHPSHUDWXUH RQ WKH SUF
DQRG K\EULGSJUDSRKREBQHIRU 239V 7KH SHUIRUPDQFH RI 239 GHYLI
SULVWLQH JUDSKHQH:\D XGCEUUDBSK&(Q@HZDV IRXQG WR EH RSWLPXF
JURZPMMOHUDWH WHPS HYVQGV DWHIORRZZUBWH VWDQGDUG FXELF
PLOQXWH MAFRIHVXOWY RI WKLV FKDSWHU .DRPHOEXKNH® VBO\$ X Q G
2ZHOJHP|O®HAG -DBRE7RH ,PSDFW RI "HSRVLWQ K Q+ \\GIPREIHHID WDXW IR
6XVWDLQDEOHIDRIEG TWIDSXWHABH 7UDQV SD UHR]KR WORHYRMOUNRIGIH- VR U 2 U

&KDSWHU 9, GLVFXVVHG WKHEGMM BMIBYPIHLOQWVRD V HHILIDF@PLISMPPX O D W L F
GRZQ WKH GHJUDGDWLRQ RI 280N HIKHWOLLPL WRMPALR@WQFDSVXOD



GLVFXVWMIGLQ33LOPV ZHUH SUHSDUHG XVLQJ FRQWLQXRXYV DQG
LPSOHPHQWDMQRIS RXBBWLRQ WKLQ ILOPV UHVXOWHG LQ UHPD
VWDELOGWQGBGWRBUMHPELHQW DWPRVSKHUH 23WIGIHY LEEBVY VHQHRD®VX

DQG RI WKHLU LQLWLDO 3&( DQG ILOO IDFWRU )) UHVSHF
WKH HREDSVXODWHG GHYLFHV GHJUDGHG WIKNNUF R D SWHRW WHU H K
DV.BPHO OLFKDHO 6 $ 2HOJHP|OOHU eXVWDDRREOB S0DVPD ¢
HQFDSVXODWLRQ PDWHULDRXUGRGDORRUDQWHVRDOV &KIORDIW WU\ $

&KDSWHU 9,, SUHRQGRWWRRQY DER XW WKH WKHVLY DQG KLJKOLJ
IRU IXWXUH ZRUN

SHIHUHQFHYV

> @ 6PHWV $+ -1JHU . ,VDEHOOD 2 YDQ 6ZDDLM 5 =HPDQ 0 6RO
RI SKRWRYROWWHF KFERYRIUIMRQ QG V\VWHPV 8,7

> @ $KPDG - %D]DND . $QGHUVRQ /- :KLWH 5' -DFRE 09 ODWHU
RI 239 $ UHYLHZ 5HQHZDEOH DQG 6XVWDLQDEOH (QHUJ\ 5HYLHZ
> @ *RHW]EHUJHU $ +HEOBRBVRROWPHRFRDWHULDOV KLVWRU\ \
ODWHULDOV 6FLHQFH DQG (QJLQHHULQJ 5 5HSRUWYV

> @ 'XDQ / =KDQJ < <L + +DTXH ) :X & :DQJ 6 HW DO 7KHUPC
SURSHUWLHY DQG HQHUJHWLEVDGIGY RUGBIQLEQVRIO®D FHOOV O0DW
BHPLFRQGXFWRU 3URFHVVLQJ

> @ :X - *DR O &KDL < /LX 3 =KDQJ % /LX - HW DO 7RZDUGV D E
RI RUJDQLF VRODU FHOOV ODWHULDOV 5HSRUWV (QHUJ\

> @ .DPHO OMXPBDOL $ 2HOJHP|OOHU 0 -DFRE 09 ,QRUJDQLF

HIILFLHQF\ LQKLELWRUV RI RGO BHBQIK BHKRWRY BEQYIPZBE O HQDQE 6 X
SHYLHZV

> @ =KX / =KDQJ 0 DX - #KRX ¢ HWXDROWAIRIWAHJIDQLF VRODU FHC
HIILFLHQF\ HQDEOHG HE\ED LUCH Q)W BRERXERHSKRORJI\ 1DWXUH 0DV
> @ 6RODN (. ,UPDN ( $GYDQFHV LQ RUJDQLF SKRIWFD\ROWLDLFVF
WHFKQRORJLHV DQG SHUIRUPDQFH 56& DGYDQFHYV

> @ ODFIDMRH] $ IPEWIQMR (- 6RERIRKR < OHDVXLQ % $ UHYLH:
HIILFLHQF\ REDVBSKHWOHRUIJDQLF VRODU FHOOV -RXUQDO RI 1DQ
> @ .DZDQR . 3DFLRV 5 3RSODYVN\\' 1HOVRQ - %UDGOH\ ""&
VRODU FHOOV GXH WR DLU H[SRVXUH 6RODU (QHUJ\ ODWHULDOV
> @ 1HXJHEDXHU + %UDEHF & +XPPHQBQWA&D GG USKRMWHREGHI
PHFKDQLVPV RI FRQMXJDWHG SRO\PHU IXOOHUHQH SODVWLF VRO



> @ 8GGLQ $ 8SDPD 0% <L + 'XDQ/ (QFDSVXODWLRQ RI RUJDQI
&RDWLQJV

> @ .RYURY $ +HOJHVHQ 0 %RHIIHO & .U|SNH 6 6{QGHUJDDU
RUJDQLF SKRWRYROWDLFV HQFDSVXODWLRQ 6RODU (QHUJ\ ODW
> @ :DQ - ;LD < )DQJ - =KDQJ = ;X6 RO XWERFK@DRY HGHTW D@V S D
&RQGXFWLQJ (OHFWURGHV IRU YOH[LEOH 2UJD Q IOR BRR DWHIDDW

> @ *ULOOL 0 'L 6DUFLQD , %RVVL 6 5LQDOGL $ 3LOORQL / 3l
DV WWHOWS FRQGXFWLYH HOHFWURGHV 7KLQ 6ROLG )LOPV

> @ 6RQJ <6 6HRQJ 1- &KRL .- 5\X 62 2SWLFDO DQG HOHFWULF
JDOOGRPHG =Q2 HOHFWURGHY SUHSDUHG E\ DWRPLR @DUVHAHGB YR
7KLQ 6ROLG )LOPV

> @ <DQJ - <X ) &KHQ $ =KDR 6 =KRX < =KDQJ 6 HW DO 6\Q\
FRSSHU QDQRZLUHV LQ KLJK WUDQVSDUHQW VRODU FHOOV $GYI
> @ )DQ 4 =KBQX 4 <DQJ ) =KDQJ 1 ;LDR 6 HW DO +LJKO\ FR
FDUERQ QDMMGXHEBHFWURGHV IRU XOWUDWKLQ DQG VWUHWFKDE

> @ *DUJ 5 (OPDV 6 1DQQ 7 $QGHUVVRQIOD SKESERV IDWL R Q HFENWUK
IRU RUJDQLF VRODU FHOOV $GYDQFHG (QHUJ\ ODWHULDOV

> @ /L) /LX 0 5HFHQW HIILFLHQW VWUDWHJLHV IRU LPSURYLQ
FHOOV -RXUQDO RI ODWHULDOV &KHPLVWU\ $

> @ 'HQQOHU * /XQJHQVFKPLHG & 1HXJHEDXHU + 6DULFLIWFL :
$ QHZ HQFDSVXODWLRQ VROXWLRQ IRU IOH[LEOH RUJDQLF VROD!
> @ 3DUN 0+ .LP -< +DQ 7+ .LP 7BOH[PE®H/®BPLQDWLRQ HQF
$GYDQFHG ODWHULDOV

> @ 6HR3DUN 0.LP < .ZRQ 6-HRQJ BHH: 7/DPLQDWHG JUDSKHQH IL
IOH[LEOH WUDQVSDUHQW WKLQ ILOP HQFDSVXODWLRQ $&6 DSSC
> @ :HHUDVLQJKH +& 'NKLVVL < B6FXO®O\(®FRDUXOMWIR Q& KD L |
WKH OLIHWLPH RI IOH[LEOH SHURYVNLWH VRODU FHOOV 1DQR (G



&KDSWHU ,,

ILWHUDWXUH UHYLHZ

&KDSWHU ,, FRPSUHKHQMLOYHD QUMHYALIHEMUWWKUH RQ WKH G
JUDSKHQH 7&(V IRU 239V ,W SURYLGHV D VROLG EDFNJURXQG RI
7KH FXUUHQW VWDWXV DQG DGYDQFHPHQW S BIQGHWIKH VP D MR WG EX
LQ GHWOMLOWRLY FKDSWHU EDVLF D ORIZDWHY WER WY UDE '8 UNRKPH. WIFQRIO D
RI WUDQNHHUWDSKHQH 7&(V IRU 239V DQG RWKHU RSWRHOHFWUR(

7KLV FKDSWHU LV FXUUHQWO\ XQB8HO LFKDIHOZ 6 R $ OFRUEDLH BV
0 -DFRE 9&KHPLFDO YDSRWRHBIRBRYDWKRQH WUDQVSDUHQW FRQ(
RUJDQLF SKRWRYROWDLFV $GY DIQFHHVWREZSGGNYEEBEDDHEDH W UD

$EVWUDFW

&KHPLFDO YDSRU GHBRYDQWILWRMS KENGHEDVLIQLILFDQW DWW
SRWHQWLDO DOWHUQDWLYH WR ,72 +IRZH RHWUD Q MWV SKLRIW RFYFRROM |
PDQXIDFWXULQJ SURFHVV DQG XWLOL]JDWLRQ RI HQYLURQPHQWTE
DSSOLFDWLRQ WKHWKHDE@®RIHU Rl JUDSKHQH IURP WKH JURZWK \
VXEVWUDWH FDQ UHVXOW LQ VXEVWDQW IHQIK BQPHGHE& W R 3W&H JI
RIIHUV D VROXWLRQ E\ IDFLOLWDWLQJ JUD KKH®OQHY IORAVOK R B\
H[KLELW KLJK VKHHW UHVLVWDQFH DQG VWUXFWXUDO GHIHFWV
&9' JUDSKHQH WUDQVSDUHQW FRQGXFWLQJ HOHEWURGHV 7&(V
VIQWKHVLVUWRDSKHQMWR® FPHWDO\WWYV DQG H[SORUHV YDULRXV W!
SURGXFWLRQJBDSK&DH RQ GLHOHFWULF VXEVWUDWHY LV FRPS!
DGYDQWDJHY DQG GLVDGYDQWDJHV IRU 7&( DSSOLFEILWHRGND WG C
VWUDWHJILHY SURSRVHG WR HQKDQFH WKH SURSHUWLHV RI JUDS
SHUVSHFWLYHV RBIIHFRALIHWYH @XQ BRVFD O D E OIH) K5H) RGPBWHRE R& (W U
239V DQG RWKHU RSWRHOHFWURQLFV



*UDSKISENVWUDFW

Transfer
methods

Plasma
enhanced

Buffer layer

Graphene-coated transparent substrate
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treatment Hybridization

., ,QWURGXFWLRQ

2UJDQLF SKRWRYROWDLFV 239V KDYH UHFHQWO\ DFKLHY}
HIILFLHQF\ 3&( ZKLFK SXVK WKLV SURPLIVQ B JF RMHAFFHKDRIOEIN | DR Z
7KHLU PHFKDQLFDO IOH[LELOLW\ OLJKWZHLJKW ORZ IDEULFDWL
H[FHOOHQW FDQGLGDWH DR & WSIGERB W[ KRIPQYL WHVM HFW VXFK D
VLOLFRQ &G7H DQG>&X,@8HDERQWURMHOWKH VROXWLR@BURFHV\V
UROO 55 IDEULMBWLBQLDQGE QDRI 239V IRWHFOH[RDQAVDMSS DH BI
> @RZHYHU WKHUH DUH PDMRU FKDOOHQJHV IRU 239V WKDW V
39 PDUNHW $ W\SLFDO 239 ®HNYHFHHOWRIY LUNYD RUFDVSPLFRQGXF!
UHSUHVHQW WKH SKRWRDFWLYH ODBWURRI RFEK G\H YV B B GZLHFKH G
WUDQVSDUHQW DQWGSD WHPW RU RSDTXH HOHFWURGH ,Q DGGLWL
DUH W\SLFDOO\ GHSRVLWHG EHWZHHQ WKH SKRWRDFWLYH OD\H!
DQG FRQORIFWKHHQKRWR HG F D@ BH H HWHLWON RQ WKH VWUXFW
KRZKMA IXQFWLRQ DUH JIKNHQ WEH MFAUDIRMBDUHQW FRQGXFWLQJ H
FRPSRQHQW LQ DQ 239 GHYLFH ZKLFK DFWV DV WKH ZLQGRZ HOF
WKH SKRWRDFWLYH OD\HU Rl WKHKGH Y H FFHD WWRIUHLRY HUO HFAW ERQ |
WKURXJK OLJKW DEVRUSWLRQ ZLWKLQ WKH DFWLYH OD\HU 7KHL
RSWLFDO WUDQVPLWWDQFH DQG KLJK HOBWFWIW@E.FDO FRQGXFWLYL

7UDQVSDUHQW FRQGXFWLQJ R[LGRVDWFKVRN PRBWXPRWPA G
7&(V IRU 239V DQG RWKHU RSWRHOHFWURQLF GHYLFHW GXH WR



@RQHWKHOHVV WKH GUDZEDFNV RI ,72 VXFK D¥ SRWKWH PHFK
VFDUFLW\ RI LQGLXP DQG WKH KAHRDIQG UHIF DRLHRIQN HD ©MGHUHY D W |
UHSRUWHG WKDW WKH ,72 LV UHVSRQVLEOH IRU DOPRVW RI V
> @XUWKHUPRUH WKH QHHG IRU KLJK YDFXXP DQG KLJK WHPSHL
WHFKQLTXHV FRQVXPH XS WR RI WKH WRBAWD 6 DMQLERUI \RKGR Q@ ¥\K P
ORUH LPSRUWBQWRLF WRWXUH Rl ,72 PDNHV LW SURQH WR FUDFN
LQ IOH[LEOH RS WRHNOGFRMQWRTXHGWDL WKHIGHMHRGR S PKHDQMWURIF H7L2
LQWHQVLYH UHVHDUFK DWW HQ \WRUR®! B YWHR PDRHH S\DMW \SHURPLVLQJ
DQG HRNMHWWLY®S$ ZLGH UDQJH Rl PDWHULDOV KDV EHHQ SURSRV}
RWKHU RSWRHOHFWURQLFYV DSSOLFDWLRQ® HVWKDQ SROFDKEHG Pt
FRQGXFWLQJ» SRORBEHULPSRU\VEDPMIMLRORYO PDWHULDOV VXFK D\
&17V ' PDWH@VROYHU QDQRZLUHV $3>1:V @ FPOWHDSRBQH
PDWHYL®DYH VKRZQ JUHDW SRWHQWLDO DV FKQ\WDRGHG DRDNWH U
JUDSKHQH UHFHLYHG WKH JU N B BEHW MW B W W HQRADLGRN)Y DAVR DIQN V7 H |
HOHFWULFDO DQG PHFK@QLFDO SURSHUWLHYV

7KH SURGXFWLRQ RI JUDSKHQH 7&(V IRU RSWRHOHFWURQLF
EHHQ EURDGO\ LQYHVWLIJDWHG RYHU WHKHVISPYWE&H DDV &KHAQ
JUHDWHVW SRWHQWKXDOLMR BQRBGKFMHOBIEIXH JUDSKHQH ILOPV IR
SURFHVV JUDSKHQH JURZWK LV DFKLHYHG RQ D PHWDO FDWDO
FRQWDLQLQJ UN\DHRMYOQMVY PL@W 5 O HY D W& D WE ZSMUDWKH HK\MHO S |
JDVH@7KH KLJK SXULW\ ILQHO\ JUDLQHG VWUXFWXUH DQG KLJF
&9' PDGH LW WKH PRVW FRPPRQO\ XVHG PHWK REG+ R/RHSHH 'S DVKHH U t
DUH PDQ\ GUDZEDFNV DVVRFLDWHG ZLWK \&BFROQNVXIRISYH R/X FW HOH/
RI HQYLUR GPHDWDRXON DQG XQVXVWDLQDEOH FDUERQ VRXUFHV
DSSOLFDWLRQ RI H[SORVLYHREHRYHWU JODDSKH®HIILHOPV FDQ EH
FRPSOH[ WUDQVIHB WHKRFABWODOYVWRVR WKH WUDQVSDUHQW V:
> @RQVHTXHQWO\ VXEVWDQWLDO UHVHDWKES GDBBMW WD B QEHHC
SURFHVVH®I QG WR DG RISWISIANGE B9’ 3(&9' WR UHGXFH UHDFWLI
WLPH ZKLFK SDYHG WKH ZBN WREZ B K 6@ HVSI@RIGAVAHWMRHOHVY WK
FUXFLDO LVVXHV ZUWXKQWHKIHD SK&DH VXFK DV LWV KLLIKK WK bl ¥ FW X k
GHIHFW FRQFHQWUDWLRQ HQYLURQPHQWDO LPSDFW DQG UHO
RSWRHOHFWURQLFV

BHYHUDO DSSURDFKHV KDYH EHHQ LQYHVWLJDWHG WR PDNH
IRU 239V DQG RWKHU RSWRHOHFWURQLF GHYLFHV 'HVSLWH WKH
TXDOLW\ DIIRUGDEHOHH DED® H\G U DQVSHB,QH WKLY UHYLHZ WKH
DGYDQFHPHQW LQ &9' JUDSKHQH 7&(V DQG WKH FKDOOHQJHV WK
VFDOH FRPPHUFLDOL]DWLRQ DUH GLVFXVVHG LQ GHWDLO ORUH



EHHQ SHURSRZDUGV IWKH SWRGXRAWWL B OKRIQ&ED 7&(V RYHU WKH SDVW
GLVFXVVHG FRPSUHKHQVLYHO\ )LQDOO\ FRQFOXVLRQV DQG RX
VIQWKHVLVXPIOKMWIKEOS KHQH RQ W UD QWS DIBQBIW M XEWRWUWLIE\M BV )IRU
XQGHUVWDQGLQJ D EULHI RYHUYLHZ RQ 239V JUDSKHQH DQG &
., YXQGDPHQWDOV
., 2UJDQLF SKR¥WRYRPHVDWERNKFWXUH DQG RSHUDWLRQ

7KH VWUXFWXUH RI D W\SLFDO EXON KKRZHU R® ¥ DPWKHR Q % +
GHYLFH FRQVLVWYV RI D QXPEHU RI WKLQ ILOP OD\HUV ZLWK WKL
GHSRVLWHG RQ WRS RI D W U DIR/S\BIWHKQ &/HDXEM 3 B BRI DO B \
QDSKW KDD DMWF 7KH LQFLGHQW VXQOLJKW SDVVHV WKURXJK
UHDFKLQJ WKH SKRWRDFWLYH OD\HU ZKHUH LW LV DEVRUEHG 7]
SW\SH DQ\GHQ RUJDQLF VHPLFRQGXFWRUV QIFRHLR QH D FFMWSMRRU G
EOHQGHG WRJHWKHU WR IRUP LQWHUSHQHWUDWLQJ QHWZRUNV
WKH ' PDWHULDO DQG DQ H[FLWRRO D SFRIXD G W ¥ D WHBOVR-LED W HKEWS
H[FLWRQV GLIIXVI W@WMHKGYW NI GLVVRFLDWH LQWR IUHH FKDU
UHFRPELQWFDOKWRQWHUSHQHWUDWLQJ QHWZRUNV EHWZHHQ WKHF
HQKDQFH WKH GLIIXVLRQ RI H[FLWRQV B Q@ KHGXFKN WHKIHIL b QHF
DQG KROHV DUH WUDQVSRUWHG ZLWKLQ WKH $ DQG ' PDWHULDC
UHVSHFWLYHO\ 7KH SUHVHQFH RI &7/V IDFLOLWDWHVY WKH WUDC
PDLQ VWDJHV FOVWDKF SKIRWWRYIRQ DQ 239 GHY,LEH DUH GHSLFWHG
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JLIXUH D 6WUXFWXUH RI D %+- 239 GHYLFH E $ VFKHF
RI WKH 39 HIIHFW LQ %+- 239V O L RKWHFEWRRUGB W L RIQ[ |
WRZDUGV ' $ LQWHUIDFHV HIFLWRQ GLVVRFLDWLRQ

FDUULHUV WUDQVSRUW WRZDUGV WKH DQRGH DQG WK
SKRWRFXUUHRQWXWFYH IRH B W\SLFDO VRODU FHOO XQGH!
VRODU FHOO GHYLFH« LTNHUSISR\WRARWHEQBA D FXUUHQW
WKH GDUNs FYHHHIHW LOOXPLQDWLRQHFEKHWBBMWQ £ RW KV

7KH SHUIRUPDQFH RI D VRODU FHOO LV HYDGROMWWDHE E9 VIV K(
-9 FKDUDFWHULVWLF FXUYH 'HYLFH SHUIRUPDQFH FDQ EH GHVFL
FDOF X O D W HIGF MIURPH WE Bl PAH.@\FX K RIURK U 4k H RSB RXYVILW W.R OWDAH 9

IDFWRU )) DQ® FUYKH}I D W\SLFDO VRODU FHOO XQGHU LOOX
JLIXUHW 3&( LV GHILQHG DV WKH UDWLR @ W V8] 6@ OVLKYHH B B GL EX RV
FHOO DQG WKH SRZHU GHQYIWHRIREKH GHRLMAMQW3O IGHOW. YHUHG
WKH H[WHUQDO ORDG LV WKH SURGXFW RI 9 DQG WKH FRUUHVSHF
WKE FXUYOWKRXDRGe®UH WKH PD[LPXP FXUUHQW GHQVLW\ DQG \
SRZHU GHQVLW\ DW WKRVH WZR SRLQWV LV JHUR 7KH FXUUHQMW

SRZHU GBQVRW\W KN UYoD QGp@ DOZD\V VKIHWDUIRPX W WKHRUHWLFD
64DQGe 9DV VKRZQ L@ )LIXUH



7KH GHYLDWOLR@RURRP:DQG: 2V PDLQO\ DWWULEXWHG WR ORV
WKH HOHFWULF UHVLVWDQFH RITHUHG E\ WKH EX OF W HMHW RIDKEX F
WKH VHPLFRQGXFWRU DQG WKH HOHFWWRERD/Q KW HIG DNFRV WR/HDL 3
WKDW UHSUHVHQWY WKH ,GBYLRHDBG WKRRQ LROVNKHNMUMHRVVHY DUFE
WKH SIKRWIRDWHO RRXWKUWRW GHKIHFWY ZLWKLQ WKH MXQFWLRQ RU
DFW DV DOWHUQDW LYHQSW\W W\H GREKW K BIHSKRWR. HUVY DQG WKHVH
SDUDOOHO UHVLVWDQFH FRQQHFWHG ZLWK MK FHEIWARZQDDV
HITLFLHQW VRODU \RWHKROX OGKEHY D @ XOD B I B K RXFOW/ EEHOPLRK PO HH &
YDOXHMDRIGHDQ EH FDOFXODWMKGYHRP WKIHWKH VQBRB:RI WDQJF
UHVSHPBRWI@QY HO\

7KH UDWLRprEBQYE HHKH S WLROBKEIAL YRHVO U LVHZ KMFFRVKW D PHDV XU
WR WKH VTXD WHRXHMWHR IPW KIHP X PVvAKMHRLR LPXRLD PG[APXP DQG YLF
YHUVD)) bIQ5 3&( DUH UHODWHG DFFRUGEQ®WR WKH IROORZLQJ H
Zapé Lié@é?&@é
iy, U8y, iy, U8y,
.LzéOé (( 0,11/408;;1/4
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%DVHG RQ WKLV EULHI RYHUYLHZ RI WKH VWUXFWXUH DQG
FRQFOXGHG WKDW DQ HIILFLHQW 7&( LV FUXFLDO IRU UHDOL]JLQ.
WKRXOG SRVVHVV KLJK OLJKW WUDQVPLWWDQR®D @® ®RIUBKAOR QW
RI WKH 7&( GLUtHoBkOD @3 IKAWFH WKH RYHUDOO SHUIRUPDQFH RI
7KH RXWVWDQGLQJ IHDW XU H VLRIV LK[W/WIDRLGE L DS KHHIDH WXIR I DY
SURSHUWLHV PDNH LW DQ RXWVWDQGLQJ 7&( FDQRZGDWHSKRQH
FDQ YDU\ VLIJQLILFDQWO\ IURP WKHLU LQWULQVLF FRX@WBUSD U\
VROLG XQGHUVWDQGLQJ RI WKH &9' RI JUDSKHQH DQG WKH XQGH
ORUH FUXFLDOO\ WKH LPSDFW RI WKH GLIITHUHQW GHSRVLWLRQ S
JUDSKHQH ILOP LVTKDXEMBQHREK K HIKV

,, &9'JUDSKHOQH

*UDSKHQH LV D ' PDWHUK\E® LFRLQ MGV MLWERR VWRPV ERQGHC
VWUXFWXUH DILRAK WKDREOBHDY JFKHXBWHWHQGHG KH[DJRQDO JUD
UHSUHVHQWY WKH IXQW\D RRQVRIWK X LIDBLRW KXRIHV )RU H[DPSOI
SURGXFH JUDSKLWH ' ZKLOH UROOHG DQG ZUDSSHG JUDSKHQ
UHVSHFWLY,HEE > LE@XKH TRQUIFROMXIDWLRB JLWKKIH LWV VWUXFW
WR WKH RXWVWDQGLQJ HOHFWULFDO WK HUFR@®HLRQ® PHP R D/GIUA
ZLWK D MLQER® DWRP WKLFWQHNVNOOHURBKROWLKIDO WUDQVPLWWI
VLQOOMNHU JUDSKHQ@IKB/UHPDUNDEOH HOHFWURQLF IHDWXUHV R



KLJKKXDOLW\ ' ODWWLFH ZKLFK VKRZV DKRIQEHWX FF IGCHQ\HL WU B R B!
UHVXOW RI VFDWWHULQJ 7KH EDOOLVWLF FKDUJH WUDQVSRUW
FDUULHU PRELOLW\ $ W\BEPPDW IRNOMHKKHRIFDIUULHU PRELOLW\ |
H[SHULPHQW DO @ BHSRW WRIGCYLGBQBBHPIHFBRGXFWRU LQ ZKLFK V
DQG FRQGXFWLRQ EDQG HGJHV PHHW DW DOWDLIQU QN BRKIQYH ' DA
H[KLELW PHWDOOLF EHKDYLRXU GXH WR WKH RYHUO@SLRFMWKH Z
LW ZDV ILUVW SUHSDUHG>E\@MHLP DMIQURRYR\WPHFRDQLFDO H[IROL
JLIXUHE XVLQJ 6FRWFK WDSH PDQ\ DSSURDFKHV KDDWUHBHHQ
JUDSKHQH IRU SUDFWLFDO DSSOLFDWLRQV ®OKPAMHAKPIQWYKRG VWD
GRZQ DQGXSRWWRP

°
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JLIXUH 7KH KH[DJRQDO KRQH\FRPE VWUXFWXUH RI JUDSE
VWDFNHG G JUDSKHQH E 7KH HGJHV RI WKH YDOHQFF
IRU 6/* DQG RYHUODS *RI@ERO 0 WGE®& DRVGXDWDSSHG JUD SKI
IXOOHUHBQ®WH GKH FKHPLFDO ERQGV 2ZL@® KLQ JUDSKHQF

,Q D @RBZQ DSSURDFK JUDSKHQH LV LVRODWHG I®RRIP WKH
SURFHVV NQRZQ b V@AHKIR G DROLADWLRQ SURFHVV FDQ EH PHFKDC
UHGXFWLRQ HOHFWURFKHPLFDO DEQC DLAKEIGD9KBVE H[IROLDW
DGKHVLYH WDSH LV XVHG WR SHHO RIl VLQJOH WR D IHZ OD\HU
JUDSKLWBQ HOKAHNVULF SRWHQWLDO YROWDJH LV DSS@IHG WR I
D OLTXLG SKDVH H[IROLDWLRQ D IDVW KHDWLQJ VRQLFDWLRQ



OD\HUV DIWHU LQFUHDWVLQJ MX BIUIDBWHWEDYHD YBGXFLQJ WKH 9D
D UHGXFWLRQ @RKIHPWERQ RHIGKFWILRQ® H[IROLDWLRQ GRZWKH PR
VIQWKHVLVY DSSURDFK LQ ZKLFK JUDSKLWH LV ILUVW R[LGL]HG L
+XPPHUVY] RMWEKRERQFHQWUDWHG DFLG\ D@KN® URIIIS R [IWGH. R [
UHGXFHG LQWR JUDSKHQH WKURXJK WKHUPDO F6RW FADEOHVRIL B
RQ VBRZQ SUHSDUDWLRQ RI JUDSKHQH FDQ EH IRXBW sD@AWKH FRF

7KH VHFRQG PDLQ DSSURDFK IRU JUDXSK PG MW KRUFROFEIN L KQ
K\GURFDUERQV DVW®D VERW KHRXJFHWDSKHQH VKHHWYV RQ D JUR.
ERWWRPPHWKRGY LQFOXGH &9' HSLWD[LDO DMV AWK GWIX®IE PRWDJ
VIQWKH@ER®' LV WKH PRVW PRPPRQ KERGVWRI®P WR LWV VFDODELOL\
UHVXOWLQH JNPGKIHHODWLYAT®H QARY RARYMG VWHSY DQG WKH DVV
&9' DUH GLVFXVVHG EHORZ

$ W\SLFDO &9' SGRFHVKHLOB®XDJH Rl FOBRXUQRR D FOHERWV |
DV PHWKD @RW KW KD Q@ GEFDUULHU JDYG \$UP DMKRXJIK WKH VXUIDFH
VXEVWUDWH RIWHQ D PHWDO FDWDO\WW H J &Xf&L ZHWRHDW
FKHPLFDO ERQGV EUHDN DQG FDUERQ DWRPV DUH ERQGHG LQ Wk
PHFKDQLVP RI JUDSKHQH E\ &9' FRQVLVWYV RI WKUHH PDMRU VWi
SUHFXUVRU YDSRXU GHK\GRURJBIQOWLRQRZWKQ REOHBWRVLRQ D
,, D> @RUHRYHU YDULRRNFSURFHWYHMFWMNXH GHK\GURJHQDWLR
GHSHQGLQJ RQ WKH VXEVWUDWH SURSHUWLHY DQG RWKHU GHS
FDWDO\VW VXEVWUDWH WKH EXON GLIIXVLRQ RI FDUBRRRQWRPYV
VROXELOLW\ WKHQ FDUERQ LV VHJUHJDWHG WRZDUGV WKH 1L V
GXULQJ WKH FRROLQJ GRZQ Rl WKH &9' @&FOFWRIX HQMDB L QW WR G
REWDLQ XQLIRUP JUDSKHQH VKHHWYV ZLWKRXW PLFURVWUXFW X
VBXELOLW\ ,Q FRQWUDVW PHWDO FDWDO\VWV ZLWK ORZ FDUER(
Rl FDUERQ DWRPV DIWHU WKH GHK\GURJHQDWLRQ VWHS DQG |
DGDWRPV WRZDUGV QXFOHD WIHR @ RILAMKHND RIQOWW B VIED VERRUNHWU\RXZ W\
FUXFLRBOBROGAFU\WWDOOLQH QDWXUH RI WKH VXEVWUDWHYV FDQ
ODWWLFH ZKLFK GLPLQLVK WKH HOHFWULFDOUDGS &HRSW L$FOD/AR S W
SUHFXUVRU FDUERQ VRXUFH UHSUW\HQH¥FW D QRAHKEY 1B B8R WK K
7KH HQHUJ\ QHHGHG IRU WKH GHFRPSRVLWLRQ RI WKH SUHFXU\
UHTXLUHG IRU QXFOHDWLRQ ZDV IRXQG WR YDU\ VLIQLILFDQWC
DIIHFWV WKHSBURIWKK WHRU LQVWDBRE®]HEKHD &8 HV R D I0G TSXUIEF X U
SRO\ PHWK\O PHWKDFU\ODWH 300$%$ DQG SRO\WW\UHQH 36 HQD
ORZHU WHPSHUDWXUHV@SRBBSWUWRG DO &+WKH SUHFXUVRU W\SH K
TXDOLW\ RI WKH UHVXOWLQJ JUDSKHQH DV ZLOO EH GLVFXVVHG



YRU JURZLQJ JUDSKHQH RQ RWKHU VXEVWUDWHVY WKDQ PHWD
3(&9' LV XWLOL]JHG 7KH SODVPD GLVFKDUJH SURYLGHV SDUW F
GHFRPSRVLWLRQ DQG IRU JUDSKHQH KUWREWXKH ZB WK ADRY b XHH
FDWDO\WLF VXEVWUDWHY +RZHYHU WKH JURZWK PHFEDQLVP RI
GLIIHUV IURP WKDW LQ D FRQYHQWLRQDO WKHUPDO &9' DSSUF
SUHFXUVRU PROHRQORV DWKKLORBPDBRQ EXIIHU OD\HU KRUL]JRQV
REVHUYHG 7KLV EXIIHU OD\HU FDQ EH JUDSKHQH JUDSKLWH
GHSRVLWLRQ S @QUKHPG WAHIULWERQ LVODQGYV IRUP DERYH WKH EXIIH
YHUWLFDOO\ RULHQWHG JUD SK HIMD @ *J URZQWRY RHHWD S KK & HK RV L
3(&9' IRU WKH IROCRZ®QJ UHDVRQV

- 'LVFRQWLQXLW\ LQ KRUL]JRQWDO JUDSKHQH VKHHWYV DV D UH
LVODQGV

- BWUDLQ HQHUJDDG WRHHVHZIHWWYQ LQLWLDO JUDSKHQH ZKLF
OD\HU XQDEOH WR KDYH D FRPSOHWH @ ILOP EXW ' FU\VWD

- 7KH FROOLVLRQV RI WKH HQHUJHW LVFX URMAH LQHS G D WRID Z IL\G K
JUDSKHQH VXUIDFH DQG VXSSRUWLQJ WKH JURZWK RI 9*

7KXV WKH SURSHUWLHV RI WKH UHVXOWLQJ JUDSKHQH FDQ EH |
RSWLPLIDWLRQ RI WKH GHSRVLWLRQ SDKHDRREGHNHQY WK HRIR RO
3(&9" EDVHG JUDSKHQH 7&(V IRU 239V LV GLVFXVVHG LQ GHWDLC
WRZDUGVWHQIWHWBRVRHUWUDSKHQH 7&(V LV FRPSUHKHQVLYHO\ L

D
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J)LIXUH 6 FKHPDWLF UHSUHVHQWDWLRQ RI WKH JURZWKE
6FKHPPWURZWK SURFHVV RI 9* ILOP RQ JODVV VXEVWL
FDUKRQURJIJHQ ERQGV E\ SODVPD LL )RUPDWLRQ RI W
LLL 6LPXOWDQHRXV JURZWK RI JUDSKHIQHFIWQGQFD UR |
EHWZHHQ EXON SODVPD DQG WKH VXEVWUDWH Y ©68S
VXEVWU@GWH



., &9" JUDSKHQH IRU 239V

7KH LPSOHPHQWDWLRQ RI &9' JUDBRKBQRWIXWHW RSV RRIO R2BW
UHFHLYHG D ZLGHVSUHDG DWWHQWLRQ RYHU WKH SDVW GHFDG
VFDODEOH SURGXFWLRWROHUDSEBIOAD VRILRQDUQH GGLWLRQ WKH
RI SODVPD ZLWKO&Y HLOSKHQH VI\QWKHVLVY DW ORZHU WHPSHUI
VXEVWUDWHY ,Q WKH IROORZLQJ VHFWLROUD SKIHQ@KLEDVHWGLA& (W
239V RYHU WKH SDVW GHFDGH ZLOO EH GLVFXVVIRX V7B H XDUOIVHR
KLIKOLJKWHG

., 7KHUPDO &9' JUDSKHQH IRU 239V

$ FRQYHQWLRQDO WKHUPDO &9' UHDFWRU XVHV DQ H[WHUC
SUHFXUVRU YDSRXU PROHFXOHV QXFOHDWLRQ DQG JURZWK RI
KLMHPSHUDWXUH a f& UHTXLUHG IRU JUDSKHQH V\QWKHVLV
1L DUH WKH EHVW FKRLFHV IRU JUDSKHQH GHSRVLWLRQ &RQVHT
PHWDO FDWDO\WVW RQWR WKH MAHYYDID URQ W &Y MDSIHW. FDVE VRVQMD
TXDOLW\ DQG VFDODELOLW\ RI WKH UHVXOWLQJ &9' JUDSKHQH R
Rl FULWLFDO GDPDJH WR WKH JUDSKHQH IHDWXWHNSGWUDQJY I\W
SUREXUHV DUH XVHG WR PLQLPL]JH JUDSKHQH GHIRUPDWLRQ ZKL
DQG WKH RYHUDOO 239 GHYLFH

7KH IRUPDWLRQ RI WKLQ JUDSKLMDLUFEQ G HH D § R @ LWXEQY WWLWADLVA
RI K\GURFDUERQ SUHRQUMRU B KPRV EWK G PREHQMPH\UHIDUG W
RI PRQIR\HU FDUERQ E\ VXUIDFH DGVRUSWLRQ RU VHJUHJDWLRQ F
ZDV REVHUYHG IRXU @HFOGHWKBDORVY WKH KLJK FDUERQ VROXE
WR WKH IRUPDWLRQ RI WKLFNHU JUDSKLWH ILOPV E\ H[FHVV FC
DWWHPSWV ZHUH PDGH WR V\@QWODAVIM DWR KR QE QREQR B R SR F
PHWKDQH SUHKFXWWRUM WKHB/SDRGXHFWERG@®RIRQ PHWDO FD
VXEVWUDW WD VYURPSRLYWHG E\ PDO\ UH\GHRWFKQMMRXGFH LQ RUGH
WKH JURZWK RI ODUJH BWBBS@HSR \FILWHEDIDV QP 16 LU LOFE RY WDRHH
XVLQJ HOHFWURQ EHDRUHWRSW K B V&I9R YMRDSV HE& H6Q WXEN WUDWH 2
LQVLGH D TXDUW] WXEH DW f& XQGHU DQ $U DWPRYWSKHUH 7k

VFFP ZDV DSSOLHG WR WKH FKDPEHU DQG WEW VWPS OBWH|
Rl f& SHU PLQXWH 7KH DXWKRUV SURSRVHG WKDW WKH UDSLG
JURZWK DQG IDFLOLWDWHG JUDSKHQH H[SDQVLRQ WRURXIUKW WK H
> @HSRUWHG &9' &XDIRKIO®DMVRIOFN XVRQG BLRYXUH DQG GHPRQVYV
WKH SRWHQWLDO RI WKHLU DSSURDFK WR FRPIVHED 6K WQE VRVQU D
DGGLWLRQ WKH\ LQYHVWLIJDWHG WKH HIITHFW RXDBWUK WRKGVEGHS]
WHPSHUDWXUH DQG SUHVVXUH RQ WKH SURSHUWLHV RI WKH V\(
WKDW WKH VWUXFWXUH RI WKH JUDSKHQH ILOPV JURZQ IRU PRU}



PLQXWH GHSRVLWLRDWKLWHPHAKLOH PRUXWRY WKH UHVXOWLQJ JL
FRYHU WKH &X IRLO 7KH YDULDWRRQ PRID&XGPRL & QGKLLF N @ RW\K H U
DQG LVREDULF FRQGLWLRQV KDG QR LPSDFW RQ WNKNHKRZMGXFW X
UHJLRQV ZLWK GRXEOH DQG WULSOH IODNHV EXW QHLWKHU
GLVFRQWLQXRXV 6/* ZLWK WKLQQHU &X IRLO ZDV QRWLFHG 7Kl
LPSRUWDQW FRQFOXVLRQV WKH &PORRLWIBG K HOQ MXBQDEDGL 8 U R FI>
LQ FRQWUDVW WR WKH SUHFLSLWDWLRQ JBRZWK LQ FDVH RI 1L \

,Q 'H HUWFRDMSRUWHG &9' JUDSKHQH 7&(V ZLWK D JRRG
IOKE[@H GHYLFH DSGQLWKWY. RRUN 16 /0PD/QTBHUH GHBERUIUWHIGGE R @ 12
ZDIHUV DQG WKHQ WUDQVIHUUHG RQWR 3(7 DQG JODVV VXEVWU
GHSRVLWHG RQ@DWHW BL WIKHUPDO HYDSRUDWLRQ 7KHQ WKH 11
WHPSHUDWRKIUM UH& XQGHU LQ DDWPRVSKHUH 7KH KHDWLQJ DQ
FRQGXFWHG DW D VORZ UDWH RI f& SHU PLQXWH VR WKDW SR
VXEVWUDWH *UDSKHQH GHSRVLWLRQ XO\GNUY EVH TR G HU | R

VFFP IORZIRU &+ LQXWHVUDIHKKEOH 7&(VvR[KLELWHGNS

DW RSWLFDO WUDQVPUWWMHFMH RHO\ )OH[LEOH 28 9\5 IGHHYH & R §HIE
FRPSDUDEOH 3&( RIRI LWWRRIDKDMUSDUW ORUH LPSRUWDOQ!
EDVHG IOH[LEOH GHYLFH UHYHDOHG KLJKHU PHFKDQL®PBO VWDEL
,Q DGGLWLRIDSEHQH SUHSDUHG RQ &XVHRIEMWDW WRR HDBIWVFW I
VHPLWUDQVSDUB QW 239V

,Q FRQWUDVW WR RWKHU PHWKRGV VXFK DV WRR®URGNRH !
ODWIHHD DJEKAUW\ JUDSKHQH ILOPV IRU 7&( DSSOLFDRO®®V )R
SURGXFWLRQV RI IOH[LEOH JUDSKHQH ILOPY¥ K D@ H ¥ 8 H®OHGHS\RW K
PHWKRG UHSRUWMG/EQHIHEKLOP ZDV V\QWIQHKL]HG RIDDRQDO IC
&X VXEVWUDWH WKDW ZDYFRAUDSBH®|DWREDGLRVHUWIFE& DXQIBUWYV
WXEXODU &9' UHDFW@UIRWRP DWRLG @KR® JUDSKHQHPS BB DDWXD HJH
JUDG*H@WWHU WKHUPDO DQQHDOLQJ RDWXKHIRUH[LEOPXE&YH VYRR @/ X
LQ RUGHU WR LQFUHDVH LWV JUDLQ VL]H IRU KLQ&JDMHYLBD WV UD ¢
DSISOG LQWR WKH UHDFWRU DW f& IRU DQ DGGLWLRQDO Pl
SURGXFWLRQ RI JUDSKHQH KDV DOVR EHHQ UHSRUWHG )RU LQV\
&X IRLO XVLQJ D 5 5 DWPRVSKHULF, SHHV@XRZH ¥ 8I'UU MDFFHW R BV X O
ZDV IRXQG WR EH GHIHFWLYH 0/* ZKLFK PD\ KDYH EHHQ FDXVHG
SUHVVXUH DWRDKHQWEDPWLRQ ORUHRYHU GHEVDHORIS PG ® G RCESH)
WR HQDEOH FRQWLQXRXV 5 5 SURGXFWLRQ Rl JUDSKHQH RQ D VX
ORZ SUHVVXUH &9' UHDFWRU YLD VHOHFWLYH -RXOH KHDWLQJ RI

'"HVSLWH WKH DGYDQFHV DFKLHYYK®G @ QWV IDH) G FKOYCHIIRISIP B DIV IR
XVLQJ WKHUPDO &9' WKH UHVXOWLQJ JUDSKHQH KDV WR EH VXE



WUDQVSDUHQW WDUJHW VXEVWUD@H HY( B URFIHNGX UHWVFF D @ KHHD G
WR WKH JUDSKHQH ILOPV )RU H[DPSOH 55 EDVHG WKHUPDO UH
ZHUH XVHG WR WUDQVIHU WK H > UBJRPHIIK HRLLADP R QKB RBY TV HR3J LGH Y
DQ HIILFLHQW DQG IOH[LEOCHV W RXFW WEQWHQ UM GXX\HLQJIVWKH 757
RI DOPRVW ZKLOH WKDW IURP ZWRW W U D Q\KIH WK LKIXE 0BV EH R1 5 5

ODWFADOHIODBKHQH LQGLFDWHG GDPDJH WR WKH WUDQVIHUUHG
PRUH FRPS GIRQWKIPRLH)J DQG QRW VFDODEOH $GGLWLRQDO SURFF
WR HQKDQFH WKH SURSHUWLHV RI WKHSWUPDW LBREMG DUDVEKHQ
OLPLWDWLRQV QHHG WR EH RYHUFRPH EHIRUH FRPPHUFLDOL]LG
REVWDFOHV ZLWK WKLV W8BK®RER LF DHMMHL MW YXAGWWD LQDEO |
HQYLURQPHQWDOO\ XQIULHQGO\ FDUERQ VRXUFHV DQG WKH FR
GDPDJHV WR WKH JUDSKHQH VKHHWY 7KHUHIRUH HGLU RGXFQWL BQ
JUDSKHQH UDQJLQJ WP WPDOYRYHU PHWKRGY GRSLQJ VWUDWH#
GLIIHUHQW W\SHV Rl SODVPD GLVFKDUJH KDYH EHHQ LQYHVWLJI
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JLIXUH&XUUHQW VB RQWIDWM FKD &DF WHNSKMQFVDRIRU ,72
FHOOV XQGHU$0 P \F®PHFWUDO LOOXPLQDWLRQ IRU GLII
H[SHULPHQWDO VHWXS HPSOR\HG LQ WKH H[SHULPHQW"
&9' JUDSKHQR BE®LFHV G 6(0 LPDJHV VKRZLQJ WKH \
WRS DQG ,72 ERWWRP SKRWRYROWDLF FHOOV DIWHI
SDQHOV D ®QG EFKHPDWLF UHSUHVHQWDWLRQ RI WKH
WKURXJK WKH PP GLDRYQHEH TXIDNR P OUREAW HP DW [
FP PLQ $U DWW IHG LQWR WKH PDLQ WXEH ZKHUHDV &
VI\VWHR® | &RQW L QKERRXYOUKRD OV\VWHP XRXQBH KHO®MAVDLY)
IRLO VXVSHQGHG EHWZHEGHQ WH Q HFXWUWREERHWRR OORIZ \B Wil
3KRWRJUDSK¥ RVHMBK SURRXGEWLRQ RI JHD SIRH QHZ ULIDPIL
LQFK TXDUW] WXEH WRLBDHK XBUWHGHIMAWRDQ7KH OR
ZKLFK WKH FRSSHU | PLQG IHI\DHFW D VE LKALK K& W H P W/IRB DWW XW U
JUDSKHQH ILOFPDOUBRCHI/\KH WD SH R R ID $(W ULDOPV B DU
JUDSKHQH ILOP WUDQ@FIKHBYHEKHHW M 6FUHHQ SUL



HOHFWURGHV RQ JUDSKHQH 3 (7L QIE®P JWIX$K HQWH3IN 7 VERY
VLOYHU HOHFWURGHV EHIRUH DVVHPEO\ N $Q DVVHPE
IOH[LELOLW\ ©D$HW WSHHKE SDQHO FRQQHFWHG WR L
> @

., 7UDEVIPHWKRGVUDS&H QH

,Q RUGHU WR EHVW H[SORLW WKH H[WUDRUGLQDU\ HOHFW!
HOHFWURQLF DQG RSWRHOHFWURQLF GHYLFHV JUDSKHQH ILOP
VXEVWUDWHY 7KXW RHWKREWWKDIVQFDQ STHRIEXIAM\ UUDGHKEQM D
ZLWK PLQLPXP GHIHFWV DUH L QHMNLIKHEMNHHI® K FRDURGHYL GH & BI'U D
KDYH EHHQ GHYHORSHG WR DFKLHYH WKLV DLPH P® WKWH PROERGL
LQFOXGLQJ ZHW DQG GU\ WUDQVIHU ZLOO EH SUHVHQWHG

'y "HW WUDQVIHU
7KH ZHW WUDQVIHUUDBKROQRKILOPVY IURP WKH PHWDO VXE)\

VXEVWUDWHY KDV UHFHLYHG VLJQLILAD RMI I WX\DHILWL R6Q* GRAUH OW*RI
7 RI JUDSKHQH LV EDVHG RQ WKH DGGLWLRQ RIWHQ FRDWLQJ |
JUDSKHQH PHWDO RIWHQ &X IRLO 7KHQ WKH UHVXOWLQJ VXSS
VROXWLROQKKQ&MXLAQRLO LV FRPSOHWHO\ GLVVROYHG W\SLFDOC
VXSSRUW JUDSKHQH LV WKHQ WUDQVIHUUHG RQWR WKH WDUJHW
WKH WUDQVIHUUHG JUDSKHQH RQ WKH WRHWHW UDXEMWU [PM MW KRE
300$ PHGLDWHG WUDQVIHU PHW KRB USNHUSRY WE HE BEIEED WE G FR
PHWKRG D VXSBRUQP OMDKHEN LV GHSRVLWHG RQ WRS RI JUDSKHC
VROXWLRQ E\ VSLQ FRDWLQJ 7KH UHVXOWH® WR0UH PRI B KIHQ\HU&
VROXWLRQ LV WKHWYFXODMH G RMXD IERXQ VXFK DV DPPRQLXP SHUV
HWFKHG DQG WKLV VWHS LV UHSHDWHG LQ D IUHVK DPPRQLXP SH
LV ZHOO ULQYWGDIOF RKROURQG WKHQ XSORDGHG RQWR WKH WD
7KH 300$ JUDSKHQH WDUJHW VXEVWUDWH LV GULHG LQ D QLWUR
SODWH@MRU D IHZ PLQXWHV WR LQFUHDVH WKH DGKHVLRQ RI JU
WKH 300$ OD\HU LV GLVVROYHG E\ DFHWRQH OHDYLQJ EHKLQG |
IXUWKHU DSSOLEDWLRQV )LJXUH



Target substrate \\

[ Target substrate

|

Target substrate

JLIXUH 6 FKHRDWXNVWUDWLREDRH® KH BO9RBHQH WUDQVIHU

$OWKRXJK VBOD®VIHU KDV EHHQ ZLGHO\ XVHG LW KDV VR
GHWHULRUDWLRQ RI JUDSKHQH SURSHUWLHV WKURXJK PHFKDQL
KLJK JURZWRWWHRSHVKH VXUIDFH RI WKH VXEVWUDWH FDQ H[KL
UHVXOWLQJ LQ D URXJK PHWDO VXUIDFH ZLWK WKH JURZQ JUDS
&RQVHTXHQWO\ XSRQ WUDQVIHU RQWR UK I®RVD U QHBV F/RKFES/HIDH
ZLWK WKH VXEVWUDWH DQG JDSV FDQ H[LVW LQ EHWZHHQ OHDC
300$ GLVVWROEG.QRUGHU WR PHDOILD 300G WUDQBBKH@H &RUH HIILF
PDQ\ HITRUWYV KD YWHRERMHXQ FI[HJ WHBFNY RU WHDU LQ WKH UHVXOW
/L DQ@ZRFWRNHUV SURSRVHG D PRGLILHG SURREBIWY QVUKWWRNSKRU 38 BIE
WRS RI 300$ JUDSKHQH WDUJHW VXEVWUDWH D IMPHW RIYVHK MOKIH&
PRUSKRORJ\ DQG PLQLPL]JHG WKH FUDFNV Rl WKH WUDQVIHUUH{
UHSHDWHG 300$ FRDWLQJ 7KH VHFRQG 300$ IDFLOLWDWHG WKF
OD\HU EHFDXVH RI GURSV RI OARDXWG BD OB QWX UPS U RHHF® WK H PH
RI WKH WUDQVIHUUHG JUDSKHQ@H R\XK W K/ MHHWHDREGR BRWH G VIDH
300$ PHGLDWHG WUDQVIHU ZLWK UHGXFBG BH\DIFGXHR/Q KVW®J UDHH
300$ VXSSRUW IURP WKH JUDSKHQH VXUIDFH 7KH LPSOHPHQWDW
SRWHQWLDO WRZEDGW G BEDSK BQHWEDIQYDNWUIRXQG WKDW 89 LUL
WKH 300$ VXSSRUW OD\HU XQ®XUWWDWP EQHIR W HIR/QGIDWMLRR@V RJ HV K H
WKH FOHDYDJH Rl HYWHU JURXS VLGH FKDLQV ZKLFK UHGXFHV
JUDSKHQH XQGHUQHDWK 7KH WUDQVIHU SURFHVV VWDUWYV E\ VS
VXEVWROWRZHG E\ 89 QP LUUDGLDWLRQ WRU F N PLO@%WOHM H T KI-
FRDWHG ZLWKRXW IXUWKHU 89 LUUDGLDWLRQ $IWHU WKDW



300$ 3008 SWUHDWHG JUDSKHQH ILOP LV SODEBWHR QG WKH WD
FOHDQHG LQ D PL[WXUH RI DFHWRQH LVRSURS\O DOFRKRO PHW
7KH JUDSKHQH ILOPV WUDQVIHUUHG ZLWK WKH PRGLILHG 300$ |
FRPSDUHG WR WKRVH RQMHDMWHBQBOG 200K PHKHKRG WKDW HQWDL
QP ZLWKRXW 89 LUUDGLDWLRQ DQG WKH 300$ ZDV UHPRYHG XVL
VXJIJHVWHG D PRUH HIIHFWLYH JUDSKHQH WUDQVIHU ZLWK PLQLF
- UD\KBWRHOHFWURQ VSHFWURVFRS\ ;36 DQG ,FRQWDFWKBIQJO
VXSSRUW ILOP IRU &9' JUDSKHQH WUDQVIHU>LV E@YHGLRQFPRRMHU F
GRXEOH OD\HU FOHDQ WUWD@VIHU ZDV DOVR UHSRUWHG

%HVLGHV WKH SRVVLEOH GDPDJH RI JUDS K HEDH HIGO PIV KDYG F
PDQ\ FKDOOHQJHV WKDW UHGXFH LWV HIITHFWLYHQHVV IRU VFD«(
H[FHVVLYHO\ ORQJ WLPH KLJK FRVW 2K KFKKHDW GUWDHDW R F Q &OD (
HOHFWULFDO DQG SK\VLFDO SURSH@WVLHW RRWWKHK QR QWL BU UMK
SURFHVV WKH &X FDWDO\VW LV QRW UHF\FODEOH DRPRW LXYPGLV
SHUVXOIDWH HWF ZKLFK LQFUHDVHV WKH RYHUDOO IDEULFDYV
&9' JUDSKHQHK 7@{MHUHIRUH WKH GHYHORSPHQW RI GLUHFW DQ
UHF\FOH &X VXEVWUDWHYV IRU VXEVHTXHQW GHSRVEWHREBVE\DQG
FKHPLFDO UHVLGXHVY UHSUHVHQWYV DQ ® \MRNAVDWWY M H& ¥"WILIDVS I &
78&(V

(b)

-

90.1°

Intensity (arb.units)
Intensity (arb. units)

vd

=

A A A A A A A

292 290 288 286 284 282 292 290 288 286 284 282
Binding energy (eV) Binding Energy (eV)

J)LXUH ;36 DQDO\VLVY ZLWK SHDN GHFRQYROXWLRQ RI .
300$ PHWKRG DQG E WKHWPHWIGRGH®BAWY LOOXVWUD\
> @

. 'U\ WUDQVIHU

'U\ wWubQVIHU PHWKRGV RI JUDSKHQH RQWR WKH DUELWUDU\
WR RYHUFRPH WKH DIRUHPHQWLRQHG FKDOOHQJHV EMVREBLDWH
PHWKRGV ZHUH XVHG WR DFKLHYH D GUU WWMPR VW ILEU VKIE W B/LLVID DV E
6L26L VXEVWROWHKLY DSSURDFK D WKHUPDO WBBSHLEWIEVRAH® G |



DQG WKHQ D XQLIRUP PHRKPRILADDSSOHWEXWR WKH WRS RI WKH \
i 7RUU ERQGLQJ FKDPEHU IRU ILYH PLQXWHV 6XEVHTXHQWC
UHPRYLQJ PRVW RI WKH JUD SKH @ H&I Y R B WWKUHDRW W DKBHH RH IIAD FAGK H
SODFHG RQ WKH WRS RI WKH WDUJHW VXEVWUDWH DQG LQVHU
PHFKDQLFDO SUHVV VWHS LV UHSHDWHG IRU DQRWKHU PLQXW|
KRWDPAHJDW D WHPSFH& DWRYUM WKBWHOHDVH WHPSHUDWXUH RI W
DGKHVLRQ IRUFH EHWZHHQ WKH WDSH DQG JUDSKHQH 7KH WDSH
WUDQVIHUUHG WR WKH WD U PHYYWHX B QW H DAy IHD & & DD S5 HDRMIR_ARFQHDQ0G H
WR LQFUHDVH DGKHVLRQ RI JUDSKHQH ZLWK WKH VXEVWUDWH
WUHDW P HEOD VEPD2 Rl WKH WDUJHW VXEVWUDWTHXD\O EW X FLUDEDQW R |
JDSKHQH ILOP +RZHYHU WKH JUDSKHQH VXUIDFH RQ WKH JURZW
SURFHGXUHV IRU HIIHFWLYH WUDQVIHU 7KH 757 PHWKRG UHSR
JUDSKHQH RQ &X IRU 7&( DSSOLFDWIRRQ VR W KRKH KWIXD@MKSRU \R S
QHF H WV &\
YRU D SURSHU GDUMHPWLQ@® \OBIUJRI 6/* SUHSDUHG E\ &9' RQ
6 KLHQW>D @HDVXUHG WKH DGKHVLRQ HQHUJ\ EHWZHHQ JUDSKHQH
FDQWLORKYDHLL P WHVWLQJ 7KH DFFXUDWH PHDVXUHPHQW RI WK
HQDEOHG WKHP WR XVH WKH SURSHU W\SH Rl DGKHVLYH PDWHUL
WKH 6/* IURP WKH &X VXEVWUDWH GOLRIHFRWGNUR @\ RHHIY MHDRCUUNY HL W
GU\ WUDQVIHU PHWKRG XVLQJ D FRPPHUFLDO SKRWRJUDSK ODP|
YLQ\O DFHWDWH (9% 3(7 VXEVWUDWH @RZHYHBL® KDWEBKQY Y|
RQ (9% 3(7 VXEVWUDWH H[KLELWH®& OB & SWMDLLFITHO VW H B @YV B H WM/
,,D 7KLV GHJUDGDWLRQ RI WKH RSWLFDO DQG HONFIWUWED 6 XS/WH
WR WKH UDQGRP VWDFNLQJ RI )/* RQ WRS RI WKHVOQW K@D W]HEJ |
)/* RQ 1L ILOP WKDW VKRZHG FR QRULGHRXY FRUYSKR QR JID @G WK @
URXJKQHVY, BILJXKH SRRUWXUDWURBSWLFDO DQG HOHFWULFDO IHDW
OLPLW WKHLU DSSOLFDELOLW)\ IRU RSWRHOHFWURQLFV
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JLIXUH D, 7UDQVPIRVWDIBW¥K (9% 3(7 DQG WUDQVIHUUHG
LQVHW ILIJXUH LV WKH SORW RI VKHHWQPHXD VWO QG HWYKH
GLDJUDPV RURVZIH)DVRQ 1L IRLO DQG {@KH (W WDXEWI\N 6 (D
VXUIDFH PRUSKRORURHQ RI* WQHIDVIRLO F DQG WKH
VXEVWUDWH G $)0 PHDVDUREZRHQWVR®I IWKIRLDV H O
)/* (9% 3(7 VXEVWUDWH | 7KBWBH®RIDGGCIPQ® HVSHF\@L'

$ GLUHFW DQG WHIQWIDRYHHIHRIOJUDSKHQH JURZQ RQ &X IRL
DQG FROOH@IKHNU DSSURDFK XPVISGRIQH® DGWKBFNSRO\PHU ILOP Z



DV ERWK D VXSSRUW ILOP DQG D WUDQVSDUHQW IOH[LEOH WDU.
FRDWHG 3, OD\HU DQG WKH XQGHUO\LQJ JUDSKHQH FRPSDUHG W
WKH GLURIFW ISIWM® VWD BG LQEPUVDBKBQMSDUHQW FRQGXFWLQJ V!
WUDQVIHU PHWKR®DHEOKVHNVKH UHXVH RI &X IRLO IRU &9' JUDSK
FRUWMHFWLYH DQG HQYHQRQRHQWDIYONMU DSSURDFK 1RQHWKHOH
|L WPKD Gy BBWZH HQ “ ZKLFK LV PXFK KLJKHU WKDQ WKDW RI ,°
WUDQVIHUUHG E\ PRUH FRPSOH[ SURFHGXUHV DV GLVFXVVHG DE

Gr/Cu foil PI/Gr/Cu

=)

Direct
peel-off

transfer l

process Gr-Pl a

Neel-off 3
&=

Recycle Cu

Cu foil

D
Graphene on
Polymer support polymer support Released
/ polymer support
y
— Target substrate
Graphene on Cu fol Graphene on target
E
JLIXUH ,, D 6WHSWVHH WKW HNPFIKIHYJI S UIRR F B V8 FR\DLEHG

RQ D &X VXEVWUDWH DQG ¥ RGA B L 6IERKIHW DRVQ EFOR/DI\S KSHU B
JUDSKHQH ILOPV JURZQ RQ D FRSSHU IRLO 7KH SURFH
HWFKLQJ ULQVLQBW@W GO WQ DQW CHEKHP LVHCEY B R B MG
RXW XVLRS DLPHYXY WGER | RIGCHWEF K L Q J

YRU D ODHDHWUDQVUHDBRH@SY RQWR IOH[LEOH VXEVWUDWHYV
XVHG VLPLODU WR WXD®@7 KIP\S DB\HERDEOKUWWDUWY ZLWK WKH DG



SRO\PHU YLD SDVVLQJ EHWZHHQ WZR UROOHUV WR WKH JUDSKH
$IWHU WKDW WKH JURZWK VXEYRVHWWHKLQ@X IR QRPHREY HHG WKHF
JUDSKHQH VXSSRUW OD\HU RQWR D WDUJHW VXEVWUDP®BWH (YHQW
,1 757 LV XVHG DV D VXSSRUW OD\HU LW LV UHPRYHG E\ WKHUPD!
LQFOXGHG HWFKLQJ RI WKH &X IRLO VR LW LV QRW UHXVDEOH IF
D VWURQJ DGKHVLRQ FDQ KHOS WR DYRLG WKH HWFKLQJ VWHS (
3(1 3(7 LV XWLOL]JHG PDYQN DXSWRRWJIIIDWGKAXVLYH OD\HU WKLYV
SUDFWLFDO GXH WRWFRID XVWHURIQY IHO MWLIWHKRXW GLVVROYLQJ &X |
JUDSKHQH LQ RSWRHOHFWURQLF GHYIURBHSK HD@HH EIDWHIBK 8 Q RIQ R
VXEVWUDWHY LQ RUGHU WR DYRLG WKH FRPSOH[ WUDQVIHU SUR

., &9'JUDSKHQH JURZWK RQ GLHOHFWULF VXEVWUDWHYV
'HVSLWH WKH UHPDUNDEOH DGYDQFHPHSKM QI T K HG WNIXQAN H
SUHYVRIRWLRQ WKHUH DUH PDQ\ OLPLWDWLRQV DVVRFLDWHG 2
GUDZEDFNV LQFOXGH WGKRDWY &L FRERYM[LW\L PV ZHOO DV WKH J
ZDVWHV DQG SRWHQWLDO GDPDJH W RIDVX IR IVWWDEDWY NIHMMAHHED Q HELOS K
SUHYLRXVO\ JURZQ RQ D PHWBB VFIQMWXHVMW RIKH BBWHONVRWQ GLH
EHHQ GHYHORSHG 2QH RI WKH PDMRU REVWDFOHV IRU JURZLQJ
VXFK DV3J{DDD®G 3(1 LV WKDW WKHVH PDWHULDOV FDQQRW UH
JUDSKHQH JURZWK LQ D &9' UHDFWRU 7KH KLJK WHPSHUDWXUH L
VRXUFH YDSRU PROHFX® HRU WWK H&@XFOHD WD B ROH @) ® F WRKM K XRE
VXUIDFH 7KH DSSOLFDWLRQ RI YDULRXV W\SHV RI SODVPD GL)
WHPSHUDWXUHYV RQ D ZLGH UDQJH Rl VXEVWUDWHY LQFOXGLQJ |
ODOHVHYLF DQG FR® OWKIHI XK ¥ AHVSRY® VIQWKHVLV RI )/* RQ GLII
6L TXDUW] 3W DQG VWDLQOHVV VWHHO XVLQJ PLFURZDYH 0
WHPSHUDWXUH RI  f& ZLWKRaYWHHRS WU G DM\KWR@BIBHBRHWHU
0: SRZHU GHSRVLWLRQ WLPH DQG WKH IORZ UDWH RI WKH DSSOI
RULHQWIM® NERYH D JUDSKLWH OD\HU WKDW JUHZ SDUDOOHO WR
ZD\ WRZD WGNRSRZXUH D QG HFD B/DFROGXWWWILLRDS KRH Q&9'IRU HOHFWUR
RSWRHOHFWURQLFV DSSOLFDWLRQV /RZHU VI\QWKHVLV WHPSHU
IUHTXHQF\ 5) IURP SXUH PHWKD®H ®QGGQLH ®KBWFHFDVXE R BV DIVV
f&> @&9' IURP & % PL[WXUH RQ &X IRLO +RZHYHU WKH UHV>
ORZ TXDOMNDOQDQRWHUDO VL]H DQG SRRU HOHFWULFDO FRQGX
,Q DGGLWLRQ WR SODVPD LPSOHPHQWDWLRQ LQ &9' RWKH!
VIQWKHVLVY WHPSHUBQKUMRBILQVWDREK \WKNWDXWHL ©AJ H WLARRY FRR DV
RQ &X SURGXFHG KLJK TXDOLW\ JUDSKHQH E\ DMKPHRAPEXCH@ ® QHD O
ORUH SURJUHVV KDV EHHQ UHSRUWHDQ® WRKLGD 8 86iF W RGLEN Gl
LQ D VSOLW WXEH DXU @DF KV KL XARDND LKAV K/* ZDV VIQWKHVL]HG F



f& ZKHQ EHQ]JHQH ZDV XVHG ZKLOH ZLWK VROLG SUHFXUVRU W
VLIQLILFDQWO\ ZKHQ GHSRVLWLRQ WHPSHUDWXUH GURSSHG IUR

O
0]
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JLIXUH D 6FKHPDWLF RI WKH &9' JURZWK IURP VROLG FDUEF
EG E DQGF 6(0 LPDJHV RI JUDSKHQHHFWRZ® ®W 6 F DIDGIGEIRY
G 5DPDQ VSHFWUDRRIQIDWSKH# @300$ GHULYHG JIUD SHKHIXR
RI JUDSKHQH JURZQ DW f& D@G WUEDVQWU BWHH Gl WFD WIK® 6§

DQG f& UHVSHFWLYHO\ J 23WDLFROQMULERZBL D/
DQG f& UHVSHFWLYHO\ 7KH WUDQVPLWWDQFHV RI OLJKW
LQGLFDWHG LQ SDQHO J KiO 7\SLFDO 6(0 LPDJHV RI JUDSKF
7KH H@VRI SDQHO | LV DQ 6(0 LPDJH VKRZLQJ W K&L WOORVWSVH B!
EDUV DUH P KPO @QVHW RI N



7KH ORZ WHPSHUDW X UK VOQ WK H VW D\5 KR BKDLNKDAD W H LREIX&V H G V
ULQJ VWUXFWXUH RI EHQ]JHQH PROHFXOHV ZKLFK UHVHPEOHV \
UHTXLUHG GHK\GURJHQDWLRQ DQG OLQNLQJ RI EHQ]JHQH ULQJ
VXSSRUWHG E\ FRPSDUL®DWKH RNDQHAWQEW RR QWKRQ&EIXSUQRFHVV |
GHQVLW\ IXQFWLRQDO WKHRU\ 7KH &9' PHFKDQLVP ZDV GLYLGI
SUHFXUVRU PROHFXOHV OHDGLQJ WR DGVRUSWLRQ RQ WKH &X
SURFHHGLQJ WR WKH QH[W VWHS ZKHUH WKH PROHFXOHV SDUWC
VSHFLHV ZKLFK ILQDOO\ QXFOHDWH DQG JURZ JUDSKHQH VKHH\
KDYH ORZ DGVRUSWLRQ HQHUJ\&RIDQG HOUBI®SHFW IHVOHIRU 7KH KL
DGVRUSWLRQ HQHUJ\ WKH PRG HDWHIH Y B Q MY RB\WWINBRIE SY XD\ J & V
WHQGHQF\ IRU JUDSKHQH JURZWK DW ORZHU WHPBHGDDWXHE D\
UHDFW\ISR@OLOYOW ORZHU WKDQ WKDW Ral) RUK W IGH. (GHKWGRIRXI G\ Bl WS B
DFWLYDWLRQ+HZIHW IRXRG &R EH H9 ZDALOH WEDVRURWPR® OHU
PROHFXOHV WR EHFRPH DFWLYH IRU QXFOHDWLRQ WKH\ QHHG W
GHK\GURJHQDWLRQ EDUULHU IRU PHW K D/Q\HU X ¥ W UPHRHBIH XL @HD\D O \
UHVXOWHG EQ HDORRMUEPX ULHU 'HVSRASDWHKE WRFEHVVIXO JURZV
ORZ WHPSHUDWRQBV&EMNKKEXOG EH QRWHG WKDW WKH &X IRLO

f& IRU PLQXWHV LKkDRZ DWRFWKHQ KRROGHGLGBRBQMMRSMUDW
WR JUDSKHQH VIQWKHVLV 7KXV IURP DQ HFRQRPLFDG® S@UVSHF)
LWWLOO KLJK ,Q DGGLWLRQ IXUWKHU SURFHGXUHV DUH UHTXL!L
WKH WHOW@WSDEN WUDWH IRU 7&( DSSOLFDWLRQV

$OWKRXJK 3(&9' VI\VWHP IDFLOLWDWHV WKH JURZWK RI JU
HQHUJHWLF SDUWLFOHV JHQHUDWHG E\ SODVPD GLVFKDUJH FD
ODWWLBRAKH IBQFN RI VXFK LPSHUIHFWLRQV LS/HD 8 ZIDQVWLKHG EBP D
VSHFWUXP RI JUDSKHQH %DVHG RQ WKH 5DPDQ VSHF@UWD IRU Jl
5)> &&9' RQ GLIIHUHQW VXEVWUDWHY LQFOXGLQJ &X DQG GLHO
' SHDN FDQ ENLORWHLFHGGLFDWLQJ ODUJHU VWUXFWXUDO GHIHF
TXDOLW\ JUDSKHQH ZLWK ORZSG BN FID G HD@WIRN U HERR@IEAEE B &K |
'& SODVPD DVVLVWHG &9' UHDFWRU DW ,, f&RQ@&X IRLO DV VKRZ
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Spectrum analyzer

JLIXUH ,,5DPDQ VSHFWUD RI D JUDSKHQH ILOP GHSRVL
f& ESDPDQ VSHFWUD RI D JUDSKHQH ILOP GHSRVLWH
f& LQGLFDWLQJ WKH SUHVHQFH RI ' SHDN DQ6 |1@F

5DPDQ VSHFWUD RI QDQRJUDSKHQH IL®P\V@GURBD®DRQ V'

JUDSKHQH ILOPNUW®D W WAHUG [URP FR$3IHUXERLDUDWR HY

VIQWKHVL]HG DW DVARLEWSIGDWREBUPDO &®R X VULIMW H\D ULR

IRU PLQ@H 6FKHPDWLF LOOXVWUDWLRQ RI WKH 3(&9"

> @ UHI@ DQG Uk

%\ FRPSDULQJ WKH H[SHULPHQWDO VHWXSV XVHGGWMW @PDOAKHVH
EH FRQFOXGH G\HK B PWWAKW UXR ZV %X U HOV QD WDMIHLRXWHG WR WKH DSSC
GLVFKDUJH RXWVLGH WKHQKR®HBPRYH WIKRIQ HREBEOWBK 7KLV FRQILJ
UHGXFLQJ WKH ERPEDUGPHQW DQG FROOLVLRQV EHWZHHQ SODV



JUDSKHQH ODWWLFH LQ FRQW UD @WK HURI WHKDIW K @ VUMU IDWHHQIEEW L Q V
RI WKH JORZLQJ GLVFKEDUJH )LJXUH

*UDSKHQH JURZWK RQ JODVV EXEWWKDYHVGFD@ EKHUSBHEUFH
FDWDO\WW LQ D 3(&9' VIVWHP )RU LQVWDQFH 9* QDQRVKHHWYV Z}
DW f& XVL\MLYWHG 3(@®PLODUO\ GLUHFW JURZWK RI 9* RQ Y
VXEVWUDWHY ZDV DFKLH¥HG & W QV BFPBR WDD/W KVUWWG 3(&@® UHDFW
+RZHYHU WKH UHVXOWLQJ 9* QDQRVKHHWY H[KLELWHG KLJK GH
FDVHV 7KBOYRUMHQWDWLRQ RI JUDSKHQH QDQRVKHHWYV LV IDYRL
RQO\ KRULJRQWDO JURZWK LV REVHUYHG R@ GGI GLHOHF WY EN W X
> @ KH JURZWK DQGIVOKH B3Q ESHERQWYROOHG DQG WXQHG E\ F
SDUDPHWHUV VXFK DV JURZWK WLPH SUHFXUVRU W\SH IORZ UD\
W\SH SODVPD SRZHU DQG GHSRVLWLRQ WHPSHUDWXUH )RU
RSWRHOHFWURQLFV WKUHH PDLQ SURSHUWLHV RI WKH JUDSKH
UHVLVWDQFH RSWLFDO WUDQVPLWWDQFH DQG VXUIDFH P
SRVVHVV ORZ VKHHW UHVLVWPKFBQE&LORZR ¥WU FDFRH WRXQK ® HWW
YHUWLFDO JUDSKHQH QDQRVKHHWY FDQ UHVXOW LQ D GUDPDWL
LQFUHDVH LQ ILOP URXJKQHVV $ KLJKO\ URXJK VXUIDFH RI D
UHFRPEL QW MNH BREHRMWIR DWHG FKDUJH FRWLDL HQ FUHP IWQHIG® AB W 5J H
RI SKRWRFXUUHQW OHDGLQJ WWRDRD G B R P RW WK B @RISHUBHWKH WK |
KHLJKW DQG GHQVLW\VRRX® QEARNVREWWROOHG GXULQJ WKH V
WUDQVSDUHQW VXEVWUDWH LQ D 3(&9' VIVWHP VR WKDW WKH |
HIILFLHQW 7&( ,Q DGGLWLRQ IXUWKHU RSW LPQPIWMLEQ KK RPOWMG! |
D KLIDKDOLW\ JUDSKHQH UDWKHU WKDQ DPRUSKRXV FDUERQ RU Jl
RI URXXKIDFHVVWWIEQUBRUHQF\ JUDSKHQH ILOPV

3(&9' WHFKQLTXHV KDYH HQDEOHG JUDSKHQH V\QWKHVLV
VXEVWOM WHVFXVVHG DERYH +RZHYHU WKH KLJK TXDOLW\ 3(&¢
VXEVWUDWHY PDLQO\ &X DQG LQ VRWPHHDBNWHQ W KIHW& X | R& ORWH T
SULRU WR JUDSKHQH V\QW KHV@\WQ IFW VOHRERHRG REHIP\S X U B V8 K&JH VI U D
RQ GLHOHFWULF VXEVWUDWHV VXFK DV JODVV RU TXDUW] WKH
FRPSHWLQJ 7&( FDQGLGDWH IRU 239V 7KH ORZ TOLORWRLRM\ JU|
GLVFRQWLQXLW\ DGEIWRW\SVKNK®WHY®FDQFLHV YRLGV GLVOR
ZKLFK DUM.KHOK WR RFFXUWHMPSHWIBLRDA ®RD' VI\VWHP RQ GLH(
EHFDXVH Rl WKH FROOLVLRQV RI HQHUJHWLF L R\RU B QKD X\DHG MFK
SURSHUWLHV Rl WKH UHVXOWLQJ ILOPV WR GHYLDWH IURP WKH
IXUWKHU SURFHGXUHV DUH UHTXLUHG WR HQKDQFH WKH SURSHU



., T7UDQMIHM 3(&9' JUDSKHQH 7&(V

7KHABRZLQJ VHFWLRQ ZLOO IRFXV RQ UHVHDURK &J1RUWYV
JUDSKHQH 7&(V 'HVSLWH DOO WKH SURJURXD OILRK\L & ¥'HIU DS KMIQH
IHZ UHSRUWYV FDQ EH IRXQG RQ WKH YWHSKHS®RIFN& (¥ HRGKEMGWE
VWHS SURFHGXUH FDRD®URG X KIQ LD RBIPHD QG DSHKUIDH ILOP GLUHI
WUDQVSDUHQW JODVV RU IOH[LEOH VXEVWUDWH ZLWK SURSHU H:
,Q D FRQYHQWIRFYDRU&WKH JURZWK RI JUD SKHQHRY KMKIW B H\W DIDF
FDWDO\VW VXFK DV &X RU 1L WKHQ WKH UHVXOWLQJ ILOP LV WUD
HDUOLHU 7KXV WKH XWLOL]DWLR ® ERW NQH. @ X MEKWIFD WD DK WY H_
ZLWK PLQLPXP GHIHFWV 2QH Rl WKHUPBM R Q HF RIO® HQQ MKW B UF3V &
KLJK GHQVLW\ RI VWUXFWXUDO GHIHFWV ZLWKLQ JUDSKHQH ODW
&RQVIBTKA WKW\ QWKHHIFMW THI) BEKOH QH H[KLELW D KLJK VKHHW UHV
LWV LPSOHPHQWDWLRQ DV HIILFLHQW 7&( FDQGLGDWH 7KXV W
JUDSKHQH 7&(V UHTXLUHV LQQRYDW L YH HES®S® RDURKGRY| HUKD. F K HRDHQ
JURZWK )RU LQHW B@RERBHE DQ DSSURDF EUW B KW@V IGH VU H]FHWE
6L 6UDRP VROWRMAKRQVHG>S R@\WHILLW VWUDWHJI\ UHOLHG RQ VSLQ F
QP RARPPHUFLDO SRO\PHU VXFK DV 300$ 36 DQG SWORDWWDWRB L
WKHQ GHSRVLWLQJ D WKLQ XS WR QP 1L FDSSLQJ OD\HU 6XE
FDUERQ VRXUFH XQGHU V& H @ D\WDWIPRYSEHYHDUIMHVXOWHG LQ )/
6L 6 M XEVWUDWHD)EXDHVHU HWFKLQJ WKH PHWIDXH RBS SARXIXMQL |
7KH PHWDO FDSSLQJ OD\HU ZDV IRXQG WR SOD\ WZR FUXFLDO U
HYDSRUDWKIRGRUERQ VRXUFH LW DFWV DV D FDWDO\VW IRU W
IUHH JURZWHURISEBQH E\ WKH DSSURD F QLW RISIR\KH G HIE KLHK V\
WHPSHUDWXUH ORUH FULWLFDOO\ WKH SUHFLSLWDWLRQ RI FDU
WR JHW XQLIRUP DVUDHSEBQHQHOGPIWDUOLHU 7RKRRSD@® HANRAKIM DS
XVHG SRO\F\FOLF DURPDWLF K\GURFDUERQV 3$& @VKHWUERQ
VXFFHVVIX0O\ REW D LXQUHGG RBQBLHMHPRW U LF V X E V WXIDWWH]VD\QG= K D
DW ORZHU WHPFRHUDWKXUBGWD\HU RI WKH 3$+ SUHFXUVRU ZDV ILU
VXEVWUDWH YLD WKHUPDO HYDSRUDWLRQ IROORZHGRB\WKHH GH
3$+ ILOPEHDP HYDSRUDWLRQ DQ& WR®HQXKWKWH®' DWDFWRU )LC
WRS &X FDWDO\VW OD\HU ZDV HWFK#B® XV L QJ 0DRJE O BLNM YXUHD JHQW
., F 7KH WKLFNQHVV RI &X FDSSLQJ OD\HU KDG D VLJQLILFDQW
UHVXOWLQJ JUDSKHQH ILO® DK RBIQL PRP) BRXXWHKLFNQHVV IRU JU
IRXQG WR EH QP 7KLQQHU &X IE®RVYDSKAPHGILCHQRR/ VBKR ®X JC
SDUWLDO HYDSRUDWLRQ RI &X ILOP GXULQJ WKH JURZWK SURFH
WKH TXDOLW\ Rl WKH VIQWKHVL]HG JUDSKHQH 2Q WKH RWKHU K
VLIQLNLEDWKW Q@QFUHDVLQJ WKH WKLFNQHVV RI WKH BROMPHU ILO



JUDSKHQH TXDOLW\ VKRZHG D UHPDUNDEOH HQKDQFHPHQW ZLWHK
JUDSKHQH ILOPV ZHEH REWDHQHG D&E&HWX\RIPW+GXULQJ JUDSKH
VIQWKHVLYVY LOQFUHDVHG WKH GHIHFW FRQFHQWU,DW LIRWY ¥ WK K X@ W
RI LWV HWFKLQJ LPSDFW 7KH VKHHW UHVLVWDQFHV RI WKH UHV
ZKHQ WXWKWVLV WHPSHUDW X& HTED R %/38 @& ROURWVPV 7KH VI\QWKH
JUDSKHQH ILOPV VKRZHG D JRRG SRWHQWLDO DV D 7&( IRU 2/('V

y [ Ni(50nm) |
PS (10 nm) PMMA (10 nm)
Si/Sio, (300 nm) Si/SiO, (300 nm)

Intensity / a.u.
Intensity /a.u.
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JLIXUH 5DPDQ VSHFWUD IRU WKH GLUHFWO\ VIQWKHVL]HG &
VRXUFHV>D @E $ VFKHPDWLF LOOXVYWHH W2 'R QU B RDAKKRIQM UU
UH¥ @G 5DPDQ VSHFWUD IRU JUDSKHQH ILOPV J& RIROXBHE
WKLFNQHVNPSHUD WQOGGHZ > @

$QRWKHU SURPLVLQJ DSSURDPIOLWR DIQUGWKHVIEM HQHKH KD W
XVLQJ DWDZIRH &9' DSSDUDWXV ZDV UHPHRO@ KB H P B Q R $HG \E R 3DWH
6/* JUDSKHQH ZLWK KLJK RSWLFDO WURIQVPLWW R@®FHOR[LEOHD
VXEVWUDWHY 7KHLU DSSURDFK ZDV EDVHG RQ WKH LQWURGXFW
VXEVWUDWH SULRU WR JUDSKHW I \IQW K HDILVQ I[EWAF BRV FIDTULE R RV
ZLWK WKH GHSRVIMKLRE RL E\ '& VSXWWHULQJ XQGHU 3D DQG
H[SRVXUH FIRDWNHG/IVXEVWUDWH WR DPELHQW DWPRWRKBUH W]
UHG X WW/IHBQLY HVVHQWLDO SULRU WHR D WDHSK M R E VW Q BAK H VLW D DIt
DWPRVSKHWHRXRY WR UHVWRUH ,WKH RKH PROHUIXUDXVLRQ RI WKH
VHWXS XVHG LQ WKDW ZRUN FRQW LD/W HDGKRIKVWRIRBEBHDBWRQH D\
ORZHU WHPSHUDWXUH WR DYRLG PHOWLQJ RI WHKH MX DO\WR B W6
WR HQWHU WKH UHDFWLRQ FKDPEHERDRVHG W XEWVDWKBQYH RQ UHG



# Reduction of TiO, to Titanium

@ Graphene Synthesis on Titanium

Diffusion CVD hot-wall chamber Diusion CVDHot-Wall Chamber
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JLIXUH D6FKHPDWLF RI WKH &9' FKDPEHWRIRMLWBGXEKW
6FKHPDWLF RI WKH &9' FKDPEHU IRU JUDSKHQH VRRW

VXEVWUDWHY F 5DPDQ VSHFWUD RIDJUDGR HAKL FNQMLK
IRU GLIIHUHQW UHGXFWLRQ W LiPIHYGX,Q GW b QKW GW R UHDQV L |
DQGEDQGV RI JUDSKHQH V\QWKHVL]HG DW f& RQ 7L
K\GURJHQ | $UGID RIQWKIHKHHG DW f& RQ 7L UHGX
XQGHU KWGURIHQ

7KH UHVXOWLQJ JUDSKHQH lIIuBRVVWKHWXRE (Z LGNHK H\WWH L U
LQFUHDVHG ZLWK LQFUHDVLQJ WKH, UHGXFRAHRYHW LPW B K RXCRZ @
WKDW WKLV PHWKRG VWLOO UHTXLUHV KLJK WHGE3SHW DX WDHM R/
GHFRPSRVLWRRQJED&KHQH JURZWK UHVSHFWLYHO\



SHFHQWO\ 7UDQ DQG FROOHDJXHV PDGH X¥H @RWHKH BSRBR
D KLJKO\ IOH[LEOH JUHPSKHQH 38 UHRY VGG H/ SSHWBRYWVNL@&H VROTL
7KH\ LQWHJUDWHG WKH '& VSXWWHGLDL ®DXWWH B UQ R H GG JW R SEKHE
ZLWK WKH SODVPD DVVLVWHG WKHUPDO &9' 3$7&9' XQDW LQ D V
7KH GLUHFWO\ VIQWKHVL]HG JUDSRHQHDAMWGF WP SMWHIGUW R @ J3.0D
E\ &9' RQ &X IRL&® MWVKRZQ LQEILIXRGWVHTXHQWRQWXRHQVLPA G
H[SHQVLYH UHGXFWEBQ EMHSYRIGH® XVLQJ WKH QHZ VHWXS
FRQGXFWHG IROORZLQJ WKH '& VSXWWHULQJ RI WKHUDWH QP
SRG/MY XQMHR 3(6 DW f& 7KH VSXWWHULQJ ZDV SHUIRUPHG DW
UDWH RI VF@EB PW+ZRUNLQJ SUHVVXUH RI 3D IRU  PLQXWHE
WKH 3(6 VXEVWUDWH DQG WKE&WKDIVINWZDAVKIFQUUUBGKRIXM X VLG
WHPSHUDWXUH Rl  f& D ZRUNLQJ SUH&¥X®WH RORZ WINBWHVQRI ZL\
VFFP IRU PLQXWHYV
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JLIXUH D6FKHPDWLF GLDJUDP RI WKIHY3®OEOS KHYW H/R QY
WHPSHUDWXUHEXTLIHU OPRHU ZDPVBGEHBRXYWWHG DW f&
3$7&9' ZHUH PRYHG WRZDUG O HI WS RQ\RHREEXEV BGEY VIR
RI 3$7&9U DQG 7TUDE®W &9Y VKRZHG QR GHIHFWV FRPSDU
F 7TUDQVPLWWDQRHDRIGB$WEBQWK EDUH 3(6 DV D UHIHU
RI 3$7&%9U DQG TUMDMQNVD IXQFWLRQ RI YOLIS OAMMHKGEIWWDH P M KA
UHVLVWDQFH*RILWMD&ORZ DV a ‘" OHFKDQOGFWHWIHVWLF
*UDQG TUmLGWLFHY UHVSHFWLYHO\ DV D IXQFWLRQ RI
> @



$ SDLU RI SODVPD JXQV VHSDUDWHG E\ FP FROGVBRELINERQ

VXEVWUDWH ZHUH XVHG IRU WS BXUEFRRS FDWL VDL R)IQSRIZ WK HR & +
HVWLPDWLRQ WR WKH WHPSHUDWXUH LQ WKH ISJOIDIVBH7 &L'VFKD
JUDSKHQH ILOP UHYHDOHG KLJKHU HOHFWULFDO FRQGXFWLYLW
WUDQVIHUUHGRYWFRXQMRZQ EQQL3$UVEYDSKHQHVRDG DQ 5

PXFK ORZHU WKDQ WKDW RI WKH W iR QNKHUQHDEU OV RISKHDO V W
WUDQVIHU SURFHGXUHV RQ WKH JUDSKHQH SURSHHWLBW DG V
SURFHGXUH IRU JUDSKHQH 7&(V LQ RSWR HIQHHWILUDGKEDYHE BEH F L
SHURYVNLWH VRODU FHOO VKRZHG D PD[LPXPKBOHRVKH G HYMFK O
WKH WUDQVIHUUHG JUDBKHE®MP78& HRILELWHIDOG D UHVSHFWLYH!
$OWKRXJK WKH SHUIRUPDQFH RI WKH GHYLFH RQ WUDQMHUUHG
JUDSKHQH 7&( DV D UH Y WOM KRIEWWH K UHDYRQDEOH SIOMWBMROWI
GLIIHUHQFHEHWRWHKQUBDSKHQH 7&(V )X UNKHIKHRUH E BDN\KHIG3 $ HAR
VRODU FHODUMRRZBEYMHO RI IOH[LELOLW\ E\ UHWDLQLQJ PRUH W
ELQGLQJ F\FOHV DW WHQV YO WM RIPQBEZ L W) I XRPHH T

,Q VSLWH Rl WKH DGYDQFHPHQW DFKLHYHG LQ WEBU®\RIRI W

WKHP UHTXLUHG UHODWLYHO\ OR®Y HG DFOVH R @ LNCR DG GRW\D GIRG
XQVXVWDLQDEOH FDUERQ VRXUFH PHWKDQH DQG FDUULHU JD
PHWDO WKLQ ILOPV RQ WKH WU D QV SSRWIHRUN WLR) WXKO-D 89 QSJUNRXE W/ W
WKH RYHUDOO H[SHQVH DQG FRPSOH[LW\ RI WKH@NRW IGHLH \§ OF
VIQWKHVL]HG JUDSKHQH §LUDPWLREK RDIQVGHIGHIQFIHK KLIJK GHIHFW FR(
7KHUHIRUH IXUWKHU SURFHGXUHY DUH QHBHWSD U W& R By I F H
VXLWDEOH IRU 7&( DSSOLFDWLRQV ,Q WKLV FRQWHHW URHS X FHWHR
RI JUDSKHQH RQ FRPPHUFLDO JOD VM LIHRFG D \F OHIES V KQWDWRQ EB €
VRXUFH L H SODQVB(&PWU BFKLVXDBEQU KD FK |DIFQ G LIRDAWNG. YOH W L
SUHSDUDWIIRIHRIJODS KM QH ILOPV ZLWKRXW FBUQXWH UMD RW LARX

f&7KH D\ WKIBVILOPY VKRZHG XQLIRUP FRYHUDJH WR WKH JODYV
PHGLXP VKHHW UHVLYWDWER RIQG KBREQWWRIWIKQRI YHUWLFDO
UHVXOWHG LQ XQLIRUP JUDSKHQH ILOPV ZLWK G RRGS RSPV VRBI@
UHVLVWDQRH ° &RQVHTXHQWO\ LQYHUWHG JHRPHWQW RBY IGHGLF
JUDSKHQH 7&(V KDYH VKRZQ D FRPSDUDEOH SKRWRYROWDLF SH
JUDSKHHDYH G GHYLFH:B QG BUBKKOWLQJ LQ DFKLHYL®IRG IRJG F
RI WKH FROQE\DUR®G ,GHYLFH )tRXHMHU IXUWKHU HQKDQFHPHQW
SURSHUWLHV RUHMKHIWSPKYHHILY QHHGHG WR PDNH LW PRUH FRP:
KDYH EHHQ SURSRVHG RYHU WKH SDVW \HDUV WR LPSURYH WKH
K\EULGL]DWLRQ ZLWK VLOYHU QDQRZLUHV $J1:V ZKLFK ZLOO E
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H
JLIXUH DSBPWDQ WVRU JUDSKHQH VDPSOHV SUHSDU
6(0 LPDJHV IRU JUDSKHQH ILOPV SUHSDUHG DW o F
HOHFWURGHY PHDVXUHG E\ D - :RROODP (0OOLBMRNDQF
VIQWKHVL]HG JUDSKHQH 7&(V ZLWK 5) LQSXW SRZHU
GHYHORSHG RQ JUDSKHQH DQG ,72 | 7\SLFDO>L@DJH V

,, 'RSHG &9DSKHQH

2QH Rl WKH FKDOOHQJHV RI GLUHFWO\ VIQWKHVL]HG &9' JUL
VKHHW UHVLVWDQFH DW KLJK RSWLFDO WUDQVPLWWDQFH &RQVI
WKH FRQGXFWLYLW\ Rl JUDSKHQH Y@DUDSRUBBVERS LKDIUKD € LE & HD
GLIIHUHQW SDWKZD\V LQFOXGLQJ DGV R U S8 ERQVR WKR\CLHRRX R H B VIDR
WIOHD WWLFH @ QG IXQFWER Q@XIHIBRISRQJ RI JUDSKHQH KHOSV WX
')  ZHWWD E LOIRMERIB P& BH VXLWDEOH 7&( FDQGLGDWH IRU RSWR
FDQ EH DFKLHYHG YLD D GLUHFW JUR ZW R SSKIHRFHH VW UDKALW K UJHH VK @
GRSHG JUDSKHQH RWUJ WKW R K OKV DN ERIKWEBH QRVRAHWKRIEE EQW REH



GU\ DQG ZHW SURMWHMAMHVP I$SQW LQRBWGHY SODVPD WKHUPDO
DQG HYDSRUDWLRQ PHWKRGV 2Q W HDRWPKHHUNKRIQI DZHHKMH GHR & OF.
RI VWURQJ DFLGV DBMWIRO BKORWIIBHM PROHFXOHV YLD VROXWL
VSLQ DQG GLS FRDWLQJ ,Q WKH IROORZLQJ VHFWLRQV D EULHI
JUDSKHQH DV ZHOO DV WKH SURJUHVV D RKIIDHBKHD NQIEWAQFH SHL

'LUHFW GRSLQJ

7KH GLUHFW GR$IDBKRDQK®I'YV DFKLHYHG GXULQJ WKH JURZW
FRQWDLQLQJ WKH KHWHUR GRSDQW HOHPHQW WR EH LPSHGHG Z
VIQWKHVGRSRHGL JUDS EHGI® BRDGHO\ UHSRUWHG XVLQJ GLITHUHQW
VRXUFH DQGRDIWIRYHI DV PEWKMWHHWHFXUVRU PROHFXOHV G
UHFRPELQH UHVXOWLQJ LQ D GRSHG JUDSKHQH VKHHW RQ WKH \
LQFOXGHY WKH VXEVWLWXWLRQ RI FDUERQ DWRPV E\ WKH GRSDC
RI JUDSHKH QYL DWURG HEBERAWG JUDSKHQW\SHDBRGB\GRSPG JUDSKH
UHVSHFWLYHO\ 7KH HOHFWURQLF DQG HOHFWULFDO SURSHUWLF
WKH SULVWLQH JUDSKHQH DQG GHSHBK FRRQWKR @HYGE ¢ IR bG8 XG
RI WKH FRPSRQHQWY ZLWKLQ SUHFXUVRGRSHW®E XD SKKIH K LADH/F
UHSRUWHG VEYDWIQJ) &9' @7 KH\ XVHG D PL[D\WQGHMV¥RI BHBR SHG
JUDSKHQH, )LDWH f& RQ D QP WKLFN &X ILOP FRDWHG RQ 6L V
ZDV FRQILUPHG E\ ;36&6D/QB DRPBIQLQWHUHVWLQJIO\ WANSH GRSFH
VHPLFRQGXFWRU EHKDYLRXU ZKLFK DIILUPV WKH WXQDELOLW\ F



c1
2 C1s 284.8 eV

N-doped Graphene

Pristine Graphene
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JLIXUH D ;36 VSHFWUD RI WKHGRWGINWV LQBIS KUHIDRIFHkK
VSHFWUXP DQG F ;36 1 W GRSHGEWUDPBEKRHQ@HKH KH & V S
/IRUHQW]LDQ SHDNV DW DQGE\ UHI®9 JUKHE Dl

OLQHVY 7KH 1 V SHDN FDQ EH VSOLW WR WKUHH /RUHQ
ODEHOOHG E\ UHG JUHHQ DQG EOXH GDVKHGGRISGIKBEVIU
7KH EOXH WHG VWeIeIRZ VSKHUHY UHSUHVHQW WKH & 3.
1 DWRPV IGR®WHKE JUDSKHQH WHVSHFWLYHO\

'LUHFAARG\HG JUDSKHQH ILOPV JURZQ E\ &9' RQ PHWDO FDWD
IRU&( DSSOLFDWLRQV DV WKH\ VWLOO QHHG WR EH WUDQVIHUUH
VXEVWDQWLDO GDPDJH WR WKH WUDQVIHUUHG ILOPV DV GLVFX\
JURZWKGRSHG JUDSKHQH |ILOPYWRID B HN OHXFXKDIW FID®G2JODVYV ZC
UHSRUWH G \E \IBXRKI @IGRSHG JUDSKHQH ZDV REWDLQHG E\ WKH V
1 FRQWDLQLQJ FDUERQ VRXUFH JUB SKRISLHD ILORPV FZIWIRMN-DQ BLWR L
1FRQWHQW LQ WKH SUHFXUVRU 7KXV XVLQJ D SURSHU FDUERQ
FDQ UHVXOWUH® WYDRMIBKHQH ZLWK GLIIHUHQW GRSDQW DWRPV



. 3SWYUWDWPHQW GRSLQJ
. '"U\GRSLQJ

7KH PDLQ REMHFWLWH HRD WKHIWDREIERWW LV WR WXQH WKH 1)
LQ RUGHU WR PDNH LW PRUH VXLWDEOH IRU GHYLFH IDEULFDW!|
RUJDQLF VRODU FHOO 26&UL\7D RKDHJH DMEDIQW SR Y VOMD\GHSR VL
SURFHVVLQJ PHWKRG VXFK DV VSLQ FRDWLQJ 7KH K\GURSKRELF
D XQLIRUP FRDWLQJ RI WKH FKDUJH WUDQVSRUW OD\HU ,Q DGGI
> FQ OHDG WR LQHIILFLHQM GHROIDWHA® LFK® BRI HVKIHUS K RWR D
DOLJQPHQW EHWZHHQ DQEFKWMKER VSR HREHFRER @ HF X42D2 RDEDWB B
EDQG RI WKH +7/ LQ UHJXODU JHRPHWU\ 26&V VLPLODU WR WKH
ORZ :) Rl WKH 7&( PDWHU RO WIK® U8B SHY WKHDDG KHQRM FDXVF
7KH/Bl &9JUDSKHQH FDQ DOVR EH UHGXFHG YLD VRPH RI WKH GL
WKHUPD@P®Q@IBODVPD WUHDWPHQW RI JUDSKHQH ZDV IRXQG W
WKH IRUPDWLRQ RI2SRRQGVJURXIPFWEDVIHG FRPSDUHG WR SUL\
,QWHUHVWLQJO\¢ ZDKHIREPGHW R -EHQOHVY DV WKH QXPEHU RI OD\F
ZKLFK FRQILU BIO® WD VI IHFWV WKH WRS OD\HU +RZHYHU WKH
GHYLFH EDVHSORWADHBIWHG JUDSKHQH ZDV PXFKNKDRHKBUDWKE Q H
ZKLFK KDG D YHU\ SRRU SHUIRUPDQFH DV D UHVXOW RI JUDSK
IRUPDWLRQ RI D XQLIRUP 3@20D86® KDV DOVR EHHQ ZLGHO\ XVFh
GRSLQURSKHQH@)RU LQVWDQFHJDPRERYLOVHG VGR SHEBULE D $/KH D H
XSRQ 5) SODVPH® G@YFKDEIKHQH ILOPWUHDWKRVYW DQ 5) SODVPD |
1+ DWPRVSKHUH 7IGRYHEXIQWESEHQH H[KLELWHG GLIIHUHQW HOH
VKLIWHG LQ WKH FRQGXFWLRQ EDQG FRPSDHW ® QV R KHY B CSRIRT MAL (
EDQG GXH WR WKH HOHFWURQ GRQXRWD S KW Q RIMNEWDBWPR ¥ R B KGN
6LPLODUO\ SODVPD ZDV XGRS H\GRJV\ISKWMSAL | RRER@R QD G GLWLRQ
WR SODVEPSER\RVBDH KDV UHFHQWO\ EHHQ UHSRUWHG DV DQ HII|
2 GRSHG JUDSKHQH ZKLFK ZDV HPSOR\HG DV D KROH LQAVHUIDFI
7KHIXQFWLRQDOUPHS&EEOH ZDV V\Q2RBWLIHGIBWPHQW RI WKH WU
JUDSKHQH RQ WRS RI 3('27 366 +7/ IRU YDULRXYKW QPHUHYXQW H/G
HQKDQFHPHQW LQ WKH GHYLFH SHU | RFURROSQMH. B QG ¥ RWISELIDH &/ WRK
GHYLFH ZLWKRXW JUDSKHQH ZKLOH WKDW ZLWK SULVWLQH JUI
LPSURYHG 3&( Rl WKH GHYLFH JUD\SKG @ ZDK/H DRABWUL PEOPW2H G W R
H[WUDFWLRQ DH) GXW XA HBHWKSRHWKHV2K\GURSKLOLF VXUIDFH
WKH2DSKHQH OD\HU SUHYHQWHG WKH DFLGLF 366 LQ 3('27 366
OD\HU UHVXOWLQJ LQ KLJKHU GHEHBH V9D EWNRWS LR FOL OB © H Fi
ZDV UHSRUWHG WR EH DQ HIIGR®H @ H BB SWHREHWR VEK REEXBR 2HG V
> @ 3 +7 3&89M0/HG 239 GHYLFHLEXDGW RIQHERE@OH ZLWK V LUU



WLPH KDG DQ LPSURYHGKH HRIKDQFBEBQER-WP$ FPFRPSDUHG
WR WKDW EDVHGLRUDMNKIHDWRGQ JUDSKHQH ZKLFK KD)G ORZHU YDC

DQé& - P$ FP7KLV VLIJQLILFDQW LPSURYHPHQW ZDV DWWULEXW
WKHUDGLDWHG JUDSKHQH OHDGLQJ WR XQLIRUP FRDWLQJ RI 3('2
WLPH V UHVXOWHG LQ D GHFOLQH LQ WKH GHYLFH SHUIRUPI

LQ WKH JUDSKHQH ODWWLFM¥DEHKD &HQ P D\CRVDWBE Q @FUHBN\W G R5E K H P |
> @GRSLQJ KDYH EHHQ DOVR UHSRUWHG EXW WKHSKHOHW KRG
DGGLWLRQ WKHUPDO HYDSRUDWLRQ LV DQ HRHFWWXH GHSW R LW
RI DQ XOWUDWKLQ PHW D QWRY LLGPHS ORY HUMK¥HF K HFORZR QLF EDQG V
RI JUDSKHQH® )RU H[DPSOH LW ZDV UHYRS WY DB WHICD W QRIHW K [PFOND
WRS RI D JUDSKHQH DQRGH LQ D UHJXODU JHRPHWU\ 3 +7 3&%C
IQFUHDVH BQ LGVNH3&HUIRUPDQFH HQKDQFHPHQW ZD R SIKW O URLLIEW W
RI JUDSKHQH ZKLFK OHG WR D XQLIRUP +7/ Rl 3('27 366 DQG WK
IURP H9 WR HFRDRUHGR2UDSKHQH GXH WR WKH&LJ® :) Rl OR
7KH KLJKHU ;) JUIDBKHQH DFKLHYHG BRUMHQIRPHDML QW KE V&G +202
RI WKH 3 +7 GRQRU SRO\PHU UHVXOWLQJ LQ LPSURYHG KROH
UHSRUWHGEIBBXGHURYVNLWH ¥R 0@ | H\HIRX\D G3®&WW DGGLQJ D

OR2RQ WRS 6/* 7&( UHGXFHG WK FREBWDEOK W QRQHI RR B fzLv
6/* WR f ,Q DGGLWLRQ WKH VKH HFW®DWHYE WD QB R SEEIHG KI R FQ P
W R “7KH LPSURYHG ZHWWDELOLW\ HOHFWULFDO GRRKISGEUWLH
6/* UHVXQWHBHIUKRUPDQFH 36& ZLWK 3&( ! ZKLOH WKH IDEULFC
ZLWK WKH VDPH VWURRW XIWH SKG WK BDDNQRW SRVVLEOH ZKLFK I
KLJK K\GURSKRELFLW\ Rl WKH,SULVWLQH JUDSKHQH )LJXUH
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JLIXUH ,, 'URSOHWY R 3BVASBUH B EUDIEIBRIBAHQH FRYHUH(

F JUDSKHQH FRYHUHG BGLWSHHODQWPLBRYKLS EHWZHH @ KLYFND
JUDSKHQH HB HFMXWRGIWVIRU EHVW SHUSRE RISHHFWUD DQG FDC
RI JUDSKHQH @DWHKUURRI YDUWQW@WKLFNQHVV

. 'HW GRSLQJ
'HW GRSLQJ RI JUDSKHQMWURBWREOW VIKWKSRWURQJ DFLC
FRPSRQHQWYV DQG PHWROGAKORRSIIGH] 6WRHODHW GRSLQJ RI JUD.
WKH SURSHUWLHV RI JUDSKHQH IRU VSHFLILF DSSOLFDWLRQV )R
VKHHW UHVLVWDQFH DIUD BKHQHI7:4 (\R UR&I2D QG BRIRG ED J@
0DQ\ UHVHDUFKHUV KDYH UHSRUWHG WKH FKHPLFDO GRSLQJ RI J
> VIFK DV +42 DQG +&0 DV ZHOO DV PHBWOBWKORULGHV )t
@ +RZHYHU WKHUH DUH VRPH GUDZEDFNV DVVRFLDWHG ZLW
LQVWDELOLW\ DQG WKH UHGXFWLRQ RI PHWDO FDWLRQV ,Q FD
GRSHG JUDSKHQ HLP® FEJHHED/YWH ZR MMKKWM YRODWLOH QDWXUH RI WK
GRSDQWVY WKH UHGXFWLRQ RI PHWDO FDWLRQV UHVXOWV LQ PH
UHGXFH LWV RSWLFDO WUDQVPLWWDQFH Q5/ 5§ B BLG 90U DZAKHH @V MK J
PRUSKRORJ\ E\ IRUPLQJ SURWUXGHV WKDW>LQFUH@®V, RHBKMDJH
WR RYHUFRPH WK HNW >D\O@AH\0 R\RBRQRYLOH SRO\PHULF DFLG !



SRO\PHULF VXOIRQLF DFL®\SH6 & R WG BBIRIGAIFH3I6$ ZDV VSLQ FF
WRS ROMHU KLJK TIDDEWH @9 'OHDGLQJ WR VL K® L FIRRDGNXE VAIQKLDA|
WKH UHVXOGR®HG3IPEED SKHQH ZLWK RXWVWDQGLQJ FKHPLFDO D
JUDSKHQH H[KLELRIHG D UHBRKESHBUHG WR SULVWLQH JUKLFKH Q H
LQ FRQWUDGWSWR JUD SK IGQHI[ WUNRIREHH XQGHU GLIIHUHQW FRQ
DPELHQW DLU FKHPLFDO VROYHQWY DQG WHPSHUDWXUH ORUH
GRSHG JUDSKHQH E\ H9 FEPSHDUW HGDS RHSIH. VIKIHQRSWLFDO WL
GREG ILOP H[KLELWHG D VOLJKW GURS IURP SULVWLQH JUD
VWDELOLW\ DQG WKH HQKDQRKM® SKHRSH UMW H\Q RUHWKHG3 W& H K
JUDSKHQH 7KH ZDWHU FRQW DBW SIKGDMHH Z DEI$O HR W3P8 SSMNHVOW L Q H
JUDSKHQH KDG D :&$ RI f ZKLFK LV RIWHQ XQIDYRXUDEOH IRL
JLNHZLVH SRODU RUJDQLF FRPSRQHQWY VKRZHG H[FHOOHQW !
PRUSKRORJ\ DQG WKHSKH®H &RU RSWRHOHF®@WRRQLRNWDQFH
ELV WULIOXRURPHW KD Q HFDX®IHR® VOKBIP:) RREKES TYEBS KHQH WR LQJ

H9 FRPRSDWR WKDW RI SULVWLQH JUDSKHQH H9 B6LQFH WK
PDWHULDO 3('27 366 >0OL@&W KBPIWIBBHOHQH VKRXOG IRUP DQ DSS
DOLJQPHQW ZLWK 3('27 366 ZKLFK IDFLOLWDWHV HQIDARHG KR
JUDSKW@GHD VWDRZ 5 ZLWK KLJK RSWLFDO WUDQWPLW@WDQFH RI
,, *UDSKHQH $J1:V K\EULGL]DWLRQ

7KH HIWUDRUGLQDU\ HOHFWULFDO FRQGXFWLYLW\ RI JUDSKF

PRELOLW\ WKHRUHWLFD®O6YD @ KLRIRXWVWBQGLQJ EHKDYLRU LV
WUDQVSRUW RI FKKIFHJPHDIQUWUWHKDW BOHFWURQV WUDYHO DW KLJ
ZLWKRXW EHLQJ VFDWWHUHG RIl 7KH SUHVHQFH RI GLIIHUHQW
YDFDQFLHY GLVORFDWLRQV ZULQNOHV VBIVS SVXHYV H ORIG®AU R\Y H\DI
ZLWKLQ JUDSKHQH DQG UHVXOWV LQ D GUDPDWLF GURS LQ LW
FRPSDUHG WR LWV LQWULQVLIFUISH RSQTEX\B DEAV \ $8OW K B K $K HEHH HEIY
UHSRUWHG IRU |R@PKHWOQW KHDWLDPHGYWY DW HOHYDWHG WHPSHUD
DUH LQGXFHG GXULQJ WUDQRSHU BWREHV3(BY' RU DRZSKHQH JUR
VXEVWUDWHYV,OHOLG KV 8 LRILVKV5WKHLU DSSOLF DFEL OLKH oW LTEL\D WR
Rl REHPHQVLRQD O1P\D WHR IMXE\BUHVV WKH GHWULPHQWDO LPSDF\
WUDQVIHWUHBZD&9WKHRUHWLFDOO\ SUHGLFW @GD BAHAH RWK LIVQIBS B R
ZDV H[SHULPHQW DXRO PDQRGDWBZE FE\l R X Q GV WHUDUW QUMUWEEK H Q H
JURZQ RQ &X IRLCFRDWRGSJIJDNVY UHGXFHG WKH VKHRHW UHVLVWD
ZKLOH D $J1:V ILOP ZDV QRW FRQGXHVIFRD DW LR Q) HMNOIR RN WK
LPSURYHPHQW LQ HOHFMDWOLHF® OV R R GHIAWM. EIUW G UHH WKH OLQH GL\
DQG SURYLGH QHZ SDWKZD\V IRU FKDUJH WUDQVSRUW



$J1:V DUH DOVR H[FHOOHQW 7&( FDQGLGDWH IRU RSWRHOH|
DQG HOHFWULFDO SURSHUWLHV GHVSLWHWKHL@KKHVPLBERYIBQ G
JUDSKHQH RQWR WKH FRQGXFWLQJ $J1>V QHA)RRU NQADWD QB MR &K
6/* ZDV WUDQVIHUUHG R®W R JI:KLUKIOA G RDW XBY L2 @IV : V
JUDSKHQH KEDMHEG7IRQPHRIRIMWAHG 239 GHYLF HADLIVAKWA A% ODAHU DFK|
FRPSHWLWLYHR3&( D@®G WR WKRVH RI WKH UHIHUHQFH GHYI

DQG KLJKHU W KDY MX FRXQWIBDWSDUW DV VKRZQ £Q @ JIXUH
$GGLQJ JUDSKHQH RQ WHRG WKHJIYKHMWGXHVLVWDQFH RWRmBJ1:V IL

‘*IRU K\EULGJ®DISKHQH ZLWK KLJKHU ILJXUH RI PHULW )RO
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JLIXUH D-9FXUYHV RI WKH GHYLFHVY EDVHG RQ WKHJ DPrt
7&(V E &KDQJH LQ VKHHW UHVLVWDQFHIBD BKHQSULEW
DPELHQW DW URRP WHPSHUDWXUH IRU PRQWKKN $JA:\%&HK
$J1:VIJUDSKHQH 7&(V H[SRVHG WR 1D2+ VROXWLRQ PR
G DQG $JUDSKHQH H H[SRVHG WR DPELHQW>D W@uUR RHPY
SHUIRUPDQFH RI LQYHUWHG % +- 26&&VDSKMK B IK\FUDL QGY ¢
RI HISRWIXRJIHH XQGHU DPELHQW FRQGLWLRBRQV ZLWKRXW H



YXUWKHUPREHLG/KIHOP KDG D VPRRWKHU VXUIDFH WKDQ WKH
IDYRUDEOH IRU GHYLFH SHBILRBERDWNFH ORR HD YRER UWMKBRQWO\ WKH
$J1:V ILOP XQGHU DPELHQW DLU ZDV JUHDWO\ HQUKKQFUIGYE QM M
R[\JHQ PROHFXOHV IURP UHDFKLQJ $J1:V XQGHUQHDWK WKXV L
HQYLURQPHQWDO FRQGLWLRQW KHR QMIHDVSKKHQWHO K \BAUKKE SLOP ZD\
XQFKDQJHG XQGHU DPELHQW DMJ RR$GJIWARLOEFQWERYVHGKEOH VEKI
R[LGDWLRQ RI $J DV FRQILUPHG E), PRUBSCRORAR FIKOQ\ HW K HJI X UBHJ
VKRZHG D JRRG FRUURVLRQ UHVLVWDQFH L@ XIH 2%RVW & K WILURDS K
SURWHFWLRK) WRMHSU IZKWOQH $J1:V ILOP GHJUDGHG UDSLGO\ 6L
IOH[LEOH 239 GHYLFHVJEDSKBOQRIQK$BELU:VG 7&(V RQ 3(7 VXEVWUDYV
PHFKDQLFDO VWDELOK\W U LRBUDERBP/KY$IE FHYLFHY FRPSDU®G WR
7KH JUDSKHQH SURWHFWLYH OD\HU GLG QRW RQO\ LEDWRIY.H W KH
FKOFWLHULVWLFV EXW DOVR HQKDQFHG WKH RYHUDOQ VWDELOL!
> @7KH 26& ZLWK ®0+DF3LYH OD\HU RQ WKHHMNBUQG GbJ1:\RI L
RULJLQDO 3&( DIWHU EPXYWH\G Z&KE HR$WLKD Ol Rl LWV LQLWLDO
D UHVXOW RI IDVW)XXHGHD @QFPEQEBQWRIRQV 7KLV HQKDQFHPHQW Z
PLQLPXP GHJUDGDWLRQ Rl WKH LQWHUIDFH EHWZHHQ WKH HOHF
WKH WUDQVIHUUBMG @GUDSKHQH OD\HU

$J1:V ZHUH DOVR FRXSOHG ZLWK JUDSKHQH QDQRVKHHWYV V\
DV HOHFWURFKHPLFRGY&A HHHRBODLWWRI@G JUDSKHQH (* ZDV VSUD\
$J1:V PHVK WR IRUP KVEURG IRU:VLILG DQG |OHFIVE GGHL IRI W D QA
LPSURYHPHQWY LQ WKH HOHFWULFDO FRQGXFWLYLW\ PRUSKRO
UHFRUGHG IRU WKH K\EULG ILOP LQ FRPSDULVRQ WR,WKH SULVWI
G ORUH LQWHUHVWLQJO\ (* SOD\HG D YLWDO UROH LQ IODWWF
$J1:V EDVHG 26& H[KALELPXH® EKRDWVH RI WKH KLJK VXUIDFH UR)>
WKH MXQFWLRQ VLWHV RI WKH$QD:QRZLZEHW H[KYEEWW G DV IFB PR C
SHUIRUPDQFH WR WARKX QW HUSDQPAM ,ZRLOH GHYLFHV IDEULFDWHC
FLUFXLWHG HLJIJXUH

$QRWKHU VWUDWHJI\ WR HIILFLHQWO\ K\EULGL]H JUDSKHQH
UHBGLWKURXJK DGGLQJ $J1:V RQ WRS RI JUDSKHQH ,Q WKLV DS
WUDQVSRUW FKDQQHOV IRU FKDUJH FDUULHUV DQG FDQ KHOS F
GURS LZMWKK B OLWWOH UHGXFW IFRIQRIL QV W i HGFESBOHRIDHTRRVHIUD QW R L
VWUDWHJI\ LEZSWRWHEL &/IKWM\ Rl WKH 7&( VXUIDFH OHDGLQJ WR KRF
WKH FKDUJH WUDQVSRUW OD\HU +RZHYHU IXUWKHU SURFHGXU'}
RI $J1:V DQG WR DYRLG VKRUW\ G)Xa8HQ H GIHY LLFHHS ROUBAJV. FRDQV IWRKQH
$J1:V RQWR JUDSKHQH IRU 7&(V ZLWK LPSURYHG>SHU@RUPDQFH F
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JLIXUH 5UHVSRQVH RI $J1: %W DOQ®BYIRW 3(1 VXEVWUDWE
EHQGLQJ F\FOHV E EHQGLQJ DQJOHV F DLU H[SRVXU!
H-9FXURHWKH 26& GHYLFHV LQGVH26&POKILEOH $J1:V

,Q WKLV UHJDUG $J1:V ZHUH EUGD KH S DIVIWOHDG/ IRIQ UMBES &R |
JUDSKHQH IRU IO H@ERPASRYHG WR WKH S 0ODYMUKGIKDBISE R Q3 TH UNJKHHG
$J1:VIJUDSKHQH K\EULG ILQPZKYRRZAHG QLRIZFHQI O\ GURSSHG ZLW k



F\FOHV WKH QXPEHU RI EUXVK SDLQWLQJV ZLWK D VXEVHTXHQW
SULVWLQH JUDSKHQH\BWIG WIKMHP ROWLP XU XVK F\FOHV VKRZHG
IOH[LELOLW\ EXW WKH ODWHU KDG PXFK KLJKHU RO DQG LPSUR
JHRPHWU\ 26& ZLWK 3 +7 3&%0 DFWLYH OD\HBJGHY KD B SKLG KHU W
3 )) 6& P$ FPDQG 9 9 WKDQ WKDW RQ JUDSKHC

) 6& P$ FP DQG 9 9 UHVSHFWLYH@YDW¥KH ORZ
DWWULEXWHG WR WKH ORZHU :) Rl SUH EW UQ HHW DK K@D H KFLRFA&O
WKH UHGXPNGGXH WRCQUKRUGRERYHUDJH RI WKH 3('27 366 +7/
K\GURSKRELF QDWXUH Rl SULVWLQH JUDSXKHQ K\RQLW KFHR @ W K X U DK
FDQ FDXVH LQVWDELOLW)\ LVVXHV GXH WR WKH @H DYDG DWFIXR/Y H
HDUOLHUHW-KD@Q @ HSRUWHGGWWHRQHRUSIW DS KHOPMY XQGHU HOHY
WHPSHUDWXUH RI  f& DQG UHODWLYH KXPLGLW\ 5+ Rly RYHU
Rl WKH K\EULG ILOP LQFUHDVHG E\ DOPRVW IRXU WLPHV WR LWV
RLGDWLRQ RI $J $GGLWLRQDOO\ WKHLU K\EULG ILOP H[KLELWFE

DIWHU EHQGLQJ F\FOHV DW D EHQGLQJ UDGLXV RI PP

LQWURGXFHG D SRO\ YLQ\O DOFRHKRB\ 289 § Q H@RLD/S IVXIIWR/LVR IQHWIKILL
K\EULG ILOP ZKLFK UHVXOWHG LQ D VLJQLILFDQW HQKDQFHPHC
RSWLFDO RU HOHFWULFDO IHDWXUHYV 5HFHQWO\ IXJWHHU HQKD
7&(V IRH[LEOH 26&V )26&V KDYH EHHQ DFKLHYHG E\ VSLQ FRDW
RQ WRS Rl WKEH1IJWIXSEHR® ILAYKH DGGLWLRQ RI *4'V LPSURYHG
FRQGXFWLYLW\ DQG OLJKW KDUYHVW DQG LQFUHDVHG WKH :) |
SKRWRYROWDLF SHW&URMKYF I?HEF®DIGGDWLVKEBLGL W& ( RD QMBK W K
DVVRFLDWHG )26&V UHPDUNDEO\ HQKDQFH® FRPSRX®\G HW B DW MH
VKRZQ LQ, )LJXUM\EULGE™MHG )26&V PDLQWDLQHG RI LWV LQL
EHQGIRQHN ZKLOH WKDW ZLWKRXW *4'V ORVW RI LWV RULJLQ]
ZDV LQ D JRRG DJUHHPHQWZZWKKEWRBLEKD@YH WIRSFUDFNV LQ ¢
JUDSKH®O ZKLOH WKH *4'V SURWHFWHG $JV:R IRR@GFWEKBNWL EIX
JUDSKHQH ILOP KDG DQ H[FHOOHQW VWDELOLW\ DJDLQVW EHQG
SURWHFW $J1:V ZLWKLQ WKH K\EULG ILOP IURP R[LGDWLRQ LQ C
VWRULQJ ORQJHYLW\ RI WKH GHYLFH
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JLIXUH P 2SWLFDO WUDQVPLWWDQFH VSHFWUD E VKHHW U}
*4'VPL[HG $J 1:V *5 7&(V +HUH WKH FRQEMOWOWRWGRIQ RR *4"
\HOERIDFNHWYV LQ WKH LQVHW RI D VKRZ UHDO LPDJHV RI W
WKHLU H[FHOOHQW WUDQVS®HRIHRF\1:VF*51RE&ED ONV]HCQENLRQV
FXUYDWXUH UDGLXV RI GPRBFARWVBIMKRXXYUB DQG HQHUJ\ EDQ
FRQWDLQLQJ $J 1:V *5 7&(V ZLWK ZLWKRXW *4'V 7KH LQVHW L
DUURZ LQGLFDWHV WKH VKLIW RI YHUPL O H-YHOX WRHVWKKHH : $17* B
7&( )26&V IRU YDULRRURDOL]HG 3&(V RI WKH $J 1:V *5 7&( )26&
IRUX® DQG xJ /| 7KH LQVHW VKRZV UHDO LPDJHV RI WKH )
1:V *5 7&( )26&V DV IXQFQ1RORORIEM @GIL[HG EHQGLx@J DG L X
+HUH WKH GDWD DUH SUHVHQWHG ZLWK HUURU EDUV RI VWD
> @



'HVSLWH WKH SURJUHVV IOH KSIHHMIRG AQERSRIRYEQV WLD WKH
&9' JUDSKHQH DQG $J1:V JUDSKHQH ILOPV SURGXFHG ZLWK VXF
WUDQVIHU SURFHGXUHV 7KHUHIRUH PRUH UHVHDHRAK FMWLRWW L
VWUDWHJIXANM WRDSDEGHHVUDIBWKHQH $J1:V 7&(V IRU 239V DQG RV
GHYLFHV ,Q WKLW\WRIRVEIWS XDPOHOKHG HOVHZKHUH KDYH UHFH(
SDWKZD\V WR K\EULGL]H $J1:V ZLWK GLUHB®DY W \QVEK MMLD WG \J U
3(&9' IURP VXVWDLQDEOH SODQW H[WUDFW WR DYRLG JUDSKHQ
DSSURDFKHV JURZLQJ JUDSKHGHR BGW b 6 F WO ROV WRE BRI $I R @
WRS RI WKH 9* VIQWKHKWUHHG ,RQWIOHD VIMUVWWI FDVH WKH HOHFWUL
UHVXOWLQJ K\EUDLSKBDIHVILOP DQG WKH SHUIRUPDQFH RI WKH DV
WR LPSURYH FRPSDUHG WR SULVWLQH JUDSKHQH DW ORZ FR(
HQKIHPHQW ZDV DVVLJIQHRG WRHNIH NFKGDQHH G\EULG 7&( EHFDXVH
FRQGXFWLRQ SDWKZD\V SURYLGHG E\ $J1:V $W KLJKHU FRQFHQW
$J1:VIJUDSKHQH 7&( KDG D ORZHU R S\VQIEDIK D\UDRX/PL W MWDIQFH &KX
LQFUHDVHGE @QLQRBU®RQ® GLVWULEXWHG JURZWK RI 9* QDQRVKHHWYV
LQWHUHVWLQJO\ IROORZLQJ WKH VHFRQG DSSURDFK WKH\ QRW
WKH LPSDFW RIDFKHRUBIIK/VXKLFK ZDV IRXQG WR XQLIRUPO\ GL\
ZLWKRXW ODUJH DJJUHJDWLRQV FRPSDUHG WR $J1:V RQ EDUH J
., E F
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J)LIXUH ,D 5DPDQ VSHFWUD IRU JUDSKHRRDWIR®VIODRY
FRQFHQWUDWLRQRJRRGSJ16YO LPDJHV IRU $J1:V  PJ PO

JUDSKHQH DQG F EDUH JODVV G 6(0 LPDJH IRRJJR®D
JODVV ZKLFK VKRZV WKLFN 9* QDQRVKHHWY H +LJK U
WRS Rl JUDSKHQH UHYHDOLQJ $J1:V UHWRHW DPGMKH B [
$J1:VJUDSKHQH DGG1JV DK HQHIHUH@V RR GBHQWRU PWL
FXUYHV IRU 3 +7 3&%0 239V GHYHORSHG: R QFW RS DK\HC
FRXQWHUSDUW H DQG IRU WKH GHYLFHW R &KL WKL
DW FRQFHQWUDWLRQV RI $J1:ROYQGMUQUHYRRZ WR P

&RQVHTXHQWO\ 3 +7 3&%0 26&V IDEULFDWHGS$RD:WKH GH)Y
7&(V H[KLELWHG D FRPSDUDEOH 3WR WKRXIXX®@cHUSDUW DQG
ZKLOH GHYLFHV RQ ED UH WBX LWDEEILIVYHRRURN $J 1 : VURIGIWIR) DVSKCHIWH |
VLIQLILFDQWOVRIHW KA HEH WXKG$E1QV BUBDWBIKGI QLHOP ORUH FUXFLDOC
)) RI 239V EDVHAIRWY 7#&( ZzDV DWWULEXWHG WR WKH LQFUHDVHG
EHWZHHQ$WKN QG WKH DFWLYH OD\HU OHDGLQJ WROHQBWEEBH G
FKDUJH FDUULHUVY FRPSDUHG WR WKDW EXLOW RQ ,72
,, 6XPPDU\ DQG RXWORRNYV

2UJDQLF SKRWRYROWDLFV 239V KDYH VKRZQ D SURPLVLQ.
FRXQWHIXSD WWRVWKHLU ORZ IDEULFDWLRQ FRVW VROXWLRQ SUT
PDWHULDOV ,Q DGGLWLRQ WKH PHFKDQLFDO IOH[LELOLW\ DQG (



IRU ZHDUDEOH DQG SRUWDEOH DS R0 LRBD W HR@\E OGHRUD BRIV IRYIH SRIGRE
VFDODEOH SUMBRIOII %$LD SERGXFWLRQ 7KH LQQRYDWLRQ RI Q
IXOOHUHQH DFFHSWRUV DV ZHOO DV WKH SURJUHVV LQ GHYLFH
DQG LQAUNND VHIIBVLELOLWFD\ORZBFBBNHUFUDWWL]DWLRQ 7KH SRZHU
3&( Rl 239V KDV UHFHQWO\ DFKLHMQFQYHR Q BRREUS D QG WK ¢ HQUE
DQG H[FHHGLQJ UHVSHFWLYHO\ +RZMW¥NWY HBDEN I RVUWHX B39 ) HH
FRPPHUFLDOL]HG

2QH Rl WKH PDMRU FKDOOHQJHV IRU 239V LV GHYHORSLQJ H
7&( WKDW FDQ RYHUFRPH WKH LVVXHV RIIHUHG E\ WKH EHQFK!
FRVWV PHF KHD@H VD ODEXGE. WRMDAU FLW\ Rl LQGLXP 6HYHUDO DOWHUQC
FRQGXFWLQJ SRO\PHUV JUDSKHQH PHWDO QDQRZLUHV WKLQ P]
PDWHULDOV JUDSKHEQHGLWE& KWW YSQDO BD O HRMWRWE UWXK WHNIGH ¥
UHFHLYHG WKH JUHDWHVW UHVHDUFK LQWHUHVW GXH WR LWV
PHFKDQLFDO SURSHUWLHV 9DULRXV PHWKRGV KDYH EHHQ GHYH
RI DSSOLFDWLRQV

&KHPLFDOHBRYRWICRQ &9' LV D®SHPFIBURDEW & RWWERBKH VL]
JUDSKHQH ILOPV &9' KDV EHHQ WKH PRVW H[WHQVLYHO\ LQYHVW
IRU 239V GXH WR LWV VFDODELOLWIXD®IGN S RYB MHDID &9R RSIUR
JUDSKHQH LQFOXGHY WKH IORZ RI YDSRUL]HGVRR @ K B KX HRHRV C0O F
&X 1L FDWDO\WW VXUIDFH DW KLJK WHPSHUDWXUHS$E 7&K LQ
SUHFXUVRU PROHFKRMS/RWHK HDMDRO GHEHWSURJHQDWHG VSHFLHV 2
VXEVWUDWH VXUIDFH DQG QXFOHDWH EHIRUH WK DSREQHK IRIOPU
LV ODWHU WUDQVIHUUHG IURP WKH PHWDO FDWDWOKVW®(RQ@NR D W
HWF WR EH XVHG DV 7&( 7HMDSKHKGHTXOOLAYLRVLED OO\ GHSHQG
SDUDPHWHUV DQG WKH WUDQVIHU SURFHGXUHYV

$OWKRXJK WKHUPDO &9' FDQ SURGXFH VLQJOH RU IHZ OD\HU
RU PLQVRMWPXFWXUDO GHIHFWV LW KDV VHYHUDO OLPLWDWLRQV
IRU RSWRHOHFWURQLFV 7KHVH GUFREDPAOPS WQRQX KN WV R H HQ Y KU
KD]JDUGRXV DQG XQVXVWDLQDEOH KRUBRKQHVRXRIFHIG X D) GO R/UKH [E
WKH H[SHQWWHS PKQWIERPSOLFDWHG WUDQVIHU SURFHVVHV FL
JUDSKHQH ILOPV DQG KHQFH GHWHULRUDWH WKHLU HOHFWULFI
LQWHUHVWH &DRQ IRAXN GHYHORSPHDWD RAHIQIHL F RHDWREB 9239V DQ
RSWRHOHFWURQLFV LQFOXGLQJ SHURYVNLWH DQG G\H VHQVLWL
*UHDW SURJUHVV KDV BB SIQHRIHGHE LD KAFOXGLQX 5RL SURDBRBEWLR (
WUDQVIHUWISKHQH 7KH GHY HDQRSS FRNNKWRI YWFLDEDBU JHQ IG) 161D P D J H
WUDQVIHU PHWKRSGKHQHK AV DQ HIITHFWLYH VW UDWHSIK H\QRZ D &GV F



1IRQHWKHOHVYV WKH KL JKHJMR SRIUW W R HDQIE0 BRPSBGIOFWIR(Q R
PDNH LW OHVV FRPSHWLWLYH WR ,72

7KH WURQNIHWURGXFWURQSRH®@B' 7&(V UHSUHVHQWY WKH L
VFLHQWLVWY DQG UHVHIDW FXWNVWRSIWREDHFAVYBQLRXV ME HP R
SODVPD LQ &9' UHVXOWHG LQ D UHGXFWLRQ LQ WKH WHPSHUDW
PROHFXOHV DQG IRU WKH QXFOHDWLRQ DQG JURZWK RI JUDSK
3(&9' IDFLOLWDWHG WKH IGHQH RQ \D\ QW& H WLD/QR H JRIDGLHOHFW UL
GLIITHUHQW W\SHV Rl JODVV VXEVWUDWHV 3BRBKHQH WRIQH GaIHOH
VXEVWUDWHY KDV H[KLELWHG VHYHUDO OLPLWDWLRQWHVRIFK DV
HQHUJHWLF SDUWLFOHV LQ SODVPD VPDOO JUDLQV DQG GLVFR
LQWHUHVWLQUD\SKHEH ILOPV FRQVLVW Rl YHUWLFDOO\ RULHQW|
RI D KRUL]JRQWDO FD UER®QWE WIRIOWDKIDLBID @ FRIW.WDW PV LQ WUDGLV
7KLVSO®QH EXIIHU OD\HU FDQ EH DPRUSKRXV FDUERQ JUDSKLWF
SDUDPHWHUV 7KH YHUWLFDO JURZWK Rl JUDSKHQH(&D QRVKHHV
JUDSKHQH URXJK ZKLFK LV QRW IDYRUDEOH IRU GHYLFH IDEL
UHFRPELQDWLRQ DQG OHDNDJH FXUUHQW

$GYDQFHV KDYH EHHQ PDGH RYHU WKH SDVW GHFDGH WR |
GLUHFWO\ V\QW KI\DHEKHG ZA (R &ERXW GHWHULRUDWLQJ LWV RSWLFI
VHYHUDO VWUDWHJILHV VXFK DV RSWLPL]LQUUWBW FG-HBRYVGWERYL
PHWDO FDWDO\WW XOWUDWKLQ ILOPV RQ WKH GLDQIFWKH V
K\EULGL]DWLRQ ZLWK RQH GLPHQVLRQDO PDWHULDOV PDLQO\ VL
WKH GHSRVLWLRQ SDUDPHWHUV RI 3(&9' FRQWURO JWRREWK RI
EHWZHHQ WKH VKHHW UHVLVWDQPI$KHRDAH KBRS DD OF WQ EQV B H\Y &
VIQWKHYV LW UHD WRPWYW PHWKRGV 'LITHUHQW GRSDQWV VXFK DV V
FRPSRQHQWY DQG PHWDO FKORULGHV FDQ LPSURYH WKH HOHFV
RI JUDGH ILOPV )XUWKHUPRUH GRSLQJ FDQ LQFUHDVH WKH ZRU
IRU HIILFLHQW HQHUJ\ EDQG DOLJQPHQW ZLWK PDQ\ FRPPRQ FKTC

3RWWHDWPHQW SURFHGXUHV VXFK WIOHUPD @ RD G RZDHX OR) B
WLPH SODVPD WUHDWPHQW FDQ DOVR UHGXFH WKH VKHHW U
UHVSHFWLY IB®\S RKIWWS BRI Rl1 WKLQ OD\HU RI D PHWDO FDWDO\VW
KDV UHFHQWO\ EHH® IS W B VWWHIGH WVERXAEOX AW LAY ® RO K DIK 7&(V RQ
VXEVWUDWHY DW i Q\@HY GFWHSX \®(E&HdUUBDFWRU $J1:V KDYH E
&9' JUDSKHQH IRU RSWRHOHFMESREQAH KVEKHL JI&(V RIIHU H[FHO
HOHFWULFDO SURSHUWLHV $GGLWLRQDOO\ WKH DGGLWLRQ RI
URXJKQHVV DQG LQFUHDVHV WKH VWDELOLW\ RI $J1:V GXH WR L
QHFHVVLWDWHY JUDSKHQH WUDQNDIQUESIURRBIWKGHRQ YRS HRD G U §
JUHDWO\ HQKDQFHV LWV HOHFWULFDO SURSHUWLHV EXW WKLV I



ZLWKLQ WKH H[SRVHG $J1:V ORUH LPSRUW DWRO3D L Q¥ UDNKH Q HHIR
PRGLI\WWRKBK VXUIDFH RI $J1:V WR DYRLG VKRUWYV GXULQJ GHYLF

%DVHG RQ WKH GLITHUHQW DVSHFWV GLVFXVVHG LQ WKLV U
WRZDUGV HIILFLHQW DQG VEDOBEBEHS LRRG XFWL R Q GR FEIKEW RSWI
SURSRVHG 7KH XVH Rl HQYLURQPHQWDOO\ IULHQ GJQ ¥ K DSLCHRBDNVV
H[WUDFWV Rl HYVHQWLDO RLOV PDNH JUDIS®BQM VLDMIKHVY DV E/KY
HJ EHQJHQH KDYH VKRZQWK HWDM HS RWIHKWM QIHODWROWRZ WHPSHU
PRUH UHVHDUFK LQ WKLY DUHD LV QHHGHG WR V\QWKHVL]H JUD
IUHH $JIUDSKHQH K\EULGL]DWLRQ FDQ SURGXFH HIILFLHQW 7&(V
GDPWJ&RQWUROOLQJ WKH VL]JH DQG KHLJKW RI 9* QDQRVKHHWYV
WKH URXJK VXUIDFH RI $J1:V DERYH JUDSKHQH DRWIORRQW DTG
VKRXOG LQFUHDVH WKH DUHD RI L QR MARIDFW LEHHWWIZWHHHED RV KWK S, G E
FDUULHU FROOHFWLRQ )LQDOO\ PRUH DWWB@WHR® \RARWRB &
VXEVWUDWH SULRU WR JUDSKHQH VI\QWKHVLV DV WKLV FDQ KDY

S5HIHUHQFHV
> @ +DQ & :DQJ - =KDQJ 6 &KHQ / %L ) :DQJ - HW DO 2YHU

5HIJXODWLQJ OXOWLGLPHQVLRQDO ,QWHUPROHFXODU ,QWHUDFW|
> @ /L & =KRX - 6RQJ - QJ- D O@OGARKBIQH DFFHSWRUV ZLWK
FKDLQV DQG LPSURYHG PROHFXODU SDFNLQJ WR H[FHHG HIILF

> @ .DPHO OMXPBDOL $ 2HOJHP|OOHU 0 -DFRE 09 HQRRFBQLF

HIILFLHQF\ LQKLELWRUV RI RGO BHBQIK BHKRWRYBEQYIPZBEO HQDQE 6 X
SHYLHZV

> @ .DPHO 06 2HOJHP|OOHU 0O -DFRE 09 6XVWDLQDEOH SODVPEL
RUJDQLF VROD R IFHMWNUELROVQEKHPLVWU\ $

> @ 6iQGHUJDDUG 5 +|VHQOVHEQJPR " UIDEWRROQ G RDOULFDWLRQ R

VRODU FHOOV ODWHULDOV 7RGD\

> @ $QJPR ' 2WHWR®IJ7 -iUJHQVHQ 0 6{QGHRIURBRO® 58 NNHEV3 Y& Q
DQG 3KRWRQLF 6LQWHULQJ RI (OHFWURGHV IRU ,72 JUHH 3RO\P
,QWHJUDWLRQ $GYDQFHG (QHUJ\ ODWHULDOV

> @ :DQJ ; =KL / 7VDR 1 7RPRYLU & /L - 0-OPHQV (DHFRNUIREH
2UJDQLF 6RODU &HOOV $QJHZDQGWH &KHPLH ,QWHUQDWLRQDO
> @ .DPHO 06$ 6WRSSLHOOR/®HS DRFBWBODGBQIOHHQ VI\QWKHVLYV
WUDQVSDUHQW HOHFWURGH IRU RUJDQLF SKRWRYROWDLFV &DU
> @ 2VHQL 62 OROD *7 3URSHUWLHV RI IXQFWLRQDO OD\HUV LQ
(QHUJ\ ODWHULDOV DQG 6RODU &HOOV



> @ 6XQ < &KDQJ O OHQJ / :DQ ; *DR + =KDQJ <DHMV/ E®VHIH[L
RQ ZIBWRBHVVHG VLOYHU QDQRZLUH HOHFWURGHV 1DWXUH (OHF
> @ 'X - =KDQJ ' :DQJ; -LQ + =KDQJ: 7RQJ % HW DO ([WUHP}
FHOOV ZLWK D JUDSKHQH WUDQVSD UHQW HURGBQGHSRS GBI RH |
&DUERQ

> @ :X - 4XH ; +X 4 [XR ' /LX 7/HDXWK HW DDOCHGO ¥ 0@ HU 1DQRZ
$SSOLFDWLRQ LQ (IILFLHQW 2UJDQLF 6RODU &HOOV $GYDQFHG )
> @ QIDGRPtUH] $ IPYWIQMR (- 6RERIRRR < OHOVXLQ % $ UHYLH
HIILFLHQF\ REDVBGSK®WOHRUIJDQLF VRODU FHOOV -RXUQDO RI 1DQ
> @ (VSLQRVDOOYBUBtD 5 SBUELQD $ .UHEVYV&I$SRED\R HUVFORODQ
PRGXOHV SUHSDWHBROXVPBWKRG®Y XQGHU DPELHQW FRQGLWLRQ\
BRODU &HOOV

> @ +|VHO 0 $QJPR ' 6{QGHUJDDUG 55 GRV 5HLV %HQDWWR *$
9ROXPHRBHVVHOHH/BXSHUVWUDWHYV DW&RREXE VMYHDRISY HRW RR Q20
(OHFWURQLFV $GYDQFHG 6FLHQFH

> @ 6KDUPD 6 6KULZDVWDYD 6 .XPDU 6 %KDWW . 7ULSDWKL
HOHFWURGH R WEHUH RGW RRHD HF W(DRIGMFUB B Y E W HOH Y2LSHZR

> @ =KHQJ ;: =XR /| =KDR ) /L < &KHQ 7 6KDQ 6 HW DO +LJ
3KRWRYROWDLFV ZLWK 6XSHULRU )OH[LELOLW\ DQG 8S(6FDODEL ¢
> @ :RUIRON %- $QGUHZV 6& 3DUN 6 5HLQVSDFK - /LX 1 7RC
FRQGXFWLYLWKHD WHR® S\WDORMHULF WUDQVSDUHQW ILOPV 3URFHI
6FLHQFHV

> @ 5LFFLDUGXOQHVWFHODMU B-$ )HQJ ; %ORP 3: +\EULG VLO
JUDSKHQH(EDVHG VROXWLRQ(SURFHVVHG WUDQVSDUHQW HOHF
)XQFWLRQDO ODWHULDOV

> @ :X - 4XH ; +X 4 /XR ' /LX 7 /LXVFDIWM @ OLOXBWLIDERZWU
DSSOLFDWLRQ LQ HIILFLHQW RUJDQLF VRODU FHOOV $GYDQFHG
> @ &KHQ ; :X * =HQJ * *X + &KHQ + :X + HW DO 5HDOL]LQJ
DQG! HIILFLHQF\URD QQR[ VIR R FHOOV YLD D *ZHOGLQJ  I10H]|
$GYDQFHG ODWHULDOV

> @ +XDQJ - 5HQ = =KDQJ < /LX . =KDQJ +)UBRQRYIMIL DGR 6V
&HOOV ZLWK ,OGWIDHFWLIER §QBXE (WUPMIKARZXWGERRU DQG ,QGR
+DUYHVWLQJ $GYDQFHG )XQFWLRQDO ODWHULDOV

> @ *ULOOL 0 'L 6DUFLQD , %RVVL 6 5LQDOGL $ 3LOORQL / 3l
DV WUDQVSDUHQW FRQGXFWLYH HOHFWURGHV 7KLQ 6ROLG )LOP
> @ 6KWHLQ 0 7KLQ PHWDO ILOPV DV VLPSOH WUDQVSDUHQW FI



> @ 6RQJ <6 B6HRQJ 1- &KRL .- 5\X 62 2SWLFDO DQG HOHFWULF
JDOOGRPHG =Q2 HOHFWUWR R PIVFSU\SHVUGIESRVRWLRQ IRU DSSOLFD!
7KLQ 6ROLG )LOPV

> @ :DQ - ;LD < )DQJ - =KDQJ = X % S3URKHDRVHGHW D@V SO
&RQGXFWLQJ (OHFWURGHYV IRU )OH[LE OIML EU B R FRRERD kW IDDW

> @ )DQ 4 =KDQJ 4 =KRX : <DQJ ) =KDQJ 1 ;LDR 6 HW DO +l
FDUERQ OBODMAWXHBHFWURGHY IRU XOWUDWKLQ DQG VWUHWFKDE

> @ %DVDULU ) ,UDQL )6 .RVHPHQ $ &DPLF %7 2\WXQ ) 7XQD
VROXSWRFHVVHG VLOYHU QDQRZLUH EDVHG WUDQVSDUHQW FRQ
ODWHULDOV 7RGD\ &KHPLVWU\

> @ /HH &RRID 67 &XL < 3HXPDDWREHYREBWILRMODO 1DQRZLUH OH\
(OHFWURGHV 1DQR /HWWHUV

> @ *DUJ 5 (OPDV 6 1DQQ 7 $QGHUVVRQ 05 'HSRVLWLRQ PHWK
IRU RUJDQLF VRODU FH@OWHSIGDXD\Q FHG (QHUJ\ 0

> @ .DWVQHOVRQ 0, *UDSKHQH FDUERQ LQ WZR GLPHQVLRQV
> @ :DVVHL -. .DQHU 5% *UDSKHQH D SURPLVLQJ WUDQVSDUHQ

> @ (PPRWW &- S8UELQDR®PHQOWIR®D DQEOMER QR PILLFH B VWGINFR H R &/
IRU RUJDQLF VRODU FHOOV 6RODU (QHUJ\ ODWHULDOV DQG 6ROl
> @ =KDQJ < =KDQJ / =KRX & B5HYLHZ RI FKHPLFDO YDSRU G
DSSOLFDWLRQV PIFRX QWWHIUFKH

> @ :;LQ + /L: $ UHYLHZ RQWRBK QVRDRXJIBBWWULROMR| FKHPLFD(
JUDSKHQH $SSOLHG 3K\VLFV 5HYLHZV

> @ 6DHHG 0 $OVKDPPD ULD ¥ UDIDMHHKG( 6 & K$IB S RV DWILIRSR RU JU D SK
6\QWKHVLY FKDUDFWHULVDWLRQ DQG DSSOLFDWLRQV $ UHYLH
> @ /L& #X & <HK &-LQ & 6XHQDJD *UBBKK@H DQQHDOLQJ KRZ F
EH" 1DQR OHWWHUYV

> @ /L& <LQHKH& -HQ GXHQDJID .: &&KAMDIR WUDQVIHU RI JUDSKHQ
DQG VXVSHQVLRQ $&6 QDQR

> @ 3DUN + %URZ® 3BQIXORMISKHQH DV WUDQVSDUHQW FRQGX
SKRWRYROWDLFV VWYSKRORX JUPDSHKMWQUDBVSRUWLQJ OD\HUV [
OHWWHUYV

> @ =KDQJ = 'X - =KDQJ ' 6XQ + <HQDEQ@BG XIOW DDF GHREQ QD Q G
WUDQVIHU RI JU DISUKHIED H OIHR[U EGDIHY RHU \WEBQLEYS KM JKWW X UH FRPPXQL



> @ 6XQ - &KHQ < &DL ; 0D % &KHQ = 3WIHBRHWKW XU HHWX QDADK
JUDSKHQH RQ YDULRXNQXIDIMAVHY AKHPQAFYPDYD SRU GHSHRAMULIWYR Q |
HOHFWWRARHYHVHD U FK

> @ :HL 1 /L4 &RQJ 6 &L + 6RQJ < <DQJ 4 HW DO 'LUHFW V\Q\
PDFURVFRSLF XQLIRUPLWRDHQNVMEOWHEEBRRSSHRXUQDO RI ODWHUL

> @DTU'9 3DPPL 6 3DURN@< -HRQ & HRROUEHU JUDSKHQH HOHFWL
VXSIHWH[LEOH WQBG QMPRUHQW SHURYVNLWH VRODU FHOOV IDEULF

> @ 3DUN 6+ 5R\ $ %HDXSUPRKR Q& KR BIWEROWHXOIN KHWHURMXQF
LQWHUQDO TXDQWXP HIILFLHQF\ DSSURDFKLQJ 1IDWXUH SKR\
> @ *KROL]DGHK $ 5H\KDQL $ 3DUYLQ 3 ORUWD]DYL 6 (IILFLHQ
DVVLVWHG 6L VR® DIUOPH DF \E R V¥ HHEQEMXH) N/ BSHIG WKIIQMGE.@RZ GRX U QD C
3K\WLFV ' $SSOLHG 3K\VLFV

> @ $EGXOUD]IDT 2$ 6DLQL 9 %RXUGR 6 'HUYLVKL ( %LULV $
ODWHULDOV /LPLWDWLRRQY ,PSUR BHRVNVQ®WLOIDMLWYFXODWH 6FLH

> @ &DOYDUHVL 0 4XLQWDQD 0 5XGROI 3 =HUEHWWR ) 3UD
&KHP3K\V&KHP
> @ $OOHQ 0- 7XQJ 9& .DQHU 5% +RQHSAHRREHFREKERQF DOUBINY

> @ 6KHHK\ '( 6FKPDOLDQ - 2SWLFDO WUDQVSDUNQR XAEWXILDHS |
FRQVWDQW 3K\VLFDO 5HYLHZ %

> @ RORWLQ ., 6LNHV . -LDQJ = .OLPIDW UXIGCIHEEHOH FW 4 RQ HP
VXVSHQGHG JUDSKHQH 6ROLG VWDWH FRPPXQLFDWLRQV

> @ 1RYRVHORY .6 *HLP $. ORURKDMQB9< -DDERIQRV 69 HW DO (
HIITHFW LQ DWRPLFDOO\ WKLQ FDUERQ ILOPV VFLHQFH

> @ THUURQHW PQ ®GRWHE0 GBIPIRG R -8UNBDN]) SOMQW ~ <, S5RGUtIXH]
ODFtDV )- HW DO *UDSKHQH DQG JUDSKLWH QDQRULEERQV ORU
DSSOLFDWLRQV 1DQR 7RGD\

> @ /ORIXHWRQ-7$ 5HYLHZ RI WKH 7THUDKHUW] & ROQIBWHWILYQW \ |
-RXUQDO RI ,QIUDUHG OLOOLPHWHU DQG 7HUDKHUW] :DYHV

> @ .DPHOBBNKMDZ\ 0$ $QLV % $FRKDPSKHQH 6WUXFWXUH 6\C
&KDUDFWHUHIDWHRIQHZD EINEWLDQ -RXUQDO RI &KHPLVWU\

> @ /LP -< OXEDUDN 10 $EGXOODK (& 1L]DPXGGLQ 6 .KDOLG 0
VIQWKHVLV Rl JUDSKHQH DQG JUDSKHQH R[LGH EDVHG QDQRPD
UHYLHZ -RRGAPWWIDO DQG (QJLQHHULQJ &KHPLVWU\



> @ .XPDU 1 6DOHKL\DQ 5 &KDXNH 9 -RVHSK %RWOERNR 2 6H
VIQWKHVLV RI JUDSKHQH $ FRPSUHKHQVLYH UHYLHZ )ODWG&KHP
> @ $FKHH 7& 6XQ : DRSE* -BZHKIOM) &% 6KDK\ LG40 GI W FID@ D EI0J
JUDSKHQH QDQRVKHHW SURGXFWLRQ IURP FRPSUHVVHG JUDSKLYV
UHSRUWYV

> @ 9DFDFHOD *RPH] & *XHYDUD 0 7HQH 7 9LGI@DBPOJXBH CBLVIPC
H[IROLDWLRQ RI JUDSKHQH LQ SRODU VROYHQWYV $SSOLHG 6XUI
> @ +XPPHUV -U :6 2IIHPDQ 5( 3UHSDUDWLRQ RI JUDSKLWLF RJ
VRFLHW\

> @ 7RK 6< /RK .66.DADMUX®BLQ*UDSKHQH SURGXFWLRQ YLD HOHF
RI JUDSKHQH R[LGH 6\QWKHVLVY DQG FKDUDFWHULVDWLRQ &KHP
> @ *XH[ /* 6DFFKL % 3HXYRW .) $QGHUVVRQ 5/ 3RXUUDKLPL

WHWYLHZ FKHPLFDO UHGXFWLRQ RI JUDSKHQH R[LGH *2 WR UHG
FKHPLVWU\ 1DQRVFDOH

> @ &KHQ : <DQ / 3UHSDUDWLWRBPBIHUDMNSKHO MW IENWDPDRZUHGXFV
SUHVVXUH 1DQRVFDOH

> @ *XWEPNUS] 5XUQIQGH] $&OBRHMWH*D]FAXQRD &DASORDGR

- $ UHYLHBERIQVBOGXBRWWRKHVLY PHWKRGV IRU WKH SURGXFW
R[LGH DQG UHGXFHG JUDSKHQH R[HGH -RXUQDO RI ODWHULDOV ¢
> @ &KHQ ; =KDQJ / &KHQ 6 /DUJH DUHD &9' JURZWK RI JUDSKE

> @ 5HLQD $ 7KLHOH 6 -LD ; %KDYLULSXGL 6 'UHVVBOKDXV 06
VLQDQISOPLHU JUDBREWHRQAOHG FDUERQ SUHFLSLWDWLRQ RQ SR
SUHSULQW DU;LY

> @ 90DVVLRXN , 5HJPL 0 )XOYLR 3 'DL 6 'DWVNRV 3 (UHV *
YDSRU GHSRVLWLRQ JERZAMWMD R | IQ@4ES R @RQ JO H

> @ /L= :X3 :DQJ & )DQ ; =KDQJ7HRXBDWDWKWHDW®W R/REZK RI *UL
&KHPLFDO 9DSRU '"HSRVLWLRQ 8VLQJ 6ROLG DQG /LTXLG &DUERQ
> @ /L 0O /LX " :HL' 6RQJ$76HERQWUHBROODEOH VI\QWKHVLV RI J

HQKDQFHG FKHPLFDO YDSRU GHSRVLWLRQ DQG LWV UHODWHG D'
> @ 0D < -DQJ + .LP 6- 3DQJS&VEKOWHG 'LUAREBMUURZWK Rl 9HU
1DQRVKBOHOD VR 6XEVWUDAVSHW EW XKRIHK BQBWBD&KHPLFDO 9DSRXU
3URFHVV 1DQRVFDOH UHVHDUFK OHWWHUYV

> @ -LDQJ/ <DQJ 7 /LX) 'RQJ - <DR = 6KHQ & HW DO &RQWUF
YHUWLFD O DY D/SKH@GILIRU KLIK(SHUIRUPDQFH ILHOG HPLWWHUV
> @ .LP .6 =KDR < -DQJ + /HH 6< .LPVBEDQOH S®OWMHDQ JDORZIWK |
ILOPV IRU VWUHWFKDEOH WUDQVSDUHQW HOHFWURGHV QDWXUF



> @L]HQEHUJ 0 %ODNHO\ - &DUERQ PRQROD\HU SKDVH FRQGHC

> @ (LJHQEHUJ 0 %ODNHO\ - &DUERQ LQWHUDFWLRQ ZLWK QL
VWUXFWXUDO VWDELOLW\ 7KH -RXUQDO RI &KHPLFDO 3K\VLFV

> @ +DPLOWRQ - %ODNHO\ - &DUERQ VHJUHJDWLRQ WR VLQJO
6FLHQFH

> @ 6RPDQL 35 6RPDQL 63 8RBHQRKMHQIOD QUHRP FDEPBKRU E\ &9'
3K\WWLFV /HWWHUYV

> @ 2EUD]WVRY $ 2EUD]JWVRYD ( 7\XUQLQD $ =RORWXNKLQ $ &
ILOPV Rl QDQRPHWHU WKLFNQHVV &DUERQ

> @ 'H $UFR /* =KDQJ < .XPDU $ =KRX & 6\QWKBQGVOHRBDQV IHL
JUDSKHQH E\ FKHPLFDO YDSRU GHSRVLWLRQ ,((( 7TUDQVDFWLRQ)\

> @ /L; &DL : $Q - .LP 6 1DK - DYBQJIV\QHWK BXODOIRVIKDR QG X QL IR
JUDSKHQH ILOPV RQ FRSSHU IRLOV VFLHQFH
> @ :DQJ < &KHQ ; =KRQJ < =KX ) /RK .3 ODUHHHGHDDSRYPGH

DQRGHV LQ RUJDQLF SKRWRYROWDLF GHYLFHV $SSOLHG 3K\VLF
> @ <X 4 /LDQ - 6LULSRQJOHUB 6UDISKH@HKHH X8 X BIWAEY P@ G L
WUDQVIHUUHG WR LQVXODWRUV $SSOLHG SK\VLFV OHWWHUYV

> @ 5HLQD $ -LD ; +R - 1HJLFK ' B6RQ + %OXD\RVULFUD SHKWM @D | UOF
DUELWUDU\ VXEVWUDWHY E\ FKHPLFDO YDSRU GHSRVLWLRQ 1DC
> @ *RPH] 'H $UFR / =KDQJ < B6FKOHQNHU &: 5\X . 7KRPSVRQ 0f
IOH[LEOH DQG WUDQVSDUHQW JUDSKHQH ILOPV E\ FKHPLFDO YD
QDQR

> @ /LX = /L+ BXQDX 3P <DQ ) 7KH $SSOLFDWLRQ RD\HWKO\ 'R
*UDSKHQH DV WKH 7RS (OHFWURGHV RI 6HPLWUDQVSDUHQW 2UJC
> @ %DH 6 .LP + /HH & =XHQ3DU NMBB O O5RORG X BDW K RIQHRS K H Q
ILOPV IRU WUDQVSDUHQW HOHFWURGHV 1DWXUH QDQRWHFKQRO
> @ +HVMHGDO 7 WRRWQQMNRRAWKRRIOJUDSKHQH ILOPV E\ FKHP
$SSOLHG 3K\VLFV /HWWHUYV

> @ .RED\DVKL 7 %DQGR 0 .LPGBRDR .6RBPPRLXX1. HW DO 3URGXF
PORQJ RKXDIOLW\ JUDSKHQH WUDQV S WRROW FRE B XFIVQ WH $IRQP GH S
WUDQVIHU SURFHVV $SSOLHG 3K\VLFV /HWWHUYV

> @ .RED\DVKL 7 %DQGR 0. .LPEHRRL. 6&RR]XXI HW DO 3URGXF\
PORQJ RKXDIOLW\ JUDSKHQH WUDQV S IMRROW FRE B XFIVQ WH $IRQP GH S
WUDQVIHU SURFHVV $SSOLHG 3K\VLFV /HWWHUYV



> @ -LDR / )DQ % ;LDQ ; LX = &KIPMWLRQY RI QDQRVWUXFWXUFL
PHWKDFBMHELWWHG QDQRWUDQVIHU SULQWLQJ -RXUQDO RI \

> @ /L ; =KX < &DL : %RU\WLDN O +DQ % RKHD JUID\E KIMN® H7 LLODP
KLIXHUIRUPDQFH WUDQVSDUHQW FRQGXFWLYH HOHFWURGHV 1D
> @ +HU 0 %HDPV 5 1RYRWQ\ / *UDSKHQH WUDQVIHU ZLWK |

> @ -HRQJ +- .LP +< -HRQJ 6<+ZDQJ-DO%DASIURYHG WUDQVIHU R
YDSBHMSRVLWHG JUDSKHQH WKURXJK PRGLILFDWLRQ RI LQWHU
SRO\ PHWK\OPHWKDFU\ODWH OD\HUV &DUERQ

> @ -RKQVRQ %< /LX ; OD]XPGHU 3 6RQL ZURKRMI{HDU RIDPF&RQD
JUDSKHQH RQWR IOH[LEOH JODVV VXEVWUDWHYV *RRJOH 3DWHQV
> @ &KHQLX % =KHQJ &QJ ) <DQ&KHQ < HW XIOLMWVILQG HIILFI
WUDQVIHD RHIDDWDBKHQH ILOPV RQWR GLIITHUHQW VXEVWUDWHYV
> @ &KRL : 6KHK]DG 0$ 3DUN 6 6HR < ,QIOXHQFH RI UHPRYLQJ
JUDSKHQH XVLRRIGH PRMRPDRFWRUFH PLFURVFRSH 56& $GYDQFHV

> @ *DPPHOJDDUG / &DULGDG -0 &DJOLIQL+ $ %RIRFWKH @ L HH VO $C
*UDSKHQH WUDQVSRUW SURSHUWLHV XSRQ H[SRVXUH WR 300$ S

> @ 3LUNOH $ &KDQ - 9HQXJRSDO $ +LQRMRV ' ODJQXVRQ &:
FKHPLFDO UHVLUOGXHNDRQDWEHHO®HFWULFDO SURSHUWLHV RI FKH
WUDQVIHUUHG WR 6L2 $SSOLHG 3K\VLFV /HWWHUV

> @ <RRQ 7 6KLQ :& .LP 7<6 OXKR-%-.LPUHFW PHDVXUHPHQW RI
Rl PRQROD\HU JURR®HPRISBMU DQG LWV DSSOLFDWLRQ WR UHQF
OHWWHUV

> @ &DOGZHOO -' $QGHUVRQ 7- &XOEHUWVRQ -& -HUQLJDQ **
WKH GU\ WUDQVIHU RI HSLWD[LDO M&BSEBIQR RQWR DUELWUDU\ \
> @ &KEHQr¥LHKS$S® HDVFRYRZ PHWKRG WR VA QV DISK @M RQWR SR
WHUHSKWKDODWH DV D WUDQVSDUHQW FRQGXFWLYH IOH[LEOH V
> @ &KHQ 7/ *KRWQ® 00RVPRQG - 3UXQHUL 9 1DQRSDWWHUQH
6XEVWUDWH E\RDI'EHARQLIKHO$&6 $SSOLHG ODWHULDOV ,QWHU
> @ ODOHVHYLF $ 9LWFKHY 5 6FKRXWHGHQ . 9RORGLQ $ =KD
R IH2D\HU JUDSKHQH YL DHRKNERRZIDE H ISKOALVFDID YDSRXU GHSRVLW

> @ =KDQJ/ 6KL = :DQJ < <DQJ 5 BKHH JURZQK*REDWQRIVWS
RQ YDULRXV VXEVWUDWHY 1DQR 5HVHDUFK



> @ .DOLWD * :DNLWD . 8PHQR 0 /RZ WHPSHUDWXUH JURZWK R
VXUIDFH ZDYH SODVPD &9' IRU WUDQVSDUHQW HOHFWURGH DSSC
> @ 6XQ = <DQ = <DR - %HLWOHRI(JBRSKHTRXURP VR@®EZ® KD U
1DWXUH

> @ -DFKLPRZVNL 7 +DJHGRUQ & :HLQERHGLDW H® HEMY VIREG |
FKHPLVRUSWLRQ RI PHWKDQH RQ ,U 6XUIDFH VFLHQFH

> @ :RHKUO 1 2FKHGRIZNWEI6 26 KREMDVDNL HQAXXPH G FXGIPYPDO
GHSRVLWLRQ Rl JUDSKHQH RQ FRSSHU VXEVWUDWHYV $,3 $GYDQH
> @ &KPQ&KH® 6LQ7: /L & /LQ&< .XR& % /RWHPSHUDWXUH V\QWK|
JUDSKHQH RQ &XDXWIL\DW FH® PMMKRUPDO FKHPLFDO YDSRU GHSRVLW

> @ 0D < -DQJ + .LP 6- 3DQJDWVAKIMHHG GLRIFHFHW JURZWK RI Y
QDQRVKHHWY RQ JODWHPSEV\W WDIHMH\S@DHORE KRHAL FODHS RDISW L R
SURFHVV 1DQRVFDOH 5HVHDUFK /HWWHUV

> @ 'DKRX )= &DWWLQ / *DUQLHU - 2XHUIHOOL - ORUVOL 0
URXJKQHVV DQG EXIIHU OD\HU QDWXUH RQ RUJDQLF VRODU FHOO

> @ %\XQ/BP + B6KLQDQr 72K 6+ $KQHW DO *UDSKHQHV &RQYF
3RO\PHUV 7KH -RXUQDO RI 3K\WLFDO &KHPLVWU\ /HWWHUYV

> @ =KAR:DQJ 4 =KDPQIKDQJ '/ /EDIR+& HW DO )UHN@QWKHVLV RI
'RSHG DQG 3DWWHUQHG *UDSKHQH )LOPV $&6 1DQR

> @ 3DUMKFSL (RP+- +D + .LP +< /HH 6 IHMAH QUDISIKHFGH V\QWK
GLUHFWO\ DW & YLD FKHPLFDO YDSRU GHSRVLWLRQ ZLWK QR
> @ 7UDQDWPPL 691 3DUDNQ%< -HRQ ®& 7dRRIMBHUJUDSKHQH HOHF)
IRU VXSHILEOH VQU® QMPRUHQW SHURYVNLWH VRODU FHOOV IDE
(QHUJ\

> @ ODUFKHQD 0 HRQQHULQDIKL 9 3UXQHUL 9 /RZ WHPSHUDW
JUDSKHQH SDWWHUQV RQ IOH[LEOH JODVV VXEVWUDWHVY FDWD:
ODWHULDOV ([SUHVV

> @ ' $UVLp / (VFRQMDXUHJIXL 6 HIHDW EKIUDFH56 HXV:DSUWWDE O
SW\SH GRSLQJ Rl JUDSKHQH E\ QLWULF DFLG 56& DGYDQFHYV

> @ .LP + .LP ++ -DQJ -, /HH 6. /HH *: +DQ -7 HW DO 'RSLQJ
WKLQ WZR GLPHQVLRQDO HPROBRHWLD AMD\HU $GYDQF

> @ ' $UVLp / (VFRQMDXUHJIXL 6 :HDWKHUXS 5 *XR < %KDUG?
JUDSKHQH GRSLQJ ZLWK OR2 DQG , $SSOLHG 3K\VLFV /HWWHUYV
> @ :HL ' /LX < :DQJ < =KDQJ YQWXDBIB\RBIHG*IJBDSKHQH E\ FKF
YDSRU GHSRVLWLRQ DQG LWV HOHFWULFDO SURSHUWLHV 1DQR



> @ :DQJ + ODL\DODJDQ 7 :DQJ ; 5HYLHZ R®RIMHGEHQM SKUHRQIW
VIQWKHVLYV FKDUDFWH U IS|POWLAFDQV LIR@G/ L $A6 FRWH@WMIDWO D

> @ 6LQLWVNLL $ 'LPLHY $ &RUOH\ '$ )XUVLQD $$ .RVI\QNLQ '
IXQFWLRQDOL]DWLRQ RI FKHPLFDOO\ FRQYHUWHG JUDSKHQH QD¢
> @ 4X [ ILX %% 9BDHN tLWRSRIGI QUDSKHQH D V) UIHLHF (6 BRMWUHRW D @/ D
IRU 2[\JHQ 5HGXFWLRQ LQ )XHO &HOOV $&6 1DQR

> @ 6RQJ 60 %RQJ -+ &KR %- :RUN IXQFWLRQ WXQLQJ RI PHW
3K\WWLFV /HWWHUYV

> @ 5XW NRY (9 $IDQDV HYD (< *DOO 15 *UDSKHQH DQG JUDSK
QXPEHU RQ 5H 'LDPRQG DQG 5HODWHG ODWHULDOV

> @ :DQJ < 7RQJ6: :X:) g]\LOPD] % /RK .3 ,QWHUW D/PH MG LQF
JUDSKHQH DQRGHV IRU KLJK(SHUIRUPDQFH RUJDQLF VRODU FHO(
> @ .KROPDQRY ,1 ODJQXVRQ &: $OLHY $( /L + =KDQJ % 6XN
FRQGXFWLYLW\ Rl JUDSKHQH ILOPHNVL QW& RUDMNEGHALWK PHWDO Q
> @ /D 1IRWWH / 9LOODUL ( 3DOPD $/ 6DFFKHWW LS B WWB Q QUAHG] |
IXQFWLRQDQUJHSKKEOH DV KLJKO\ WUDQVSDUHQW FRQGXFWLYH |
1DQRVFDOH

> @ :DQJ < B6KDR < ODWVRQ ': /RSHGLOUDSKIHDWRDAG ,WV $SS
(OHFWURFKHPLFDO %LRVHQVLQJ $&6 1DQR

> @ 5\ELQ 0 3HUH\DVODYWVHY $ 9DVLOLHYD 7 O\DVQLNRY 9
QLWURSIH@QJ GRR JUDSKHQH E\ SODVPD WUHDWPHQW &DUERQ

> @ ORRQ - $Q - 6B8P .®Q&KR 6&KXQJ &6VHMS D5OQ VI RHRSMGRI 1
*UDSKHQH 4XDQWXP 6KHHWV IURP ORQROD\HU *UDSKHQH E\ 1L

> @ /L& (LX< &&KLX &8RQWUROODEGCGRSUPBEREHWK DPPRQLD SODVP
3K\WWLFV /HWWHUYV

> @ 7D®JI<L® /<DQJ < +%RDR <DQJ(+ HW DO 7XQDEOHWEBB®G JDS
WUDQVSRUW SURBHHW®W LHM RKHRHUNR G\ FRQWUROODEOH LRQ GRSI
SODVPD $FV 1DQR

> @ %DHFN 8 1JX\HQ 'l &KR& OHH.P<- RRWFRHD: %RRVWLQJ KROH |
R[\JHQ VSKEEMM.RQDOL]HG JUD SK HQED V& & HUSOIDRH® HRW URQLF C
HQKDQFHG HIILFMWHUPR ORGDERQIW\ $SSOLHG 6XUIDFH 6FLHQFH

> @ .LP 6lRK-<.ZRQL6.LP ®% /HH&% <DQJ 6HW DO (IILFLHQW PRGLI
WUDQVSDUHQW JU DG HEMAUHRGHE WIUARR GBVDEGLDWLRQ IRU RUJDQLF

DQG (QJLQHHULQJ &KHPLVWU\

> @ *XR % /LX 4 &KHQ ( =KX + )DQJ /GRBQQJI}IRICZRDEERQEDE
OHWWHUYV



> @ :DQJ ; /LQJ EKERRQ < :HEHU 3. :DGRSLtQBVRIDIJDISKHQH W]
HOHFWURWKHUPDO UHDFWLRQV ZLWK DPPRQLD VFLHQFH

> @ OH\HU - .LGDPEL 35 %D\HU %& :HLMWHQV & .XKQ $ &HQ\
FKDUJH WUDQVIBQGROILQQMHBNERI JUDSKHQH HOHFWURGHV IRU
GLRGHV 6FLHQWLILF UHSRUWYV

> @ +HOOVWURP 6/ 9RVIXHULWFKLDQ 0 6WROWHQEHUJ 50 ,UIL
DQG VWDEOH GRSLQJ RI FDKMIHERD B} DRRWXRHWRP&®VESDUHQW HOH

> @ /L7Q &HK &&KH® 0+VX 6:X & 3L 7,QIOXHQFHV RI HYDSRUDWLRC
RQ HOHFWURQLF VWUXFWXUHV DQG HOHFW UL RWOHPU RSWIUQN LGN YR
-RXUQDO RI $SSOLHG 3K\VLFV

> @ 6XQJ + $KQ 1 -DQJ 06 /HH -. <RRQ + 3DUN 1* HW DO 7U
JUDSKHQH(EDVHG SHURYVNLWH VRODU FHOOV ZLWK RYHU

> @ +DQ /HH < &BRLRR+6 %DM 6+RQJ %+ HW DO ([WUHPHO\ HIIL
RUJDQLAPQAMWWWQJ GLRGHV ZLWK PRGLILHG JUDSKHQH DQRGH 1D
> @ .DVU\' $ .XURGD 0$ ODUWWRD $$ ZXEGRYNDO GORIIAN ¥ \RD PG
JUDSKHQH ILOPV IRU XVH DV WUDQVSDUHQW FRQGXFWLQJ HOHF
> @ .LP .. 5HLQD $ 6KL-</HBUYMN +HWLDO (QKDQFLQJ WKH FRQGX
JUDSKHQH R®IPYJYLD@RWHFKQRORJ\

> @ *XQHV )- GKLYZPV & +DQ *+ .LP (6 &EDOD6HU HAR BIOQ I/ DRIHLH
OD\HU JUDSKHQH ILOP $&6 QDQR

> @ .ZRQ .& &KRL .6 .LP 6< ,QFUHDVHG ZRHQH XMXHHMRQ YLD P
FKORULGH GRSLQJ $GYDQFHG )XQFWLRQDO ODWHULDOV

> @ 6¥XK &KHQ@ <X , +H® +XQJ& &KDQJHW DOUDDRGH IXREWLRQ
WXQLQJ Rl DFWLYH JUDSKHQH WUDQVSDUREBW HOHFWURGHV YLD
> @ .ZRQ#D@ 7.R 7< /L1 .LP < .LP'- HW DO ([WUHPHO\ VWDE
GRSHG ZLWK PDFURPROHFXODU DFLG 1DWXUH FRPPXQLFDWLRQ\
> @ .LP ' /HH ' /HH < -HRQ '< :RUN(IXQRWORQD®®IEH HEN UL
WULIOXRURPHWKDQHVXOIRQ\O DPLGH GRSLQJ IRU HIILFLHQW
)XQFWLRQDO ODWHULDOV

> @ 1L *KHQJ < %DH 6 7DQ &< .DK\D 2 HXUR H®HD O/ ULFDISWERQ I8
IRWH[LEOH WUDQVSDUHQW HOHFWURGHV $&6 QDQR

> @ ORUR]JRY 6 1RYRVHORY . .DWVQHOVRQ 0 6FKHGLQ ) (OLDV
FDUULHU PRELOLWLHV LQ JUDSKHQH DQG LWV ELOD\HU 3K\VLFD
> @RQJ & 1DLU 3 .KDQ O /XQGVWURP 0 $OGRSHG BURFO EH FWYWDIA
JUDSKHQH ILOPV IRU XOWUDWUDQVSDUHQW KLJKO\ FRQGXFWLYF



> @ +X / .LP +& BHXRPDQV 3 &XL < 6FDSIDRESHU WR B W LR JWOUDR)
IOH[LEOH VLOYHU QDQRZLUH HOHFWURGHV $&6 QDQR

> @ *DUQHWW (& &DL : &KD -- ODKPRRG ) &RQQRWWIBFLWBIKB\V R (
SODVPRQLF ZHOGLQJ RI VLOYHU QDQRZLUH MXQFWLRQV 1DWXUF
> @ /HH ' /HH + $KQ < <HRKRBH < AHHKO\ VWDEOH DQGtIOH[LEO
JUDSKHQH K\EULG WUDQVSDUHQW FRQGXFWLQJ HOHFWURGHYV IF

> @ <H 1 <DQ - UMHBQJIJRQERKHQ + HW DOUBSEMBAH REQRLLWH D G
FRQGXFWLYH HOHFWURGHV IRU KLJKO\ HIILFLHQW LQYHUWH

> @ <H 1 /LDQJ 7 =KDQ / .RQJ < :SHU6R 0P D;Q HRVUIHINGAE VRO D U
FHOOV ZLWK VUOBBKHIHQREAWIHG HOHFWURGH ,((( -RXUQDO RI 3k
> @ *URVVLRUG 1 .URRQ -0 $QGULHVVHQ 5 %ORP 3: 'HJUD
SKRWRYROWDLF GHYLFHV 2UJDQLF (OHFWURQLFV

> @ &KHQ 5 'DV 65 -HRQJ & .KDQ 05 3 HNGRD D%/ LYWDHE BB &8 R H

6LOYHU 1DQRZLUH 1HWZRUN IRU +LJK 3HUIRUPDQFH +LJKO\ 6WL
$GYDQFHG )XQFWLRQDO ODWHULDOV

> @ +RVVHKQDIGHKK+. *ROGWKRUSH)JSQPRWZLUH WUDQVSDUHQW
URXJKQHVV PLQLPL]DWLRQ 1DQRVFDOH 5HVHDUFK /HWWHUYV

> @ =KDQJ : 6RQJ : +XDQJ - +XDQJ/ <DQ 7 *H - HW DO *UDS
WUDQV STRWHOR\G M EDVHG IOH[LEOH RUJDQLF VRODU FHOOV ZLWHK
&KHPLVWU\ $

> @ 6HR 7+ 3DUN $+ 3DUN 6 &KDQGUDPRKDQ 6 /HH *+ .LP O-
HOHFWURGH SHUIRUPODQW HYMAKXD WRIBGH XVLQJ VLOYHU QDQRZL
ODWHULDOV ([SUHVV

> @ /L + /LX < 6X $ :DQJ - 'XDQ < 3URRLWVHQ JQREFRZIG B UDFSR
HOHFWURGH IRU |OHPLEDOWMLRUJIGIQREHVL IKMLHQWLILF 5HSRUWYV

> @ 6HR/HH+ &KR 1* .DQJ 6- 1DP6+HW DO 6LPSOH EUXVK SDLQW
QHWZRUN RQ JUDSKHQH VKHHWYV IRU IOH[LEOH RUJDQLF VRODU ¥
$ 9DFXXP 6XUIDFHV DQG )LOPV

> @ =KDQJ 4 'L < +XDUG &0 *XR /- :HL - *XR - +LJKO\ VWDE
SRO\PHU SURFHVVHG VLOYHU QDQRZLUHV K\EULG HOHFWURGH\
&KHPLVWU\ &

> @ 6KLQ '+ 6HR 6: .LP&KRLFHBHUDGSKHQH WUDQVSDUHQW FRQG
GRSHG ZLWK JUDS K HQIHTX B QOWXPU GROAMWR @ HPIHE/O HR B UKIDIKICA VRO |
-RXUQDO RI $OOR\V DQG &RPSRXQGV



&KDSWHU ,,,
6LQMMHS V\QWKH V LW URD QMITDSKHH@W FRQGXFWLQJ +

RUJDQLF SKRWRYROWDLFV

%DVHG RQ WKH H[LVWLQJ OILWHHHU B WREXF WAL R.@ LRH QI DASIKIHQ I
UHTXLUHPHQW IRU WKH ZLGHVSUUBB ERPP HIKLLDWH LD WL RRF RV H¥:
VIQWKHVLV Rl JUDSKHQH 7&(V RG(X®DVY¥HYREN RQ DXPH VY UDWIHRIO E
HIWUDFW ZDV XVHG D VIDLHWQGND LRKDIUERH D/RE BHHFFRR WR SURGXFH JU
ULFK VWUXFWXUH DQG WKH YR O DM XQGWRDRIERHO DR YR © H XD NUHD IY!
SUHFXUVRU WR V\DWXHKHQH DMEIPRGHUDWH WHPSHUDWXUHV DQG
DQ\ FDUULHU JDVHV 7KH UHVXOWLQJ JUDSKHQH ILOPV ZHUH XV
DSSURDFK <MDYHWRWEH®WY GV IFRRNAWWLYH SURGXFWLRQ RI VXVWDL
JUDSKHQH 7&(V ZLWKRXW FRPSOH[ WUDQVIHU SURFHGXUHYV

7KLV FKDSWHU ZDIVPSIXE WLWWKHEWIRSSLHOOR & 76LQJDFRE 0
VWHS FDWBO\DPWG JKHWIQY VRRDWUDSKHQH WUDQVSDUHQW HC
SKRWRYRDWHDR® V

$SEVWUDFW

*UDSKHQH LV D SURPLVLQJ WUDQVSDUHQW FRQGXFWLQJ H(
239V GXH WR LWV RXWVWDQGLQJ+RIAMYFHO WREB KIOHF RRM\F DIOQ 8
RI JUDSKHQH VI\QWKHVLVY RQ WUDQVSDUHQW VXEVWUDWHV DV Zt}
WKH OBDOH DSSOLFDWLRQ RI JUDSKHQH VWEHS VKQW KZHRWLN/ URH SIR
7&(V RQ JEDWVUDAXHV IRU 239V I[URP SODQW H[WUDFW E\ 5DGLR Il
YDSRXU GHSRVLWLRQ 7KLV DSSURDFIK IBH FRSYUFGGXF WMWY RKHDBS K
VXVWDLQDEOH DQGUHBYGOR FPHEKRH SUHNSRXIBIEHK HQH ILOPV UHYHE
TXDOLW\ VWUXFWXUH ZLWK SURPLVLQJ RSWLFDO DQG HOHFWULF
VIQWKHVL]HG JUDSKHQH 7&(V H[KLELW RI WKH SRZHU FRQYHU
FRXQWHUSDUWKRDWG KUBXKHW FXUUHQW GHQVLW\ DQG RSHQ FLU

.H\ZRUGYV

7TUDQVSDUHQW FRQGXFWUQBHHOHBBWKIHR@GH 66MHUNDQVILRYODEOH FDUE
SKRWRYROWDLFVY 6KRUW FLUFXLW FXUUHQW GHQVLW\
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.., OWURGXFWLRQ

7UDQVSDUHQW FRQGXFWLYH HOHFWURGH 7&( ZIWLFX IXQGI
WUDQVPLWYV WKH LQFLGHQW V XQ O L JKR\O &/HRRZ\I UGN MKB-RVSVER W HRIDU
FDUULHUV ,QGLXP WLQ R[LGH XVRG LA& WK PPRYW FQBPRWIONU RS
GXH WR LWV KLJK RSWLFDO WUDQVRBLVRIROHKIGLOR S VR E KRAWULR!
EULWWOH QDWXUH DQG WKH UDULW\ RI LQGLXP UHSUHVHQW WK|
> @KH SURGXFWLRQ RI ,72 DFFRXQWYV IRU Rl @HKCHERMAHUDOO |1
,Q DGGLWLRQ RI WKH WRW D\WBR@DUBD Q K HGRGX UR Q JWKIH2 B8 R\D (
GXULQJ ,72 GHSRVLWLRQ>E\QYRFXYMFRW HRQWMWHJ UMY HDUFK KDV E
RYHU WKH SDVW IHZ \HDHN 28R \GH¥ BIDRISRXA\2 7&(V KDYH EHHQ SLU
UHSODFH ,72 VXFK DV FRQ@RRAWDQJ WSHRLA) PI@IY3/ PHWDO @R[LGHV
ORUHRYHU GLPHQVLRQDO DQG GLPHQVLRQD® PD\WBDWIERDV VX
QDQRWXEHY @R0QWG JUBDS@®®QYH HPHUJHG DV H[FHO OUHISKH@HK FDC
SRVVHRXWHYWDQGLQJ RSWLFDO D @® LHF®HFEDWH. DO BF $\PFU DHFRS\D B KR!
72> @ 1RQHWKHOHVW WK KIRIKSGRVLW\ DVVRFWBH® H® XS KHQ M
VIQWKHVLV OVPDOWH. WYSODRBDMWLRQ DV 7&(

BHYHUDO PHWKRGYV KDYH EHHQ XVHG WR SURGXFH JUDSKHQF
GHSRVLWLRQ @B'OHFWURFKHPEFIEY SH{OBE. V®UBRDWLQJ DQG KR
SUHVVLQJ ORUH GHWDLOV RQ WK HV\WM HPHDWHKRGWHFD B ZE B@! RXUYG HI
$PRQJ WKH DERYHPHQWLRQHG PHWKRGV &9' LV WKH PRVW FRPP



7&(V IBOV2 GXH WR WKH KLJK TXDOLW\ RI WK KD & BI'VXORWL Q JJ DV B RK|
FDUERQ VRXUFH PDLQO\ PHWKDQH D Q GVRWKIRGHK FBl QI& D SFKIHQUHL B |
RFDWDO\WW VXEVWUDWHY VXFK DV BRSSHKUGRH Q@ KBHQW FQW IOH B W] HG
JUDSKHQH ILOPV DUH WKHWWS BQWRIFHUGHHEH LRQIVR XI@WNV RU I0F
DSSOLFDWLRQV 7KH WUDQVIHU SURFHVV FDQ UHVXOW L& VLJQL]
)RU GDPWDHH WUDQVIHU RIFRPSOHIFQW HIGLDIQEB WLPH FRQVXPLQJ SL
EDVHG RQ SRO\ PHWK\CB®PHW KEKRX\®® EH XVHG 7KLV WUDQVIHU
VSLQ FRDWLQJ RI 300$ VXSSRUW OD\HU RQZWRBSKRD G\KKHU BV DIS KR C
WKH JUDSKHQH OD\HU WR IDFLOLWDWH WKH UHPRIPDJRIWWRKH F
JUDSKHQH PRUSKRORJ\ 2Q WKH RWKHU KDQG WKL KVBEDQ\JBNV W
IRU IHZ>GD @&

&9'EDVHG JUDSKHQH 7&(V KDYH PDMRU OLPLWDWLRQV VXFK
VIQWKHVLY DQG RU WUDQVIHU SURFHGXUHV ,Q DGGLWLRQ PDQ
XVH Rl XQVXVWDLQDEOH FDUERQ VRRDNIRYD HIQXDRHWMKD GH BQ'GHE
JUDSKHQH VI\QWKHVLY DW ORZHU WHPSHUDWXUHV RQ YDULRXYV
VWXGLHV UHSRUWHG WKH GLUHF N0 DRWGLVQKESE19YVI FRU  SUHEBBWKLHAQLH HAG: (°
VRODW FBQOGWQ SRO\HVWHUVXOIRQH 3(6 VXEVWUDWSH @U IOH[L
ORUHRYHU :HIHDOBYF®HHSDUHG JUDSKHQH ILOPV IRU ®68W RQ G
DW WHPSHUDVW&UKVLQJ FROSBWMLVWHG 3(&9' DSSURDFK +RZHYH!
DSSURBDFKEYHUH EDVHG RQ DQKHDQYUGR® P HEDVUERQ\ VRXUFH PH\
JDVHV DQG ORQJ UHDFWLRQ WLPHV RI WZR WR WKUHH KRXUV 0]
> @ WKLQ OD\HU RI WLWDQLXP ZEW\VBHBERWLBAHG MSSXAWYVBE VOK HL
$U +DRRVSKHUH SULBU&WRVWHE Y LQ LWV WXUQ LQFUHDVHV W
FRPSOH[LW\ RI WKH SURFHGXUH 7KK @NGEW 1K JGHUBBSWHERD FLHX
ZLWK UDWLR LQ WKH URRRIHIWVRTXHQWO\ M@ PEGURERGREOHVZRV |
WR LPSURYH WKH FKDUDFWHULVWLFV RI WKH DV VIQWKHVL]HG J
PRUH UHVHBIGFIG IWRQDGGUHVV WKH DIRUHPHQWLRQHG LVVXHV U
ODWFDOH FRPPHUFLDOUDBWHR® REE@QTRU 239V DQG RWKHU RSWR
WKHUH LV QHHG IRU GLUHFW V\QWKHVLW RR BH DASKH ®HL V&(VQIR O LF

,Q WKLV PDQXVFULSW WKH LIGIDOWHES OL\WW RH\GIHY RO BB DG K N/
239V RQ FRPPHUFRP ® Q GDOML U BOQHPRI@®AD BRHDS DQG VXVWDLQDEC
H[WUDFW(E9'5)M VWHPDWLFDOO\ VWXGLHG 7KH UHSRUWHG DSSUI
ODWIHHD JUDSKHQ® ZLOPIREWDD \VW RYL B DRPW@RW HD WHKBIF DAL R Q
SUHSDUHG ILOPV KDYH VKRZQ XQLIRUP FRRSW DB DZ. WK D@Z P\L W W)
PHGLXP VKHHWQWYHWMWM®D QERPHWU\ 239 GHYLFHY EDVHG JUDSKHC
DQG FRPSDUH®WR ,UHIHUHQFH FRXQWBVISG UMYV 7KIHY H U\DISKH
SURPLVLQJ SHUIRUPDQFIHUEXKWW R X UKIHHCDNKERBBANHEW K L WOFX LW Y RO\



DQG UHDOL]JLQJ DQG RI WKH SRZHU FRQYHUYLRQWHKH FLH
UHIHUHQFH GHYLFH UHVSHFWLYHO\ 7KHUHIRUH WKH REWDLQH
HIFHOOHRWZDWGE SV R ZDVIIEGD/OW DMy GHIHRMMFWLYH DQG VXVWDLQDEOF
JUDSKHQH 7&(V IRU 239V DQG RWKHU RSWRHOHFWURQLF GHYLFH
s ([SHULPHQWDO OHWKRGV

.., )DEULFDWLRQ RI JUDSKHQH HOHFWURGHYV

*UDSKHQH HOHBWHRDBDUMGIE®'HBPHWKRG IURP SHODUJRQLXP
SUHFXUVRU PRUH GHWDLOV RQ WKH, &UBOBINMRE PMEEH IRXQG
DSSHQGLFHV RQDRRPPHUFLDO JODVV VXEVWUDWHY 3ULRU WR Il
WKURXJK VXFNROLEDMW KR/ UDR ', ZDWHU ZLWK GHWHUJHQW ', ZDW
IRU PLQXWHV HPPF&HS(ROVWRPFWRU DQG D KHDWHU ZDV XVHG \
HOH FWSWRIGH\H V HQW D W L Y3H &P XBHVQRWKKHSE)HVHQW UHVHDHUFK FD
,,6 DSSHQGIHH$SUHDFWRU LV FRQQHFWHG WR D YDFXXP SXPS D
FRQQHFWHG WR WKH SUHFXUVRU LQOHW 7KH SUHFXUVRU YDSF
LQIOXHQMPH )XRXP ZLWKRXW WKH QHHG WR KHDW WKH SUHFXUVRU
7KH GHVLUHG 5) SRZHU LV DS&Q0AHEG W R5 )W &R ZH HDBWRRU M\REJ

IUHTXHQF\ RI 0+] WKURXJK WZR FRSSH XQUIMNIVR 5)O PFW EIRIGH)
QHWZBGNDQFHG qQHUJ\ & *UDSKHQH VDPSOHV ZHUH SUHSDUF
LQSXW SRZHUV DSHAU D W:X RWVBOSWHR VX PERU DQG GHSRVLW

WLPH RI WZR PLQXWHYV

,,, )DEDWERQ RI 239 GHYLFHV

,QYHUWHG DUFKLWHFWXUH 239 GHYLFHV ZHUH IDEULFI
JUDSKHQH =Q2 $FWILHIH @DWHKLYRZRUN WZR GLIIHUHQW DFWLYH
3&%0 DQG 30 < ZHUH HPSOR\HG $ FRQWKRW\SUFD®U MY EKXF\G
IDEULFDWH®RWH,G2JODVV IRU FRPEDVHER®HYRAUHYUDSKHQEBEWLYF
OD\HU ZDV ILUVW GHSRVLWHG XVLQJ WKHUPDO HYDSRUDWLRQ F
UHPRYDO RIHQEDIPRD 9% DIWHU VSLQ FRDWLQJ WR GHILQH WKH
239 GHYLFSDWW®RBURRDGN,HG JODVV VXEVWUDWHY ZHUH XWLOL]HG
LQ D PL[WXUH RI +&0 +12 GHLRQL]J]HG ZDWHUHQHUDWHR @& KHRSU |
SDWWHUQ RQ ,72 VXEVWUDWHYV ZLWK WPDHS KHE®MSRN VWLR )\ D SIH
ERDUBLFK ZHUH XVHG ZDWHKGJGBSKF®HVR DFKLHYH D IDLU FRP:
SKRWRYROWDLF SHUIRARPDREWW § DWHYV WKDW FOHD QH® XYWH IRX
VRQLFDWLRQ VWHSV LQ ', ZDWHU DQG GHFRQ ', ZDWHU DFH
GU\LQJ D Q@R WHWH@L OKWWL Q G\ IMRI (IRYARY BWW Q\ UHV L ®XHMWQJ RIULR!
=Q2 WUR® ERWK DQDSRRQWHG VXEVWUDWH ZHUH WUHDWHG E\ DL

PEDU DW 5) SRZHU RI : IRU VHFRQGV WR REWDLH®QLIRUF



ZDV VIQWKHVL]HG DFFRUGL®E WO WHZHOSQ R FHR@XZH UBIRU MR D W
USP IRU V DQGZHNWKH@WWRQYROEV ZHUH XVHG WR GHILQH V
FRDWXEVWUDWH ZDV WKHUPDOO\RR QR D ORI R QY HDV KIRWDS. O D WRHJ DA
RI WKH DFWLYH OD\HU WKH VXEVM ODWG \J @R YHERBY §BBAWR D Q
ZW ZW ZLWK WRWDO FRGEWQRMYDHGLRQ RKORRREBQ]JHQH ZI
WRS RI =Q2 OD\HU DW USP WR SURGXPH QXW B D & HBI® IDFIWZ
FRQGXFWHG RQ DF&KIRAWIGHWHKBIWORYHER[ )RU 30 < DFWLYH O
RI  JPO ' $ GLVVROYHG LQ FKORURKRRR EQWEKW KR 8 QHR
DGGLWLYH ZDV XVHG 30 < VROXWLRQ ZDV VSLQ FRDWHG DW
DQQHDOLQJ )LQDOO\ WKH VXEVWUDWBHYV WHUK MDD B Y DFSIRWHDGY R/
FXVWBRRBH VKDGRZ PDVN IRU WKH GHSRVLWLRQ RI OR2 QP D
GHSRVLWLRQ DPDWH REWIRAH IRU $J DQRGH DQ LADLW X B B GU IRW HWRI
ILUVW QP DHIEVWEHS WOEKH PFWLYH DRUIDRAD GPHPYLFHV ZDV Gt
WKH FPDWWRPGHSRVLWLRQ PDVN 'HVFULSWLYH LPDJHV IRU WKF
JUDSKHDWYH G 239 GHYLFHVXDH6 JLYHQ LQ )LJ

.., &KDUDFWHIUL)DWKRQHILOPV

7KH IRUPDWLRQ RI JUDSKHQH ILOPV ZDV FOQIQURHE 5N RDQ 5
OLFURVFRSH QFDQRVED HOHFWURQ) IHEGRPERS BRG @(WRPLF
IRUFH PLFURVFR/OH7 $YQ*5$ ORVFRZ SXNWWEDHG WR LQYHVWLJID
PRUSKRORJ\ RI JUDSKHQH ILOPV B6WUXFWXUDO IHDWXUHV VXFK
VIQWKHVL]HG JUDSKHQH VDPSOHV ZHUH LQYHVWLJDWHG XVLQ:
+LWDFKL +7 7(0 HTXLS SHRH @QUWWR S/HDWO W LIDQJI GDIW SK RWRHOHF W L
VSHFWURVFR®\V ;SEUIRUPHG XVLQJ D .UDWRV $:,6 6835% 3/86
PRQRFKURPDWLF\ AR XUFH K H9 RSHUDWHG DW P$ HPL)
DQRGH SRWHQBUBRGHWRROODP &R QFZD¥ XVHG WR VWXG\ WKI
WUDQVPLWWDQFH RI JUDSKHQH ILOP\ZDYKRBDIVWHKHEBUBDWK FBXW EWHH
PHWKRG XVLQJ .HLWKOH\ VRXUFH PHDVXUH XQLW & VDIQGEHD Sl
VWDUWHU SUREH VAABWRBRLN QW L(RQ HUWHEDV VKRZQ LQ )LJ

.., 'HYLFH FKDUDFWHUL]DWLRQ
7KH SHUIRUPDQFH Rl WKH IDEULFDWHG GHYLFHV ZDV LQYHYV
YROWDJH KDUDFWHUMVBLWFXHUH FROOHFWHG XVLQJ .HLWKOH\
$ DQG DQ HVISHELQW® \WHVW ERDUG XQGHU WKH LOOXPLQDMW
$%(7 6XQOLWH ZLWK LOQWHQKHVRRWLFDP: IRPWHQVLWDWRI WKH
FDOLEUDWHG XVLQJ D UHBHRHHIMWHUGLP M R &/IVUZ AFWGIOF DOUWDL HG RXW L
WKH GHSRVLWLRQ RI WKH PHWDO HOHFWURGH $00 GHYLFHV ZH!



.., BHVXOWV DQG GLVFXVVLRQ
7KH 5DPDQ VSUWFSKIQHRVDIPSOHY SUHSDUHG RQ JODVV VXEYV
5) SRZHU OHYUHDV FRQILUP WKH VXFFHVVIXO IRUPDWLRQ RI JUD
VXEVWUDWHY ZLWKRXW DQ\ FDUULHU JDVHV 7KH LLVOR RA® DIDMYHHC
VKDUS ' SHDNV DQBQXDWDRWIRY ZLWK WKH/ BHSRYLWLRBQSRZHU
' a FP SHDNV UHSUHVHQW SAOKH) AKDU ¥EBBDWYRQFRLYS K\EL
DQG WKH VHFRQG RRBEUEBKRYRIQ R QHWS H FSHIDNH ®&DYV EHHQ LGHQ
DQ HYLGHQFH RQ WKH IR UOAINM LRV URSFWHK I IS H D 8 KDHVQD4E F R X DRV V
IRU WKH VWUXFWXUDO GHIHFWV ZLWKLQ JUDSKHQH ODWWLFH V>
)XUWKHUPRUH RWKHU SHDNV UHODW B BKWRKVIVWILLXFHW XRAD O @ K REKFC
* SHDN DURXQG'' &P FP '* a FPDQG 'Y DFPSHDUHG
ZLWK DOPRVW QHJOLJLEOH L QWRHD WLKMLYANQ W K H VW PMG. B URDISW K B H
VXEVWUDWHY UDQJHGBKILFKPLY OWRYV WKDQ RWKHU HJUBRHQH IL
PHWKRG XADLWQULHU JDV DQG DW KLER&KIRQ \BHHA S H B BDWBWHEN W U D W H\
7KH UDWLBRQRY , GHUHDVHG ZLWK LQFUHDVLQJ WKH GHSRVLWL
J)LXUH, E 7KH UDWLRGRHFUHDVHV ZLWK LQFUHDVLQJ WKH QXPEH
LQFUHDVLQJ WKH GHSRVLWLRQ SRZHHLMKKHHQ® A E WiH GRDRGIMVHKUHY 71
VKHHW UHVLVWDQFH DQG RSWLFDO WUDQVPLVVLRQ RI WKH LQYH
7KH LQFUHDVHG QXPEHU RI JUDSKHQH OD\HUV DW KLJK SRZHU F
JUDSKHQH DV D UHVXORPSRVWKH RQFRIHWKHGS GHFXUVRU PROHFX
HQHUJ\ Rl WKH SODVPD V$HFRISH\HYVHHEW\W DM HRGRIIHFWY LQ JUDSK
ZLWK WKH SUHVHQFH R} PBWHRGHIUHPAWWH ZRMHV W L JIDHF K G DADHP HOH
KLJK 5) GHSRVLAKILR® BRYZHEW DWWULEXWHG WR WKH SXULW\ RI J
DQ\ LPSXULW\ DWRPV ZLWKLQ WKH ODWWLFH DV FRQILUPHG E\
GHIHFWV JUHDWO\ LQIOXHQFH WKH HOHFW U HED I0Q SWKRHHIW WLHIAL \F
VHFWIQR®RUGHU WR KDYH D GHHSHU LQVLJKW RQ WKH VWUXFW
WUDQVPLVVLRQ HOHFWURQ PLKWRIY FRSH KRDV ZRY IXFHGIV)LRU W
VIQWKHVL]HG JUDSKHQH WXPS\DIHHW VZRLFI VEREGH ZKLFK LV LQ
5DPDQ GDWD 7KH QXPEHU RI JUDSKHQH OD\HUV ZDV IRXQG WR
VKRZQ KQHLE | DQIKUFK FRQILUPV WKHUDKMKIBOL R E
7KH YDULDWLRQ LQ WKH QXPEHU RI JUDSKHQH OD\HUV H[SODLQ"
UHGXFHG RSWLFDO WUDQVPLVVLRQ IRU JUD SKHQGG LMW Y3 OB Y
LQ WKLV ZRUN 7KH LQWHUOD\HU VSDFLQJ ZLWKLQ WKH LQYHVWL
VKRZQ KQHLBEZKLFK JUHDWO\ PDWFKHVY OLWHUDWXUH DQG WKH V
@ORUHRYHU WKH KLJK UHVROXWLRQ 7(0 LPDJHV UHYHDO WKH K
ODWWLFH DV VKRZQ LQ FDVH Rl ¥XORSOH AQHEHKHHOVEWU KD QG )W



RI VWUXFWXUDO GHIHFWYVY VXFK DV YRLGY RU YDFDQFLHV ZLWKI
LPDJHV DV VKEBRAQ KQ VIKILFKRIGVODIJYUBRPHQW ZLWK 5DPDQ VSHFWU
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J)LIXUH D, 5DPDQ VSHFWUD IRU JUDSKHQH VDPSOHV SU
7KH YDULDWDR®@ RRI, JUDSKHQH ILOPV ZLWK 58 GSHHSSRMHM
7(0 LPDJHV IRU JUDSKHQH VDPSOHV VIQWKHVL]HG DW
DQG K

7R EHWWHU XQGHUVWDQG WKH FKHPLFDO ERQGLZHUAHLWKLQ
LQYHVWLIDBMAHSKRWRHOHFWURQ VXU WWKRR/ZAR SUK H3¥ X UY B\ VFDQ
UHVROXWLRQ ;36 VSHFWUD IRU WKH JUDSKHQH ILOPV SUHSDUHG
IURP WKH ;36 VSHFWUD W K IDW R D UFERRQ/ W H B/ HI\DR\Q R/IVVWAKKHH LR Y H V W
DPRXQW RI R[\JHQ DV VXPPIZHLFKGLOQ®E ZMEWHY WKH KLJK TXDOL)
JUDSKHQH ILOPV 7KH SUHVHQFH RI WKH 2 V SHDRNKDAR P S RI®HRD/AD
ZLWKLQ WKH SUHFXUVRU PROHFXOHV DV ZHOO DV WKH H[SRVXU
> @KH PLQRU SHDNV DW ELQGLQJ HQHUJLHV % ( RI H9 D
1D V UHVSHFWLYHO\ ZKLFK FDQ EH DWWULEXWHG WR WKH JOD)
IRU WKH GHFRQYROXWEZRDRFRIUMKN GW WGSH@PN PDMRU SHDN DW
K\EULGL]HG KH[DJRQDO JU@WKHQ HS ERyWNY FFRADKVO LEXWLRQ WR WK



DUHD ZHUH DOVR REVHUYHG DWLFK FROUHY®RGGE\WR &HVSHFWLY
7KH HPHUJHQ BB ®R K& FDQ EH DVFULEHG WR WKH H[SRVXUH RI WK
R\JHIXLFRFUHY ZLWK WKH DFWLYH VLWHV ZLWKLQ 3UDSKBHQH ILC
)XUWKHUPRUH WZR SHDNV ZHUH REVZHKUFK®ODPW.JQ IRDQBKH 30H
IHDWXUHV 3/ DQG 3/ DV V R EERWE,GV ZADNK DIQ\DFS KEIWWREVHU Y H G
FRQWHQW ZLWKLQ WKH LQYHVWLJDWHG ILOPV LQFUHDVHG IURP
WKH R[\VJHQ SHUFEQWK LI MURIDVLQJ WKH GHSRVLWLRBDKLEFKBRZHU
PD\ EH DVVLJQHG WR WKH JODVV EDFNJURXQG VXEVWUDWH HII
WHFKQLTXH 7\SLFDOG)P RP@ONWRHDVRBSPSOH LW DRFRNYYLEOH XVL
DQG RSWLFDO WOWYVPQGVERY HMMKDW WKHHVEWPSORPEMW RI J KDY
OD\HUV



JLIXUH ;36 VXUYH\ VFDQV OHIW KDQG SDQHO RI WKH J

PLGGOH DQG : ERWWRP DORQJVLGH WKH FRUL
HDFK VDPSOH 7KH VXUYH\ VFDQV VKRZ WIKOW REWLVY XYW
R[\JHQ ZLWK VPDOOHU 6L DQG 1D SHDNV DWWULEXWHC
DQ DV\PPHWULF SDWWHUQ DVVRFLDWHG ERQ\WGK WG KL
IHDWXUHYV DUH VKRZQ LQVHW

7TDEOH(QHPHQWDO VXUIDFH FRPSRVLWLRQV RI JUDSKHQH VDPSO!

5) SRZHU ] 1D V 2V & V 6L S

7KH VXUIDFH | HDW@WWKHIW IRH® KW DSKHQH ILOPV ZDV VWXGLHC
6(0 LPDIJHXUM,J VKRZ TXLWH XQLIRUP ILOP ZLWK WHRKWL B QW\HEQ F
JUDSKHQHW QDQRAV FDQ EH REVHUYUY HG \WKROPV) MIKH I X PE W RT WKH
LVODQGV LV KLIJKHU IRU WKH VDPSOH V\QWKHVL]HG DW . +R2Z
LOQWBWHQHWUDWLQJ QHWZRUNV 7KH PRUSKROR3{&0I' DWMHS KB IQHIW OO
DIIHFWHG E\ WKH GHSRVLWLRIPSBUDMKWVHU\E RZHWK D\Q GV VPHE VW
XWLOL]DWLRQ RI FDUULHU JD¥ @RISRUDMEOWKHD FREPEWLRQ RI
JUDSKHOQWKBBEWR LQ FRQWLQXRXV LQWHUSB BQBW X DMGE VX BDWWIZRW
G © LQ WKH SUMHVWQ@IFHURIDY HYHQ DW GHSRVLWLRQ WLPH F
JUDSKHQH ILOPV SOD\V D FUXFLDO UROH LQ GHFLGLQJ WKHLU D
VKRXOG EH RSWLPL]JHG WR SURGXFH WKH GHVLUDEOMRULOP PF
RSWRHOHFWURQLFV D 7&( ZLWK VPRRWK VXUIDFH LV PRUH SUH
OD\HUV Rl WKH GHYLFH DQG WR UHGXFH FDUULHU UHFRPELQDWL



VHFWLRQ LQ WKH SUHVHORSEHHWHBYVHAKI WKH VRY HOFAHLSDWHG JUD S
E\ $)0 MUHHG 7KH URRW PHDQ VTXDUH WRWKHRXJHKGQ HW\D KK HAK:
RQ JODVV VXEVWUDWHY ZDV IRXQG WR LQFUHDVH ZLWK LQFUHDYV
DQG : UHYHDOHG TXLWH VLPLODU IHDWXUHYVY ZLWK UHODWLYF
QP ZKLOH WKH VDPSOH VIQWKHVL]HG DW : HIKLELWHG PXFK K
VXUIDFH URXJKQHVY FDQ EH WDRVWHKLEXWKB WD B/MKBHORAH@UVQ RD K H K€
DW KLJKHU SRZHU DV GLVFXVVHG DERYH

G H I

JLIXUHG6(0 LPDJHV IRU JUDSKHQH ILOP® SUHSDBHGDDW
F 1

J)LXUH D E VKRZV WKH YDULDWLRQRRUWK$HKWKQHHW OPHVZ VW
GHSRVLWLRQ SRZHWZHAKHH H[WADOHW RIG5IUR P WYKRHD WO B I8/ H GRD WMKRD F
REWDLQHG YSFOLOWM HSUREWH PHDVXVBPBQWWVZLWKVD X®UPHQVLRQ RI
XVHG IRU WKLY PHDVXUHPHQW ZKHUH D IL[HG FXUUHQW ZDV DSS
PHDVXUHG DFURVV WKH LQWHUQDO SUREHV 7KH YDOXH RI 5V ZI
> @

N bz ..
4.1 vavuH Y T+ 488

ZKHJ%-%LV WKH VORSH RI WKHODWMORY KW IDL@QHEH & LV D FRUUHFWLRC

GHSHQGVY RQ VDPSOH GLPHQVLRQV DQG WKH GLVWDQFH EHWZHH
LV DQ LPSRUWDQW SDUDPHWHUZIRBEK7R(I PBWWH WO W HR UH2/3 9\HV
SKRWRYROWDLF SHUIRUPDQFH RI WKH GHYLFH 7KH ORZHU WKH



7KH KLJK FRQGXFWLYLW\ RI WKH WUDQVSDUHQW HOHFWURGH F
JHQHUDWHIBWKIDHUV ,W LV,FFOED W KDRP5N. IXHIHJHDVHY VLIQLILFD
WKH GHSRVLWLRQ 5) SRZHUN 5VWRURSEMBQ UWRKPH DSSOLHG SODV
LQFUHDVHG IURP W R © 7KLV LPSHRYHDRHBEMW LW VWOHFWUH.E D\C
LQ WKH QXPEHU Rl OD\HUV LQ JUDSKHQH ILOPV KLY FERIR S ULRH &V EL
DFFRPSDQLHG E\ D UHGXFWLRDKLB®KWKIH AV W DDGOMEDHBIQIF\LQ
239 GHYLKEH JURZBWWH RI JUDSKHQH LQFUHDVHV DW KLJK GHSRV
GHFRPSRVLWLRQ UDWH Rl WKH SUHFXUVRU PRCH RX® H\G & L WIKRIQK
WKH HOHFWULFDO FRQGXFWLYLW\ Rl JUDSKHQH VWURQJO\ GHSH
ZULQNOHV YRLGV GLVORFDWLRQV HWF 7KH VKHHW UHVLVWDQ]
IlFDA @KLFK LV LQ D JUHDW DJUHHPHQW ZLWK WKH ILQRUGJV LQ \
.., E  WKH UDWHEUWHDVHV ZLWK LQFUHDVLQJ WKH 5) GHSRVLYV
VWUXPAWNBWY BW KLJK SRZHU DQG WKHUHIRUH WKH VKHHW UHVL
PDWHULDO GHSHQGY VWURQJO\ RQ LWV RSWLFDO WUDQVPLVVLR
VRODU OLJKW DV SRVVLEOH WR WDH/DHF KV WK HP 3 {LRPW R SR MWYRF B D UHHU
WUDQVPLVVLRQ Rl WKH VIQWKHVL]HG JUDSKHQH VDPSOHV RQ JC
WR ,72XUHJ F GLVSOD\V WKH RSWLFDO WUDQVPLVVLRQ RI WKH
UDQJH EHWZ®EQ QP 7KH JUDSKHQH ILOP SUHSDUHG DW : KD
DW QP ZKLOH VDPSOHV VI\QWKHVL]HG DW . DQG . ZHUF
RI DQG UHVHFWRPSEOMH SUHSDUHGREZWU W U B QRAFELLMYH 8 @ H V
DW VKRUWHU ZDYHOHQJW KIW G B B GWR DVKFHR LU D\$ R WGHD \QEEGHRPOW H ¥
WKDW JUDSKHQH DW . LV PRUH WUDQVSDUHQW WR WKH ZDY
WKH WUDQVPLVVILROP R IS UHBHDKHHEGHDW KLIKHU SRZHU OHYHOV ZH
VKRUW ZDYHOHQJWKYV QP ,W LV ZRUWK\ WR PHQWLRQ WKDYV
IRU 239V VKRXOG EH PDWFKLQJ ZLWK WKH DENRWUFHWVL)RQ HPIRS G
IRU ZLGH EDQGJDS GRQRU SRO\PHU D 7&( PDWHULDO ZLWK KLJ}
SUHIHUUHG DQG YLFH YHUVD LQ FDVH QDUURZ EDQGJDS GRQRL
JUDSKHQH VDPSOHV D WWULLIEXW HE) WRZWKH V@MU HDVHG QXPEHU |
RI JUDSKHQH QDQR LV ODRIG\E HWKZHHHIQRRI$IW DF V@ MDEHE HOHFWULFL
VKRXOG EH UHDOL]HG IRU WKH RSWLPXP GHYLFH SHUIRUPDQFH
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JLIXUH D 9 FKDUDFWHULVWLFV RI WKH GLITHUH@RLUQWD
PHWKRG E 7KH YDULDWLRQ RI WKH VKHHW UHVLVWD(
SRZHU F 2SWLFDO WUDQVPLWWDOQRHK HRV WHKBV&UHBUI
(OOLSVRPHWHU G 7\SLFDO LPDJH WR WKH VIQWKHVL]

JLXUHKH, D VKRZW WKBUDFWHULVWLEYDWHGWEKW 2H0OGS KMHQ MV KH
,7T2EDVHG 239 GHYLFHV 7KH PHDVXUHG SKRWRYROWDLF SDUDP
vy, (Ké&ADQ¥%:e RI WKH GHYLFH EXLOW RQ JUDSKHQSXMW (SRU HB DDUHG

P$ FPDQG 9 UHVSHFWLYHO\ DQG WKH FRROUUGMWERSGUQY YODUOL
P$ FIDQG 9  7KH-¢aD® FHDD/\HHRU BIW\DHSGK KEQIEY LFH FDQ EH DWWULE
RSWLFDO WUDQVP IHVOWBWER RH\ WDDAS KIKEHW ZDYHOHQJWKV QP

JLXUH, F 7KLV ZDYHOHQ¥XWKWRHUHBSQHVHQWY WKH PDMRULW\
UDQJH RI WKH6G PFB®EYH HEEOMQGY ZRUWK PHQWLRQLQJ WKDW
SKRVORHFWURQV LQ WKH SKRWRDFWLYH OD\HU RI WKH GHYLFH F
DGGLWLRQ WR WKH HCHFKAV KR B& RDFFU SSORUH DIEDYVARUEYV PDLQO\ L
EHWZHHQ QP @ KHUHIRUH WKH 239 GHYLFH ZLW ke WRBE KD WO
EDVHG RQ ,72 'HV Sk WEHGWKIHWKKH KD § KIEGQEHYLFH LWV 3&( ZDV O
RI WKH ,72 ERXQWHUSBIVXOW RI WKH UHG)YFRHGVIKIKD QHEDFWEBQH 7K
GHYLFH ZHUH IRXQG WRKHHK DUBQGIXLYDOHQW WR DQG Ut
E\ WKH FRQWURO GHYLFH )) RO KH JEDXSEKBEB-HH-RODQ EH DWWU



WR WKH KLJK VKHHW UHVLVWDQFH Rl JUDSKHQH HOHFWURGHV F
7&( LQFUHDVHV WKH VHULHZ KLHFKLOWD Q¥ HVRI DV& H RSHYQFIHV V L O
FDUULHU UHPRRBEQQDOMAIRQPLRQ JUDSKHQH H[KLELWHG KLJKHU V
FRQAHG E\ $)0 GKIWE FRXOG EH DQ DGGLWLRQDO UNFERPRSQDWLF
7KH UHODWLYHO\ KLJK VKHHW UHVLVWDQFH RI WKH VIQWKHVL]H(
RI VWUXFWXUDO GHIHFWV VXFK DVDERNGINQRYV WEE GRIYEGVHVVID
JUDSKHQH HOHFWURGHV VIQWKHVL]HG DW DQG - WKHLU S
ZLWK JUDSKHQH DW © 7KHLU SKRWRYRQW D I RtBLOQUFUAHDV HIGY
VOLJKWO\ IRIFHERWRPS®HUHG WR WKH GHYLFH EDVHG RQ JUDSKI
DOWKRXJK WKH\ H[KLELWHG ORZHU RSW Lt DROU VERDUKY B HW\LEERIY F7L
DWWULEXWHG WR WKH GHFUHDVH LQ WKH VKBHIRW H U V WM DEUFRISRI
IRU WKH GHYLFH EDVHG RQ JUDSKHQH DW © PD\ EH DWWULE X
WUDQVSDUHDK\L FHO HFE SMUARG\H WKH XQLIRUPLW\ RI WKH VSLQ FRDW:
FRQVHTXHQWO\ WK FWURQHW BURRFHV

JRU IXUWKHU LQYHVWLJDWLRQ WR WKH IHDVLELOLW\ RI WK
PRUH GHYLFHV EDRBG VR ® FVKH MVODWH) FRQVLVWLQJ RI 30 < G
IDEULFDXWHG PLIIGHYLFH SUHSDUHG RQ JUDSKHQH 7&( DFKLHYH
XQSDWWHEMHEG, FRXQWHUSDUW H[KLE kMRHGVKH JED SKEBRGIMYR DH \
ZDV KLJKHU WKDQ WKDW RI WKHDQIBIHU BBBH G R ¥ HBHIOE)OW VWHKHG
7KHVH UHVXOWYV DUH LQ D JRRG DJUHHPHQW ZLWBRBsOVRAWADYWD ||
OD\HWXUWJID ,W VKRXOG EH PHQWLRQHG KHUH WKDW KLJKHU 3&(
< EDVHG 239V RQ ,72 FDXBH | KX Q® RWGHILWWMWR XYW OLGDWH WKH ID
XVHG ZLWK RXU GHYLFHV DQG ILIJXUH RXW WKH SRVVLEOH UHDYV
PRUH GHYLFHV ZHUH |D BWLFY Wb G HED VARGHR®! FSWMAR G-V ZY. W R Q/FLHP
RSWLFDO WUDQVPLWWDQFH WR WKH XQSDWWHUQHG ,72 XVHG |
HOHFWURGHV +LJKHU 3&(V UHDFKLQJ Z H U S DRAEMWHDULQHIG |RU T
VKRZQ X@HBEJ LQ VXSSOHRMWOWEKRRQDIILUPY WKH YDOLGLW\ RI
SURFHGXUH RI RXU GHYLFHV +RZHYHU WSKOHNV WIHWLDHAGL BQ QR IX @ K E
,72EDVHG 239V FRXOG EH DWWULEXWHG WR W KB V&L HPHHQQWW W & M
FDVHV $OVR LQ FDVH RI 239V EXLOW RQ XQSDWWHUQHG ,72 DQC
HOHFWURGHV LV WKURZXKKFW KHD @ KDY/ [$O \ CECH MAYP DD HBE LQVHW )L
FRQWUDVWS BARWHKIH BB H 72 Z KW UDHF MLKHY IF 8 QAU VKWW KH VW URQJO\
LQVHW,HEJ ORUHRYHU WKH GHSRVLWLRQ RIPWRMXVURS HOW ¥ WRIB
GHYLFHV LQ WKH SUHVHQW ZRUN ZDVZRHEKREUPSVERRE WY HEHS WK
GHJUDGDWLRQ RI WKH GHYLFHV 7KH IDVW GURS LRUMEBH GHYLF}
DQG 7DEOH



7KH SKRWRYROWDLF SHUIRUPDQFH RI DQ 239 GHYLFH GHSHC
DQG RSWLFDOWHKHRIHODWKARHUMHIRUH IXUWKHU HQKDQFHPHQW L
JUDSKHYH G 239V UHSRUWHG LQ WKH SUHVHQW ZRUN FDQ E
FKDUDFWHULVWLFV SDUWLFXODUO\ WKH @Q HFMLYL BB O DRIRIQ GAXH My
SHUIRUPDQFH ZDV HQKDQFHG WKURXJK LQFUHDVLQJ WKH WKLFN
WRS RI JUDSKHQH HOHFWURGEHEVWHU R 2 QYDMAD GHIS RV LORXE RIY WR:
7&( SUHSDUHG DW © YLD VHTXHQWLDO \QSQi)D PR 3& IDRW D W
PLOQXWHAT KH GRPEOW =0Q2 ' LPSURYHG WKH )) Rl WKHOGHYAIF@ | UR
WKH 3&( WR LQFUHDVH IURBH, GDMRREQH )I7ZKH LQFUHDVHG )) DQC
FDQ EH DWWULEXWHG WR WKH VXSSUHVVHG FDUULHU UHFRPELQI
JUDSKHQH ZKLFK DFKLHYHGVE WHKWVDHW LYW BDABIEH :H DUH FRQ
UHVHDUFK WR DFKLHYH WKH EHVW GHYLFH SHUIRUPDQFH WR PDN
WR ,72
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JLIXUH D, 9 FKDUDFWHULVWLFV RI WK 2 3LEHYLUFW M GE B AT
JUDSKHQH 7&(V DQG ,72 UHIHUHQFH GHYLFH E 6FKH
GHYLFH HPSOR\HG LQ W & H KSIUHY F\VP MU Z R WENFWAIGR- 2 300/ R

DQG XQSDWWHY OKBU,TEW BULN VBBFOG HRIWFHYV EDVH!
7&(V DW . ZLWR G/ CRIE®Y =Q2 (7/



7TDEOH 7KH SKRWRYROWDLF SDUDPHWHUV RI WKH 239 GHYLFHV &
, 72 HOHFWURGHV ZLWYHGYIIHUHQW DFWLYH O

7&( SFWLYH O] vr P$ FP | 926 9 |)) | 3&(

*UDSKHQH

*UDSKHQH

*UDSKHQH |3 +7 3&0

8QSDWWHU

*UDSKHQH 30 <

8QSDWWHU

*UDSKHQH | 3 +7 3®0
ZLWK 'RQR

,,, &RQFOXVLRQ
$ ORZ FRVW UDSLG DQG GLUHFW V\QWKHVLV RI JUDSKHQH
SUHVHQWHGRUKMHG DSSURDFK XVHV DQ HQYLURQPHQWDOO\ [UL}
WKH QHHG RI D FDWDO\VW RU D FDUULHU JDV 7KH VIQWKHVL]HC
RSWLFDO DQG HOHFWULFDO IHDWXUHV BASWKLDLR®SEREBGHSH
WUDQVPLWWDQFH BNWZHB® DW FRUUHVSRQGLQJ VMKHEWUWHHVLVW
UHFRUGHGSBHSWKH ®VUDSKHIBIV LEDXPNMOW RQ WKH JURSKHDH 7&(\
9, DQG UHDOL]HG ( RRWWIEBT@&G GHYLFH 7KXV WKHRJUZDWHQW V
WRZDUGV WAOHO BCARAPHUFLDOL]DWLRQ RI JUDSKHQH HOHFWURGH#
RSWRHOHFWURQLF GHYLFHYV
SHIHUHQFHYV
> @ 5DKPDQ 0$ 5DKLP3Q MWD &XDWX]]D/HH & 1DRJHHHRRBO RIZPDQLF
VRODU FHOOV ZLWK KLJKO\ FRQGXFWLYWRB®RONQH VNWKR QBN HGL®
(QHUJ\ ODWHULDOV DQG 6RODU &HOOV
> @ 'X - =KDQJ ' :DQJ ;: -1RQY BKBQWIDO ([WUHPHO\ HIILFLHQW
FHOOV ZLWK D JUDSKHQH WUDQVSDUHQW DQRGH 'HSHQGHQFH |
&DUERQ
> @ &XL + 6RQJ : )DQDG\ % 3HQJ 5 =KDQJUH HXPDUD QLFW ROD |
RYHU E\ HPSORRIDWH®GURBQGXFWLYH 3('27 366 WUDQVSDUHQ
&KHPLVWU\
> @ .DQJ -+ &KRL 6 3DUN <- 3DUN -6 &KR 16 &KR 6 HW DO &X J
HOHFWRBR ®WVDQLF SKRWRYROWDLF GHYLFHV &DUERQ



> @ &KR+&DQJ : (XQ . &KRDD66.LP.+ OHFKDQLFDO IOH[LELOLW\ RI
3('27 366 HOHFWURGHV SUHSDUHG E\ JUDYXUH SULQWLQJ IRU I
ODWHULDOV DQG 6RODU &HOOV

> @ :X - 4XH ; +X 4 IXR ' /LX 7 /LX) HW DO OXOWL(OHQJIWHF
DSSOLFDWLRQ LQ HIILFLHQW RUJDQLF VRODU FHOOV $GYDQFHG
> @ =KDQJ - +XL;./UL+% /LX ; 3HW IRQPPIPKHH 72HURYVNLWH 6ROL
(QDEOHG ED®OLOH® K DUERQ 1DQRWXEH )LOPV $GYDQFHG )XQFWLF
> @ ODQFIDPIRH] $ IPEWIQMR (- 6RERIRKQR < OHDVXLHYZ %R Q$ WK L
HIILFLHQF\ REDVBGSK®WOHRUIJDQLF VRODU FHOOV -RXUQDO RI 1DQ
> @ :DQJ < 7RQJ 6: :X ;) g]\LOPD] % /RK .3 ,QWHUIDFH HQJLQH
JUDSKHQH DQRGHV IRU KLJK(SHU RIUPRPRHGI RIMBQLBOANRODU FHO
> @ :X - %HFHUULO +$ %DR = /LX = &KHQ < 3HXPIURFBVYHGEDQ
JUDSKHQH WUDQVSDUHQW HOHFWURGHV $SSOLHG SK\VLFV OHW!
> @ <LQ = 6XQ 6 6DOLP 7 :XW DXDRDUJID QHHF SKRWRYROWDLF G
IOH[LEOH UHGXFHG JUDSKHQH R[LGH ILOPV DV WUDQVSDUHQW H«
> @ .UHEV )& -iUJHQVHQ 0 1RUUPDQ . +DJHPDQQ 2 $OVWUXS
SURFHVV IRU SORGLUEFOMH. RQ WRIH DUHD SRO\PHU VRODUIEHOWY HQ
SXEOLF GHPRQVWUDWLRQ 6RODU (QHUJ\ ODWHULDOV DQG 6ROD!
> @ =KHQJ ; =XR /| =KDR ) /L < &KHQ 7 6KDQ 6 HW DO +LJ
3KRWBYROWWLWK 6 XSHULRU )OH[LELOLW\ DQG 8S(6FDODELOLW)\ $
> @ :RUIRON %- $QGUHZV 6& 3DUN 6 5HLQVSDFK - /LX 1 7RC
FRQGXFWLYLWKHD WHR® SR DORRHULF WU D QV S\DKU-HH DDWILLR@N O JFRGH
6FLHQFHV

> @ 5LFFLDUGXOOL $* <DQJ 6 :HW]HODHU *-$ )HQJ ; %ORP
JUDSKHQH(EDVHG VROXWLRQ(SURFHVVHG WUDQVSDUHQW HOHF
)XQFWLRQDW ODWHULDO

> @ &KHQ ; :X * =HQJ * *X + &KHQ + :X + HW DO 5HDOL]LQJ
DQG! HIILFLHQF\ RI IOH[LEOH RUJDQLF VRODU FHOOV YLD D
$GYDQFHG ODWHULDOV

> @ +XDQJ - 5HQ = =KDQJ < /LX . =KDQJ + )TUHQU 24U JB\Y LIFO6 REON
&HOOV ZLWK ,OGWIDHFWIER QBXE (WUPMIK ARZXWGERRU DQG ,QGR
+DUYHVWLQJ $GYDQFHG )XQFWLRQDO ODWHULDOV

> @ :PQ;LD < )DQJ - =KDQJ = :X % -LQBURFHV\HWG D/QDORGE
&RQGXFWLQJ (OHFWURGHV IRU YOH[LEOH 2UJD Q IOR BRR DWHIDDW

> @ *ULOOL 0 'L 6DUFLQD , %RVVLL6$ 530\ OW KL CB IDAYASR QW D E B
DV WUDQVSDUHQW FRQGXFWLYH HOHFWURGHV 7KLQ 6ROLG )LOP



> @ 6KWHLQ 0 7KLQ PHWDO ILOPV DV VLPSOH WUDQVSDUHQW FI
> @ 6RQJ <6 6HRQJ 1- &KRL QG H\XHFW 2SMDLF BO MSHUWLHV RI W
JDOOGRPHG =Q2 HOHFWURGHY SUHSDUHG E\ DWRPLF OD\HU GHSR
7KLQ 6ROLG )LOPV

> @ %DVDULU ) ,UDQL )6 .RVHPHQ $ &DPHW BO BHFXQ@W 3$NR D
VROXMWIRFHVVHG VLOYHU QDQRZLUH EDVHG WUDQVSDUHQW FRQ
ODWHULDOV 7RGD\ &KHPLVWU\

> @ /HH &RQQRU 67 &XL < 3H3BPREMV3/ H®R O KW DRQ DI DLUHD BH \
(OHFWURGHV 1DQR /HWWHUYV

> @ )DQ 4 =KDQJ 4 =KRX : <DQJ ) =KDQJ 1 :LDR 6 HW DO +L
FDUERQ QDMMAMGXHBHFWURGHYV IRU XOWUDWKLQ DQG VWUHWFKDE

> @ *DUJ 5 (OPDV 6 1DQQ 7 $QGHUVVRQ 05 'HSRVLWLRQ PHWK
IRU RUJDQLF VRODU FHOOV $GYDQFHG (QHUJ\ ODWHULDOV

> @ .DWVQHOVRQ 0, *UDSKHQH FDUERQ LQ WZR GLPHQVLRQV ¢
> @ :DVVHL -. .DQHU 5% *UDSKHQH D SURPLVLQJ WUDQVSDUHQ

> @ (PPRWW &- S8UELQD $ 1HOVRQ - (QYLURQPIHQ\WMDHDO B DWW UHFR
IRU RUJDQLF VRODU FHOOV 6RROMIU&HGI®NI\ ODWHULDOV DQG

> @ &KRL.PQJ 6- .LP&KRL :0 1D OXOWLOD\HU JUDSKHQH ILOPV
HOHFWURGHV IRU RUJDQLF SKRWRYROWDLF GHYLFHV B6RODU (QF
> @ 3DUN + &KDQJ 6 FKBEFLRR@IN- 6UDGH[LEOH JUEDKHHBH HOH
RUJDQLF SKRWRYR ®WIKLAW IZAWIK B\HFEPW®R /HWWHUV

> @ /L < :DQJ % +X + =KDQJ - HLRORIDLODO SBIMHOGRBHUIRUPDQF
(OHFWURG HRWQ %MD\EH O OB HR URBULG $J1: 1HWZRUN ,((( $FFHVV

> @ :DQJ 3 -LDQ O =KDQJ & X 0 /LQJ; =KDQJ%DWMWGD)® H{L EIO®I
+\EULG 7UDQVSDUHQW &RQGXFWLYH (OHFWURGIH\N.ORWV 2QWBIQLEB F

> @ /LPD / ODWRV & *RQoDOYHV / 6DOYDWLHUUD 5 &DYD & =
SURFHVVDEOH WUDQVSDUHQW DQG IOH[LEOH JUDSKHQH R[LGH
DSSOLFDWLRIX\VRXVQD®OSBIOLHG 3K\VLFV

> @ S5LFFLDUGXOOL $* <DQJ 6 )HSURJFH¥ ©BEPRPO3HD KR GMXINDLSKP Q H
RUJDQLF VRODU FHOOV $&6 DSSOLHG PDWHULDOV LQWHUIDFHV
> @ =KDQJ < =KDQJ / =KRXL&DOHYDBRURIGHERFLWLRQ RI JUDES
DSSOLFDWLRQV $FFRXQWV RI FKHPLFDO UHVHDUFK



> @ ;LQ + /L: $ UHYLHZ RQWRBK WRDRXJIBBWWULRO®R|I FKHPLFD
JUDSKHQH $SSOLHG 3K\VLFV 5HYLHZV

> @ 6DHHG 0 $OVKDPPDUILDY¥ UDIDWHHG( 6 & KHELFDO YDSRXU GHSR
6\QWKHVLY FKDUDFWHULVDWLRQ DQG DSSOLFDWLRQV $ UHYLH
> @ /L& #X & <HK &-LQ & 6XHQDJID *UBKKK@H JD X@EDRIOLMD Q FDQ
EH" 1DQR OHWWHUYV

> @ /LR <LQ & &HHQ GXHQDJID .: &&KAMDIR WUDQVIHU RI JUDSKHQ
DQG VXVSHQVLRQ $&6 QDQR

> @ 3DUN + %URZ® 3BQ % X ORNLS K HDHHRW WFBRGXSEWLQJ HOHFWU
SKRWRYROWDLFV VWXGLHV LQ JUDSKHQH PRUSKRORJ\ KROH WL
OHWWHUYV

> @ =KDQJ = 'X - =KDQJ ' 6XQ + <HQDEQ®BG XHDW DIBF GHREYQ QD Q G
WUDQVIHU RI JU DISUKHIED H OIHR[W EGDIHYI RHUWDNQLLGF) GELLIKGWHY 1DWXUH FR

> @ 6XQ - &KHQ < &DL ; 0D % &KHQ = 3WIHBHHWKW 0U HHWN QDADK
JUDSKHQH RQ YDULRXMDKDQFNEWEHBORED/®LDSRU G HSIRIWVFMALLYRQ IF
HOHFWURGHV 1DQR 5HVHDUFK

> @ 7TUDGDPPL 6 3DUYNQh< -HRQ & HRRAUBHU JUDSKHQH HOHFWL
VXSIHWH[LEOH QG Q\HPRU HQ WU SFHUROYW NDWWLYBWBIG XQGHU DPELH

> @ :HL 1 /L 4 &RQJ 6 &L + 6RQJ < <DQJ 4 HW DO 'LUHFW V\Q!
PDFURVFRSLF XQLIRUPLWDHYYEQWE GE B8 RS S HRUX U QGIPQ \RW WDV HU L

> @ .DPHO 06 2HOJHP|OOHU 0 -DFRE 09 6XVWDLQDEOH SODVPI
RUJDQLF VRODU FHOOV -RXUQDO RI ODWHULDOV &KHPLVWU\ $

> @ =DIDU 0$ 9DUJKHVH 2. S5REOHV +0HU QGRLQBWH S &6\ QLW KH VAIVF |
1ILWURISIG *UDSKHQH 2[LGH IURP $QLOLQH DW $PELHQW &RQGI
,QWHUIDFHV

> @-X®DLOL $ =DIDU 0$ %D]DND . :HHUDVLQJKH - -DFRE 09 ¥
*UDSKHWHARWHNY 'HULYHG IURP 5HQHZDEOH 3UHFXUVRU &DUERQ 7
> @ .XPDU 9 .XPD-U 3DUBNHEVWLPDWLRQ RI QXPEHU RI JUDSKHQH
PHWKRGV D IRFXVHG UHYLHZ ODWHULDOV

> @ $ODQFKHUU\ 6 %R]DMEOPDUBYFRKHRRGHO % $OH[ $ HW DO )I
RQLRWUXFWXUHG JUDSKHQH ILOPV IURP FLWUXV VLQHQVLV H
FKDUDFWHULVWLFV $&6 $SSOLHG ODWHULDOV ,QWHUIDFHV

> @ .DLQGO 5 -BIMRBLBLFKEHW - )LDQ $ )LVVOWKDOGD\KHUHW D«
1DQRVKHHW &RDWLQJV E\ 3(&9' ODWHULDOV 7RGD\ 3URFHHGLQJ



> @ 2X\DQJ % =KDQJ < =KDQJ = )DQ +- 5DZDW 56 *UHHQ V\QWK
DQGLWKHSSOLFDSHRIR UPDKAFK VXSHUFDSDFLWRUV 56& $GYDQFH\
> @ *HQJHQEDFK 75 ODMRU *+ /LQIRUG 05 (DDWRRR& RBOBIFWL
VSHFWURVFRS\ :36 ,QWHUSUHWLQJ WKH FDQFRQ ¥H¥EBRWRIP
$ 9DFXXP B6XUIDFHV DQG )LOPV

> @ %OXPH 5 5RVHQWKDO ' 7HVVRQQLHU -3 /L + .QRS(*HULFNF
FDUERQ ZLWK ;(UD\ SKRWRHOHFWURQ VSHFWURVFRS\ D VWHS(E\

> @ ORUJDQ '- &RPPHQWV RQ WKH ;36 $QDO\VLV Rl &DUERQ O0DW
> @ %DHU '5 $UW\XVKNRYD . %UXQGOH &5 &DVWOH -( (QJHO}
JXLGHVURUSKRWRHOHFWURQ VSHFWURVFRSKEW)LQN W § & HISAS R Q W
PHDVXUHPHQWY -RXUQDO RI 9DFXXP 6FLHQFH 7HFKQRORJ\ $

> @ -DFRE 09 5DZDW 56 2X\DQJ % %D]DND . .XPDWH' & ODD/JIPITFK L
(QKDQFHG *URZWK RI *UDSKHQH IURP 6XVWDLQDEOH 6RXUFHV 11
> @ OLFFROL , (GOHU ) 3IQ+U + 7HJHQNDPS &SRKGW SUKRDHD
WHFEKQLTXH WKH UROH Rl SUREH JHRPHWULHV LQ LVRWURSLF
&RQGHQVHG ODWWHU

> @ TRSVRRPHWULF IDFWRUV LQ IRXU SRLQW UHVLVWLYLW\ PHD
> @ .KROPDQRY ,1 ODJQXVRQ &: $OLHY $( /L + =KDQJ % 6XN
FRQGXFWLYLW\ Rl JUDSKHQH ILOPV LQWHJUDWHG ZLWK PHWDO Q
> @ =KDQJ ) =KXR = =KDQJ - :DQJ; ;X ; :DQJ = HW DO ,QIOX
HOHFWURQ DFFHSWRU RQ WKH SHUIRUPDQFH RI SRO\PHU VRODU

> @ :ULJKW 0 288G RRFRUIDQLF K\EULG VRODU FHOOV $ FRPSDU
ODWHULDOV DQG 6RODU &HOOV
> @ +H < /L < )XOOHUHQH GHULYDWLYH DFFHSWRUV IRU KLJK
&KHPLVWU\ &KHPLFDO 3K\VLFV
> @ 1RK 4P66 .LP:71D 6 (IITHFW RI VKHHW QMHYR ERNH)E HH RH BW UR C
RQ FSHOUORUPDQFHVWHRI RUIDQLF VRODU FHOOV O6HPLFRQGXFWF

> @ 6X &LH + &KDOXDIRI 6XQJ+< &KHOQ AW DO 6 RIOWBHERFHVVDEOH
2UJDQLF 3KRWRYROWDLFV ZLWK +LJK 3HUIRXRIDHAHYVQ HQ B ERHHIBN
$&6 $SSOLHG ODWHULDOV ,QWHUIDFHV

> @ +RVVHLQL 60 7RNPROGLQ 1 /HHU<: HWXDO :RRWAYLQAHRKWGH
< VRODU FHOOV WR UHGXFH WKH /DQJHYLQ UHFRPELQDWLRQ



> @ <XDQ - =KDQJ < =KRX //EXDQIWN*DOLBEPWAQRRQ 2UJDQLF 6RO
ZLWK RYHUILFLHQF\ 8VLRUQJXYHEHSWRU ZHWHK L HIDHFWLRRUH  -R X

> @ =KDQJDQJ - /L : B6KHQ'</L&KHEBW DO 6\QHUJHWLF 7UDQVS
$UFKLWHFWXUH IRXYOQOHFHBEWOOHRQEOH 2UJDQIALFREDB\&HO®V
1DQR



&KDSWHU ,9
'HYHORSPHQW RI K\EULG VLOY HWHG DWQR/ANDHYD EW

JUDSKHQH 7&(V IRU 239V

&KDSWHU ,9 DLPV DW LPSURYLQJ WKH HOHF\WUHED OKHQRIS H U
7&(V WR PDNH WKHP PRUH FRPSHWLWLYH WR ,72 7KH K\EULGL]
HITHFWLYH VWUDWHJ\ WR GUDPDWLFDOO\ UHGXFH WKH VKHHW U}
WUDQVPLWWDQFH 1HYHUWKXOH \RQ WAKEM DSSKEELHR X V$ DI W HQF O X «
WUDQVIRWLWFKHSMUHDVH WKH RYHUDOO IDEULFDWLRQ FRVW DQG
HITHFWLYH FRXSOLQJ SDWKZDUHIRIZ$AVD/SEAQGHVWR GWIRGXFH KLJK
7&( RWD,QWHUHVWLQJO\ 239 GHYLFHV IDEULFDWHG RQ WKH GHY]|
SHUIRUPDQFH FRPSDUHG WR WKRVH EDVHG RQ SULVWLQH JUDSK
D GHFOLQH LQ SHUIRUPDQFH

7KLV FHKIDBW EBRBOHBWHG |RRIQSXEIMWHKBWSOLHG (QHUJ\ ODWH
MR X DYDPHOLFKDHOG6BVRISSIBHOMR® FRE 0 9 3,PSURYHG MBBIQVIHU
VXVWDLQDEOH JUDSKHQH HOHFWURGH XVLQJ VLOYHU QDQRZLUH

$SEVWUDFW

7KH K\EULGV]DOWIHRRQ (ROQRZLUHV $J1:V DQG FKHPLFDO YDSF
JUDSKHQH LV D SURPLVLQJ VWUDWHJI\ WR SURGXFH HIILFLHQW
RUJDQLF SKRWRYROWDLFV 239V ,Q WKLV ZRUN DI WKRBHHYV VIXC
JUDSKHQH IDEULFDWHG RQ JODVV XVLQJ SODVPD HQKDQFHG &9"' |
DQG KHQFH DYRLGHG PXOWLVWHS SURFHGXUH WR WUDQVIHU JU
H[KLELW ORZHU VKHHW UHMMMW.AFHUBBKHMUHH GQWIRGE KW LRLD WK
RULHDUWHE&EHQH QDQRVKHHWY VXSSUHVV WKH LPSDFW RI WKH UF
DUHD RI LQWHUIDFH EHWZHHQ WKH 7&( DQG WKH DFWLYH OD\HU
ZLWKVD¥H OD\HUV QDPHO\ 3 +7 3&%0 3 +7 3& %0 DQG 30
SHUIRUPDQFH RI WKH UHIHUHQFH G HYDLWHHG YQRHUY LM VRMOQW K H 3KYHE U |
H[KLELWV KLJKHU ILOO IDFWRU DQG D FRPSDWRD BMKHD W RRZIHW |
, IT2FRXQWHUSDUW 6 LPICEEDWIOH 300G HKYLPHULRQWHIGH K\EULG 7&(
GHPRQVMWQIIDOMHRDALHQF\WWKDW RQ ,7ZKH SUHVHQW ZRUN GHPRQ®
DXVSLFLRXV SODWIRUP WRZDUGY VXVWDLQDEOHUHMHGIHPR®R B HF
EDVHG 7&(V IRU 239V
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7UDQV FARQHEXWWLQJ HO HFRMAWREBUHD SKUHDQH IBUOYHU QDQRZLUHV 2
)LOO IDFWRU

1HZ FRQFHSWYV

7KLV PDQXVFULBYR EWSHDHQWEYDWLRQ LQ WKH ILHOG RI WUL
HOHFWURGHV 7&(V IRU RUJD)®IUF VBKIR WIRMNRO WD PHY Z2BXW YH VXF
VLOYHU QDQRZLUHV $IUHH ZXWW DN QDEOH FKHPLFDODBKSIRW GH S
UHVXOWLQJ LQ KLJKO\ HIILFLHQW 7&(V 2XU DSSURDFK GLIIHUV
K\EULGRQWI $J1:V DOUDKRHQH XVLQIUWBRPWWRREWU,Q WKH ILU
JUDSKHQH ZDV GLUHFWGORDWRZBQJRQ VI MEE VY WHKMHHVHBEWRQG PHV
$J1:V ZHUH VSLQ FRDWHG RQWRJGDSKFW E\ RQ QNI NBWLF/EKTE NSSBELD W
239 GHYLFHV IDEULFDWHG RQ WKH K\EULG 7&(V XVLQJ ERWK DS
FRPSDUHG WR WKRVH EDVHG RQ SULVWLQH JUDSKHQH ZKLOH G|
SHUIRUPDQFH 1RWDEO\ WIKH @HYLFHV¥ROQEUDRS D WRIEF K VEHPRQV\
SRZHU FRQYHUVLRQ HIILFLHQFLHYV DQG KLJKHU ILOO IDFWRUV FR
R[LGH ,72 ,Q WKH VHFRQG DSSURDFK ZH GHPRQVWUDWHG WKD
QDQRHHWY HIIHFWLYHO\ PLWLJDWHG WKH LPSDFW RI WKH URXJK
DQG LQFUHDVHG WKH FRQWDFW DUHD DW WKH LQWHUIDFH ZL
HQKDQFHPHQW LQ WKH ILOO IDFWR UVRZ RWK\H SIMWRHFR\E W HEDGH FB/\GS
UDSLG PHWKRG IRU SURGXFLQJ HQYLURQPHQWDOO\ IULHQGO\ 7&



9 ,QWURGXFWLRQ
,QGLXP WLQ R[LGH ,72 KDV EHHQ ZLGHO\ XVHG DV D WUDQ
RUJDQLF VRODU FHOOV 26&V WKDQNV WR LW @HREZHNHEEOW KIHD |
KLJK FRVW VFDUFLW\ RI LQGLXP SRRU FKHPLFDO DQG PHFKD
GHYHORSPHQWHR26EZY@®HYHUDO 7&( FDQGLGDWHY EPHORPOGLR[LGHY
> @PHWDO WK®RQIG OFPHWWD @DYHGWPHUJHG ORUHRYHU ' PDWHULEL
QDQR WXEHV @BAGVPHWDO >Q IBDPRZH. BEHWQ ZLGHO\ LQYHVWLJIJDWHG
RSWRHOHFWURQLFV DSSOLFDWLRQV 'HVSLWH WKH SURJUHVV DF
OLPLWDWLR @KHRLFD®XOGD@G PHFKDQLFDO VWDELOLW\ LVVXHV |
WUDQVPLWWDBBWHGUDSKHIRW 26&V KDYH UHFHLYHG LQWHQVLYH
FDQGLGDWHY WR UHSODFH ,72 GXH WR WKHVYWLFYSHQ LIRUGH®HR
KLJK FKHPLFDO DQG PHFKDWL.GDR WWDEHQEW\SODVPD HQKDQFHC
GHSRVLWR® XDV D JUHDW SRWHQWLDO DV DQ HIIHFWLYH DSSU
RSWRHOKFWURRILHWKHOHVY WKH KLJK FRVWHKXYK RIQFMDKIHM. LW W
DQG XQVXVWDLQDEOH HQYLURQPHQWDOO\ KD]JDUGRXV FDUERQ
3(&9' IRU JUDSKHQH 7&(V ORUHRYHUFRQKWX P RO $ GIUFDAMIGX DHV/G UW
WUDQVIHU JUDSKHQH RQWRVW R H [ MWEUDH VSOEMQWDO WH D@ GDPD.
7KHUHIRUH WKH DERYHPHQWLRQHG OLPL®WDVH®ERR VQB Y GRWIRD B/H C
DGGUHVVHG EHIRUH LWV XELTXLWRXV FRPPHUFLDOL]DWLRQ
7KH GLUHFW V\QWKHVLV Rl JUDSKHQH RQ WUDQVSDUHQW VX
GDPDJH RI JUDSKHQH IHDWXUHV XSRQ WKH DVVRFLBIWHGBGKHARPSC
IDEULFDWLRQ FRVW RI WKH 7&( DQG WKH ZKROH 26& GHYLFH $¢
WUD QWHHUJUDSKHMQH 7&(@KH\ KDYH QRWGI X\DKH DG\GUHW G LVFXVV
SHFHQWO\ ZH UHSRUWHG D @GH UREFW IR WKW IRG RIODWI/RBRH 5)
VXVWDLQDEOH SODQW H[WUDFW RI 3HODUJRQWLXWKHMLYHB Q@B K
7&(V VKRZHG D SURPQVHQE SWURKWP H[KLEL VEHE DOXR/ZH | RO @ KB FIWRL
KLJK VKHHW U HMLMWMDBEFQHS OHDGLQJ WR @ RRU HFDWLLULH W KR @X R
OD\H WKW HWMRGE WKH JUDSKW®HVIIOHD &XWR D GUDPDWLF GURS LQ W
DQG WKH SHUIRUPDQFH RI WKH 26& GHYLFH 7KXV WHKHHHOHFW
JUDSKHQH 7&(V QHHG WR EH LPSURYWG XQ WRKLRXW/D Q X HQILRQU R\QKKHD
FROOHFWQRQ@RJIHU FRQYHUVLRQ HIILFLHQF\ 3&( RI WKH DVVRFL
BHYHUDO DSSURDFKHY KDYH EHHQ UHSRUWHG WR HQKDQFH
DV FKHPLFDO GRSLQJ SKRWRFKBWIH®D®HNRG®DYRDHWKHOHVV
UHVXOW LQ D FRQVLGHUDEOH GHJUDGDWLRQ LQ WKHRIWLFDO
K\EULGL]DWLRQ RI VLOYHU QDQRZLUHV $J1:V DQG JWDSKHQH KI
@VR LPSURYH WKH HOHFWULFDO SURSHUWLHV RI JUDSKHQH ¢
SUHSDUHG E\ GLITHUHQW PHWKRGV L>QF O Ba GQH[ BRO REBWR.RI®D D V X



HQKDQFLQJ WKH HOHFWULFDO SURSHUWLHWBSKHQH BBVIXOWLQ
7&(V DQG WKH GHYLFH SHUIRUWPD @WK H\QLSEB B XIGRIGV FARFRBNO H[ V\Q
WUDQVIHU SURFHGXUHV RI JRUPBWHGHWRQWRSW K H QI 1VNKEV WU D W
NQRZOHGJH WKH FRXSOLQJ URH K DIt B SKKIIKH WRPOEHHQ UHSRUWHC
+HUHLQ ZH LQYHVWLJDWHG WKH SRVVLEOH ADHM WRD B YEHQIE
7&(V GHYHORSHG IURP D SOROQWRUWBRVFWSIVLQHWYZRUNY ZHUH \
IURP $J1: GLVSHUVLRQV LQ3%&VRESEWRSWK DHF FRRFEHQWUDWLRQV
7ZR VHWV RI K\EULG HOHFWURGH\DRIBU BB UBKBUH GJ1$SVIZWUH VS
FRDWHG RQ WRS RI WKH EDUH JODVV VXEVWUDWH SULRU WR
UHVSHFWRYHSIW:V K\EULG 7&(V $J1:V SURYLGHG DGGLWLRQDC
FRQQHFWLQJ WKH QHLJKERKILFEK \JUDBEKHBMHQGRPDLREWURYHG WKH
RI WKH JUDSKHQH ZLWKRXW UHGXFLQJ LWV RSWLFDO WUDQVPL\
FRQFHQWUDWLRQ $J1: GLVSHUVLRQ RRIJWR JN D'SK®® MW DIDVQK FOLQV R/
VLIQLILFD QWRI\WHKHM KFEHWGLE ILOP WR N ‘* ZLWKRXW DOWHL
,QFUHDVLQJ WKH FRQFHQW U DOMICR PREHVEKIU MMV R & (PP GURS WR
“ ZLWK WUDQVPLWWDQFH RI 3 +7Q Y3&94/0 HIGF Wa.&\H ZAMKUD EDVHG
JUDSKHQH 7&(V KDG D 3&( RI DQG )) R$J1:V ZH[KALE IWKRY B BE[
RI DQG )) RI ZKLFK DUH FRPSDUDEGQ@KLWR WIKG BFRA@WVRRO G
DQG )) RI,Q DGGLWLRQ GHYLEBM \SUMS D UG RO *RXWVWDQGLQJ
ZLWK D 3&( RI DQG )) QU WKFHKYQPH FRQWGHWLFREKHFPOWKG RQ W
K\EULG 7&( HIKRESWHIEOH 3WRKDW RQ ,72
YRU $J1*V K\EULG 7V&DW BRXQG WR GHFUHDVH WR N * Z
WUDQVPLWWDQFH DW $J1:V GLVSHUNQB QVKRQF HQFUHDW HREQWR P
WUDQVPLWWDQFH RtU 2R&VSIDIEVLFDWHG RQG$IIINVH[KLELWHG

LPSURYHG SHUIRUPDQFH ZLWK D 3&( RI DQG DQG )) RI
WR WKH SULVWHQW R HMKKOH)XFH @ HO HF W U L*R.D @ DRARHIEG X & &M YH VKL ES-
SRRU SHUIRUPDQFH ZLWK D 3&( RI DQG )) RDQG ORZDREMM*EFD

WUDQVPLWWDQFH 7KH JURZWK RI JUDSKHQH QFQR WH MHRWSJ L YF U
OHDGLQX@IRRIRQILOP GLVWULE XWWRKQPIIK SRZWUDQVPLWWDQFH
WR PHQWLRQ WKDW WKH GHSRVLWLRQ WHPSHUDWXUH RI JUDSK
7KHUHIRUWHBGRHBAHD W X U H D/S RMQXH \RLQY RIIL W PD\ UHVXOW LQ PRUH
WKH VWUXFWXUHKRE WA :¥&(V DQG WKHLU DVVRRHDREVEDG @ M GF € It
DIILUP WKDW WKH GUHYHSORSH B QBUHIAVKHEULG 7&(V DUH DQ DGYCL
WRZDUGWD EFXN VDIRL®HFHRNMAWWLYH SURGXAWERBRRWRI ,72



.9 OHWKRGV
.9 SUHSDUDWLRG@JIREV KDEKH®HOHFWURGHYV
.9 $J1:V JUDSKHQH 7&(

$J1:V GLVSHUVLRQ LQ LVRSURS\O DOFRKRO ,3%$ ZLWK D FRQ
IURP $®BWHULDO ZLWK DQ DYHUDJH € LBPHWHU SXQPWORRQRJIWK RIV
OD\HU RI $J1:V ZDV SUHSDUHG RQ D JODVV VXEVWUDWH E\ VSLQ |
JODVV VXEVWUDWH ZDV FOHDQHG EZQWHU XQWHKDERPRE E DGWLK R
DFHWRQH DQG ,3$ IRU PLQXWHV HDFK 7KH JODVV VXEVWUDW!|
KHDWHG KRWR&SORUNH PMQXWHV WR UHPRYH DQ\ UHVLGXHV 7KH
R[\JHQ SODVPDQRWHY WR HQKDQFH LWV K\GURSKLOLFLW\ 7KH $.
WR REWDLQ WKH RSWLPXP FRQFHQWUDWLRQ 7R JHW D KRPRJHQ
ZDV VKDNHQ JHQWO\ IRU ILYH PLOQXWHY DQRWHK WG LOHFRDWUQJ |
$J1: VROXWLRQV ZHUH VSLQ FRDWHG RQWR WKH JODVV VXEVWU]I
QHWZRUN FRDWLQJ FRBIWH®B/ KB DBIY:VXEVWUDWHY BHURUUGULHG |
PLOQXWHRUE WKH\ ZHUH PRMRHG WHD PWRU 5WR GHSRVLW JUDSKH
3HODUJRQLXP JUDYHROHQV JHUDQLXP RLO ZDV XVHG DV D VX\
KHDWHG X& XMFGHU D YDFXXB BRQGI WKHQ WUHDWHG E\ : DLU S
PLOQXWHYV 7KHQ WKH PRQRPHU YDSRU ZDV DOORZHG WR HQWHU
VWDELOL]JHG : 5) SRZHU ZDV DSSOLHG IRU PLQXWHV WR V\QV
ZDV FRRERZQ WR URRP WHPSHUWDW X KH@ &\ BMKIHG $7&(VZDV UHDG\
9 *UDSKHQH $J1:V 7&(

*UDSKHQH $J1:V 7&(V ZHUH VI\QWKHVL]HG LQ D UHYHUVH PDQC
DERYH WKURXJK VSLQ FRDWLQJ $J1:\L GRV SHUNIRMORIQ WDOPY R IHUW
XQGHU WKH VDPH FRQGLWLRQV DV GLVFXVVHG HDUOLHU
9 &KDUDFWHUL]DWURGKH@HIKVEULG HOHFWURGHYV

5DPDQ VSHFWHIRQAKRISZ 5DPDQ OLER FMPARSBIH ZDV XVHG FRQILL
RI JUDSKHQH -(2/LRHOED@QYYI HOHFWURQ PLFURVFRSH 6(0 Z
PRUSKRORJ\ Rl WKH GHYHORSHG ILOPV 7KH VKHHW UHVLVWDQF
IRXSRLQW SUREH PHWKRG DV GL\WWF XBKWLHG (Q GRIXSV B B HWIHRIX \¢ %R UR
,QF 0 ' ZDV XVHG WR PHDVXUH WKHLU RSWLFDO WUDQVPLVVLR
ILOPV ZHUH LQWHYWRJIJDWWRY $;,6; B3G5 S KBRIGRIAOHFWRIRHVWHU ;36
ZLWK D PRQRFKURPDWIREXYGEH. K9 RSHUDW H\® DV FOGHE SRWHQWLD

P$ HPLVVLRQ FXUUHQW 7UDQVPLVVLRQ HOHFWURQ PLFURVFR
ZLWK /D% ILODPHQWNRBBBIVOMYHEGI VDRVVWXG\ VWUXFWXUDO IHDW X
LQWHUVSDFLQJ DQG VWDFNLQJ RI JUDSKHQH OD\HUV ZLWKLQ WK



.9 'HYLFH IDEULFDWLRQ DQG FKDUDFWHUL]DWLRQ

2UJDQLF SKRWRYROWDLF 239 GHYLFHV VWXGLHBHMQUWKH S|
ZLWK WKH VWUXFWXUH 7&( =Q2 DFWLYH OD\HU OR2 BDVHGLRU V
7&(V ZHUH WUHDWHG E\ DLU SODVPD IRU VHFRQGV DW : 5) SI
E\ R[\JHQ SODVPD IRU PLQXWHNWPHQW: PDKNHSG O IV YWUBFH RI
K\GURSKLOLF WR JHW D XQL}IR@RQRRIHRM @D \RISHGS MDHNBUWKURX JF

JP RIS$FOWDWRHWER[\HWKDQRO SXULW\ POPOSIRIPD $0C
HWKDQRODPLQH @VQR GRLMFMYBRQ WUDQVSRUW OD\HU (7/ ZDV R
VRIHO RQ WRS RI 7&( DW USP IRU  VHFR (&G VR WAKLHIQX WVHKWH W PD C
DLU ,Q RUGHU WR UHGXFH WKH LQIOXHQFH Rl URXJK VXUIDFH R
FLUFXLWV WKH GHSRVLWLRQ RI>Q@7%P\DE®IBE@BWHDGS \8KHBEHBUWM
GLVVROYLQJ 3 +7 3&%0 ZW ZW LQ ®KEHEDRDHR 8 B&i QAL WKW L
RYHUQLJKW ILLQMVOLHEGH IDRYHER[ 7KH DFWLYH OD\HU ZDV VSLQ FRE
(7/ IROORZHG E\ POQXOWHD FEGRIOPIV KRW SODWH LQ DQ LQHUW |
GHYLFHV ZLWK6B BFWA& H OD\HU WKH SUHSDUDWLRQ SURFHGXUF
3 +7 3&%0 FRXQWHUSDUWYV ,Q WKH FDVH RI 30 < EDYBG 239V
ZLWK GRQRU WR DFFHSWRU UDWLR RI Z DK G RVNRRIDYIKEV KQ CF
VROYHQW DBRGRWHYEGBLDWW LQVLGH WKH JORYHER[ 30 < ZDV VS
RQWR =Q2 7KH VXEVWUDWHYV ZHUH, NEH\Y K-HRIYAHDG VWR DS RY DW LR Q

QP ORXQG QP $J DV WKH KROH WUDQVSRUW OD\HU +7/ DQG

RI WKH SURGXFHG GHYLFHW ZQY 5 I6FLSGRNKEHDE/R (@B PDR GBM DIV W\
9 AKUDFWHULVWLF FXUYHV IRU WKH LQY H VAW LRI MWOHIEX B HY D WH\R @ H
$0 * VRODU VLPXODWRU $%(7 6XQOLWH XVLQJ D .HLWKOH\ VRX
FXVWRBH WHVW ERDUG $ UHIHUH®PI© 6EUDRGD W KHI @Q JKIW DOAM I
VLPXODWRUWG DMKBl ZHUH FROOHFWHG LQ DPELHQW FRQGLWLRQV Z|
,9 5HVXOWYV DQG GLVFXVVLRQ

7KH 5DPDQ VSHFWUD RI SULVWLQH DQBSKNQHORVED UG ¥XRY
LQ XWIH ,9 7KH ' SHDNLDW KD UDFRVHU LV W LG LIRHQW KR QUMD K KD}
FDUERQ ODWWLFH DQG DFFERXWGDIEU SKETRHEERBOBHJRGH' St
LQGLFDWHYV WKH IRURDDNHR Q) RD SHEGWR IESGWN a LV PRVWULEXW |
WR WKH FKD SDEVQHU (I WLLFE URWURGLRHG/SDUERQ 7KH LPSHUIHF
VIQWKHVL]HG JUDSKHQH VWUXFWXUH LQFOXGLQJ YDFDQFLHV Z
' SHDN a BPG RWKMWHDR/ZW\ SHDNV VXFK D& 'Jf FPDQF® '|
a FP 7KH UDWLR EHWZHHQ WKH LQWHQVLW\ Rl ' DQG * SHDNV
OD\HUV LQ WKH VDPSOH ZKLQGLWBW H\D WKR EMWEKHFRMRLU B & UG WAKR.
YDOXH;RWKH PRUH GH | HRNW KHJ HU DS HHDGWO DWDMLLFRH L @ 6V R D WHK\H |
QXPEHU RI JUDSKHQH OD@HHKWY GHPWDMDLWHNO \; ORZ YODQGEXHV RI



IRU WKH SULVWLQH JUDSKHQH OBWHD QU BKHBREBWLRE R/IR DO R4
FRQFHQWKDAKLRDY FRQILUPHG E\ RWKHU FKDUDFWHUL]DWLRQ PH
7KH 5DPDQ VSHF$UUDV R QMK$FWK\EULG ILOPV VKRZHG WKH V
SULVWLQH JUDSKHQUD\E KRV ZDW K KFOAQ LIQY )LIXBH1,:9/ |LD P\WQGLW
FDQ EH REVHUYHG )LJXUH ,9 ; UEPDVLKQMHE WRRRIDWXRFAKNDQJIJHG ZL
VSLQ FRDWHG FRQFHQWUDWLRQ RI WKH $J1:V GLVBKIW URIY X¥XQRW S
LV UHDVRQDEOH DV WKH QXPEHU RI JUDSKHQH OD\HUV VKRXOG
VDPSOH WRS 2Q WKH IRW BBU: K DIQEP WIKHFUHDVHG IURP IRU S
DQG UHDFKHG DQG D RQ¥ RN PRQFEGW PDWO UHVSHFWLY |
,Q WKH FDVH*BIK)ELUNG ILORDVQBRWHKUH IRXQG WR YDU\ ZLWK
FRQFHQWUDWLRQ )LJXUH; OLG ®RWSBWKRXHIKPXFK DW $J1:V FRQI
PJ PO LW GURSSH® QG DW FRQFHQW UDWIHR/GWRWVLYIHDG 7RH R
.- y LQGLFDWHV D KLJKHU QXPEHU RI JUDSKHQH OD\HUV FRPSDUF
7KH LQFUHDVH LQ WKH QXPEHU RI JUDSKHQH ®@D\$JUVVPWRZQGE
JUDSKHQH VVQWKHVLV E\ 3(&9' )XUWKHIRRR WK HWHKIH VDIPIKO HD W L
LQGLFDWH LQFUHDVHG GLVRUGHUV LQ JUDSKHQH VWUXEFWXUHV \
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YRU LOQYHVWLIDWLQJ WKH VW UKFERMSRMLOV BR Q LRV \ VDKHG VWE W KEHK
DQG K\EULG JUDSKHQH ILOPV ;36 FKDUDFWHUL]J]DWLRQ ZDV SHUI
SULVWLQH JUDSKHQ@THQ GIAW VDPSOHV ORUH GHWDLOV RQ WKH C
IRU WKH LQ YRHS/O\HM [DWHHGIVDPHQ LQ WDEOH 7KH VXUYH\ VFDQ
SUHGRPLQDQW KLJK LQWHQVLW)\ &aV SHBR RMWEKLQGLRW RPIHU $H L
$W ,Q DGGLWLRQ WZR VPDOOHU SHDNV ZHUHO9REMSUMWB QDWW @
V DQG 6L S ZLWK $W DQG $W UHVSHFWLYHO\ 7KH KLJK
UHYHDOV WKH KLJK SXULW\ RI WKH SUHSDUHG JUDSKHQH 7KH HF
LQWHUDFWLRQ RIZDWKLMWXM BRPWH®H VLWHV ZLWKLQ WKH JUDSK
FRQWDLQLQJ FRPSRQHQWYV LQ>WKH @KID PUQORQLXIP SUDHBIR OMQY %
H9 LV DVFULEHG WR WKH VXEVWUDWH VXUIDFH ORUH GHWDLOV F
V UHJLRQ GHFRQYROXWHG XVLQJ &DVD;36 WRRME RHEYS\GKRAB G L
FDUERQ DW 289KHU SHDNV L BQRUREL QD& WKH 30DVPRQ ORVYV
JURBWLF FDUERQ ZHUHPROMRGREADHIOYHED Q EH IRX%Q @) RQY RWKH S Ut
K\EUWUSJ1:V ILOPV )LJXUH ,9 F D PLQRU $J G SHDN ZLWK D
ZKROH VSHFWUXP $W ZDV REVHUYHG DW % ( RI HO $
ZHUH REVHUYHG DW % ( H9 DQG G H9 VUSH/BMWF W DY HE®I\ D T\KM
WR WKH UHVLGXDO SRO\YLQ\OS\UUROLGRQ#H &KH PIQUK JQH¥ROR®
VFDQ RI WKH $J G SHDN UHYHDOV WZR SEHRSV DWHS ($IRVG H¢
VKRZQ LQ )LIXZKLBKSLG LQ JRRG DJUHHP@QKMH Z8 8V K SHRWHIXIPW RW
$J1:V *U K\EULG ILOP ZDV IRXQG WR EH VLPLODU WR WKDW RI WK
$J 7KH DEVHQFH RI $J SHDNV IRU WKLV VDPSOIHIPDS KHQBIWODYH B
ZKLFK SUHYHQWVY WKH LQFLGHQW SKRWRQV IURP WUDYHOOLQJ
OD\HUV Rl JUDSKHQH V\QWKHVL]HG RQ WRS RI $J1:V ZDV FRQ
WUDQVPLVVLRQ PHDVXUHPHQWR YRQGV I HA OSTFWDHPG VR IDUW KR SWKKRH
7&(V ORUHRYHU WKH 6(0 L*RDYBPWVSAHV$SUHYHDOHG WKDW WKH
QDQRVKHHWYV RQ WRS RI DQG FORVH WR WKH $J1:V ZDV PXFK PRL
FDQ H[SODWUQHOKH HRRHPLQRU S HDKLWF K XFKDD/W BELBWHG ZLWK WKH
DV GLVFXVVHG DERYH
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7KH PRUSKRORJ\ RI WKH*$JDQGCSBIUV:-VRQ JODVV VXEVWUDW
LQYHVWLIJDWHG E\ 6¢F JMHXHBHQY WIOH IRUPDWLRQ RI LQWHUFRQC
RQ JODVV ZLWK D VLJQLILFDQW LQFUHDVH LQWHKHBWIXRQDFEHS$G H:Q
GLVSHUVLRQ LQFUHDVHV ,Q DGGLWLRQ WKH DJJORPHUDWLRQ D
DW KLJKHU FRQFHQWUDWLRQV )LJXUH ,9 FEDWFHG ¥XIHVGED 8 Q&
FRQILUPHG ZLWK DQ DY HUD Qi ®UDPHVKNUUDIQBRQYL IXRP ,9VER
2Q WKH RWKHU KDQG WKH FRQILJXUDWLRQ RI $J1:V RQtWRS RI J
| 7KHVH LPDJHV VKRZ JUDSKHQH ILOPV ZLWK WAKG®IDENEAKIHQFH F
IQ FORVH DJUHHPHQW >Z L@0R SH HOHWREVOAREQ WKHLYBDW GND DHUUHD
REWDLQHG E\ $)0 LPDJHV LQ )LIJXUH ,9 6 DQG 7DEOHUMVE GHW FD
ZLWKLQ WKHVH UDWOBREQH)DDQRIRYH IAQWHUHVWLQJIO\ $J1:V RQ
IRXQG WR EH PRUH KRPRJHQHRXVO\ GLVWULEXWHG ZLWK QR Q
GHQVLW\ WKDQ $J1:V RQ EDUH 1@QRVVRDWJW:KHGL Y BH UFRIRFH QAVK U B ¥
ZHUH UHIOHFWHG RQ WKH RSWLFDO DQG H{JH FW K\ERDLGS F7KO U [DFRQAG
WKH SKRWRYROWDLF SHUIRUPDQFH RI WKH RUJDQLF SKRWRYRO!
ODWHUVLEODMXVFULSWU XREULJA:MOPV WKH IRUPDWLRQ RI JUDSK
$J1:V ZDV DOVR DFKLHY##G )WIXVHREYLRXV WKDW WKMOD@REWK R
PDUNHGO\ LQFUHDVHG F@RVHKWRH D RQGRREBIFERRQUDIH RI JUDSKF
RQ WKH $RDWHG JODVV 7KLV PD\ EH DQ LQGLFDWLRQ RI FDWDO\
WRZDUGV JUDSKHQH V\QWKHVLV 7KH JURZWK RI JUDSKHQH
FRQFHQWUDWLRQ RI 9PRUWFGMLMS HWKHR®I1:V QHWZRUN *ZLWKLQ W
7&(V H[SHULHQFHG VRPH GHIRUPDWLRQ ZKLEKQRDW EH G WS\RWLLEWVR
UHDFWLRQ WHRS HDWQIBWRKWMKH 5) SODVPD SRZHU . 7KLV GHIR
D®WRZHU GHSRVLWLRQ WHPSHUDWXUHV DQG 5) SRZHU IRU PRUH |
$J1:V*U ILOPV 7(0 LPDJHVO)LBURY LGHEWDK L@QVLIKW RQ VWUXFW]
WKH LQYHVWLJDWHG VDPSOHVSUKHUWLOQHHD@® \K\E WIS® B UQ .S KR M |
WR EH ZKQPK LV LQ H[FHOOHQW DJUHHPHQW ZELWK @/LKH KUK HR U
UHVROXWLRQ 7(0 LPDJHV IRU FDOFXODWLQJ WKH LQWHUOD\HU V¢
WKDW WKH QXPEHU RI JUD SKKKH BIOWDAMAE VY LE® N IDIRBDMGZ LRUK UHV S H
JUDSKHQHMH DIOG HRQILUPLQJ WKH 5DPDQ GDWD )LJXUH ,9 E G



$J1:V
FRQF

$J1:V

*UsJl:v

$J1:V*U

v .- S
JLIXUH 690 LPDJHV IRU $J1:JIDV G DQG $3WU:VU RQ

VXEVWUDWEFHSUMNMVHQWDWLYH 7(0 LPDJHV IRU*SUINWDC
$J1:V O

JLIXUH ,9 DQG 7DW®H YDUYRWARQ RI VKHHW UHVLVWDQFH |
FDQ EH REVHUYHG WKDW $J1:V JUHDWO\ LPSDFWHG WKH VKHHW
SULVWLQH JUDSKHQH FRXQWHUSDUWY $GGLQJ $J1:\G RMKWIRUW K F
HOHFWULFDO SURSHUWLHY DQG VKDUSO\ UHGXFHG WKH VKHHW |
.9 $OWKRXIK WKH $J1:V QHWZRUN R @ MVKHH U@ DR/Q KRDIFRSP DWE&BIU J F
0 * )J)LIXUH ,9 6 LW FDWWKE#HE WKHK\EULG ILOP WR GURS N ¢
WR WKH SULVWLQH JUDSKHQH N ‘ ZLWK DOPRVW QR FKDQJt
ILOP 7KLV HQKDQFHPHQW FDQ EH DWWULEXWHG WR WKH DGGLYV



ZKLFK IDFLOLWDWH HOHFWUR QW KDL QKIS B UF\R QWFKIDRKU B WMLKRHD VL R P ¢
DQ®J PO WKH VXUIDFH GHQVLW\ RI WKH $J1:V PHVK RQ WRS F
PRUH FRQGXFWLYH ZD\V DQG PRUH FRQQHFWLRQVRWR WKH JUDS

DQG “IRUL*WY DQGIMLIYV UHVSHFWLYHOKRH,BRMNOXHYVRILW BB\ $ I ;Y
PHVK VSLQ FRDWHG RQ EDUH JODVV DW $J1:V GLAMSHUVLRQ FRQF
IRU $J1:V DQG ‘" IRODKEFKWODUH DSSUR[LPDWHO\ RQH KDOI RI \

ZKHQ FRDWHG RQ JUDBXHLH) HI&K DW BDQ: ¥ WHQG WR KDYH PRUH D
VXUIDFH GHQVLW\ ZKHQ VSLQ FRDWHG RQ EDUH JODVV WKDQ JU|
LPDJHV )LJXUH ,9 ,Q DGGLWLRQ WKHVH KLJK DJJUHJDWLRC
GUHORSHG RQ $J1:V VSLQ FRDWHG RQ EDUH JODVV DQG ZLOO EH

'KHQ JUDSKHQH ILOPV ZHUH RDWHG RFIDVRKHIBU:NVXOWLQJ $J
JUDSKHQH K\EULG 7&(V GHFUHDVHG WR a N * DW $J1:V GLVS
$J1:V *UKDG D KLRKHU M ‘' DOWKRXJK LW KDG D KLIKHU*QXPEHU R
DQG $J1*V DV FRQILUPHG E\ 5DPDQ DQG RSWLFQRBIVSUD:QYPLVVLR
DW ORZHU FRQFHQWUDWLRQV RI $J1:V GLVSHEWLB QY WBPSPWHG V
FRQQHFWLRQV RI $J1:V WR JUDSKHQH GRPDLQV 7KH GHJUDGD
$J1:V *U FRXOG EH DVFXIQAHBUWRGWKWMUQE®RWLRQ RI JUDSKHQH QD
DV FRQILUPHG E\ WKH 6I000LCPWD FIRWD | Z KHUDUWWIIRR Q Rl JUDSKHQH QDQ|
GHIHFW FRQBW W QDWPRG EVEWRDQ WEKWDLOP vREGDLYWKH KLJI
K\EULG 7&( $OVR LW LV QRWDEOHKUWMEKDWV$HLKY EAMKGE GG I$ DR WP D
KEWLQJ ZLWKLQ WKH &9' FKDWPHERSHTEKWXHHR VM VOREWLW Rl JUDSK
HQKDQFH WKH TXPW IKWE URIG$TR(W DQG WKHLU DVVRFLDWHG GHYLF

7KH RSWLFDO WUDQVPLWWDQFH GHPMD/ 7TKDEOHGBGOBJHYHD
WUDQVSDUHQF\ FRPSDUDEOH WR WRIDW RI)MWKHM H U2 BW L @KLV PIS|
FKDQJH LV GXH WR WKH ORZ VXUIDFH GHQVLW)\ Rl WKH $J1:V Ql

7KH WUDQVPLVS$IRY RIHNVKKHIGWK ZQFUHDVLQJ FRQFHQWUDWL
GLVSHUVLRQ DV D UHVXOW RI WKH KLJKHU VXUIDFH GHQVLW\ RI
$J1:V*U 7&(V WKH GURS LQ RSWLFDO WUDQVPLVVLRQ RI WKH K\
FRUUHVSRRIGLY FRAQWHUSDUWW DI $SIAUVILOPY KDG DOPRVW
RSWLFDO WUDQVPKVNKF® IL&Y PV VDRHG UVVIXKIVHISUDE RY HLWRW $J1
RSWLFDO WUDQVPLVVLRQ GURSSHG WR GXH WRKWKHFKLJK V>
LQFUHDVHG WKH JURZWK RI JUDSKHQH QDQR VKHHWY DERYH DQ
JXUWKHUPRUH WKH KLJK QXPEHU RI JUDSKHDKLBB \IHW V QP D BIBIN HW |
ZLWK WKH 5DPDQ GDWD RJQPBIGGWW LR® RNV KHKH. LXQWH VWLIDWHG 7 &
XVLQD®G WUD QWP DWRAPWEFIHQJ WR BTX@WLRQ EHORZ
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,W FDQ EH REVHUYHG W& IDIW WKHU)R® IIRUVIPWHKIYEFUHDVHG DV W
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ILOPV G
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7KH SKRWRYROWDLF SHUIRUPDQFH RI WKH GHYLFHV EDVH(
DQDO\]HG IWRPXWKHV- )LIXUH ,9 7KHVH 239 GHYLFHV HPSOR)
SKRWRDFWLYH EOHQG )LJXUMXUYY HVDR IVWKZHV G RA-D W KKV O)\W GR C
JUDSKHQH DQG WKH UHIHUHQFH ,72 7&(V 7KH YDOXRNVERIHW K H L L
,9 ,W FDQ EH REVHUYHG WKDW WKH GHYLFH EDVHG RQ SULVWLQC
WKH UHIHUHQFH F R X0QNVDHE O FDRRISHK D MV KRIORWPSOHR ZHU 3 & ( RI W
GHYLFH IDEULFDWHG RQ JUDSKHQH FRPSDUHG WR WKH UHIHUHQF
)) DQGFUKRMIMY FXUkHQWHCHBE KWHGDP EGGDVVLIQHG WR Wk
5\R1 JUDSKHQH UHODWLYH WR ,72 DV GLVFXVVHG DERYH )LJXUH ,
$J1:V WR JUDSKHQH RQ WKH SKRWRYROWDLF SHUIRUPDQFH RI W
$J1:V 7KH VSLAIFROWLQ@IWK FRQFHQWURWWURDVRAIG WEKH Q) Rl WK
IURP JUDSKHQHMJWR DOWKRXJK WKH GHYLFH EDVHG RQ $J:
UHVLO/MWRUEHKDYLRU )LJXUH 9 9F K DRU D& M/SHUFIW/W MFR/H RA\B B QG ED V
JUDSKHOQHN 7&(V ZLWK WKUHH FRQFHQWUDWLRQV RI WKH VSLQ F
PJ PO 7KH DGGLWLRQ RI $J1:V RQ WRS RI JUDSKHQH VLJQLILF
SHUIRUPDQFH RI WKH UHVXOWLQJ 239HF R RSIDVGIGL W R RAQKRIl $U L W
LQ D UHPDUNDEOH HQKDQFHPHQW ZLWK WKH )) RI WKH GHYLFH
FRQFHQWUDWLRQKWWR LPSIURGHPHQW FDQ EH GXH WR WKH UHGXF
WKH HQKDQFHG WRHSKEORGLRKVLPSURYHG FDUULHU FROOHFWLR
REVHUYHG:WRDW KMHKKEHYLFHY EXLOW RQ WKH K\EULG 7&(V DW G
KLIJKHU WKDQ WKDW IR B F\DWLBMH DV P KEQGHE W UN KB OU FRQIGX®
DQG FRPSDUDEOH RSWLFDO WUDQVPLWWRQFW KMRK JERDSGHEG KV ) >
GHYLFHV LQFUHDVHV DV WKH $J1:V LQFU HDXKIG K& ¥ HR R\SRH @AKIHWUHH/
WKH GURS LQ RSWLFED QUUDIAVVP LRQWIRQBHD $KHQH PDGH LW PRLU
VWDQGDUG ,72 HOHFWURGH )LJXUH ,9 G DQG 733HON ,9 UHY]
KDG DQ RXWVWDQGLQJ SHUIRUPDQFH ZLWK D FRPSDUDEOH 3&(
PD[LPXPRI ZDV DOVR DFKLHYHG WR WKH UHIHUHQFH GHYLFH
RI WKH GHYLFH IDEULFY WHE R QG WEHPDQ EH DVVLIQHG WR WKH O
LPSURYHG VXUIDFH PRUSKRORJ\ ,QFR@®IDNFMR QL QMKHU LODFFH HEDHAM
OD\HU DQG WKH ERWWRP HOHFWURGH DV GHPRQVWUDWHG E\
FROOHFWLRQRQMXKHVIKRWBHFWURQV OHDGLQJ WR D KLJKHU ))
GHYLFH SHUIRWPDHMW HUWK LQFUHDVLQJ WKH )RO RI WKH 7&( PDWI|
YDU\ OLQHDUO\ ZLWK WKH RO ZKLFK LV>LQ D JR®GWKHJ R WKHQWK 2
239 GHYLFHV IDEULFDWHG RQ $J1:V 7&(V VKRZHG YHU\ SRRU SHU
PO RU H[KLELMHGXLKRWW DW KLIJKHU FRQFHQWUDWLRQV )LJ>

SHUIRUPDQFH DWIJX®PH PD E LV DV YV HGHG RKRBW K H$ HI WU H R (



7TDEOH ,9 ZKLOH LQ WKH FDVH RI WKH KLJKHH HRIQEHQ W DR\
$J1:V RQ EDUH JODVV )LJXUH ,9 E F OHG WR WKH SHQHWUD
WKH GHYLFH DFQGFRRAMD EWUHL WK WKH WRS PHWDO HOHFWURGH

> @®Db\ EH QHHGHG WRFDYRXGWWRHB VERFWODWHY RI KLIJIK FRQFHQWUI
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JLIXUH ® 9 FKDUDFWHULVWLFV IRU WKH 239 GHYLFHV E
GHYLFH RQ ,72 E &RPSDULVRQ RI WKH SKRWRYROWI
$J1:V JUDSKHQHBJIDWG FUI 7KH YDULDWERQY RV WARSH Y2
IDEULFDWHG RGWKWH K\ERNQG $UL:lV ZLWK WKH FRQFHQW!
$J1:V GLVSHUVLRQ G $ FRPSDULVRQ EHWZHHQ WKH

GHYHORSHIGV*U7&( DQG ,72 FRXQWHU FXUW ZH WKLH) WK RK
RQ $J1:V RQ EDUH JODVV 7&( GXH WR WKH ODUJH DJJ



2Q WKH RWKHU KDQG WKH GUIYSRKHQHEXBOW GRHPRBQYWUDW
SHUIRUPDQFH DW $J1:V FRQFHQW BEWIMUMR LRAD QFGIGG URSE $IOG VLJ
DW KLJKHU $J1:V FRQFHQWUDWLRQ )LJXUH ,9 | 7WHDQ&(V RI
$J1:V*U HOHFWURGHV ZHUH KLJKHU WKDQ WKDW RI WKH GHYLFF
HQKD QEMGG-)) DO IOREWH 7KH LPSWMRQBG))y RI WKHVH GHYLFHV RU|
WKH UHGRFRMX I K\EUIFG $&(W DW ORZ FRQFHQWUDWLRQV $W K
$J1:V PJ POVKH 3&( GURSSHG WR ZLWK DQ )) RM DQGFRPSD
$J1:V *U 7&(V ZKLFK DFKLHYHG 3&(V R)V RIDQGDQG DQGUHVSHFW
7KH GHWHULRUDWHG SKRWRYROWDLF SHUIRUPDQFH RI WKLV GH
DQG KLRKVWKH $JU:V&( ORUHRY HUQ LWRRRGRAORJI\ Rl WKLV HOHF\
LQFUHDVH WKH OHDNDJH FXUUHQW RI WKH Geld YAFEVHRXXQW DQ J W
UHGXFHGHXRWRVLRQ DQG FROOHFWLRQ RkeW)R HDFK® BEH{ R D WKLH
GHYLFH $E8VRUPDRKMHLBQ RI $J1:V QHWZR UN PVWEH DL ®I1IVUDSKHQH
FDQ OLPLW WKH LPSURYHPHQW RU KDYH QHJDWLYH LPSDFW RQ
IRFXVHV RQ UHGXFLQJ WKH VIQWKHVLV WHPSQWDNMEK UH DRI KW K H W
DYRLG DQ\ GDPDJH WR WKH $J1:V XQGHUQHDWK DQG WR PDNH W]

7TDEOH ,9 7KH SKRWRYROWDLF SDUDPHWHUV RI WKH 239 GHYLFI
3 +7 3&%0 DV DQ DKW LYHQ@BISHPWHQWKHVHY UHSUHVHQW WKH GH

7&( sz P$ FP 926 9 )) 3&(

*UDSKHQH : : “ “

*U$J1l:V : : “ “

*U$J1l:V : : “ “

*Us$Jl:v : “ “ “

$J1:V *U : “ “ “

$J1:V *U : “ “ “

$J1:V *U : “ “ “

, 72 S5HIHU : : “ “

7R FKHFN WKH YHUVDWL GUW\VRK\WKHGCGHY(NORG6&G ZUWK WZR
SKRWRDFWLYH OD\HUV EDVHGHWR R0 H<| DIEEQYE FD WH B R QPWER H EHV V
*WBJ1l:V DQG FRPSDUHG WR ,72 7KH YDULDWLRQ RI WKH SKRWR
GLIITHUHQW DFWLYH O DNHROZ6L V OVRUPHPROYUHHRU R IBDKED FWHULVWLFEF FXUY



GHYLPMK WIKH KLJKHVW 3&( DUH VKRZQ LQ JLJXUH ,9 6 7KH REWI
)96 GHPRQVWUDWHG WKDW WKH SHUIRUPDQFHJRIVWK\E L2I3® GH
7&( LV FRPSDUDEOH WR WKDW RI ,72 FRXR&4-0USBW WWHVQPLODU W
)9  &RQFOXVLRQ
(IILFLHQWIWHH QUBHBIKKIWQKAEU LG 7&(V IRU 239V ZHUH GHY
D VXVWDLQDEOH3Y&YRXAKAHHBDHEWULFDO FR®YTGIXFWILIRW\ R
ZDV VLJQLILFDQWO\ LPSURYH® GEW K SIUD FRIDQH. Q2 LUK : W K H
EHLQJ PRUH SURQRXQFHG DW KLJKHU FRQFHQWUDWLRQYV
YHUWRRROQWHG JUDSKHQH QDQRVKHHWY VXSSUHVVHG Wk
$J1:V 7KHUHIRUH 239 GHY'WSHY:VDEDGFDWRBSRQDEOH 3&(
DQG )) WR WKHLU ,72 FRXQWHUSDUW 3&( RI DQG )
$J1:V H[KLELWHG SRRU RU GHWHULRUDWHG SHUIRUPDQFH
FRQWDFW DUHD EHWAZHHQ NV&EKH GEEWIKG DFWLYHZBDFHKU R \
LPSURYHG FDUULGIURF BOGH FBHFRRRES MK H *K$E W L\G & (
GHPRQUWRPWHWEWLYHWR 2FRXQWHUSDUWWKH RWKHU KD Q¢
JURZWK RI &9' JUDSKRARBWHEG $IADWYV FDXVHG D GURS LQ WK
$J1:V*U ILOP DW ORZ FRQFHQWUBWMGERQEHUV PRQFOEXIW B G DV
WKH KLJKHU FRQFHQWUDWLRQ 7KH JURZWK RI JUDSKHQH C
DQG FORVH WR WKH $JIXQLORDB IGLVWRLEXYRIRQ RI JUDSKH
$J1:V*U 7&(V GHYHORSHG DRIQORIZPSBRFHQWWKHVGHYLFH SHI
WKH UHGRPE®BHG WR SULVWLQH JUDSKHQH &RQVHTXHQWC
DGYDQFHPHQW WRZDUGV WKH UDSLG FEBWDISG D@ GV FIGKDIB A
ZKLFK PDNHV WKH®H UUN QHZMEPRORILHY PRUH VXVWDLQDEC

SHIHUHQFHYV
> @ &XL + 6RQJ : )DQDG\ % 3HQJ 5 =KDQJUH HXPDUD QLFW ROD |

RYHU E\ HPSORRDWH®URBQGXFWLYH 3('27 366 WUDQDVSDUHQ
&KHPLVWU\
> @ 3FBR]V $ &KLNRLG]H ( 'XPRQW < -HQQLDMWNWUR 3XWWHDO 6%

EXON SKRWRYROWDLF HIIHFW LQ VEDGNH EFEBQGJDY FHL W H KD IDA
FRQGXFWLQJ HOHFWDREHWJIODWHULDOV 7RG

> @ <X +. 'RQJ :- -XQJTFTKUHPHOVLRQDO 1D QREUMPEEH GQRAGHXP
IRU 2UJDQLF 6RODU &HOOV $&6 1DQR
> @ 'X - =KDQJ ' :DQJ: -LQ + =KDQJ : 7RQJ % RWIDOQL R [WROPUY

FHOOV ZLWK D JUDSKHQH WUDQVSDUHQW DQRGH 'HSHQGHQFH |
&DUERQ



> @ +HFKW '6 +X / ,UYLQ * (PHUJLQJ WUDQVSDUHQW HOHFWURG
JUDSKHQH MDLFGOPHRI®UXFWXUHV $GYDQFHG PDWHULDOV

> @ &KBH/BH 7+ 6RQ .5 .LP <: +ZDQJ .6 .LGPRBHQERHBWKHEBO O\
WUDQVSDUHQW HOHFWURGHWP D\§ 3/Q QRDGWLRRGH VQ 1 D QRF/ OO KW+ R U

> @ :DQLD < )DQJ - =KDQJ = :X % -LOUIRIFRIVVHGE DOD @ROXWHRY
(OHFWURGHV IRU JOH[LEOH 2UJDQLF 6RO DUF&HRO/GN MHNIK/ (111
> @ 6RQJ <6 6HRQJ 1- &KRL .- 5\X 6RSHSIMWILADORD GUBQMEWUH B

JDOOGR®HG =Q2 HOHFWURGHYV SUHSDUHG E\ DWRPLF OD\HU GHSR
7KLQ 6ROLG )LOPV

> @ *ULOOL 0 'L 6DUFLQD , %RVVL 6 5LQDGGIWD B329 QRPN HO 3 LK
WUDQVSDUHQW FRQGXFWLYH HOHFWURGHV 7KLQ 6ROLG )LOPV

> @ =RX -/ <tBX+6. -HQ BHWDO JULG FRQGXFWLQJ SRO\PHU K\EU
IRU LQYHUWHG SRO\PHU VRODU FHOOV $SSOLHG 3K\VLFV /HWWH
> @ )DQ 4 =KDQJ 4 =KRX : <DQJ ) =KDQJ 1 ;LDR 6 HW DO +L
FDUERQ QDMMGXHEBHFWURGHV IRU XOWUDWKLQ DQG VWUHWFKDE

> @ <DQJ - <X ) &KHQX$< =KKIRQ6 6=KRW DO 6\QWKHVLV DQG DS:
FRSSHU QDQRZLUHV LQ KLJK WUDQVSDUHQW VRODU FHOOV $GYI
> @ .DWVQHOVRQ 0, *UDSKHQH FDUERQ LQ WZR GLPHQVLRQV
> @ :DVV.BIQHU 5% *UDSKHQH D SURPLVLQJ WUDQVSDUHQW FRQ

> @ 6XQ - &KHQ < &DL ; 0D % &KHQ = 3WHBHHWKW X0U HHWY QDADK
JUDSKHQH RQ YD U LR XWQXDIQPHD/ FEX HPQ. F WPDR D SYRHWU GHBISHRROBAUWNEHR V WA
HOHFWURGHV 1DQR 5HVHDUFK

> @ :HL 1 /L 4 &RQJ 6 &L + 6RQJ < <DQJ 4 HW DO 'LUHFW V\Q!
PDFURVFRSLF XQLIRUPLWRDBPYNEQWE E 8 (RS S HRIXIUBYDVWO &R HPDW W U \

> @ *DUJ 5 (OPDV 6 1DQQ 7 $QGHUVVRQ 05 'HSRVLWLRQ PHWK
IRU RUJDQLF VRODU FHOOV $GYDQFHG (QHUJ\ ODWHULDOV

> @ 7TUDG@DPPL 691 3DWDQ%< -HRQ@E& HKRROQUHH JUDSKHQH HOHF)
IRU VXSHILEOH VQU® QMPRUHQW SHURYVNLWH VRODU FHOOV IDE
(QHUJ\

> @ .DPHO 06$ 6WRSSLHOOR/ WH S- DFFIRWE B0ODVBBEQUDHH @ YKAIWKHV LV
WUDQVSDUHQW HOHFWURGH IRU RUJDQLF SKRWRYROWDLFV &DU
> @ .KROPDQRY ,1 ODJQXVRQ &: $OLHY $( /L + =KDQJ % 6XN
FRQGXFWLYLW\ Rl JUDSKHQH ILOPV LQWHJUDWHG ZLWK PHWDO Q



> @ &KHQ 7/ *KRVK '6 ONKLWDU\DQ 9 3UXQHUL 9 +\EULG 7UDQ
*ODVV JRUPHBUBVWR@W *UDSKHQH RQ D 6LOYHU 1DQRZLUH OHVK
J QWHUIDFHV

> @ -HRQJ & 1DLN@GGVKIURE O $ODP 0$ 3URRSHIBNIRIRE U\VOFDZQ.C
*UDSKHQH )LOPV IRU 8OWUDWUDQVSDUHQW +LJKO\ &RQGXFWLYH
> @ <H1 <DQ - ;LH 6 .RQJ < /LDQJ 7 &KHISKHOW B DEBIMWD G
FRQGXFWLYH HOHFWURGHV IRU KLJKO\ HIILFLHQW LQYHUWH

> @ .LP 6+ &KRL :, .LP .+ <DQJ - MHRRYFBEX®A FKHPLFDO DQC
VWDELOLWLHWVRRIHUHGSKHQ¥YHU N QRUZL WH DIPASDRBIQW FRQGXF)
6FLHQWLILF UHSRUWYV

> @ S5LFFLDUGXOOL $* <DQJ 6 :HW]JHODHU *-$ )HQJ ; %ORP
JUDSKHQH(EDVHG VROXWLRQ(SURFHVVHG WUDQVSDUHGW HOHF
)XQFWLRQDO ODWHULDOV

> @ .DPHO OM%PBDOL $ 2HOJHP|OOHU 0 -DFRE 09 ,QRUJDQLF
HIILFLHQF\ LQKLELWRUV RI RGO BHBQIK SHKRWRY BB QYIPZBEOHQDQE 6 X
SHYLHZV

> @ .DPHO 06 2HOJHP|OOHU 0 -DFRE 09 6XVWDLQDEOH SODVPI
RUJDQLF VRODU FHOOV -RXUQDO RI ODWHULDOV &KHPLVWU\ $

> @ =KDQJDQJ - /L : B6KHQ'</L&KHEBW DO 6\QHUJHMAVEFURWGIHQV S
$UFKLWHFWXUH IRXYOOHFHBEWCOHRQEOH 2UJDQLF 6RODU &HOOV
1DQR

> @ =DIDU 0$ 9DUJKHVH 2. 5REOHV +HUQDQG&GWHS &6\ QLW KH VLIVF I
ILWURRSI)G *UDSKHQH 2[QGGOHI DRWP $RELHQW &RQGLWLRQV $&6 $
,QWHUIDFHV

> @ 5RVFKHU 6 +RIIPDQQ 5 $PEDFKHU 2+JUHMSHKUMH) DWWRA RI W
SRZGHU E\ 5DPDQ ' EDQG V\PPHWU\ DQDO\VLV $QDO\WLFDO OHW
> @ -DFRE 09 5DZDW 56 2X\DQJ % %D]DND . .XPDWH & ODIPIFK L
(QKDQFHG *URZWK Rl *UDSKHQH IURP 6XVWDLQDEOH 6RXUFHV 11
> @ /H +' 1JR 777 /H '4 1JX\HQ ;1 3KDQ QD\HUDIKKHMLVLRIP P X
FRSSHU WDSH E\ DWPRVSKHULF SUHVVXUH FKHPLFDO YDSRU GHS
1DQRVFLHQFH DQG 1DQRWHFKQRORJ\

> @ 'RQJ; :DQJ 3 )BEQAEKH®X<4& -/ HW DO *URY WK ®IJB DBKIH®
ILOPV E\ OLTXIE® \VHHAPKHPREDO YDSRU GHSRVLWLRQ XQGHU D

> @ 2X\DQJ % =KDQJ < =KDQJ = )DQ +- 5DZDW 56 *UHHQ V\QWHK
DQG WKHLU DS S®H B DRWFVREQUKDBDOFLWRUV 56& $GYDQFHYV



> @ -¥®DLOL $ =DIDU 0$ %D]DND . :HHUDVLQJKH - -DFRE 09
JUDSKHQH QHWZRUNV GHULYHG IURP UHQHZDEOH SUHFXUVRU &
> @ *HQJHQEDFK 75LQDRMRY 0°5 (DVWRQ &' 3UDIWIKRW RIKQ IGFHW |
VSHFWURVFRS\ :36 ,QWHUSUHWLQJ WKH FDUERQ V VSHFWUXP
$ 9DFXXP 6XUIDFHV DQG )LOPV

> @ %OXPH 5 5RVHQWKDO " QRS VRQIFINHI $ 36 FKG|JO 5 &KDUDFW
FDUERQ ZLWK ;(UD\ SKRWRHOHFWURQ VSHFWURVFRS\ D VWHS(E\

> @ ORUJDQ '- &RPPHQWV RQ WKH ;36 $QDO\VLV Rl &DUERQ O0DW
> @ /LX . &KRI®& 6/LXX/ +\EULG RI VLOYHUJQDS®RHEQH HEBDMEAXWU GV \
H[IROLDWLRQ IRU VIQHUJHWLF HIIHFWV RQ HOHFWULFDO FRQGX

> @ .DLQGO 5 -DNRSLF * 5HVHO 5 3LFKOGWK-HVLD @R G D YHDABKOMD K
QDQRVKHHW FRDWLQJV E\ 3(&9' ODWHULDOV 7RGD\ 3URFHHGLQ
> @ $ODQFKHUU\ 6 %D]DNBPPDUBYFRKHQRRBHOS$® $OH[ $ HW DO )I
RQLRWUXFWXUHG JUDSKHQH ILOF[WUDRW BIQ/GU XWK HALD HAHWW.W L Q
FKDUDFWHULVWLFV $&6 DSSOLHG PDWHULDOV LQWHUIDFHV

> @ /L + /LX < 6X $ :DQJ - 'XDQ < 3URFRLYHQJQBR\ERZIGU BUDFSH
HOHFWURGH IRU |0 HPLEDWLREEEG KRGHVL FKMHSRUW V

> @ &DPLF %7 -HRQJ +, $VODQ 0+ .RVHPHQ $ .LP 6 &KRL + F
FRQGXFWLYH HOHRAWLDRIGHGHIRODWHRQ RI VLOYHU QDQRZLUHV C
SKRWRYROWDLM&HYLDHOVIDQRP

> @ 3DUN + &KDQJ 6 =KRX ; .R@JIN-63DOD[RERWH 7MW EDHHEBEH HO H
RUJDQLF SKRWRYR ®WIKLAW IZAWIK B\HFEPW®R /HWWHUV

> @ +RVVHLQ]DGHK .KDOLJKURO®OWWKRWIS W D GRSWDUHQW HOHTF
URXJKQHVV PLQLPL]DWLRQ 1DQRVFDOH 5HVHDUFK /HWWHUYV



&KDSWHU 9
/{KH LPSDFWORQ®& GHSRVLWLRQ WHP3HHBBWXUH R

JUDSKHM IRU 239V

&KDSWHU 9 LPRMYWHK BVQRHIWLHO O X B D RG /\QWKHVLY WHPS|
WKH SURSHUWLBNHRIUWMSBRAQYH GHULYHG |URP8RBHNYINRIQGEPQJIU
LPSDFW RI GHSRVLWLRQ SDUDPHWHUV RQ WKH |H®DMIXH 6 M FRV UIUAL
RSWLFDO DQG VWUXFWXUDO SURSHUWLHY ORUH LPSRUWDQWO
JUDSKHQH DQG $J1:V IRU KLIJKHOH ERPSHWLWLYH ,72

7KLV FKDSWHU LV FXU UDIRNIDR KXOQHERI 1§ O8) H P DB @ KKIDWHDF R E
ORKD 9 3 QIOXHQFH RI +\GURJHQ DQG 'HSRVLWLRQ 7HPSHUDW)
IUHH *UDSKHQH 7UDQVSDUHQW (OHFWURGH IRU 2UJDQLF 6RODU

$SEVWUDFW

7KH WUDGH HUDSKHQH WUDQVSDUHQW FRQRSAXAWL. QQ JDHDOVHFIAL
WR LQGLXP WLQ R[LGH ,72 IRU RUJDQLF VRODU FHOOV 26&YV
LQYHVWLIJDWLRQ RQ KRZ GH$8R ZWILDROHW HDR BHUND WX B H DRBWK  V V
HOHFWULFDO SURSISUWRGHKYHAI EUBSKHODVPD HQKDQFHG FKHPLFD
VXVWDLQDEOH VRXUFHV ZHDRP FRQG XRBW W G L WKY BlUWHB& %0 SKRWRD
IDEULFDWHG IBBHWIUD®KIHQOH 7&(V GHYHORSHG XQGHU GLIIHUH
FRXSOLQJ RI VLOYHU QDQRZLUHV $J1:V ZLWK GLIIHUHQW JUDSK
$J1:V 7&(V IRU 26&YV 'HYLFHV EDVHG RQ JUDSKHQBRZAB(VKBYHSD
VKRZQ EHWWHU SHUIRUPDQFHV V6KPROWBBKH @HW 7KL YKSIDHRRIZDR H &
WHPSHUDWURIQ ITXDUW] OHG WR D GHWHULRUDWHG GHYLFH SH!
JURZWK Rl YHUWLFDOO\ RULHQWHG JUDSKHQH QDQRVKHHWYV ZK
LQFUHDVHBGRXIKOQMHMY 7KH SUHVHQW ZRUN SURYLGHV VROLG XQG
Rl 53(&9' JUDSKHQH RQ JODVV IURP D VXVWDLQDEOH FDUERQ VR>
HFRIULHQ®Q\G MRVMFWLYH SURGXFWLRQH®(YARO RBAEN WW RSQ WIIHRI
ZKLFK SDYHV WKH ZDYHW RBMRHO HRWURQLFV



*UDSKLFDO DEVWUDFW

Voltage (V)
0.2 0.4

X
;Il--_lt]

[
-
o

.0

0.8
> A 500°C-0sccmH, Ya

l pump g ¢ y A

;:'; ® 600°C -20 sccmH, 2
‘g -0.5 A
3 A
s A
(]
N
©
£
S
[}
4

OSCs on graphene-AgNWs hybrid TCEs

9 ,QWURGXFWLRQ
2UJDQLF VRODU FHOOV 26&V KDYH HPHUJHG DV DQ H[FHO
LQRUJDQLF FRXQWHU SO UAVEW QX HVW R PMEEH DWW ERYOV IOH[LELOLW\ (
DEXQGPQ@HRZHYHU RQH RI WKH PDMRU FKDOOHQJHV IRU WKH
GHYHORSPHQW RI HIILFLHQW DQG FKHDS WUDQVSDUHQW FRQGX
R[LGH ,72 7KH SURFHVVLQJ RI ,72 DFFRXQWY¥ @®QG FRDWKMHWR
RI WKH RYHUWDHTX HOHHBWRER MWK B UFREX W@ RQDBIGI6EINVR Q WKH EU
RI ,72 OLPLWV WKH IHDVLELO@WH WRH | IFOUHH L BACKHH 2B BYHID R 6 B M QAW \R |
UHFHLYHG LQWHQVLYH WSHDWHD GFK BGWYHHWY @ RY(HRDWKHLDOV LQI
WKIL@PV @FRQGXFWLQY SREWDOR [@CSHVERQ QB Q@®DW & ERW D O
QDQRZLUHY @DWH EHHQ GHYHORSHG WR UHSODFH ,72 IRU 26&V I
LOQWHUHVWLQJO\ JUDSKHQH KDV UHFHLYHG WKH JUHDWHVW DWW
WR LWV H[WUDRUGLQDU\ RSWLF B3 RZGIG HRO HF KHILLIF DODU IS UNRHSYHHUU
DVVRFLDWHG ZLWK WKH H[LVWLQJ PHWKRGV RI JUDSKHQH V\Q
ZLGHVSYFHDIFDWLRQ IRU RSWRHOHFWURQLF GHYLFHV
$OWKRXJK UDGLR IUHTXHQF\ SODVPD HQK®@BHGA V¥ KHPHLRD O
WKH HIIHFWLYH DSSURDFKHV WR >S U RAGIXW HL & E DK @D (FIR/P\S OWID SK
ZKLFK UHTXLHWMSKUDW XUH DQG ORQJ GHSRVLWLRQ WLPHV ,Q DC
HQYLURQPHQWDOO\ KD]JDUGRXV FDUERQ VRXUFHV VXFK DV PHWK
DV +ZKLFK SOD\V D FUXFLDO UROH LQ JUDXEKAMQUHD WMHR DWRK HR Q P\8 Rk
WKH FRPPRQ GDPDJH WR JUDSKHQH D/\W BSUWWDP@QW | RU FRIFRSFOHLGDU



FDWDO\VW VXUIDFH RQWR WKH WUDQVSDU EQWHGX EWNSKHQH T&G
268&W @HFHQWO\ ZH UHSRUWHIKERE XFWKRQVRD QWDBKHQH 7&(V
H[WUDFW IRU 28830%VL@X5EY DSSURDFK DYRLGHG WKH GHOLFDW}F
DQ HQYLURQPHQWDOO\ IULHQ GOV HBUER @ WRXMEHH @ KM 2SEMQH [
XS WR Rl WKH SRZHU FRQYHUVLRRXBWHUSIQFFW V3 &K HRW R7 2V K
UHVLVWDRFHUBSKHQH ZKLFK UHGXFRIGWXKH GIH OIOF HD FBWE M H T X H
LQYHVWLJDQWHWGLWWHFVFRXSOLQJ RI VLOYHU QDQRZLUHWMH $J1:V
JUDSKHQH ZKLFK OHG WR D UHPDUNDEOH HQKDQFHPHQW LQ WKH
$J1:V 7&(V ZLWEK) WIKIKQIAFEY¥UHFHQWO\ DFFHSWHG LO® W& S50 @H
'HVSLWH WKHVH DGYDQFHV D PRUH FRPSUHKHQVLYH XQGHUVW
VIQWKHVB][BG FUDSKHQH IURP HVVHQWLDO RLO ZLWK $J1:V LV QF
7KH YDULDWLRQ Rl GHSRW(WI'RRI IRQG KW QR QWD RD LALVFDQW L
FKDQJHV WR WKH ILOPYV IHDWXUHV 7KLV LQFOXGHV FUXFLDO F
HOHFWULFDO SURSHUWLHYV RI WKH UHVXOWLQJ JUDSKHDBEQGOP
VXVWDLQDROH JUDSKHPHIRW (26&YV LV VHQVLWLYH WR WKH JUD
SKRWRYROWDLF SHUIRUPDQFH Rl WKH GHYLFH EDVHG RQ WKHYV
FKDQJHV LQ JUDSKHQH SURSHUWLHVY FDXVHG E\ D VOLJKW YD
LPSRUWDKHVIONHFWLYHQHVV RI WKH $J1:V FRXSOLQJ ZLWK WKH U
WKH VWUXFWXUH PRUSKRORJ\ DQG RSWLFDO SURSHUWLHV RI !
LPSDFW Rl GHSRVLWLRQ SDUDPHWHUWRIFW®&HHE ¥ XORV RS W 1B DISK ¥
DSSOLFDWLRQ VDYH WLPH DRBOHHSXEGXFRM\RQ IRRUGRYHU HII
$J1:V ZLWK WKIN MH DQVSHKBQH FDQ EH DFKLHYHG IRU KLJK SHUIR
,Q WKLV ZRUN D V\VWHPHWWLIEJID @G RIQQ R 0 YWKAHDL®G OX H DS HUMDIW
RQ RXU UHFHQWO\IUHBRUWEH 8 XW WDQQMHEOH JUDSKHQH 7&(V IRU
HITHFW JBIV+DW GLIIHUHQW IORZ UDWHV DW&FRRQ® D/QK\H WIRS B\WW
GHSRVLWLRQ WHPSHIEBWXKHB RIQVIWKMRVAWUXFWXUDO HOHFWULF
UHVXOWLQJ JUDSKHQH ZHUH VWXGLHG LQ GHWDLO 7KH HIIHFW F
RI WKH VIQWKHVL]HG JUDSKRQH YHWW LS DIW\H & D V KBIDW SSSYXOLLIF@IV L |
JUDSKHQH VIQWKHVLV ZDV IRXQG WR SURGXFH VWUXFWXUDO Gt
ZLWK LQFUHDR/Z @DWH 7KH RSWLFDO DQG HOHFWULFDO SURSHL
VLIEDQRWO\ ZLWK WEKHKHI OBRRZRVK+ Rl YHUWLFDOO\ RULHQWHG JUDS
LQFUHDVHG ZLWK WHPSHRIDWKKH B EQFB&BDYRE6EKHEDVHG RQ WKH S
7&(V GURSSHG IURP IRU JUDWRHQ@H B&YW ZEMLKRIXW + IRU WKR
RQ JUDSKHQH SUHSDUHG DWV SHE®/ LY VPR P R W KW K B Y ID® GU3 & (
RI WKH GHYLFHV GHFUHDVHG IURP DQG WRRU JODMSKHQH JU
IRU WKDW REWMBARHZXDMH WKRVH ZLWK JUDSKHQH REWDLQHG D
FLUFXLWV 26&V EDVHG$BD K\ENGZIWKSKHDFIKHQH JURZQ DW KL



VKRZHG SRRU SHUIRUPDQFHV EHFDXVH RI WKH L QFUDHDWRIGIKOHD |
VXUIDFH GXH WR WKH JURZWK RI WKLFN DQG ODUJH 9* QDQRVKH
9 ([SHULPHQWDO
9 6\QWKHVLV RI JUDSKHQH ILOPV

*UDSKHQH ZDV V\QWKHVL]HG R X\NOLDMV D\PFOROMWEHRWHY D W
VI\VWHP DV UHSRUWHG 3% Q@BRN O DIIIRQLEPVIDBRYNROHQV ZDV XVHG
HQYLURQPHQWDOO\ IULHQGO\ FDUERQ VRXUFH 7KH SUHFXUVRU

PEDU ZLWKRXW H[WHWYDORRBIW DQWGRW WRRP WHPSHUDW XU
WHPSHUDWMXZBY UHDFKHG DQG VWDELOL]HG DQ 5) SODVPD SRZ
PLQXWHV WR SURGXFH JUDSKFIQ N WIUOKFEW XTKH FADFHEGQUJIRQLXP J
H)DEOHG WKH VIQWKHVLV RI JUDSKHQH DW VKRUW GHSRVLWLRQ
WHPSHUDWXUH XQGHU YDFXXP *UDSKHQH ILOPYDXHUBQIUBSDURE

WR VWDQGDUG FXELF FHQWLWHWHWVEHS PQPXMIHV H RFEP VFF

PHQWLRQH®RWZRKDXIHWH DSSOLHG RQO\ GXULQJ WKH GHSRVLWLRQ
ZKHQ 5) SRZHU ZDV WXUQHG RII

9 3UHSDUDWLRQ BUX\EUTKLGEGV-U

7R LPSURYH WKH HOHFWULFDO SURSHUWLHV RI WKH V\Q
RSWRHOHFWURQLF GHYLFHV $J1:V SHUW M\OHPY WRVSHRE X R \K \EIU
LQ LVRSURS\O DOFRKRO ,3% SXUFKDVHGz*IWRP %6 UMW HBLLIDROH Vi
RI QP DQG KLJK SXULW\ Rl ZHWHWKHVKCR SBHPDUHG EHIRUH X
$J1:V ZDV JHQWO\ VKDNHQ IRU PLQXWHV DQG WKHQ OHIW IRU
GLVSHUVLRQ 6XMVRITRBHIBWWSHUVLRQ ZDV VSLQ FFROWWGE RQODRY
VXEVWUDWH FP 1 FP DW USP IRU VHFRQGV WKURXJK G\
ILOP ZDV SODFHG RQ D SWHIRWD W R GQRKRWHS/OW R HJ IDRR YZR D @/\KU HV L
PHQWLRQLQJ WKDW JUDSKHQH ILOPV ZHUH H[SRVHG WR DLU
VXUIDFH ZHWWDELOLW)\ EHIRUH VSLQ FRDWLQJ RI WKH $J1:V

9 )DEULFDWLRQ RI 26&V

,QYHUWHG JHRPHWU\ 26&V ZLWK WKH VWUXFWXWH KIVHE =Q
LQ WKH SUHVHQW ZRUN 7KH SUSMWL QH UMY DKWY HVD @ G VK HESU E G |
PEDU : IRU V WR LQFUHDVH WKHLU K\GURSKIOLFI@VAQR2R IRUP
HOHFWURQ WUDQVSRUW OD\HU (7/ ZDVF HWBISHUGROE\ROS HG KR
PHWKR[\HWKDQRO ZLWK HWKDQRODPLQH @YD RUGIHB UNRWHPR W
DJJORPHUDWLRQV RU DJJUHIO WD QG URINKRE) EQZ)YRGPLQJIH ILO
SRUH VL]H SXUFKDVHG IURP 2VVLOD ZDV XVHEOSUKRQ WARKW KAS
FRDWHG IL®P @OV DMIQHB RHGRBDWHG KRWSODW H@4RE F RILVDXAIH \
ZDV UHSHDWHG WZR RU WKUHH WLPHWJRY SUHV®WHBW LYK MR



D BMAMW LQWHUIDFH ZLWK WKH DFWUFKLYV\ HUKBQ G WKRI IFRPIMEH G k
WUDQVIHUUH® OBWR ®RYHER[ IRU WKH GHSRVLWLRQ RI WKH SKR
ZW ZW EOHQG ZDV GLVVROYHGP DQL ERORARREAFHQWOQ P ¥ L R® D QFG
R&e RYHUQLJKW LQ WKH LQHUW DWPRVSKHUH 7KH DFWLYH OD\HU
ILOWHU XVHG IRHOW KO S@®UWRRQ RI WKH ILOWHUHG DFWLYH EOF
GSWHWQVHG RQ WRS RI =Q2 (7/ DW USP IRU V 7KH UHVXOWL
WKHUPDO DQQHCHDLVPH RRQRDNSOB WH L QR&L IR W KL X RMHVE RI[RDLVP S L
PRUSKRORJ\ 7KH VXEVWUDWH\VGEMGHYSOBRZGP DYW RD Q GF XAKWRP P
YDFXXP GHSRVLWLRQ XQLW $ ' +,1' +,9%& |IRU KRIOH GHSRYV B/RU
OD\HU +7/ DQG QP $J DQRGH UHVSHFWLYHO\ 7KHYGHYLFH I
GHSRVLWLRQ PDVN

9 &KDUDPMMHWRI] PHWKRGYV

7KH VWUXFWXUDO HOHFWULFD ®\@WIGHR 8§ WIGF D 0 DSKRISHHU IVQ &
$J1:V ILOPV ZHUH VXEVHTXHQWO\ LQYHVWLJDWHG IORHA ZDRZWK
FRQILUPHG DQG FRPSDUHG XVLQJ D 5HQLVKDZ 5DPDQ OLFURVFR
RSWLFDO WUDQVPLWWDQFH DQG WKH VKHHW UHVLVWDQFH RI W
(OOLSVRPHWHU - $ :RROODP @RI KSIRIRQW SUREH PHWKRG 7
SRLQW SUREH V\VWHP XVHG D .HLWKOH\(YRXE HFHQR HLDQAMX WOH PRQLSW
VWDUWHU SUREH VWDRMULRSRVIQBLRHHUY ORUH GHWDLOV RQ Wk
UHVLVWDQFIRHHDVWOQ EH IRXQG LQ @XU(BUHWHRXHZIRUMLRQ VF
HOHFWURQ PLFURVFRSH 6(0 ZDV XWLOLVHG WR VWXG\ WKH PR
+LWDFKL WUDQVPLVVLRQ HOHFWURQ PLFURVHARSH HHQW REHKULBWH

N9 ZDV XVHG WR LQYHVW LZKHVSIX WKW L D @B GIROVHR B RFDXOU ARP S

VIQWKHVL]HG JUDSKHQH V DWP3\O$IK/RIHRHO WHW/EHRIDGBB\H XKW IU®J D .U
$:,6 6835% 3/86 LQVWUXPHQW ZLWK D PRQRFKURPDWLF $0 .. ; UD\
DW P$ HPLVVLRQ FXUUHQW DQG N9 DQRREMWBRWKQWHD CRI 7K
26&V GHYHORSHI® HRSD WKIBQEUD O G BURULF&W ZHUH FROOHFWHG
608 .HLWKOH\ $ DEHVDIRX\GMRAVW ERDUG IRU VWXG\LQJ DQG
SHUIRUPDQS MW VD ZHUH UHFRUGHG DW DPELHQW FRQGLWLRQV [
9 5HVXOWYV

7KH 5DPDQ VSHFWQ KRHWLKHGDI D S K RRQ X Q\GIHRIS G HMOHRUIH Q W +
UDWHVY DUH VKRZD I$@ QLYRBPBOHV VKRZHG WKUHH FOD/NWRE LEDDAQHG/
ZLWKFRQG RUERXWD GPQYN SKRQRQV GRHNAMLIR)MA MH[P>JR@DO FDUE

FP IRULWBKODQH ( J YLEUWVDBUR®LRHEABBUERQ FIRU VWUXFWXU
LPSHUIHFWLRQV VXFK DV GLVORFDWLRQV YRLGV; YDRMHYMHIHY H
WKH IRUPDWLRQ RI IHZ OD\HU JUPSGH@K HRUUDW/Q R. @D M VIR X 08N



LQFUHDVH ZLWKORZF UBDHLRQGLFDWLQJ PRUH GHIHFWV ZLWKLQ V
EH H[SODLQH® LBALR/GW ERWZHHQ WKH HQHUJHWLF + LRQV ZLWHK
YDFDQFLHV RU GLWORFDKMRARQWKH BOPHDQ VSHFWUD IRU JUDSKHC
WKH DEVH@MH RUIFHUHQW WHPSHUDWXUHV 6LPHO®D WD BHIDHWY WR
REVHUYHG 7KH REWDLQHG VSHFWUD FRQILUP WKH VXFFHVVIXO .
DW DOO WHPSHUDWXUHV L&& HYRWULK DVORMCH UHR'AVLQJIWR JUDSKHQ
WHPSHUDRXDBG VKRUVWHWLEHS RVUWLERXW ZLWK ORZHU TXDOLW\
5DPDQ VSHFWURVFRS\ B\ VRKRHQFDG/HIXWRZWK RI JUDSKHQH R
VXEVWUDWHY DW VXFK ORZ WHPSHUDWXUHV PD\ EH DWWULEXWH
RLO DV D FDUERQ VRXUFH EHFDXVH OLTXLG SUHFXUVRUV FDQ KI
WRZDUGV &9' JURZWK Rl JUDSKHQH FRP S@ WHED W RE H DWHHHRX \ URFPX
9 E WKDW WKH GHIHFW FRUIFSKHOQWD WKRBWILVEKIRESHG ZLWK
WHPSHUDWXUH PG WKRIQ LQFUHDVHG DW KLJKHU WHPSHUDW >
DQG " PD\ EH DWWULEXWHG WR WKH LQFUHDVHG NLQHWLF HQH
UHDFWDRPEHR) ZKLFK FDQ LQGXFH ODWWLFH GHIHFWV YLD FR
$GGLWLRQDOO\ WKH XVH RI GLITHUHQW SRXPDW BFRQWUITKOWW]W
GHIHFWYV

7KH 7(0 LPDJHY )AUXWKIRZ WKH YDULDWUWRRQ 8D VKN QRBPEVKH C
JUDSKHQH ILOPV )RU WKH VDPSOHV SUHW®D WHGH DOX E AR QRIWILQ\S
OD\HUV ZDV IRXQG WR GHFUHDORZZUWK H QFKI\D WPIDQJEW KEIXH W
FRQFHQWUDWLRQ RIKEBK EREGKROWWEW UDWH Rl JUDSKHQH JURZ
GLIIHUHQW QXPEHUV RI OD\HUV ZLWKLQ WKH VDPH GHSRVLWLRQ
DW YDULDQW JURZWK WHPSHURWXEBY EB REVNBEN B QK DRI\ HAUKA
LQFUHDVHG VLJQLILFDQWO\ ZLWK LQFUHDVLQJ WHPSHUDWXUH U
ORUH LQWHUHVWLQJO\ WKH JURZWK RI YHUWLFDOO\ RULHQWH(
GHSHQGHQFH RQ WKHG&H S RVQ® MRQRET DMSHRQH UPHG E\ 6(0 LPDJ}
9



J

JLIXUH5®PDQ VSHFWUD RI JUDSKHQH ILOPV $& KKIUHHG (
+ IORZ UDWHV D DQG DW GLIITHUHQW JURZWKDWHW SRUD
JURZQ B®WXQGHU F G DQG DQB NFHRRP £tPDJHV IRU
JURZQ BsW I DQ® J LQ WKH DEVHQFH RI +

7KH SUHVHQFH RI 9* QDQRVKHHWY FDQ EHDREVBUHKFHBDYWG
GUDPDWLFDOO\ DW KLJK UDWHV VXFK DWWX®SNFEUMBDUHXKBD WU
9* QDQRVKHHWYV IRU WKH VD RE®YHYRSW R SAUHRBE-HAD R RDRW Z D V
IRXQG WR LQFUHDVH UHPDUND ESO\ 7IXWF KIHIK 9 HPCSGIRNDKNHHWHW Z H U |



KLJKHU GHSRVLWLRQ & HWSHUDWRZWHKY REW* SUHGRPLQDWHG HYH
WLPH GHFUHDVHG IURPFRAXWHWHWEWDLQHG 6(0 LPDJHV SURY
JURZWK PHFKDQLVP RI JUDSKHQH LQ D W\SLFDO 3(&9' UHDFWRU
RI WKH UHVXOWLQJ JUDSKHQH ILOPV 7KH ODUJH DHF® MOKVH N Q *
RSWLFDO WUDQVPLWWDQFH RI WKH ILOP DQG LQFUHDVH LWV V>
DSSOLFDELOLW\ IRU RSWRHOHFWURQLFYV
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J)LIXUH690 LPDJHV VKRZLQJ WKH PRUSKRORJ\ DQG YDU
VDPSOHV V\QWRHWIWHG MWD QG BH VeHPPLPDJHV IRU J

JURZQ ZLWRRXZW® F R& G DA& H 6(0 LPDJH IHR U WRJZ
R& ZLWKPX¥WVKRUWHU GHSRVLWLRQ WLPH RI A2



‘36 GDWD UHYHDOHG YDULDWLRQV LQ HOHPHQWDO FRPSR)
JUDSKHQH ILOPV 7KH DWRPLF SHUFHQWDJH Rl WKH FRQWVWH® X H ¢
LQ 7DE®HYQG 7KH PDMRU SHDN SUHVHQW LQ WKH VXUYH\ ;36 V
2WKHU PLQRU SHDNV VXFK DV 2V a H9 )V a H9 DQG 6L S
SUHVHQFH RI WKH 2 V SHDN LQ DOO WKH LQYHWWRLWKWH HGXBYDSH
VXUIDFH DPELHQW R[\JHQ DWWDFKHG WR UHDFWLYH VLWHV ZL
GHIHFWV RU GROWRLRLOHFRPSRQHQOWYV @Q WKH BWHKFXUNRQYG 6
) V SHDNV PD\ KDYH DULVHQ IURP WKH VXEVWUDWH VXUIDFH DQG
7KH SHUFHQWDJWHKH BDDSRIQHQILOPYV SUHSDUH& DWHFRODWB G W
IURP W R ZLWK LOOGBBEDMLWQHWIKHRPE WR VFFP DQG UHI
VFFP RIORZ GXULQJ JUDSKHQH JURZWK 7KH GURS LQFWHKBVEWYJ S|
+ IORZ UDWH ZDV DFFRPSDQLHG E\ DQ LQFUHDVH LQ WKH FRQWH
FKDUDFWHULVWLF IRU WKH VXEVWUDWH PDWHULDO 7KLV FDQ E
DQG WKH WKLFNQHVALW K JIUDFSKOIRZE QDAWW DV FRQILUPHG E\ 7(0
OHDGV WR PRUH UHVSRQVH IURP WKH VXEVWUDWH VXUIDFH GXU
VIQWKHVL]HG LQ WKW BEMHQARWIJURZWK WHPSHUDRVMDHPW VLPL
SUHSDUHG DW FRQVWDQW N\®R E SHMDMAX @ HULHQ B EXWHWEHGEK BV KR Z
DWRPLF SHUFHQWDJH RI FDUERQ ZDV IRXQG WR LQFUHDVH ZLWK
LQFUHDVHG QXPEHU RI OD\HURVRBBWMW RRWKLRVWDQPH LQFUHD
WHPSHUDW X®HVIRFRFOHG WR D ULVH LQ $W RI FDUERQ IURP
R[\JHQ SHUFHQWDJH IURP W R UHVSHFWLYHO\ 7KH GHFI
HDFK VDPSGHUIRUPHG XVLQJ &DVD;36 VIRIVBZDUK MDWQBGKHRIRYUH )L
7KH GHFRQYROXWHG SH®& NH DN YDHIRXHEG WRBLELQGLQJ HQHUJ\ %
WKH ODUJHVW FRQWULEXW LR Q& V&R DANKHNVHBR WD \®& KIHG WRHGJ JGD\S BL
FDUERQ VWUXMWXbWKH ZHDN SHDNV VXPK BXQ& 2DQ&RI&a H9 DQG
H9 ZHUH REVHUYHG ZKGFWRDNKEH QWWUDFWLRQ RI R[\JHQ IURFP
)LQDOO\ WKH 30DVPRQ ORVV IHDWXUHV 3/ DQG 3/ GXH WR W]
% ( a DQG H9 UHVSHFWLYHO\
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JLIXUH;36 VXUYH\ GDWD IRU JUDSR& @B G HOPF L IQHRZHDIBN
G 'HFRQYROXWHG & V SHDN IRU JUDSKHQHDWD'RS 6 KUS/UA

IRU VDPSOHV BWREZQDODW ZLWKRXWHFRQYROXWHG & V SF
DWR& DW VFF®®G K



7KH YDULDWLRQ Rl WKH RSWLFDO DQG HOHFWULFDO SURSH
GLIIHU H@RZ UDWHYV DQG DW GLIITHUHQW 9V HP S HEWIXW XYUDHOVX B U R I MY
VKHHW UHVLVWDQFH DQG RSWLFDO WUDQVPIOW WD} HRSIWWF D O
WUDQVPLWWDHFMWRHWHKHGDYUDSKHQH ZDV IRXQG WR LQFUHDV!
LQFUHDVLQJ WKHIURRZ WRNEEKBRDFKHG DW VFFP 7KH LQF
WUDQVPLWWDQFH RI WKH JUDSKHQH VDPSOHV FDQ EH GRH WR W
LQFUHDVHV GXULQJ WKH GHSRVLWLRQ SURFHVV &RQVHTXHQWO
ILOPgFUHDVHG IURP NWR DWN VFBOG UHDFKHIBRZ WDWBW R
DQG VFFP UHVSHFWLYHO\ $GGLWLRQDOO\ WKH SUHVHQFH
UHVLVWDQFH DQG RSWLFDO WUDQV P LSWVWREYFHH R GV KUHR B HO( & QW DG
9* QDQRVKHHWY GHFUHDVHBRZLWKWHYFDMDVLWYAXYVHG DERYH
LQFUHDVLQJ WKH GHSRYV LWL @R HP\8 H UDBERGHH PURPGHSRVLWLRQ
UHVXOWHG LQ DQGR®WDMOF WUROMVPLWWDQFH IURP DOPRVW
UHGXFWLRQ LQ WKH VKHHW UHVLVWDQFHS$WRPLODWEHKDNXLRU)Z
REVHUYHG IRU WKH JUDSKHQH ILOPV SUHSDUHIG \DRAH N WRWMMLY W T
DQG WKH RSWLFDO WUDQVPLWWDQFH GURSSHG IURP W R
ZKHQ WKH GHSRVLWLRQ WHPSHUEBRWDWHVKRZQHDY H GIJXWRIP6  WMKRI
HOHFWULFDO SURSHUWHUYBWXWK DQF WHDW UQEXWHES WR WKH LQ
OD\HUV DQG HQKDQFHG JURZWK RI 9* QDQRVKHHWY $OVR WKH C
| R& LV PDLQO\ DWWULEXWEBQVR WIKH DUDRZRVK RHWVIBIHVRQILUP
ORUHRYHU LW VKRXOG EH QRWLFHG WKDW WKH WKLFN 9* QDQRV|
RI JUDSKHQH ILOPV ZKLFK OLPLW WKHLU DSSOLFDELOLW\ DV 7&(
RI D 7&( PDWHULDO IRU R SMWRB®HRWUR QLLEK W5 FEHIEBWP LV VLR Q
7KHUHIRURIIDEMWZEHQ WKRVH WZR TXDQWLWLHYV PXVW EH UHDOL
7KH K\EULGL]DWLRQ RI $J1:V ZLWK JUDSKHQH ILOPV FDQ OHDG
HEWULFDO SURSHUWLHV ZLWKRXW GHJUDGLQJ WKHLU RSWLFDO '
OHG WKH VKHHW UHVLVWD Q@RH R WMV UMR XCURISQG KDNPDMA ED O O\
VKHHW UHVLVWDQFH RI WKH JGDBEEAE IUBRP SUHSDUW® DW “+D!

N * WR * IRU JUDSKHQH SUHSDVUH®IWRYHFREOW L Q WK
FRQGXFWLYLW\ Rl WKH K\EULG ILOPV LV DVVLJQHG WR WKH FRQG
ZKLFK FRQOWDSKHQH GRPDLQV 8QOLNH WKH HOHFWULFDO FRQG
K\EULG ILOPV GURSSHG GXH WR WKH UHIOHFWLRQ HIIHFW E\ $J
K\EULG ILOPV DWOREIIHDWRW D FRQVQ GMKIHD B/XKHH HOM FIUHADLWHW D Q F
LQYHVWLIJDWHG K\EULG ILOPV GXH WR $J1:V ZDV REVHUYHG ZKL(
DIIHFWHG E\ $J1:V 7KXV WKLV DSSURDFK LV SURPLVLQJ WR LQF
IUHH JUDSKH®H 28&V DQG RWKHU RSWRHOHFWURQLFV
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JLIXUH7&H YDULDWLRQ RI VKHHW UHVLVWDQFH DQG RSV
XQGHU GLIGIRAHQW O DQG DW GLIIHUHQW WHPSEUDWXI

7DEOH2BWLFDO WUDQVPLWWDQFH DQG VKHHW UHVLVWDQFH RI \
FRQGLWLRQV

+ IORZ UDWH VFH 2SWLFDO WUDQVPLWY 6KHHW UHVLVW

'‘DWDIJIIRWSKHQH ILOPV JURZQ DW YDULS®AOW MEFHAPSHUDWX

'"HSRVLWLRQ WHP| 2SWLFDO WUDQVPLWY 6 KHHW UHVLVW

7KH9- FXUYHV IRU 3 26&\V3&HI HORSHG RQ WKH GLIIHUHQW
GLVSOD\HGOILQ $LUXPRDU\ Rl WKH SKRWRYROWD IFR. USFOXLINP HFW B U M (
GHQVW\RSHQ FXLW YROWDODH 3&( RI WKH HQYFHNWWLYDIWMEQ LQ
9 D@ 7KH SHUIRUPDQFH RI 26&V EXLOW RQ 9SUDVWDQHHIUDS|



VLIJQLILFDQWO\ ZLWK YD U\IGXU MQIH JUDRSK WOM W\RWKHVLV 7KH
SHUIRUPDQFH LV DVVRPLDWHWIRDRAK ZA KV K HYKBD OHG YDULDQW
DQG SKRWRLHU FROOHFWLRQ GXH WR WKH YDULDWLRQ LQ WKH R
RI WKH 7&(V $W JHORZD/QXRRKEJKHU WKDQ LU Q RZDQ/G RUFKL YK 4V D
IRWYe-7KH GURSSHG IURP IRU 26&Y GHYHORSHG/RQ JUDRIGHQH
UHDFKHG IRU WKRVH EDVHG RQ JUDSK W®N SHHSIDWHIB DAWKH D
)) LV DVVLIQHG WR WKH BRRUUPDRFTGHEWRER BY WKHHVXOW RI WK
UHVLVWDQFH DVVRFLDWHG ZLWK WKH QXPEHU RI JUDSKHQH OI
SUHVHQFH RI WKHVH 9* QDQRVKHHWYV SURYLGHV DGGLWLRQDO
SKRWRH FOMMHU ZKLFK FRQVHTXHQWO\ HQKDQFHY PDDSKHYH RO
7&(V GHYHORSHG DWW REZVRKRG ®RRIKHU QXPEHU Rl OD\HUV DQG H]
WKH QDQRVKHHWYV ZKLOHIWRRVHHSUHSVFRB KW & IOJHKVY QXPEHU
9* QDQRVKHHWY DV FRQILUPHG E\ 6(0 DQG 7(0 LPDJHRI WRHVKH |
GHYLFHV EDVHG RQ JUDSKHQHIQ&@V UTUMISD ULNGDDMW KILEKWHG WR
WUDLQMPDQFH DV GHSLBEWEG TLRE)QBXUH

7R UHDOL]H KLJKHU SHUIRUPDQFH 26&V WKH FRXBOHKJ RI $
JUDSKHQH 7&(V ZDV VXEVHTXHQWO\ LQYHVWLJDWHG $J1:V ZHUH
,3%$ ZLWK DFEREXWWE DWLRQ RMRSPRIPXWDSKHQH HOHFWURGHV WF
FRQGXFWLYLW\ RI WKH UHVXOWLQJ K\BUE K&DUS(FWHWU IGULW E K VAX-GY
26&V GHYHORSHG RQ K\EULG 7&(V ZLWK | DIRUDRHHH LS/U VIS B TP GLD XV
F 7KH YDULPWDRV®RRY WKH EHVW SHUIRUPLQJ GHYLFHV VKRZHC
3&(V FRPSDUHG WR WKRVH RQ SHUVSHFWLYH SULVWLQBWUDSKH
VXPPDUL]JHGILGRPROHL6&Y GHYHORSHG RQ WKH K\EULG 7&(V YDL
DQG IRU JUDSKHQH GHSRVLWHG DW DQG VFFP UHVSH
WKH LPSURYHG FDUULHU FROOHFWLRQ GXH WRHQKWKH)BUBBKHG
$J1:V 7&(V ZLWK WKH DERYH OD\HUV RI WKH 26& ,Q DGGLWLRQ
FKDUJH WUDQVSRUW OHDGLQJ WR LPSURYHG RYHUDOO GHYLFH
REWD))QIHB WKH SUHVH QB ¥ REML ORW RIQKW KH IGHHYHH DIREBHHGY Y D Q V1 |
K\EULG 7&(V H[FHHG WKDW RI 26&V ZLWK VLPLODU VWUXFWXUH
IRXQG LQ SUHYLRXV OLWHUDWXUH ZLWK W\SLFDO YD@XRY UDQJL
K\EULG ERYWHG GHYLFHV ZLWK JUDSKHQH SUHSDUHG DW DQG \
DW VFFP GURSSHG GXH WR D GHFUHDVH LQ LWV RSWLFDO WU
IXQFWLRQDO GHYLFHV R WHHIOWRZE ¥ W B VDN YK R IZRGL DLIVD B0 L F |
RQ WKH K\EULG 7&(V ZLWK JUDSKHQ@D G WHSHD VH G VDM L SAF RR) RN K4
IXQFWLRQDO GHYLFHV DQG WKLV QXPEHU GURSSHG WRABVH DQG
VIQWKHVL]HG DW DQGVSNFWRYHOA ,Q FDVH RI JUDSKHQH ILOP
IORZ QRQH RI WKH VL[ SL[HOV EHKDYHG DV D IXQFWLRQDO VRC



LQVWHDG 7KLV EHKDYLRUUEDQ LIRH W [IS@ DVIOH GURZWX RI 9* QDQ
JUDSKHQH ILO®PRZZUWWHY 7KH SUHVHQFH RI 9* KHOSV VXSSUHVYV
Rl $J1:V ZKLFK DYRLGVY VKRUWY GXULQJ GHYLFH 9DEULMKWMLRQ
JUDSEKH ILOP GHYHORSHG DW KLJK K\GURJHQ IORZ VFFP VKR:
H[SODLQV WKH VKRUWV ZLWKEBEQLOWHKLEWVGEDMHG RQ JUDSKHQH
7KH SHUIRUPDQFH RI 26&V GHYHORBHG JRQ KK B U7IaM W VQ & W
DWLIIHUHQW WHPSHEDWQYUMKH DEVHQ@AUHHA ¥LIJQLILFDQWO\ ZLW
WHPSHUDWXRUH )DRUUWKH JUDSKHQH HO H EW UWRGH Y0 \OHRYFH. O RVSHHEG ¢
KDG D 3&( Rl ))RIDW D ZKLFK LQFUDHDWOGIRUJDUDISKH P8 GHYHOF

WR DQG UHVSHFWLYHOVKRV DRSYWRNHPE QW HIMHGXH WR W
UHVLVWDQFH IURP W R N ‘ ZKLFK HQKDQFHM @ b DWUHDEEQ V
FKDUJHHRDU B8W WKRI WKH GHYLFH GURSSHG WR ZKLFK PD\ E

WKLFNHU 9* QDQRVKHHWYV URXJK VXUIDFH WKDW VXEVHTXHQW
EDVHG RQ JUDSKHQH 7&%&VVOKHK BXR\W B YRWW DA_HFOH QHRG EDI FD X V|
JURZWK RI ODUJHU DQG WKLFNHU 9* QDQRVKHHWY OHDGLQJ WR
WKDW UHGXFHV WKH LOQWHQVLW)\ RI LQFLGHQW VXQOLJKW UHDFK]I
UHVSHFWNYHRAGQWKROOLQJ WKH PRUSK&D RVU B Q Wik i) WHYKKHDWH. QLIO
LV FUXFLDO IRU KLJK SHUIRUPDQFH 26&V

)RU WKH K\EULG 7&(V EDVHG RQ JUDSKHQH ILOPV JURZQ D
SHUIRUPDQFH VKRZHG DQ L PS$IUIR ORKHO\W W ERMNRLKIKEHDMIFK RV H SUH ¢
DW KLJK WHPS&HUBMWXKEPHVHG SRRU SHUIRUPD QEH 7KW VRBU® YLH)G )
SHUIRUPDG@EHRUNVJIJUDSKHQH JURZWK LV DWWULEXWHG WR WKH U
FDUBRWWWHFWLRQ GXH WR $J1:V ,Q FRQWUDVW WKH K\EULG 7&
JUDSKHQH VKRZHG SRRU SKRWRYROWDLF FRE\WDDGHRWHAGE DY OL\
IDEULFDWHG RQ SULVWLQH J®DISK HGKVDILW K B K SQ WIHBKIH B E DW
ZDV ORZ ZKLFK FDQ EH H[SODLQHG E\ WKHLU ORZ RSWLFDO WUD
RI WKLFN 9* QDQRVKHHWY 1R VKRUWYV ZHUH REVHUYHG ZLWK WK
GHYHORSHG DWUBHRWK WEBPSMHDWRXWKH SUHVHQFH RI 9Y)QDQRVKH
IRU 26&V EDVHG RQ JUD}® KZHDOZHORFRZEVIBWWH WKHLU UHGXFHG VK
EH DVVLJQHG WR WKH H[WUHPHO\ URXJK VXU IFRHIR IQW KR \KK E b MG/
ZKLFK LQFUHDVHV FDUULHU UHFRP®IZRBPW LR QHD DER D\W B NFDIJ Bi* FXD
ZLWKLQ WKH GHYUBR SK&9WUIDBKHQH VKRX0OG EH RSWLPL]HG IRU
$J1:V WRZDUGV KLJK SHUIRUPDQFH 26&V 7KH RMGDN XF V8D RESHEV
JUDSKHQH HOHFWURGHY GHYHORSHG E\ WKLV DSSURDFK GLVFXV
DW OR@RZ DQG DW PRGHUDWH GHSRVLWLRQ WHPSHUDWXUHV

7KH VL]H DQG VXUIDFH GHQVLW\ FRYHUDJH RI WKH 9* QDQR
DV REVHUYHG IURP 6(9 LP®RBFRU GLDIUBMRWBKIRRY 26&V EDVHG RQ \



JUDSKH QN 7&(V WKH FRXSOLQJ EHMHBBEED JWKOH MHIDHD G HMHOR S H ¢
HVVHQWLDO RLO LV HIITHFWLYH ZKHQ WKH VL]H Rl WKH 9* QDQRV|
KHOSV WR VXSSUHVV WKH LPSDFW RI WKH URXJK VXUIDFH RI $J1:
GHYLFH IDEIMRBWWROQKH QHHG WR | X UMRIOHL@ @ FOFGHGELVWLHR/QV XWFKKH DV
GHQVLW\ RI 9* QDQRVKHHWY SOD\V D FUXF VDIV UR\O B | LIQF W K HWKA\HE
WUDQVPLWWDQFH RI WKH K\EULG HOHFWURGH DQG FDQ LQGXF
SHUIRUPDQFH

F G

J)LIXUH-9 FXUYHV IRU 3 +7 3&%0 EDVHG 26&V GHYHORS
JUDSKHON K\EULG F G 7&(V VIQWRBVIQHEGH DYRL LD Q\
DW GLITHUHQW JURZWK WEHPSHUDWXUHV ZLWKRXW +



TDEOH3IXRWRYROWDLF SDUDPHWHUV IRU 3 +7 3&%0 EDVHG 26&V
K\EULG JWDSKHDE(V ZLWK WKH JUD SKHQ K QLGHUW G UIRERG HIMW H V

7&( + IORZ \| s 9s¢ )) 3&(

VFFP P$ FP| 9

3 U L VIWIDEHK H

1XPEHU RI
GHYLFHV RXW

+\EULGI1:V

7TDEOH3IXRWRYROWDLF SDUDPHWHUYV IRU 3 +7 3&%0 EDVHG 26&V
K\EULG JWDSKHDR&E(V ZLWK WKH JUDSKHQHWHOGBWUDW XQ HDWL QG LW Kk
RH

7&( 7THPSHUEBRWX -6¢ 92s )) 3&(

P$ FP 9

3 U LVIWIDEHK K

+\EULG XUV




9 &RQFOXVLRQ

7KH LPSDFW RI GHSRVLWLRLRMHP SB Y ROXWK H QGIRIS FFY WL HV
3(&9' JUDSKHQH 7&(V GHYHORSHG IURP JHUDQLXP RLOIORZ 26&V Z
UDWHV ZDV VWXGLHG DW FRQVWDQW WHPSHUDWXUH ZKLOH WK
DEVHRIFH7KH VWUXFWXUDO HOHFWULFDO DQG RSWLFDO IHDWX
VKRZHG D VWURQJ GHSHQGHQFH R®\ERWK WKH NORIVKBDWN RV HP
QXPEHU RI OD\HUV ZLWKLQ JUDSKHQH ILOPV DV ZHOO DV WKH JU
ZLWK LQFUMRZHGDWH DW FRQVWDQW WHPSHUDWXUH DQG WR
WHPSHUDWXUEVHQFWMKRIGHSRVLWLRQ H&H PSKH DWRKZMAK RI 9* QD QR
SUHGRPLQDWHG HYHQ IRU VKRUW GHSRVLWLRQ WLPHV 3 +7 3&¢
W UD QWHHUIJUDSKHQH 7&(V VKRZHG DQ RSWLPXPSRMLWRHBDQF R\
IORZ VFFP DQG PRGHUDF&H WPHEMMHHDWBSKNQK\EULG 7&(V
UHVXOWHG LQ VLJQLILFDQW LPSURYHPHQW LQ WKH GHYLFH SHI
RXWVWIDQGLQDW VFFRQVHTXHPWEOQHWKBWORNHISDUWY &RQWL
FRXSOLQJ RI $J1:V ZLWK JUDSKHQH FDRZ LOBIWMH¥WLQYG M KK IGH
WHPSHUDWXUHY DQOQGHVXOWHG LQ VKRUW FLUFXLWV DQG LQFU
E\ WKHFBERHQVKH WKLFN JURZWK Rl 9* QDQRVKHHWY UHVSHFWL"
DGYDQFHPHQW WRZDUGV WK H FGH.YYHO R/SCHNODAL GRB IHFGRI IISKGH QVHU D @ {
IRU 26&V DQG RWKHU RSWRHOHFWURQLFV

SHIHUHQFHYV

>@ .DPHO O06BXPHPAOL $ 2HOJHP|OOHU 0 -DFRE 09 ,QRUJDQLF
HIILFLHQF\ LQKLELWRUV RI RGO BHBQIK BHKRWRYBEQYIPZBEO HQDQE 6 X
SHYLHZV

> @ =KDR - /L < <DQJ *$GHD®JHW/DD® +(IILFLHQW RUJDQLF VROD
K\GURFDUERQ VROYHQWYV 1DWXUH (QHUJ\

> @ /LX ; &KHQ + 7DQ 6 RIVHRLYHGIZ\ RIUKDIKF SKRWRYROWDLF F
5HQHZDEOH DQG VXVWDLQDEOH HQHUJ\ UHYLHZV

> @ ODQFIDMRH] $ IPEWIQMR (- 6RERIRKR < OHDVXLQ % $ UHYLH.
HIILFLHQF\ REDVBSKHWOHRUIJDQLF VRODU FHOOV -RXUQDO RI 1DQ
> @ :DQJ < 7RQJ 6: ;X ;) g]\LOPD] #QJREHBU|L@WHUIOBKHU (E\(OL
JUDSKHQH DQRGHV IRU KLJK(SHUIRUPDQFH RUJDQLF VRODU FHO
> @ :X - %HFHUULO +$ %DR = /LX = &KHQ < 3HXPHWRFBVYHID Q
JUDSKHQH WHPQVRBHNVQWSB@LHG SK\VLFV OHWWHUV

> @ .UHEV )& -{UJHQVHQ 0 1RUUPDQ . +DJHPDQQ 2 $OVWUXS -
IRU SURGXFWLRQ RI IOH[LEOH ODUJH DUHD SROARHWVWRSRBHBOEH (
GHPRQVWUDWLRQ 6RODU (QHUJ\ ODWHULDOV DQG 6RODU &HOOV



> @ .DQJ -+ &KRL 6 3DUN <- 3DUN -6 &KR 16 &KR 6 HW DO &X J
HOHFWURGHV IRU RUJDQLF SKRWRYROWDLF GHYLFHV &DUERQ

> @ =KDBQJ;-/L + -L . /L % /LX3HWHW®RUPO QBHK7ZHURYVNLWH 6ROL
(QDEOHG ED®OLOH® K DUERQ 1DQRWXEH )LOPV $GYDQFHG )XQFWLF
> @ X - 4XH ; +X 4 [XR ' /LX 7 /LX) HMO DU @QOOMRIZ(IOHD JWL
DSSOLFDWLRQ LQ HIILFLHQW RUJDQLF VRODU FHOOV $GYDQFHG
> @ =KHQJ ; =XR /| =KDR ) /L < &KHQ 7 6KDQ 6 HW DO +LJ
3KRWRYROWDLFV ZLWK 6X SHIUQREL PO KL ESL®Y WVQ FOHIEG 098EHU LD OV

> @ :RUIRON %- $QGUHZV 6& 3DUN 6 5HLQVSDFK - /LX 1 7RC
FRQGXFWLYLWKH®Q WHR® S\WDRRHULF WUDQVSDUHQW ILOPV 3URFHI
6FLHQFHV

> @ S5LFFLDUGXOOL $* <DQJ 6 :HW]JHODHU *-$ )HQJ ; %ORP

JUDSKHQH(EDVHG VROXWLRQ(SURFHVVHG WUDQVSDUHQW HOHF
)XQFWLRQDO ODWHULDOV

> @ &KHQ ;=HRQZX * *X + &KHQ + :X + HW DO 5HDOL]LQJ XOWUI
DQG! HIILFLHQF\ RI IOH[LEOH RUJDQLF VRODU FHOOV YLD D
$GYDQFHG ODWHULDOV

> @ *ULOOL 0 'L 6DUALO@GL, $ %RVOQRDL5LQ3LHIDUL $ 8OWUDWKL
DV WUDQVSDUHQW FRQGXFWLYH HOHFWURGHV 7KLQ 6ROLG )LOP
> @ 6KWHLQ 0 7KLQ PHWDO ILOPV DV VLPSOH WUDQVSDUHQW FI
> @ :DQ - ;LD < =KD@JU = ;X % -LQ]KDR 3URWHIUH G RONDQLVED
&RQGXFWLQJ (OHFWURGHV IRU YOH[LEOH 2UJD Q IOF BRR D RWHIDDW

> @ 6RQJ <6 6HRQJ 1- &KRL .- 5\X 62 2SWLASDDBGW BREOWGXEW
JDOOGRPHG =Q2 HOHFWURGHY SUHSDUHG E\ DWRPLF OD\HU GHSR
7KLQ 6ROLG )LOPV

> @ )DQ 4 =KDQJ 4 =KRX : <DQJ ) =KDQJ 1 :LDR 6 HW DO +L
FIERQ QD E@EPWNBEHHOHFWURGHYV IRU XOWUDWKLQ DQG VWUHWFKDE

> @ %DVDULU ) ,UDQL )6 .RVHPHQ $ &DPLF %7 2\WXQ ) 7XQD
VROXSWRFHVVHG VLOYHUD QDRRIZHQMW ERWHX WL QJ HOHFWURGH V
ODWHULDOV 7RGD\ &KHPLVWU\

> @ *DUJ 5 (OPDV 6 1DQQ 7 $QGHUVVRQ 05 'HSRVLWLRQ PHWK
IRU RUJDQLF VRODU FHOOV $GYDQFHG (QHUJ\ ODWHULDOV

> @ =KDQJ < =KDQJ / =KRX & B5HYLHZ RI FKHPLFDO YDSRU G
DSSOLFDWLRQV $FFRXQWV Rl FKHPLFDO UHVHDUFK



> @ 6DHHG 0 $OVKDPPDUILD¥ UDIDMHHG( 6 &KHELFDO YDSRXU GHSR
6\QWKHVLY FKDUDFWHULVDWLRQ DQG DSSOLFDWLRQV $ UHYLH:
> @ 3DUN + %URZ® 3BQIHXORMSKHQH DV WUDQVSDUHQW FRQGX
SKRWRYROWDLFV VWXGLHV LQ JUDSKHQH PRUGBW R0 R0 HK RO GH
OHWWHUYV

> @ .DPHO 06$ 6WRSSLHOOR/ WH S- DFFIRE BDODVBBEQIUDHH Q VIQWKHV LV
WUDQVSDUHQW HOHFWURGH IRU RUJDQLF SKRWRYROWDLFV &DU
> @ .DPHO 06 2HODWREPOMHUSXVWDLQDEOH SODVPD SRO\PHU HQ
RUJDQLF VRODU FHOOV -RXUQDO RI ODWHULDOV &KHPLVWU\ $

> @ =KDQJDQJ - /L : B6KHQ'</L&KHEBW DO 6\QHUJHWLF 7UDQVS
$UFKLWHFWXUHRRXYOOHFHBEWOH[LEOH 2UJDQLF 6RODU &HOOV

1DQR

> @ =DIDU 0$ O9DUJKHVH 2. S5REOHV +HUQDQGWHS &6\ QLM KH VLIVF I
ILWURRSIG *UDSKHQH 2[LGH IURP $QLOLQH DS\ I$HE LODQMH & R\
,QWHUIDFHV

> @ 5RVFKHU 6 +RIIPDQQ 5 $PEDFKHU 2+JUHMWSHKURMMH) DWWR A RI W
SRZGHU E\ 5DPDQ ' EDQG V\PPHWU\ DQDO\VLYV $QDO\WLFDO OHW
> @ /L = :X3 :DQXKRDQDQ ;=KDL ; HMPBWUDRZKUH *URZWK RI *UL
&KHPLFDO 9DSRU 'HSRVLWLRQ 8VLQJ 6ROLG DQG /LTXLG &DUERQ
> @ 2X\DQJ % =KDQJ < =KDQJ = )DQ +- 5DZDW 56 *UHHQ V\QWHK
DQWKHLU DSSOLSBWIRRIPDRQFKLYKKSHUFDSDFLWRUV 56& $GYDQFH\
> @ -X®DLOL $ =DIDU 0$ %D]DND . :HHUDVLQJKH - -DFRE 09
JUDSKHQH QHWZRUNV GHULYHG IURP UHQHZDEOH SUHFXUVRU &l
> @ *HQJHQEDFK 75 ODMRU *+ /LQIRUG 05 (DDWRRR& RBOBFWI
VSHFWURVFRS\ :36 ,QWHUSUHWLQJ WKH FDUERQ V VSHFWUXP
$ 9DFXXP 6XUIDFHV DQG )LOPV

> @ OXPRIVHQWKDO ' 37HVVRQEABIBENH $ 6FKO|JO 5 &KDUDFWHU
&DUERQ ZUMAK 3KRWRHOHFWURQ 6 ENPMHSR VFRSU R DF K6 W& ISH P & D W

> @ 'DKRX )= &DWWLQ / *DUQLHU -* 2MWUDBO OQ| © XHRQIPHOR | 0D QR)G
DQG EXIIHU OD\HU QDWXUH RQ RUJDQLF VRODU FHOOV SHUIRUPL
> @ +RVVHLQ]DGHK .KDOLJKUROROBWEKRQBSEHLIBH WRIWDQVSDUHQW
URXJKQHVV RQQLPQPWIDOH 5HVHDUFK /HWWHUV



&KDSWHU 9,
'HYHORSPHQW RI SODVPD SRO\PHUL]J]HG HQFDSVXO

SKRWRYROWDLFV

&KDSWHU 9, ZDV GHGLFDWHG WR WDFNOH WKH LQVWDELOL
3HODUJRQLXPGHIDLYHARBOLBIM. OPV DV HQFDWWXQDIWQRQ DHU HUWA Q33|
XVLQJ ERWK FRQWLQXRXV DQG SXOVHG 5) SODVPD SRO\PHUL]DW
RI WKH UHVXOWLQJ ILOPV ZHUH LQYHVWLJDXWVG FRPEUHXWQQUD
ORZ 5) SRZHU DQG VKRUW WLPH QHHGHG WR SNMWKLSD ULHD B M OHDQUJRC
WKHLU GLUHFW GHSRVLWLRQ RQ WKH WRS PHWDO HOHFWURGH R
GHYLFH RRIADBSVXOMWMGFR3Y9 GHPRQVWUDWHG KLJKHU VWDELOLYV
FRPSDUHG WRQFRBNVXGROQHG FRXQWHUSDUWYV 7KXQG WBPDJFHKDS
IUHH UDSLG HQFDSVXODWLRQ DSSURDFK IURP D VXVWDLQDEOH T

&KDSWHW 9SXEMLVRABODW 2lBOJHP|OOHWFRE 0 9
6XVWDLQDEOH SODVPD SRO\PHU HQFDSVXOBDRXIR@DPDRIHULWE Y L
&KHPLVWU\ $

$SEVWUDFW

7KH UDSLG GHJUDGDWLRQ RI9IN U XOXBLHU SIXKREALRIYORVO WRDQ 6V W2 R
PDMRU OLPLWDWLRQ WR WKLV SURPLVLQJ WHFKQRORJ\ '"HYLFH
WKH OLIHWLPH RI 239V +HUHLQHAH FAWWHISRUW QWMKKHVLFHRD @G VWVRN
PDNHULDOV IRU 239V E\ UDGLR IUHTXHQF\ 5) SODVPD SRO\P
HQFDSVXODWHG GHYLFH UHWDLQHG DQG RI' LWV LQLWLDO
IDFWRU UHVSHFWLYHO\ DIWHU G DM UHXQ B AEG HQMW HF FEHG U\ GRIG
ILUVW PRQWK ORUH LQWHUHVWLQJO\ WKH RSHQ FLUFXLW YR
XQFKDQJHG DIWHU ! PRQWKY ZLWK RI LWV RULJLQDO VKRL
WKLQ ILOPV RDUWRIQVKIREEMRVSWLRQ LQ WKH XOWUDYLROHW 89 UD

WR YLVLEOH OLJKW ZKLFK FDQ HPSOR\HG WR SUHYHQW KDUPI>
OD\HU Rl WKH GHYLFH $GGLWLRQDOO\ WK H KHRWROHDV VWM B EILOLPA
DUWLILFLDO 89 LUUDGLDWLRQ 7HKMMHWIKQE URRN WHHSHQWW XU N
PHWKRG IURP VXVWDLQDEOH PDWHULDOV WR LQFUHDVH WKH C
SHUIRUPDQFH



*UDSKLFDO DEVWUDFW

9, ,QWURGXFWLRQ
2UJDQLF VRODU FHOOV 26&V KDYH UHFHLYHG LQWHQVLYH L
SURPLVLQJ DOWHUQDWLYH WR WKHLU K L@ K KR ? WF KQRUW FDQL FO B DI
> @RZ SURFHYVL@LFRWMW @EXQGDQFH Rl PDWHULDOV DQG |
SRZHU FRQYHUVLRQ HIILFLHQF\ 3&( UHSURVHQWI MK I3 8RDRIRU L
RUJDBRMWWRBYROWDLFV 239V KDV MXPSH® RURP DRSS PRIQR O D\HHQ\
@ DAY G H[FHHGLQJ ODYRU WOPOWHP GBQFFHYRZHYHU WKH VKR
OLIHWLPH Rl 239V XQGHU UHDO ZRUOG R S\HRIDOML @ R FFFR-QUGFLLVD OR. QI
7\SLFDO OLIHWLPHV RI 239V UDQJH IURP E+RHYWRB WWKRIMD Q GI\H \
LQFUHDVH VLJQLILFDQWO\ ZKHQ GHY L>F Ha7 OH I$ UWRNORRUHIG! G- QH [LSQRHVL
239V WR R[\JHQ ZDWHU YDSRMXU LWE&HASHWBDWEUHKWD YG XFXD D W H\
DW WKH LQWHUIDFH EHWZHHQ DQG ZLWKLQ WKH GLIIHUHQW ¢
FRPSRVLWLRQDO FKDQJHV ZKLFK HYHQWXDOO\ OHDG WR WKH G
RYHGBOOFH SHWUIRUPD @FH
'LIlTHUHQW DSSURDFKHV ZHUH SURSRVHG WR UHGXFH WKF
GHYHORSPHQW RI LQYHUWHG JHRPHWU\ ZKLFK DOORZHG WKH X\
IXQFWLRQWONKHFYK ROBQGX 7KH KLIJK ZRUN MKRZVKRIX HO WFHWUR
WR WKH[SIGOMRRQ UHDFWLRQV XQGHU UHDO ZRUOG FRQGLWLRQ
RI UHJXODU JHRPHW@®GGBWLRQDOO\ LQYHUWHG JHRPHWU\ VWRS
WUDQVSDUHQW HOHFWUR GHWHK PRE VE \FW R P RIFQ\GX ¥ HIED WO \R U L
SRO\HWK\OHQHGLR[\WKLRSKHQH 368RD\¥&\\t HQH @/HKK\0S RW B W\W K H
SHUIRUPDQFH LPSURYHPHQW DFKLHY HGN BIUW KR WK bl DIMOLYRHU W@ G H2



FRQGLMMHR@WXDOO\ UHVXOWYV LQ GHYLFH GHJUDGDWLRQ 7KHUHI
HVVHQWLDO SURFHGXUH WR LQFUHDVH WKHLU OLIHWLPHV WKUR>
UHDFKLQJ WKH GLIITHUHQW O@KH UXWR 0 W]KEVDGRIGLAFIBFDSWAK ODW LR Q
WKH DSSOLFDWLRQ RI IOH[LEOH 239V \QMNM-HMLOHDM WHRPEQYW HIQUF|
PDWHULDOV IRU IOH[LEOH HOHFWURQLF &BYIHRH \E ELWQUEHUGL Q J
+RZHYHU WKHVH PHW K RGW HBUSIURFWUNGE HRVQ PX®WRU UHTXLUH DGG
PDWHULDOV DQG IXUWKHU &b MQUFHBW RB QW HERGIHMYKAHH WR WK

$Q HIIHFWLYH HQFDSVXODWLRQ PDWHULDO VKRXOG SRVVHV
UHVLVWDQFH WR WKHUPDO DQG 89 GHJUDGDWLRQ DQG KLJK HO
WKH GHYLFH WR EH HQFDSVXODWHBUBQ & @ RERFRRVBQFGRFHWDEE
EDVHG UDGLR IUHTXHQFL]BE SGDWRLGRIRPNYWDQGLQJ IHDWXUF
VXVWDLQDEOH JHQHUDWLRQ VWDELOLW)\ FK H®HFDOWLUXHUWKQ HV
RSWLFDO WUDQVSDUHQF\ DQG WLIRH I G® BRI B DHFW HY W/ UDEDFG/
GHULYHGWHL®3DIWMHPBURPLVLQJ FDQGLGDWHY DV HQFDSVXODWLF
RSWRHOHAWHRWSEHAYDOO\ IRU IOH[LEOH DSSOLFDWLRQV 0DQ\
RI 3WKLQ ILRPWVVHQWLDO RLOV DV HQFDSVX®DWA RRZEBBMHUUIV I|F
RQO\ RQH DWWHPSW KDV EHHQ PDGH WR HQFDSVXGMDHVUIS 2CGBHQ L)
33 EDVHG RQ FRQWLQXRXV 5) BN B R S MUWPISHOR RHVEN K& M\Q MK H
FDQ YDU\ ZLGHO\ ZLWK WKH SUHSDUDWLRQ FRQGLWIR@D VXFK
GHSRVLWLRQ WLPH PRQRPHU W\SH DQG IORZ UDWH HWF OR
HQFDSVXODWLRQ PDWHULDOV DQG WR LQYHVWLJDWH DQ\ SRWHC
33WKLQ LUQOZBWY DQG RWKHU RSWRHOHFWURQLF GHYLFHV

,Q WKLBH@DMJIRQLXP JHIDDIGIRXPHRNVO ZDV XVHG WR SURGXFH
WKLQ ILOPV E\ ERWK FRQWLQXRXV DQG SXOVHG 5) SODVPD 7KL
WKH WRS Rl WKH PHWDO HOHFWUR G HD R H G Q231 UGHYGE FHWR PHRAHU N 13 H
SRZHU DQG GXW\ F\FOH ' & LQ FDVH RI FRQWLQXRXV DQG SXOVH
DV ZHOO DV GHYLFH VWDELOLW)\ ZDV LQYHVWLJIHVQHFG SV X B DWWG
239V DJDLEAWMOWPFRQGLWLRQV ZDV LQYHVWLJDWHGE WDBD HP HD V X L
FKDUDFWHULVWLFV RYHU WKUHH PRQWKV 7KH YDULDWLRQ RI W
GHQVdWWRSHQ FLUFXILW IYROWDBWRY PRQYVHEVERDHWIILFLHQF\ 38§
GHYLFHV ZLWK WLPH ZDV LQYHVWLJDWHG 'LIIHUHQW WHFKQLTXF
9,6 DQG (OOLSVRPHWHU ZHUH XVHG WR FKDUPRFMRMHLUYH WHKH S/KQ
VWDELOLW)\ 3\8MH ISQ HISORM GDV VWXGLHG XQGHU XOWUDYLROHW
9, )DEULFDWLRQ DQG FKDUDFWHUL]DWLRQ PHWKRGV
9, 'HYLFH IDEULFDWLRQ

,QYHUWHG JHRPHWU\ EXON KHWHURMXQFWLRQ %+- 239 Gt
38&%0 OR$J ZHUH HPSORWMHQQ WWHBIES\UD)LBSBWWHUQHG PP [



PP ,7ERDWHG JODVV VXEVWUDWHV 6 SXUFKDVHG IURP 2VVLO
ZDWHU ZLWK'GEFWEOU DFHWRQH DQG LVRSURS\O DOFRKRO ,3$
7KH FOHDQHG VXEVWUDWHY ZHUH WKHQ GULHGREW R LWHPRY D Q@ \
UHVLGXDO ZDWHU RU VROYHQWYV )LQDOO\ 8RB \GRLL HRBUV X PY\Y KD
IRU VXUIDFH PRGLILFDWLR® QM RV W QR2H HROHHF WIKRIQGW 8 RQMBRUW OL
=Q2 IRO J$FEHWDOWH GLK\GUDWH ZD W BWKRRHWHKD QRO P3X U

ZLWKO Rl HWKDQRODPLQH 3XULW\ ! DV D VWDHDOL]JHU
ZHUREWDLQHG IURP 6LJPD $OGULFK =02 IRROWWRRKRXDV M/DOIOR
RYHUQLJKW ULJRURXV VWLUULQJ DW JHOREDWHWRP B HQ D IWO®Y H U HZGK BX \
37)( K\GURSKRELF ILOWHUV EHIRUH ®B P8 UTRDMR.QM aWl RQFH RO B GMK
(7/ Rl =Q2 0 RI WKH VROXWLRQ ZDV VSLQ FRDWHG DW USP IRL
DQQHDOHG RQ DR&KRRWS ODRLIDOWHY LQ RBSWEO WMWKDW WKH FRDWH
ZHUH PRYHG WRLOOH®/UBRNBER[ IRU WKH GHSRVLWLRQ Rl WKH S
FRDWLQJORIRI WKH 3 +7 3&%0 ZHLJKW UDWLR GLVVROYHG
FRQFHQWUDWIRRQRWKH WRS RI =Q2 OD\HU DW USP IRU  VHF
DQQHDOLQJ RQRERYRIOWWH GMSRVLWLRQ Rl WKH WRS HOHFWURG
WUDQVIHUUHG WR WKHUPDO HYDSRUDWLRQ XKQUWODRERGDO +,1', +
RI OR27/ WKHQ QP RI $J DQRGH ZHUH HYDSRUPBMHG XRBHU |
DFWLYH DUHD RI HDFK VLQJOH GHYLFH ZDV GHFLGHG E\ WKH GH¢
(LJKW GHYLFHV ZHUH NSEUXBDOBWHGLQRWHDEXOWLRQ $IWHU WKH
GHYLFHV ZHUH PRYHG GLUHFWO\ WR WKH 5) SODVPD UHDFWRU IF
9, 'HYLFH HQFDSVXODWLRQ

$ WKLQ OD\HSRO\BPDVPRDG 3HODUJRQLXP JUDYHROHQV ZDV
PHWDOHFWURGH XWD@H DSGRVRARPORMA\RPG VIVWHP DY, VERZQ LQ )
3HODUJRQLXP JUDYHROHQV ZDV REWDLQHG IURP $XVWUDOLDQ E!
WUHDWPHQWY 7KH PDMRU FRQVWLWXHQWYV RIHWKGLBOHFXUVRI
FLWURQHOO\O IRUPDWH LVRPHQWKRQH DQG OLC
SRO\PHUL]DWLRQ UHDFWRU FRQVLVWV RI D FP ORQJ TXDUW] W
D YDEXXP SXPS DW RQHRXUY®R W QG OHRVWHKMH BKH RWKHU VLGH 7ZR
DURXQG WKH WXEH DQG IL[HG FP DSDUW 7KH RXWSXW WHUPI
SRZHU JHQHUDWRU ZLWK IUHTXHQF\ RI 0+] ZHUH FRQQHFWH
QHWUN 1DYLR 5) PDWBICLYQIQGH® ZRUN J\ & T7KH 239 GHYLFHV
EH HQFDSVXODWHG ZHUH LQVHUWHG LQWR WKH WXEH DW EHWZF
SUHVVXUH RPEDU EHIRUH WKH PRQRBGHURYBGWXW \DKH UHHDHDAWRHU
SODVPD GLIIHUHQW 5) SRZHU OHYHOV DQG . ZHU}
WKH SODVPD SRO\PHUL]J]HG HQFDSVXODWLRQ OD\HUV 2Q WKH RW
WKUHH GXMHN UFNBDOH G DQG ZKLOH DOO RWKHU FRQGL\



FROQWLQXRXV SODVPD 7LQ\ SLHFHV RI VWLFN\ WDSH ZHUH XVHG
DYRLG EORFNLQJ WKH GHYLFH WHUPLQDOV XIXWEK WHKGH DHE D8R
HQFDSVXODWHG GHYLFHV ZHUH WKHQ VWRUHG LQ DPELHQW FR
VWDELOLW\ LQYHVWLIJDWLRQ GHYLFHV ZHUH VWRUHG LQ DPELHC
WKH GHYLFHV ZDVWXQYHQWIWRKWIME VE R YH U KRXUYV

D

E
JLIXUH B, QYHUWHG VWUXFWXUH %+- 239 GHYLFH ZLWK
IRU WKH 5) SODVPD SRO\PHUL]DWLRQ UHDFWRU

9, 'HYLFH VWDELOLW\ PHDVXUHPHQWYV

7KH VWDELDWWE UIRIFYWHG UHIHUHQFH DQG HQFDSVXODWHG
LQYHVWLIJDWHG RYHU WKUHH PRQWKY +RZHYHU WKH WRS GHY
WHVWHG RQFH DJDLQ DIWHU H[WUD PRQWKWIKH SBRWRYRO VR
SDUDPHWHUY% H)) DQG 3&( Rl WKH GHYLFHV VWRUHG LQ DPELHQ)
IXQFWLRQ RI WLPH 7KH SHUIRUPDQFH RI WKH LQYHVVOLIJDWHG
FKDUDFWHULVWLFV XQGHRU $0QH* VWKRO D O OKIPIDQDDWLRID $% (7 6XQ
P: FPLQFLGHQW LOOXPLQDWLRQ 7KH VRODUY WHPXGDWRKHQADW ¥\D
D VWDQGDUG 6L VRO DY FRHOG D \Z BUHHUMEBERQBM G- ZLWK WKH KHOS
PWHU DQG ( WHVW ERDUG IURP 2VVLOD

9, &KDUDFWHULMKLIROQ P33
7KH FKHPLFDO VWUXFWXUH RI WKH SUHSDUHG SODVPD SRO'
ZDV VWXGLHG XVLQJ $75 )7,5 3HUNLQ(OPHU 6SHFWUKH )7,

SKRWRVWDELOLW\ RI WKH L QWKL\QNILLIDRWHZLD M QOFD\SK/ XYO\DXVEILRIG E3 \
LQ WKHLU )7,5 VSHFWUD DV D UH\QOQW DREIOHH HRMXOWHHVS R F8/8 URD/G IR®
-$ RROODP &R " QADWO XV MXGARWMNKH WKLFNQHVV RI WKH DV IDE
DQEQDO\WVLV RI WKH UHIOHFWLRQ DQG WUDQVPLVVLRQ VSHFWUD
2SWLFDO FRQVWDQWYV VXFK DV UHIUDFWLYH LQ GOHUMH®RGE HDUN WWVHKHX
89 DEVRUSWLRQ DQG RSWLFDO EDQGJDS RI WKH GLITHUHQW SOLC
XVLQJI98® VSHFWURPHWH9,66 KLPDANLMWK8ZDYHOHQJWK UDQJH RI



*RQLRPHWHU LQVWUXPHQW .69 &$0 +HOWVOWNL D WK O\DKHG Z i
SURSHUWLHYCRAWWKKUFBXJK VWXG\LQJORKIS KROWRIY RR QKB RNV DRI
ZDV VWXGLHG XVLQJ DWRPLF IRUFHIPUBYRORRERZ $pXVVMIZDQ 7
VWDELOLW\ RI WKHHOPNQWRBYWUDEB. BWLRQ ZDV VWXGLHG XVLQJ D
IX]JFKHP /=& KH UHDFWRU FRQVLVWVYV RI D WRS LOOXRODFABWHG F
8VKLR * 7 ( ZDYHOHQJWK UDQJH “ QP 7KH FKDREHU KDG G
DQG FP + 7KH ILOP WHPSHUDWXUH GX & QURR UR& PDWH RSHDMD\
ZLWK WKH KHOS RI WKH H[KDXVW IDQ DW WKH EDFN RI WKH FK
LUUDGLDWLRQ ZDV LQYHVW RXD WH® KEN LVUW)X GB L\QSIHW W i DY IZ U WIXWBL
9, S5HVXOWV DQG GLVFXVVLRQV
9, 3KRWRYROWDLF VWDELOLW\ RI WKH HQFDSVXODWHG 239V
J)LXUH VKRZV WKH SHUIRUPDQFH YDULDWLRQ RI 28EL®HYLFH
ILOP GHSRVLWHG DW PP) BRQWQOXBRXYYIZODWHG DV D IXQFWL
J)LXUH DWKH YDULDWLRQURHWRHWKH UHIHUHQFH GHYLFH DV ZH:
DW © 5) &3 DIWHU IDEULFDWLRQ DQG DIWHU KRXUV 7KH
FRPOHWHO\ GHWHULRUDWHG LQ FRPSDULVRQ ZLWK WKH HQFDSV.
Rl WKHLU LQLWLDO SHUIRUPDQFH DIWHU KRXUV 7KH YDOX
HQFDSVXODWHG DW SRZHU DOVR HHPTDR@WMKVXIQF OPE LHGQ W YFHR®
GHFD\ Rl WKH SKRWRYROWDLF SHUIRUPDQFH RI WKH HQFDSVXOD
eXQOLNH WKH UHIHUHQFH GHYLFH ¢eDHQLGK MKR ¥ HBX IO B QOHRR/XW L®
LQ:0D Q& IRU WKHQBEREOVXODWHG GHYLFH PD\ EH DQ HVIDGHQFH IR
LQFUHDRAHBKH GHYLFH 2Q WKH RWKH B IKIDQRD SV K KW HGO G M WLDFEH
WKDW WKHLU VKXQW UHVLVWDQFH KDV RRXW RUZKQOH WDKK KBRS
eLV DWWUKERRHEDWIR & K HL VQFW WV BEZWHG WR WKH LQFUHDVHC
HOHFWURGH XSRQ R[LGDWLRQ LQ WKH DPELHQW DWPRVSKHUH
PROHFXOHN\GRR¥WRQOKURXJK WKH GHYLFH GXULQJ LWV OLIHWLPH
IDEULPDWEIRRY SDUW RI WKH SHUIRUPDQFH GHJUDGDWLRQ RI WK
WR WHKHN FQF D RG22PROHFXOHV ZLWKLQ WKH IDEULFDWLRQ VWHS)
HOHFWURGH GHSRVLWLRQ DQG HQFDSVXODWLRQ ZKLFK ZHUH FI
LQWHJUDWLRQ RI WKHVH VWHSV ZLWBQWM LQRYHBRMHLW KH S3HYL
J)RU SXOVHEDY®IBVRQFDSVXODWLRQ OD\HUV WKH YDULDWLR
VKRZHG KLJKHU VWDELOLW\ FRPSDUHG WR WKRWH ERYMG RQ FI
HQFDSVXODWHGWKMWXKPS XKDMGWBWDLQHG DOPRVW RIRERWKKILU L
%eDQG )) GXULQJ WKH ILUVW  GD\V K ,Q WKHIROORZLQJ G
GHYLFHV KDYH UHYHDOHG KLJK SHUIRUPDQFH ZLWK NHHSLQJ PRI
UHVSHFWLYHO\ FRPSDUHG WRW IORWWIBORR¥W FR>RQ W WWSIDQLW V
KRXUV 7KH VWDELOLW\ RI WKH GHYLFHV HQFDSVXODWHG DW



WKRVH HQFDSVXODWHG DW '& RI $IWHU KRXUV GD\V 2:
UHWDLQH QG DQG DQG RI WKHLU LQLWLDO 3&(V DQG ILO
'& WKH GHYLFH UHWDLQHG DQG RI LWV RULJLQDO 3&
PRQWKYV 7KHGRPUBDYHG IURP WRJ '&ZILRR LQFURIDVID@®MG WK
W R DW '& RI $GGLWLRQDR®\D WK M KB ODGFREWXODWHG GHY
FKDQJH RYHU WKH LQYHVWLJDWHG WLPH GD\V ORUH LQWHUH
ZDV IRXQG WR DEO®WDL@®!I LWV RULIJLQDO 3&( DQG )) UHMSHFWLYH
HYHQ DIWHU KRXUYV ® DX DDV KHKREZ § DLA@XHM UHFRUGHG DIV
DUH VWLOO KLJKHU WKDQ WKRVH REW D LQ HASK B H\W KZ WHMVU H IKHU R E
UHVXOWV FRQILUP WKDW 239V HEP DB EXOOWHIGE SLODK/ B B UTRIL\RP L
VWDELOLW\ WKDQ WKH FRQWLQXRXV SODVPD EDVHG FRXQWHUSI
SUHVHQW ZRUWHREQ HUBR® @/HIH DGGLWLRQ RI 33 FRDWLQJ RQ WK
239 GHYLFH SOD\WROHLIQLLPSN@®WLQJ GHYLFH VWDELOLW\ 7KH S
RQ WKH WRS RI WKH PHWDO HOHPWGRBGHWGEIUP YW SRWKH ZS<0L\FKD O
GHJUDGDWLRQ WKURXJK WKH GLIIHUHQWLQ B WHRHEGIRA MR WGHDYALW L
DW WKH LQWHUIDFHY DV ZHOO DV WKH PHWDO HOHFWURGH DUH
D

J)LIXUH ®, 1RUPDD FIKGUDFWHULVWLFV RI HQFDSVXODWF
:5) DIWHU IDEULFDWLRQ DQG KRXUV RXWVLGH WKH
WLPH IRU HQFD SV WQFrDWHWSEOMWEHQ@RIHYLFH



JLIXUH ®, 1RUPD® IFKBUDFWHULVWLFV RI HQFDSVXODW
DIWHU IDEULFDWLRQ DQG KRXUV RXWVLGH WKH J
WLPH IRU HQFD S \H)XQFD\8 W&OMWAH Q RIHY LFH

)LXUH DDQ )KUWH DFRPSDUH WKH SHUIRUPDQFH RI WKH EHV
EDVHG RQ FRQWLQXRXV DQG SXOVHG SODVPD UHVSHFWLYHO\ |
7KH VWDELOLW\ RI GHYLFH ZLWK SXOVHG SODWDPWHQKRXWVX®DMAI
FRDWLQJ 7KH KLJKHU VWDELOLW\ RI WKH GHYLFH PD\ SURYH WK
LV PRUH LPSHUYLRXV OHVV SHUPHDEEGBVMWR PREQWEWSBUWHQ QV
WKH ORZ FRVW VX\QVDQQDEUW YVURWRHEBIMIRG BY \HHQEFWD EV X CROLW IVF
WKH\ DUH HIFHOOHQW FDQGLGDWHYV IRU 239V DQG RWKHU RSWRH
WKH SUHVHQW HQFDSVXODWLRQ PHWKRG GRHROYRDN FF BXWHRLED (
RI WKH GHYLFH DV ¥XWQ6LUPKIGS/ BA\DQXJEH DWWULEXWHG WR WKH C
GHSRVLWLRQ WLPH QHHGWHGE QVR. S B RHEXEFDH WXAHIY/W LF3Q OD\HUV

7R XQGHUVWDQG WKH SURS HVURNIQHIMOQEP WK H VY@ WW H YD YWHHG VB K
IRU IXUWKHU DSSOLFDWLRQV LQ SDUWLFXODU LQ RUJDQLF RSW|
ZKLFK DWH IBEMRKX WKH IROORZLQJ VHFWLRQV
9, ORUSKRORJ\ DQG VXUIDFH KRPRIJHQHLWWORNVNSODVPD SRO\PHL

7KH PRUSKRORJ\ IHDWXUHV RI WKH LQYHVWLJDWHG WKLQ
PLFURVFRSH XU®, VYKIRZV WKH ' DQG ' ULRDRHVGHEBRVIWHG DW
FRQWLQXRXYVY SODVPD DQG DW '& RI SXOVHG G® VYRR WU RWKKJ M



ZLWK URRW PHDQ VTXDUH URXJKQHVYV RI QP DQG QP IRU
SRO\PHUV UHVSHFWLYHO\ ZKLFK LV LQ D JRRG EBWWUXPWQRWDD
LPSHUIHFWLRQV VXFK DV SLQKROHV RU GLVORFDWLRQV ZLWKLQ
RI' R[\JHQ DQG ZDWHU PROHFXOHWKHAKGERK LG HY L @VWHIUDH. ICRLUNHL F W K |
GHIHFMH PRUSKRWRUIQRLG®PV LV D SURPLVLQJ IHDWXUH WKDW PD
EDUULHU OD\HUV IRU RUJDQLF RSWRHOHFWURQLF GHYLFHV

D E

F G

JLIXUH 9,0QG ' $)0 LPDJMAKRQ 3BOPV SUHSDUHG DW D F
ZLWK '& RI E G

7KH WKLFNQHVV RI WKH LQYHVWLIJDWHG ILOPV ZDV REWD
WUDQVPLVVLRQ (OOLSVRPHWHWKG&EBWQ@HVKHRYBULWKH VFEERIWUD W
D KLJK GHJUHH RI KRPRIHQUH WV BN ¥YEKEXKQVLR!I)LWOP WKLFNQHVYV

QP WR QP DQG IURP QP WR QP IRU WKH SXOVHG DQG FR
7KH DYHUTPIWKLFNQHVV ZDV IRXQG WR LQFUHDVH IURP QP WR
W R DQG UHPDLQHG DOPRVW WKH VDPH a QP DW '& RI 7K}

PD\ EH DWWULEXWHG WR WKH LQFUHDNBIRWIRREWRLWKW\PRIQWRH L
RFFXU ZLWK KLJKHU IUDFWLRQ RI WKH GHSRVLWLRQ VLIJQDO ,Q

VKRZQ KLJK RSWLFDO WUDQVPLVVLRQRH[FHEB LOM G L VW M HZM® Y I
9,6



D E

JLXUH 7KH YDULDWLRQ RI ILOP WKLFNQHVYVY RYHU WKH
SODVPX DW PHDVXUHG E\ (OOLSVRPHWHU

9, 2SWLFDO SURSWHLWQLHWYRY 33

7KH KLJK RSWLFDO WUDQVPLVVLRQ RLUNPKHG LE), 638 DWL DDIWH G
LOOXVW UDWHHG ZIKQ QHIWKH DEVRUSWLRQ V SR M RPRRO WKHQPRI) R
LQ )LEXHH $00 ZDYHOHQJWKV IDSSUR] QP DUH WRWDOO\ WU
DEVRUSWLRQ LV RE\ZHDUNHHOGH QRIS K/\W RELAH WK 6 BEVRUSWLRQ VSHF
WKH FRQWLQXRXV DQG SXOVHG SODVPD SRO\PHU WKLQ ILOPV SU
F\FOHMK'HVH GDWDVHWYVY ZHUH UHFRUGHG IRU WKH DWJ N DQWWPKIKWAL ] |
6LPLODU DEVRUSWLRQ VSHFWUD ZHUH REVHUYHG IRU QPO VDPS
ZKLFK PD\ EH DV VIE QMGDWREWHIR @S WLFDQ FEIDWIKHDDYHVWLIDWH
ZDV GHWHURLQHBXE SORWYV DA VEKRZ Q ARR UWXKMHWAORZLQJ HTXD

UDi L #@iF'y0 8 45

'KHUH K LV 30DQFN{V FRQQ® B {MQ GHIOWDER B/GHAHD UM TR B G F \
WKH LQFLAHQW7RBIOOW RI Q GHSHQGYV RQ WKH GLVWULEXWLRQ |
WUDQVLWLRQ PRGH Q FDQ EH RU IRU GLUHFW DOORZHG DQ
IRU LQGLUHFW DOORZHG DQG IRUELG@OQWKUYD QRIUML ORI UHYBWH
DOO WKH LQ YWHVQL DIDWPHGD3/3 LW JD Y H WKW KEHH B BV @ UG MR QL ARML Q
ZKLFK FDQ EH UHODWHG WR WKH DEVRUEDQFH DQG WKH RSWLFE
> @

taruU#>0KN>=J?2A

J:?175; 8 ¥,
u:?l1 L @l 8 #;




7KH YDOXHV RI RSWLFDO EDQGJDS IRU DO®WKH LQYHVWLIDWHG

7KH DELOLW\ RI WKHVH SODVPD SRO\PH 8B JWHIEQWH LUMH SLUGHPAH @
DQ DGGHG YDOXH WR VXFK PDWHULDOV LQ WHUPV RI WKHLU D¢
HOHFWURQLFV 7KH DEVRUSWLRQ RI WKH@R B30OWK ADQ SROVPAD U ¥
RI H9 ZKLFK RG DQWHHPHQW ZLWK SUHY@RXKDYV [EHSIRUWHSR
WKDW WKH H[SRVXUH RI WKH GLIITHUHQW OD\HUV RI 239V HVSHF
SKRWRQV SUHVHQWUK® MWK D \GRIOWDHU RISGIIEQW IDFWRU WRA@WKH RY
7KHUHIRUH WKH SUHYHQWLRQ RI VXFK KLJK HQHUJ\ SKRWRQV IU
WR UHGXFH GHYLFH GHJUDGDWLRQ $OWKRXJK JODVV VXEVWUD\

QP WKHVH ZDYHOHQJWKY DUH QRUPDOO\ EORFNHG E\ WKH
> @Q WKH RWKHU KDQG 89 SKRWRQY D\ k8 DRIQLFKU DADH 1S O H ¥ B
QDWXUDO VXQOLJKW UHDFKLQJ WKH (DUWKYV DAXKVDE 8 GD BB QVRD
SKRWR BBWUBRGRI 239 HLIXKUHUHIRUH WKH GHSRVLWLRQ RI WKH
VXEVWUDWH UHSUHVHQWY D SURPLVLQUJKWUID\RRAJWWHR \FROD B | F
EHVLGHV WKHLU \WSSODFEQEBR®VXOBWLRQ OD\HUV WR WKH PHWL
RUJDQLF HOHFWURQLPWI$V DR W D BEVEKE V&RRFE PIQEBIVRIGEE KLQ ILOPV
VWURQJHU WKDQ WKDW RI WKH SXRNFHG PO DEVHP I W INWHKIHELXBAREX @ W\
DEVRUSWLRQ FRHIILFLHQW DQG WKLFNQHVV DV FRQILUPHG E\ (¢
DGMXVWHG WR DFKLHYH WKH RSWLPXP 89 DEVRUSWLRQ DQG KHQ
FDQ EH JXDUDQWHHGGIIRSKIRX W/ K/H NUMLEDBWLIKW UHDFKLQJ WK
KLJK WUDQVPLVVHRIQDRNVWRYWH \PDEMDH ZDYHOHQJWKYV



H

JLIXUH 8 9,6 VSHFWUD RI WKWKLWY SUGIBYDUHG &BQWLQX
SODVPD SROVDHKWF II@RPWYV IRU ILOP SRO\PHUL]JHG DW F

GHSRVLWHG DW 5) : SXOVHG SODVPD976 WKRGSW\L R (F
D SObDVPD SRO\PHU WKLQ ILOP GHSRVLWHG DW 5pDJ[LV:
QRUPDOL]HG WR WKH PD[LPXP YDOXH WR H[FOXGH WK}
VOLGH PP DQG WKDW RORVKH ILOP DSSUR]J



7TDEOHMKH RSWLFDO EDQGJDSSUHSRIVEKEL I FBUIHXPWV DV

&RQWLQXRXYVY SODVPD

5) 3BRZHU

2SWLFDO EDQGJDS

3XOVHG SODVPD

"XW\ F\FOH

2SWLFDO EDQGJDS

9, &KHPLFDO VWUXFWXUH DQWKIS®&RMWRPAMWDELOLW\ RI 33

7KH FKHPLFDO VWUXFWXUH RI WKH PDWHULDO LV D NH\ IDFW
FRPSRVLWLRQ Rl WKH SUHFXUVRU DV ZHOO DV WKH WQWWKHVL]H
VSHFWND$H )LOVKRZV WKH )7,5 $88PWIURK®LRP JUDYHR®HQEDBOBQR
DURXQG UHSUHVHQWY WKH VWUHWFKLQJ 2+ Rl ZOWRKRRH MKZHR\
VKRXOGHUV DW DB BRX QW \F R R WE\HK M WEUL HIW BKIQR ) @T KW DVWZIRR Q V
SHDNV DW DQGFP BBH DVVLJQHG IRU & 2 VWUHW FI@ZKILPMHUER 8\0
SHDNV DW DO@P®H DWWULEX@®EG ®RELHQGLQJ YLEUDWLRQV UH
7KH ZHDN SHDNWHBUHVEHRWY WKH @& RISBIONHQHY DRSHDU FP
DV DXJHV RA VBB B&VWUHWFKLQ$ UH\@EHPRWDWH)J\5 VSHFWUD ZHU
IRU ERWK FRQWLQXRXV DQG SXOVHG SODVPD LQ WHUPV RI SHE
VRPH SHDNV YDULHG ZLWK YD ULEQH @HESR VY KNRRQ VB P 15 WHSUH\E W
WKH VIQWKHVL]HG ILOPV WKH EV RDGWELLE G VDB K B JEYL E U D
DOFRKRO JURXSV 7KH WBHBINWOWRL WKIFPYWUHWFKLQJ & 2 Rl FDUI
FROQWRXV SODVPD SRO\PHUV WZR HPHUJLQJISQGI®NV [BRHEDYHQ >
DVVLIJQHG WRHWKHQY DRIG&EYRXSY UHVSHFWLYHO\ ORUHRYHU
DURXQG ZEWK WKH KLIJKHVW LQWHQV IKW\®DIW5PPHWUL¥F M WUILHW I
,Q FRQWUDVW ILRP\SXWKHGEBVHQFH RI WK H B EM REVIHUSURT |
ZLWK ORZ LQWHQVLW\ DW '& RI DRQG&#HODXWHGHSWBNV&FRP S
GLVDSSHDUHG 7KH GNVWDBRBE GV PORHE RIDMKWULEXWHG WR WKH KL
OHDG WR WKH EUHDNDJH Rl ZHDN ERQGV ZLWKLQ WKH PRQRPHU |
KLJKHU WKH GHSRVLWLRQ 5) SRZHU WKH KLJKHULWBE VHRIHUK L @®
WKH SODVPD UHDFWRU



E F

JLIXUH)¥,,5 VSHFWUD RI D *HEDQHGP BRQG HFE SSXGBOVHG
WKLQ ILOPV

'XH WR WKH H[SRVXUH RI WKH HQFDSVXODWHRIQFBIRSEHVDMWMR |
LW LV LPSRUWDQW WKDW WKH HQFDSVXODWLRQ PDWHULDO SRV
WKH VWDELOLW\ RI ERWK FRQWLQXRXV DQG SXOVHG SODVPD SR

“ QP UDGLDWWVNRDHUHKH[]IERYHG GLUHFWO\ WR 89 UDGLDWLR
DQRG WKHLU VWDELOLW\ ZDV HYDOXDWHG WIKWWRXGKDWDLR® WD R QWI
VWUXFWXUDO FKDQJHV ZLWKLQ WKH SODVPD SRQ\PEUDLWH®R @ OLQ
H[SRVXUH WLPH 7R H[FOXGH WKH HIIHFW Rl XQQDWXUDO ZDYHC
FRYHUHG E\ D JODVV SHWULGLVK ZKLFK LV WXD®YSD)UHLMHN WR Z
9,6 8SRQ H[SRVXUHRWRXRRQYWIQ®B SXOVHG SODVPD EDVHG ILOPV
FKDQJHV LQ WKHLU )7,5 VSHFWWUIWD 6RP¥YHNIEGEH ERWRWWK IS DQR\WQ/ 7k
LQYHVWLIDWPNG BBULHG ZLWK WKHLU SUHSDUDWLRQ FRQGLWL
FRUUHMBRYYG5 VSHFWUD RI WKH LUUDGLDWHG VDPSOHYV DUH UHS
LOWHQVLW\ RI WKH GLITHUHQW SHDNV ,Q RUGHU WR H[FOXGH W
DEVRUSWLRQ GDWD ZHUH QRU P W&IH H& WRYYHH URW KWHKW RMD @O HD R H DOQ>
VSHFWUXP



YRU ERWK FRQWLQXRXV DQBVSXOV HDGQS DB \RE D YWE&DIWRP )L
WKH FKDQJH LQ WKH LQWHQVLW\ Rl WKH DEVRUEDQFH SHDNV LV
WHKILOPV GHSRVLWHG DW FRQW L Q¥ R KE U VBIRZM D USRDN\D /DN QW F K |
DIIHFWHG SDUWLFXODUO\ ZKHQ XQQDWXUDO KLJK HQHUJ\ SKRW
FKDQJH LV KLJKHU LQ FDVH RI ORD\GEHS R WIWWLIREX B)HER & IR UNWZKKH. ISKJ
PRQRPHU RQ WKH ILOPYJV VXUIDFH GXH WR LQFRPSHBUWHDSRA\P H
EDQG DURXQGLV DFPRPSDQLHG E\ DQ LQFUHDVH LQ WKH LQWHQ
FDQ EH DWRUSKERWR R[LGDWLRQ UHDFWLRQ X® RO B WHK[LIR VIXQURV ¢
VKRZQ KLJKHU VWDELOLW\ DV DOPRVW QR FKDQJHV LQ WKHLU )7
KRXUV Bl BBSRVXUH ZKHQ JODVV FRYHU ZRVHW BBU HQI B)XGGE WIYRQ
KLJK HQHUJHWLF 89 SKRWRQV ZHUH SUHVHQW 7KHVH ZHUH YLV
YLEUDWLRQ EDQG ZLWK D VLPXOWDQHRXV EURDGHQLQJ LQ WKH 2
WLPH 7KLV EHKD YLIFEXXUW FAB\ VER WWM FRQYHUVLRQ RI FDUERQ\O
JURXSW ISYUMMKHQFH RI PROHFXODU R[\JHQ

J)LIXUH AKH YDULDWLRQ RI )7,5 VSHFWUD RI WKH &3 DQC
ZLWKBILUUDGLDWLRQ ZLWKRXW OHIW DQG ZLWK ULJF



9, ‘DWHU FRQWDFWKLQJOK RY 33

7KH ZDWHU FRQWDIFWDIMQUIOSRUSD QW SDUDPHWHU IRU HQFL
K\GURSKRELFLW\ RI DQ RUJDQLF PDWHULDO LV VLSRQDLFZE3IW O\
JURXSYXUGLIVKRZV WKH ZDWHU FRQWDFW DQJOHV RI DOO WKH LG
)LOPV EDVHG RQ FRQWLQXRXV SODVPD KDYH PXFK KLJKHU :&$
VXPPDUL]JHGIL,Q 7O E®WH Rl FRIQWRQXRMWH 3BHODWLYHO\ KLJK :&%
SXOVHGOFV FDQ EH DWWULEXWHG SRRIBMKXS ¥ WHVAEKQ BM&BN PRUH (
FRQILUPHG E\ WKHLUXY#H5 VEBKHFWDOXMHLRI :&$% Rl WKH VDPSOH SU!
VRPHZKDW ORZHU WKDQ WKRVH RI RWKHU VDPSOHV GHSRVLWHG
EH OLQNHG WRUWYKHQAERRHARDURXSY ZLWK UHVSHFW WR SRODU
QRWHZRUWK\ WR PHQWLRQ WKDW DQ HIILFLHQW HQFDSVXODWLR(
VR WKDW LW FDQ SURYLGH KLJKHU SURMBPWLRQ WIRJ K KB PSLKER\WF
UDLQ\ FRQGLWM. REUPOR@OPOLFDW | RMYGX)UR P PIBINUHQFEDSVXODW
ZLWK SXOVHDBBOOGWPIOLQ ILOPV KDYH KLJKHU VWDELOLW)\ LQ DPE
FRQWLQXRXV SODVRBU XP @& :&$ PHD VXU HTHWHEVWKHLYOH LORPE WK
K\GURSKRELF WKDQ RIXWHHSEXPRMHBWHUBWRIWYV 7 KHU BDRAHKEG WKIHQG |
OD\HU RQ WKH WRS Rl WKH HQFDSVXODWLRQ ®RWHW S/VQW KH WL]
DSSURDFK WR 239V LQ KXPLGLILHG RU UDLQ\ ZHDWKHU 7KLV ELC
VDPH SURFHGXUH DV WKH VL@J DB \CHRAVLGHIP\EIOML R[F ZY W ERX W

5) : 5) : 5) : 5)

5) : '& ‘& '&
JLIXUH:®WHU FRQWDFWVDQW®H VRHE ISODVPD SRO\PHU °



7TDEOH®OXHV RI ZDWHU FRQWD F V8 IDHEIMUAHIR Q3WIOHP G LITHUHQW D

&RQWLQXRXYVY SODVPD

5Y3RZHU

‘DWHU FRQWI

3XOVHG SODVPD

"XW\ F\FOH

'DWHU FRQWI

9, &RQFOXVLRQ

(IILFLHQW HQFDSVXODWLRQ OD\HUV IRU RYUB DB HK EW RLR
DQG FRNAWWLYH 5) SODVPD3ERO\PHUWLRW FEB YBIRD HQEHSRVLWLRC
FRXSOHG ZLWK URRP WHPSHUDWXUH IDEULFDWLRQ RI WKHVH SR
WKH OD\HUV Rl WKH GBYWIFRQ G XK HQG UHYINREMNIRDM WLRQ RI WKH
SRO\PHUV LQ DGGLWLRQ WR WKHLU GLHOHFWULF QDWXUH DQG K
PHWDO HOHFWURGH ZLWKRXW LQIOXHQFLQJ WKH SKRWB®RBOWD L
SXOVHG BODDH®BRO\PHUV KDYH HQKDQFHG WKH GHYLFH VWDELC
ILOPV GHSRVLWHG DW D SXOVHG SODVPD RI : DQG GXW\ F\FC
UHWDLQHG WZR WKLUGYV RI HWLM LOQPALDQGSRZHRY EWQ YIHO OLE
DQ\ FKDQJH LQ WKH RSHQ FLUFXLW YROWDJH DIWHU WKUHH PRQ\
GHYLFH GHJUDGHG ZLWKLQ WKH ILUVW PRQWK ORUH LQWHUHVWI
! RI WKH 3&( DIWHU PRUH WKDQ PRQWKY ,Q DGGLWLRQ W
VWDELOLWWXIQGHWGBOWLRQ TWHDNDCG/ WRNAE IVE YBIIQMYV YV RI WKLV PH
LW D SURPLVLQJ FDQGLGDWH |R9\OD Q GHRWHKHIH RHQIMIE\FXRDOWR IR Q
HVSHFLDOO\ IRU IOH[LEOH RQHYV
SHIHUHQFHYV
> @ /LX + /LO :X + :DQJ- 0D = 7DQJ = ,PSURYLQJ TXDQWXP }
ZLWK D VPDOO HQHUJHWLF GULOV @KHPULFM/ UREUQDO RI ODWHUL
> @ +H ' =KDR ) -LDQf # VIPQD® PROHFXOH DFNHSHWRUW@HW KR
RUJDQLF VRODU FHOOV -RXUQDO RI ODWHULDOV &KHPLVWU\ $
> @ &KDQJ < =KX ; /X . :HL = 3URIHER®P RQGDIILEVERIG WY RH O O
ODWHULDOV &KHPLVWU\ $
> @ 'RQJ; 6KL 3 6XQ/ /L - 4LQ ) ;LRQJ 6 HW DO )OH[LEOH QR
HPEHGGHG VLOYHU QDQRZLUHV ZLWK DQ BIDIWFHUHQBV X&K WHRLV W



> @ /ILX . ?DWWHKQ77 /LQ < %HOLDWLY 0 %XQGJIJDFBOWLQJUJIH:
IDEULFDWLRQ RI IOH[LEOH RUJDQLF VRODU FUBBW\¥RPSPDIULRRQ
R1 0DW H U LIDVOWU& KH P

> @ -HRQJ 6 3DUN % +RQJ 6 .LP 6 $UPD LRROQX6 OHW HD®H PUDHOL |
ORGXOHV )DEULFDWHG, GEHSHOESBW WXUPWLQJ OHWKRG $&6 $
J QWHUIDFHV

> @ /ILRGLOEHNRYD % )LUGDXV < <HQJHO ( )DEHU + 6DMMDG 0
&HOOV %DVHG RQ /LTXLG ([IROLDWHG :6 DV D S5SHSODFHPHQW

> @ .DOWHQEUXQQHU 0 :KLWH 06 *aRzZDF6IRU(LF BHNWALIWDELHW ORI
DQG OLJKWZHLJKW RUJDQLF VRODU FHOOV ZLWK KLJK IOH[LELOL
> @ /LX < 4L 1 6RQJ 7 -LD O ;LD = <XDQ = HW DO +LJKO\ )OH]
&HOOV RQ %LRERPESPWREQH$&6 $SSOLHG ODWHULDOV ,QWHUIDF
> @ =KDR - /L < <DQJ * -LDQJ . /LQ + $GH + HW DO (IILFLHQ!
K\GURFDUERQ VROYHQWY 1DWXUH (QHUJ\

> @ *URVVLRUG 1 .URRG -®@OBBOGXLHWIHQGDWLRQ PHFKDQLVH
SKRWRYROWDLF GHYLFHV 2UJDQLF (OHFWURQLFV

> @ /LDQJ < ;X = :LD - 7VDL 67 :X < /L *2 3WODO+HW H WRHK QR
3RO\PHU 6RODU &HOOV ZLWK 3RZHU KRDYGFHG RQ WIH URDHOYF\ R

> @ /LX 4 -LDQJ < -LQ . 4LQ - :X - /L: HW DO (IILFLHQF\ RU
> @ /L & =KRX - 6RQJ - ;X - =KDQYXGOHWEBEQH DB EVIRERWTGEW K

FKDLQV DQG LPSURYHG PROHFXODU SDFNLQJ WR H[FHHG HIILF

> @ 3BQ /DX 77DQJ < & LLX 7 /L. HWIDOFLHQF\ WHUQDU\ EOHQC
SKRWRYROWD L FO FI\O @/\K HZ IDFIK FBRWR U D G G L MLUYAHX MWR Y R G WIDD M HD @
SXULW\ -RXUQDO RI ODWHULDOV &KHPLVWU\ $

> @ &XL < <DR + =KDQJ - =KDQJ 7 :DQJ < +RQJ/ HW DO 2YHU
FHOOV HQDERIH® EWBGFRGFHSWR WF IZUMXL WQFRGI\W DBIBVRIBQ XUH F

> @ OHQJ/ =KDQJ < :DQ ; /L & =KDQJ ; :DQJSYURFPM\D\H G WIDQRGE
VRODU FHOOV ZLWK HIILFLHQF\ 6FLHQFH

> @DQJ =1 *KRODPNKDVV % 6HUYDWL 3 (IIHFWV RI LQWHUOD\H!
RUJDQLF VRODU FHOOV ZLWK ORZ DQG KLJK EDQG JDS SRO\PHUYV

> @ 8GGLQ $ 8SDPD 0% <L + 'XIRQYJDQAFDBYEOTHUIRRY RLWH VRO
&RDWLQJV



> @ .RYURY $ +HOJHVHQ 0 %RHIIHO & .U|SNH 6 6iQGHUJDDU!
RUJDQLF SKRWRYROWDLFY HQFDSVXODWLRQ 6RODU (QHUJ\ ODW
> @ .DZDQR . 3DFLRV 5 3RSODYVN\W' 1HOVRQ - %UDGOH\ ""& '
VRODU FHOOV GXH WR DLU H[SRVXUH 6RODU (QHUJ\ ODWHULDOV
> @ 1HXJHEDXHU + %UDEHF & +XPPHOHQG-&8KBWRIGHJIWDP G D1
PHFKDQLVPV RI FRQMXJDWHG SRO\PHU IXOOHUHQH SODVWLF VRQC

> @ /LW]RY , %UDEHF &- 'HYHORSPHQW RI HIILFLHQW DQG VWD
FHOOV XNUBQWLPHWDO R[LGH LQWHUIDFHV ODWHULDOV

> @ IDWWDQWH 6 (OHFWURQ DQG KROH WUDQVSRUW OD\HUV W
VRODU FHOOV (OHFWURQLFV

> @ 'H -RQJ 0 9DQ ,M]JHQGRRU® V RIHWRH JVD \& H 6/ WDRER@IEW Z H H Q
DQG SROHWK\OHQHGLR[\WKLRSKHQH SRO\ VWHBH@WVYROI BQR®&H
$SSOLHG 3K\VLFV /HWWHUYV

> @ .LP <HH61RK - #D@HUIRUPDQFH D QG R @OFELL@H WA HRIWH G H ¥ W/
VHDVVHPEOHG OD\HUV HRWKSROQHGLRBRK\LRS/KHQHQHVXOIRQDW
SRO\HOHFWURO\WHV 7KLQ 6ROLG )LOPV

> @ $KPDG - %D]DND . $QGHUVRQ /- :KLWH 5' -DFREODOW DR HU
RI 239 $ UHYLHZ 5HQHZDEOH DQG 6XVWDLQDEOH (QHUJ\ 5HYLHZ
> @ 'HQQOHU * /XQJHQVFKPLHG & 1HXJHEDXHU + 6DULFLIWFL :
$ QHZ HQFDSVXODWLRQ VROXWLRQ IRU IDBIPMEOH RUJDQLF VROD!
> @ 3DUN 0+ .LP -< +DQ 7+ .LP 76 .LP + /HH 7: )OH[LEOH ¢
$GYDQFHG ODWHULDOV

> @ 6HR3DUN 0.LP < .ZRQ 6-HRQJ BHH: 7/DPLQDWHG JUDSKHQH IL
IOH[LE OH WQ\® QWKSIDQ ILOP HQFDSVXODWLRQ $&6 DSSOLHG PDWHL
> @ :HHUDVLQJKH +& 'NKLVVL < B6FXO®O\(®FRDUXOMWIR Q& KD L |
WKH OLIHWLPH RI IOH[LEOH SHURYVNLWH VRODU FHOOV 1DQR (G
>@ /L) /LX 0 5HFHQW HIILFLHQW VWUDWHJLHV IRU LPSURYLQ
FHOOV -RXUQDO RI ODWHULDOV &KHPLVWU\ $

> @ %D]DND . $KPDG - 2HOJHP|OOHU 0 8GGLQ $ -DFRE 09 3KR
WHUSLQHQH WKLQ ILOPV IRU HQFDSVXODWLRQ RI 239 6FLHQWL
> @ -DFRE 09 20VHQ 16 $QGHUVRQ /- %D]DND . 6KDQNV 5% 3
IOH[LEOH HOHFWURQLF DSSOLFDWLRQV 7KLQ 6ROLG )LOPV

> @ $KPDIGDND6. -DFRE 09 2SWLFDO DQG VXUIDFH FKDUDFWHU|
SRO\PHULYRSURPFHWK\F\FORKH[DGLHQH WKLQ ILOPV (OHFWURQLI



> @ %D]DND . -DFRE 09 %RZGHQ %) 2SWLFDO BRQGWKHKIQP LIFDDRV
GHSRVLWHG MDKDOGBGPFKHPLFDO YDSRU GHSRVLWLRQ -RXU

> @ %D]DND . -DFRE 09 2VWULNRY . 6XVW0DHXHARYBGIH F
QDQRFDUERQV &KHPLFDO UHYLHZV

> @ %D]DND . -DFRE 09 &UDZIRUGWLYYWDHRYRBRUB BOPRBLILFDYV
ELRSRO\PHUV WR SUHYHQW EDFWHULDO DWWDFKPHQW $FWD ELI
> @ %D]DND . -DFRE 09 ,PSODQWDEOH GHRYQUWAW LVVXHV DQG F

> @ 8SDPD 0% :ULJKW 0 (OXPDODL 1. ODKPXG 0$ :DQJ ' &KDQ

VHPLWUDQVSDUHQW RUJDQLF VRODWWHOQNGZDRX $J38RXVLQR Gt
$SSOLHG 3K\VLFV

> @ 8SDPDOX®BDODL 1. ODKPXG 0% ;X & :DQJ ' :ULJKW 0O HW D
WUDQVSRUW HQDEOHV RYHU HIILFLHQEO GEN UHWHH B LDIPH HRQ VIR
6RODU (QHUJ\ ODWHULDOV DQG 6RODU &HOOV

> @-X®DLOL $. %DFRNEDO9 5HWHQWLRQ RI DQWLEDFWHULDO DFWL
WKLQ ILOPV 1DQRPDWHULDOV

> @ ODGRJQL 9, .RXQRXKpZD % $NSR $ $JERPDKpQD 0 +RX
&RPSDULVRQ RI GHJUDGDWLRQ P HF KIDYQLAHW XSR R UHBQRIVX 8 K RWRR |
DQG D VXEHTXDWRULDO FOLPDWH &KHPLFDO 3K\VLFV /HWWHUV

> @ (DVWRQ &' -DFRE 09 2SWLFDO FKDUDFWHULVDWLRQ RI UDG
DQJXVWLIROLD HVVHQWLDQ@AO WKLQ ILOPV 7KLQ 6ROLG

> @ <RX == +XD *- 5HIUDFWLYH LQGH[ RSWLFDO EDQGJDS DQ
GHSRVLWHG E\ YDFXXP HYDSRUDWLRQ WHFKQLTXH 9DFXXP

> @ 'HZL 5 2SWLFDO FKDBDFME U IMBPME RIOWVRIBMEX VLQUVXEWH D YL
VSHFWURVFRS\ $,3 &RQIHUHQFH 3URFHHGLQJV $,3 3XEOLVKLQJ
> @ 3DWHO -% 7LZDQD 3 6HLGOHU 1 ORUVH *( /R]PDQ 25 -RKC
5DGLDWLRQ RQ 2UJDQLF IKRW RNWROPMDLFO®® WEHSODOE® ODWHULD

> @ <RXVLI ( +DGGDG 5 3KRWRGHJUDGDWLRQ DQG SKRWRVWDE
UHYLHZ 6SULQJHU3OXV

> @ $KPDG - %D]DND . 2HOJHHWONOLHQU 06 RDKXEE @WOW\ DQG &KHPLF
RI SOBWRRDPHU]IVRGURBHW K\&G\FORKH[DGLHQH 7KLQ )LOPV &RDWL

> @ 1DQGL\DQWR $%' 2NWLDQL 5 5DJDGKLWD 5 +RZ WR UHDG D
PDWHUQBRQHVLDQ -RXUQDO RI 6FLHQFH DQG 7HFKQRORJ\



> @ /1<Q &KHQY :tHL6< /LY +'6& 7,5 PLFURVSHFWURVFRS\ XVHG WR
KHD@QGXFHG LQWUDPROHFXODU F\FOLF DQK\GULGH IRUPDWLRQ
SROWHIRXUQDO

> @ )DELDQ + -DFNVRQ 0O OXUSK\/ :DWVRQ 3+ )LFKWQHU , 0D
VSHFWURVFRSLF VWXG\ RI KXPDQ EUHDVW WXPRUV DQG EUHD)



&KDSWHU 9,,

&RQFOXVLRQV DQG IXWXUH ZRUN

2UJDQLF 3KRWRYROWDLFV 239V KDYH UHFHQWO\ DFKLHYH
HIILFLHQFNVHW[FB&GLQJ KRZHYHU VLJQLILFDQW FKDOOHQJF
FRPPHUFLDDQHD WKIRQGHPBHIORSYLQJ HIILFLHQW DQG FKHDS 7&( ZK
OLPLWDWLRQV Rl MRVMWEWR YEBUGFKDDIOHQJH LV WKH UDSLG GH.
DPELHQW FR®D @KUVROWNV HDUFK SURMHBWH \8 KR GXFHWMORQQE WD
IURP JHUDQLXP BR(89'XDWQPRGHUDWH WHP &HUZIDVXBUMV KGWHE D
HIILFLHQW DOWHUQDWLYH WR ,72 IRU 239V 7KLV DSSURDFK KHO'
&9' JUDSKHQH 7&(V LQFOXGLQJ KLW R LIDDEW HWKHG XW®IY RU RQR/KY W
FDUERQ UHVRXUFHV DQG WKH GDPDJH DVVRFLDWHG ZLWK JUDSK
WDUJHW VXEVWUDWHIP S 8 UDGGEWRE B@BGYRRIVLQJ JHUDQLXP RLO Sl
ZDV XWLGIS|R\GLW REGHKBRQE MAPESHXDDWLRQ OD\HUV IRU 239V KFH
FRAWMHFWLYH DWHH VHRODFYCHIOAX O W LHREX D © § H RIDK 7 IGHH W IXFEH/ N ZWWOHEQ \@
VHFWLRQV GHOYH LQWR WKH PDLQHFRQFOXVLRQV GHULYHG IURP
9,, *UHHQ V\QWKHVIWHRIJWDB RN QHU

,Q FKDSWWKH GLUHFWJB &6/ FPWKHMYWRI JUDSKHQH ILOPV IRU
RQ FRPPHUFLDO JODD/AKVKEN® XDAIGID HRY *UDSKHQH ILOPV SUHS
WKWUBBXW 5) SRZHUYV DQG © ZLWKRXW XVLQJ DQ\ FDU
JHUDQLXP RLO SUHFXUVRU DW URRP WHPSHUDWXUH HQDEOHG W
ORUH LQWHUHVW LILIK VWHKIEK ARV X & IR QFFIL @/IKW DR\RHIER FVHKUH IJURZW K R
H[WUHPHO\ VKRUW GHSRVLWLRQ WLPHV IURP D IHZ VHFRQG WR
VKRZHGTKDIXLW\ VWUXFWXUH ZLWK ORZ GHIHFW FRQFHQWUDWLR
LPDJHV RI W KiHG \OWDIMSKKHAVQH ILOPYV UHYHDOHG WRKHLR U D S HRQ@HRZ L
WKH QXPEHU RI OD\HUV LQFUHDVHG ZLWK 5) SRZHU 6XEVHTX
WUDQVPLWWDQFH RI WKH UHVXOWLQJ ILOPV GOFUHDWH Q JD5/) WKRIF

W R - UHGRRKGWSUDQVPLWWDWRH |URPQ'G INRP W R
UHVSHFBNQYHPOUHY FRQILUPHG WKH JURZWK RI 9* QDQRVKHHWV R
WKHLU GHQVLW)\ DQG VL]®JLE)FYRDHH G, FA. B B VW FAKHRIZWIG WKH KLJ
RI JUDSKHQH ILOPV ZLWK FDUERQ FRQWHQW H[FHHGLQJ 3
VIQWKHVL]HGHHUDUDE KHQH 7 & (V -dd PKQIELMQHIG IKHLD RH]H G DQG
WKH 3&( DQWKH BRD2VHG GHYLFH UHVSHFEWLYHO\ 7KRVUZDWK&V VV
WRZDUGV WRKMHOBDARMPHUFLDOL]DWLRQ RJHHXVWDIIQDED H O QRW W
239V DQG RWKHU RSWRHOHFWURQLF GHYLFHV



9,, +\EULGL]DWLR QURIHBKIHDQW IBIQG $J1:V

,Q FKDSWWHKH FRXSOLQJ RI $J1:MJBAHWK VKKHWH XPWI HQ Y|
WR HQKDQFH WKH HOHFWULFDO SURSHUWLHV RI JUDSKHQH
K\EULGL]DWLRQ DSSURDFKHV ZHUH GRPISPWBHG RQ JWRILRU $
FRDWHG JODVV IRU WHKHRDIWLDY $IUPY RQ WSR YRR L MCKMH G H |
JUDSKHQH V\QWKHVL]HG RQ JODVV ,Q WKH ILUVW FDVH W
K\EULG $JUIVSKHQH ILOP DQGRWWI s BYMRIFLDGFHG 239 GHYL
WR LPSURYH FRPSDUHG WR SULVWLQH JUD SKH$IH :DWEGRZ F
5\LQFUHDVHG DW WKH KLJK FRQFHQWUDWLRQ 7KH JURZWK
WRS RI DQG FORVHGWR IWKR GURIFOBDVWULEXWLRQ RI JUDS
KDQG WKH HOHFWULFDO BRDEXEWPRYLRD VRV IK\GUILE QW O\
VSLQ FRDWLQJ $J1:V RQWR JUDSKHQH ZLWK WKH HQKDQFH
FROQFHQWUDWI\NR GULVRIHEVLRQ ORUH LQWHUHVWLQJO\ WKFE
RYHUFDPH WKH LPSDFW RI WKH URXJK VXUIDFH RI $J1:V &R
3&%0 DFWLYH OD\HU ZHUH IDEULFDWHG VXFFH3MIEXOO\ RQ
7&(V DQGWHIGLELFRPSDUDEOH)B&( WR WEBXJWHUSDUW
DQG 7KM) RI 239V EDVHG RQ WE&HL/HXBIWV KEBIGHW WKDQ WKD
,72 VWDQGDUG 7&( GXH WR WKH LQFUHDVHG$FRVDIMRN DU |
WKHFWLYH OD\HU OHDGLQJ WR HQKDHFHIGD WRIGO ARWULRHD H
ORUHRYHU 239V ZLWK BQG 33& < DFWLYH OD\HUV ZHUH |
$J1:V 7&(V WR FKHFN WKH YHUVDWLOLW\ DQG IHDVUELOLW\
$J1:V EDVHG GHYLFHV H[KLELWHG D FRQVLGHUDEO\ FRPSH)
7KXV WKLV ZRUN UHVROYHG WKH LVVXHV UHODWHG WR JUL
DQG FRVW RI IXUWKHUW RBROREB G XQUHHG VK WK WKL D PW KRl $J 1
DSSURDFKKH RXWFRPHV RI WKLV UHVHDUFK DUH H[FHC
FRPPHUFLDOLQHH 232V DQG GHYHORSLQJ EHWWHU VXVW
WHFKQRORJ\ ZLWK PLQLPXP HQYLURQPHQWDO LPSDFW
9,, ,PSDFWJRN+DQBZWK WHPSHUDWXUWH RQDSKBQWIHE&(V

7KH LQIOXHIPHRQG GHSRVLWLRQ WHPSHUDWXUH DQG
IUHH3%%&9' JUDSKHQH 7&(V GHYHORSHG IURP JHUDQLXP RLO
FKDSOWHUDSKHQH INOPVWKHWVUHHG X QORZ YDWIHMWURP WR
DW FRQVWDQW WBPSHUDMWKKHUHPRUH JUDSKHQH JURZWK F
VXEVWUDWHY DW WHPSHUDWXBEBYV UDPQHYQYLIDWRG LW RVKH
7KH HOHFWRERBDOQBSWV UXFWXUDO IHDWXUHYV RI WKH UHV X



GHSHQGHQFH RQ ERWK WIH IDRG WKW H R WKKIN LV WHPSH L
GHSRVLWLRQ WHPSHUDWXUH 6(0 DQG 7(0 LPDJHV UHYHDOF
WKH GHQVLW\ DQG VL]H RI 9* QURYRVEFUIMDN B G R SG HGE G VWAL
FRQFHQWUDWLRQ ZLWKLQ JUDSKHQH IIDO/PFRIQQEUPRB® HG DOW
VSHFWUD B6XEVHTXHQWO\ WK¢RR S\ HE D & \\W O B/Q \LRLAW\N D QR E
WR DQG IWRPWR N ‘DV +ORZ LQFUHDVHG IURP WR
UHVSHFWLYHO\ )RU JUDSKHQH VDPSOHV SUHSDUHG DW GL
JUDSKHQH JURZWK ZDV DFKLHY H®&D WKW HRIRZWDKVKIU YV QID\Q B
SUHGRPLQDWHG DW GHSR %L WH RQ WHP SWHKLRDUMX GHIE R VLW L R
DOPRVW QHJORILBRBRMVIWXHQWO\ WKH RSWLFDO WUDQVP
VIQWKHVLRE@DWDV ORZ DV
3 +73&%0 EDVHG 239 GHYLFHV EIDWHGIBRSWHK B HVUS(Q V'K
DQ RSWLPXP SHUIRUPDQFH ZLWK JUDSK®MRH |LOMF PGHBRY
PRGHUDWH WHPSHURMW GCHNLFHY GHYHORSHG RQ JUDSKHQH
KLIKHU WHPS$INUB[KLELWHG SRRU SHUIRURRQHAHOPW I URHAX
ORZ WHPSHUDWXUH DQG SRRU WUDQVPLWWDQFH DQG URX
WHPSHUDWXUH ,Q DGGLWLRQ $J1:V ZHUH FRDWHIGIBRQWR S
JURZWK WHPSHUORZXUBWBQ® R LPSURYH WKHLU HOHFWULFI
GHYLFH SHUIRUPDQFH $WJD:WHXEOWG JE@&DWKH®HELWHG
LPSURYHPHQW LQ WKH GHYLFH SHUIRUPDIQ¥FK FRWY NDHEG W
DW VFAPFHHGLQJ VWRXWWHUSRUWYV ,Q FRQWUDV
$J1:V ZLWK JUDSKHQH ZDV UQR ZI UIWLH\H IDANG KKLLIKK +GHS RV LW
DQGR& DQG UHVXOWHG LQ PAKRIMWH G LROFXU MWHW DUHF RPELQ |
WKH DEVHQFH RU WKH WKLFN JURZWK Rl 9* QDQRVKHHWV
FKDSWHU JDYH D VROLG XQGHUVWDQGLQJ Rl WKH LPSDFW F
W U D QWHHHUJ U D SKKIKQWL VMG IURP JH B D&Y X BRRLKOREHE) WKHVH IL
UHYHDOHG WKH UROH RI 9* QDQRVKHHWY LQ HIIHFWLYH FI
DGYDQFHPHQW WRZDUGV WIKHFGH WHIO R X F W@WORDHFGRIDIBK G G\H
7&(V IR&\2 DQG RWKHU RSWRHOHFWURQLFV
9,, *HUDQEXWPHGIQFDSVXODWLRQ OD\HUV IRU 239V
&KDSWRUWKLY WKHVLV IRFXVHG RWKMXHL GFY HOR B RIHHQ\
RLO WR EH XWLOL]JHG DV HQFDSVXODWLRQ OD\HSRZWHB HQK
5)3(&9' ZDV XVHG WR GHSRVLW 33 ILOPV DWWVWKR R Pl \MWDHPR/S B
SUHSDUHG EDVHG RQ FRQWLQXRXV DQG SXOVHG SODVPD 7]



QP ZLWK SUBKFRMG VPRRWK VXUIDFHO MWINGG WX URIQR IWAKKIHFW
33WKLQ ILOPV VKRZHG D VWURQJ GHSHQGHQFH RQ WKH GH
H[KLELWHG KLJK VWDEUODWLDXWQGREY ZIWK WKH ILOPV SUHS
KDG EHWWHU VWDELOL®3WKHQDQORR RHOH BHSKRVLWHG R
HOHFWURGH $JHRPHQVNRWSE\G ZL\WK B FWLBR OD\HU WR LP¢
GHYLFH ORQJHYLW\ 7KH ORZ 5) GHSRVLWLRQ SRZHU DQG U
ILOPV PDNH W IKLIVPBIWRIFHNQYFDSVXODWLRQ DSSURDFK 7KH ¢
DGKHVLRQ DQGUGH\ G/RERNHIQMW.RQ Rl WKHVH SODVPD SRO\PI
ZLWK WKH PHWDO HOHFWURGH Rl WKH GHYLFH Z®HWWRXW L
FRQWLQXRXV DQ & BXHOW & G\PBIWRDHQKDQFHG WKH GHYLFH
SHUIRUPDQFH IRU ILOPV GHSRVLWHG DW D SXOVHG SODVPEL
HQFDSVXODWHG GHYLFH UHWDLQHG RI XKW VDIQQ LAKDIA H ) L
LWMDIWHU WKUHH PRQWKYV LQ DPELH@MD WPRDAS K B UGHH YZIKALH
ZLWKLQ WKH ILUVW PRQWK ORUH LQWHUHVWLQJO\ WKH HC
DQG RI LWV RLQGL QMY SKEPWAL MPHRQ\H W KD Q PRQWKV 7K
SURYLGHG D VX\DVQISL BIRNENG M/ L WH PA-H WHER® HRHIQED S YEX ODW LR (
DQG RWKHU RUJDQLF RSWRHOHFWURQLF GHYLFHV HVSHFLI
9,, 2YHUDOO FRQFOXVLRQV DQG FRQWULEXWLRQV
26&¥EDNG RQ D QWHHHUIU D& KEIQUEBHYHORSHG IRU WKH ILUVW WLI
FRPSD SHEORU R, QEFFR/X QW H Q SDE GEMHL RHF RRYHO L QJ RI $J1:V DQ
W U D QWHHUIU RS H@K HVWLJIDW H GK HR U HV K10 \WLLUQVEWK MELALHG $J1: V
7&V H[KLEMUBIGLILPBQWYHPHQW LQ WKHLUDBGHPWRUBRRORSU |
&RQVHTXRIOWG®NYLFHV BDYHGKREULEK DBRVSHW LW L YKL 3&KHW DQG
))VWKDQ WKRBERKH 2PSDFRWWD®G GHSRVLWLR G WRSAHSHALCHV XRI|
WKGHH Y HORIHSX HQH ILOPV RQ JODVYV NOHE WD SIKHAH DBIY HDVOXG
RSWLPXP FKDUDJB\DHBBIOLW DM RRQY Z K HAL W/ K RIX \& R N\ RERYZ +
IORZ DQG DWHP RGPS HUBRWHXKIHVURZWK RI 9* QDQRVKHHWYV St
WHPSHUDWX®HHMYHQ DW VKRUW GH®RVYOQWIRRIP GMYRHAW VWDEL
HQKDQFBIPHQ®EO0 26& HQFDSVBOWWIHG IZDWY UHWDLQHG a D G
LQLWLDO )3 &(HVSEFWLYHO\ DIWHU HPQRAD/G K/\X O DIALKDGH GWHKYHL FHR
ZLWKLQ WKH 2BIW\BHIBR QMWXP HV V H X WHAERO GRIBGVZRS) ILOPV DQG
W U D QWHHILD S KHB)B (& 9'WR LPSURYH WKH OLIHWLPH DQG SHUIRU
WR UHSODFH WKH PRVW FRPPRQO\ XVHG ,72 HOHFWURGHYV



9,, SHFRPPHQGDWLRQV IRU IXWXUH UHVHDUFK
7KLV ZRUN SUHVHQW HRR \DWS D RB LMAVPHYGIRRSSURDFK WHF
JUDSKHQH 33{QF@PGVXODWLRQ PDWHULDOV IRU 239V IURP S
VXVWDLQDHOHHVWIEPKIHQH? & (V H[KLELWHG JUHDW VWUXFW X
SURSHUWLHYV 239 GHYLFHV GHYHORSHGX R W IVE RN HBRG¥D QV DK
VKRZHG FRPSDUDEOH SHURRM®WGIFH BMRVW K HQQUFERRVWOR @/ L R
WKLQ ILOPV UHVXOWHG LQ D VLIJQLILFDQW HQKDQFHPHQW |
FRPSDUHG WHRQWXHVOBRMWHG GHYLFH 7HFW I MKRX@IS A VWK
SURGXFWLRQ RI RUJDQLF RSWRHOHFWURQLFV VWHSV IRUZE
LOQOWHUHVW VKRXOG EH JLYHQ WR WKH SURGXFWLRQ RI IXQ
SODQW H[WUDFWV HVVHQRU2GIRLDYG WRKDKM & IR \E R HKOVHHON
IROORZLQJ SRLQWYV KLJKOLJKW VRPH UHFRPPHQGDWLRQV I
SUHVHQW ZRUN
X )XUWKHU ZRUN LV QHHGH&DWRWNY\ QWIXSHKH.QHH KKLV.
SUHVHQW B %/SDWBFRAEHUDWRUH¥KLlaY ZLOO IDFLO
WKH SURGXFWLRQ RI VXMWDBLQDESKHDAGR Y IR
VXEVWUDWHY H J 3(1 3(7 HWF IRU IOH[LEOH
x 7KH VXUIDFH SURSHUWLHV RI WKH JURDWK VXI
LPSDFW RQ WKH FKDUDFWHULVWLFV RI WKH UH
HIIRUW LV QHHGHG WR IXOO\ XQGHUVWDQG KR:
GHSRVLWLRQ WUHDWPHQW DIIHFW JUDSKHQH IH
Xx 7TKH GHSRVLWWRQQRIL®EWUD QP RWRRWHKHPHW
JURZWK VXEVWUDWH SULRU WR JU DISXCHILW W\ Q
JUDSKHQH ILOPV DW ORZHU GHSRVLWLRQ WHPSt
FU\WWWDOOLQLW\ Rl WKH PHWDO OD\HU KDYH WR
JUDSKHQH JURZWK
Xx JRU K\EULXA :"U7&(V WKH GLDPHWHU RI WKH QD¢
PLQLPXP WR HQKDQFH WKH RSWLFDO WUDQVPLV
WKH SUREDEIFQUWX RW V IGRUM.QJ GHYLFH IDEULFC
X OXO®MD\HU HQFDSWXOQWLEBPV3BDVHG RQ SXOVHG
SODVPD SRO\VPHUL]DWLRQ LV H[SHFWHG WR IXUW



X 33WKLQ ILOPV SUHSDUHG IURP HVVHQWLDO RLO
WUDQVSRUW DQG FKDUJH EORFNLQJ OD\HUV D
RSWRHOHFWURQLF GHYQGH\HYVRFKNDLWWH (VRODU F

Xx (VWVHQWEDUHW®&EQ ILOPV VKRXOG EH LQYHVWLJE
OD\HUV WR LPSURYH WKH VWDELOLW\ K\GURSKL
JUDSKHQH DQ®JK\ETREGV*U



$SSHQGL[ $

&RPSRQHQW 6WUXFWXUH

&LWURQHOC

*HUDQLRO

&LWURQHOC

)LIXYH6 &KHPLFDO VWUXFWXUH RI WKH PDMRU WKUHH

)LIXye $ SKRWR RI 3BHODUJRQLXP JUDYHRGBQN XVHG



JLIUH6 $ SKRWR RI WKGHRB)WRPHY DW HOHFWURQLFV
-DPHV &RRN 8QLYHUVLW\

D E F
JLIXUH ,,, 6 ,PDJHV RI WKH JUDSKH®RPPHUFU B ©DIDE
DRG WKHGHYLFH EXLOW RQ LW F

JLIXUHG6,,,3UREH VWDWLRGRVAW BRURBHK N HRXSE WR PHDYV
VIQWKHVL]HG JUDSKHQH 7&(V



)LIXUB $)0 LPDJHV IRU WKH JUDSKHQH VDPSOHV SUHSELC

J)LXUH 6 9 FKDUDFWHULVWLFV RI LQYHUWHG 239V ED
HOHFWURGHY ZLWK D 30 < DFWLYH OD\HU 5XBXQGDGWO
IRU WKH VDPH GHYLFH 7KH LQVHWE XY OQSDRABIHUNR @&/ K



& G

JLIXUH ,9 6 'DWD ILWWLQJ IRU 6L S SBDNMVRUES
$J1:V*U F VKRZLQJ ERZ&WHKHNGR YDULHV EHWZHG
$QDO\VLV RI WKH $J G SHDSJZIWKLQ WKH VDPSOH
$ KLUKHIVROXWLRQ VFDQ RI WKH 6L S UHJLRQ RI WKH SULVWI
& FRPSRQHQW ZLWK S DQG S HONWHY & H F W LB 9F@'\D SEIRTGH Q V6 L
ZLWK 6L S DQG DW H9O DQG & DB® BHRPSHRRIWIOMAD \D 7K H
UDWLR $JRIV *WK& 6@&LUDWLR KDV LQFUHDVHG VLJQLILFDQW (
$J1:V *U VDRSIOHE6d2 UDWLR LV

yLixwa S5HSUHVHQWDWLYH 6(0 LPDJHV IRU WKH DYHUD
XVHG $J1:V 6FDOH EDUV LQ ERWK LPDJHV DUH KHOSIX(



3ULVWLQH .

$J1:VvV *U

$J1:V *U

JLIXUH ,9 6 $)0 LPDJHV VKRZLQJ WKH HPHUJHQFH RI
JODVV DQG REDIWHE JODVV



JLIXUH ,9 6 +LJK UHVROXWLRQ 7(0 LPDJH VKRZLQJ WK

7HQ OD\HUV DUH LQFOXGHG ZLWKLQ WKH WZR SDUDOO¢
VSDFLQJ L@P

D E
JLIXUH @9 %V , GDWD FRCGEHRWHSSUREHRRHWKRG IRU $J1
$J1:V E ILOPV RQ EDUH JODVV 7KHVH VKHHW UHVLVW

KHOS RI WKH VORSH RI WKH VW#%HKW@RWL\Q_MI—HN

WKH VKHHW UHVLVWDQFH ZLWK LQFUHDVLQJ WKH FRQFI
I[IURP WKH YDULDWLRQ RI WKH VORSH RI WKH VWUDLJKW



JLIXUH ,9 6 2SWLFDO WUDQBLW LPD® ®ILIV D SHKEHIQLHD J
ZLWK D FRQFHQWU RQLRA@ RRI PUPSKHQH DOPRVW GRHYV
UHVXOWLQJ K\EULG ILOP

=

JLIXUH ,9 6 $)0 LPBIJHW IREUUG ILOPV VKRZARQGXEKW LL
LOWHUIDFH EHWZHHQ WKH 7&( DQG WKH DFWLYH OD\HL

FRQWDFW DUHD GXH WR $J1:VZEQBKJUBSUWKRIYOHHGXW K H WIQaH
239V VLIQLILFDQWO\



D E
JLIKU,9 69 FXUYHV IRU 26& GHSLENV EQJGOW2RAE W ZL VW40

D DQG 30 < E DFWLYH OD\HU

)LIXY®H 5S5DPDQ VSHFWUD RI JUDSKHQH ILOPV SUHSDUF
WHPSHUDWXUBW ZLWKFRIXSORWVLWLRQ WLPH



JLIXUH 9 6 'HFRQYROXWHG & V SHDN IRU JUDSKHQH VI
+ DWR& DQG IRU VDPSO® DWRZYFFW +



JLIXUH 9 6 7KH YDUHNWYROQ QFH DIQMWRSWLFDO WUDQV
JURZQ DQG DW GLIIHUHQW WHPBWUDWKSRV LVOLR®HVRE}

)LIXW,A 9 FKDUDFWHULVWLFV HQF WWHXOBWHGE QF QG R
5) SXOVHG SODVPD ZLWK '& %RWK GHYLFHV ZHL
'"HYLFH HQFDSVXODWLRQ zZDV SHUIRUPHG GLUHFWO\ [
IDEULFDWLRQ DQG HQFDSVXODWLRQ UHVSWKWLYGHG Q1
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