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(OHPHQW DQG *URXS OHWDO 2[LGH 7KLQ )LOPV

$87+25 ODMHGD $O +DUHUL
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/ID\ $SEVWUDFW

7KH IRFXV RI WKLV ZRUN LV WKH GHYHORSPHQW RI QHZ
ILOPV RI PDLQ JURXS HOHPHQWY DQG WUDQVLWLRQ PHWDO R
LQ WKLV ZRUN LV DWRPLF OD\HU GHSRVLWLRQ $/° ZKLFK
PROHFXOH ZKLFK FRQWDLQV WKH WDUJHW HOHPHQW DQG D
PXVW EH DSSURSULDWHO\ UHDFWLYH WRZDUGV RQH DQRWKH
WKHUPDO VWDELOLW\ 7KH IHDVLELOLW\ RI D SUHFXUVRU FR

XVLQJ VROXWLRQ VWDWH UHDFWLYLW\ VWXGLHV

JRU PDLQ JURXS HOHPHQW $/° VLO\O FRQWDLQEQ%¥% FRPS
KDYH EHHQ LQYHVWLJDWHG DV SUHFXUV,RUY L&D FPRREL,QARL
UHDFWDQWY GXH WR WKH SRWHQWLDO IRU WKHUPRG\QDPLF
GULYH WKH UHTXLUHG VXUIDFH EDVHG UHDFWLRRQWURWQWPHW I
$/' PHWKRGVY KDYH EHHQ SURSRVHG WR HQDEOH JDS IUHH IL«
VXUIDFH RI D VLOLFRQ ZDIHU 7KLV ZRUN LQYROYHG WKH GHYV
$/' SUHFXUVRU PROHFXOHY DQG UHDFWLRQV $/' UHDFWRU VW

FKDUDFWHUL]DWLRQ RI WKH UHVXOWLQJ ILOPV

11]
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$SEVWUDFW

$WRPLF OD\HU GHSRVLWLRQ $/' LV D WHFKQLTXH E\ ZK
EHWZHHQ D SUHFXUVRU PROHFXOH RIWHQ PHWDQ@ FRQWDLQL
RU +\LHOG KLJKO\ XQLIRUP DQG FRQIRUPDO XOWUD WKLQ IL
DUH HDFK GHOLYHUHG LQ WKH JDV SKDVH VHSDUDWHG IURP F
7KH VHOI OLPLWLQJ QDWXUH RI WKHVH VXUIDFH EDVHG UHDF
WR EH FRQWUROOHG VROHO\ E\ WKH QXPEHU RI pSUHFXUVRU
7KLY QDQR VFDOH FRQWURO RI ILOP WKLFNQHVYV DOORZV IRL

DV LQ IODW SDQHO GLVSOD\V IXHO DQG VRODU FHOOV DQG |

7KH ILUVW JRDO RI WKLV SURMHFW ZDV WKH SXUVXLW RI
PDLQ JURXS HOHPHQWDO $/'" XVLQJ VLO\O VXEVWLWXWHG SUFE
RI WKH SURMHFW ZDV WKH GHYHORSPHQW RI DOWHUQDWLYH
0 +1 =U R[LGHV WKDW ZRXOG HQFRXUDJH HIIHFWLYH LH
QP WUHQFKHV LQ KLJK DVSHFW UDWLR +$5 VXEVWUDWHV 71|
RI QHZ SUHFXUVRU PROHFXOHY DQG UHDFWLRQ SDWKZD\V F
VWUXFWXUHVY WKHUPDO VWDELOLW\ YRODWLOLW\ DQG VRO)>

HI[SHULPHQWDO FRQGLWLRQV IRU $/' DQG FKDUDFWHUL]DWLR

$/' Rl HOHPHQWDO DQWLPRQ\ ZDV DFKLHYHG RQ K\GURJF
DQG 662 VXEVWUDWHY XVLQJIJDEES6eBEHOWKH WHPSHUDWXUH U
f& 7KH PLUURU OLNH ILOPV ZHUH FRQILUPHG WR EH FRPS
;36 IRU WKH ILOP GHSRVLWHG DW f& DQG ;5' ZLWK ORZ

SUHIHUHQWLDO RULHQWDWLRQ RI FU\VWDO JURZWK UHODWL"®
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RXU NQRZOHGJH WKLV LV WKH ILUVW H[DPSOH RI URRP V
GHPRQVWUDWHG VHOI OLPLWLQJ JURZWK RI D SXUH HOHPHC
VXEVWUDWH HQKDQFHG PHFKDQLVP FKDUDFWHUL]HG E\ IDV\
$/'" F\AFOHV ZKHUH VXEVWDQWLDO GHSRVLWLRQ LV RFFXUULC
*3& JURZWK SHU F\FOH 6L DORQ 6LZ RQ + 6L DQG VORZHU
*3 & c RQ 6L2DQG c RQ + 6L DIWHU a F\FOHV RQFH
VXEVWUDWH VXUIDFH KDV EHHQ FRYHUHG )LOPV GHSRVLWHC
VKRZQ WR EH FRQWLQXRXV E\ 6(0 7KH XVH RI OHVV WKDQ
ILOPV +RZHYHU LQ WKLV LQLWLDO JURZWK SKDVH ZKHQ GH
RULJLQDO VXEVWUDWH VXUIDFH LQ VLWX WXIUGERK[SUH WUHL
RU V SXOVHV IROORZHG E\ WKH XVH RI ORQJHU SUHFXUYV
ILUVW $/'" F\FOHV UHVXOWHG LQ LPSURYHG QXFOHDWLRQ )
QP WKLFN ILOP ZDV SURGXFHG DIWHU LQLWLDO SUH WUHD
IROORZHG E\ $/' FA\AFOHV XVLQJ V SXOVHV 7KH XVH RI OF
$/' F\AFOHV IROORZLQJ VXUIDFH SUH WUHDWPHQW LV OLNEF

FRPSOHWH UHDFWLYLW\ ZLWK DQ LQFUHDVHG GHQVLW\ RI UH

%RUDQHV IHDWXULQJ EXON\ VLO\O RU VWHULFDOO\ XQHC
LQ FRPELQDWLRQ ZLWK D VWDELOL]JLQJ GLPHWK\ODPLGR J
SUHFXUVRUV IRU $/' RI| HOHPHQWDO ERURQ 7KLV $/' SURFHVV
%, ) &0 U , FR UHDFWDQW H[SORLWLQJ WKH WKHUPR
RI WHWUHO KDOLGH ERQGYV DV D GULYLQJ IRUFH 7KLV ZRUN
PHWDO VLO\O UBDGHQWY+)» 0BQWwX6L1D 74¢) DQG SUHYLRXVO

XQ LVRODWHIGE 708 DQG WKHLU UHDFWL&&QV ZLWWKK1 % 10FH
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ERUDQHYV 660 10H DQG% XL O+H % 10H ZHUH
VXFFHVVIXOO\ VIQWKHVL]HG VSHFWURVFRSLFDOO\ DQG FU\V
DVVHVVHG IRU WKHLU VXLWDELOLW\ DV SUHFXUVRU PROHF
GHSRVLWLRQ DWWHPSW\QR@QGCG6WRHDG WR PLQRU ILOP JURZWK
c +RZHYHU WKH HQKDQFHG YRODWLOLW)\ DDQQGFRRPGROWLRRQVW
PDNHV LW D SURPLVLQJ SUHFXUVRU FDQGLGDWH IRU IXW X!
VIQWKHVL]H ELV WULPHWK\OJHUP\O GLPHWK\ODPLGRWERUDQ
UHVXOWHG LQ WKH IRUPDWLRQ R D OLWKLXF

AOHH % 10H /L 7+)

$/' FDQ JLYH ULVH WR XQLTXHO\ XQLIRUP DQG FRQIRUPDO
UHPDLQ DIWHU DWWHPSWHG ILOOLQJ RI QDUURZ KLJK DVSHF
WUHQFK ILOOLQJ $/' RU &9' FKHPLFDO YDSRXU GHSRVLWL
IORZDEOH PDWHULDO DUH GHVLUDEOH DQG WKLV LQLWLDOO
WKH WDUJHW PDWHULDO HJ D PHWDO R[LGH E\ SRVW GHSR
GHSRVLWLRQ WHPSHUDWXUH RQ D ORQJHU WLPHVFDOH WKDQ
+12 $/' SURFHVV ZDV GHYHORSHG @&VLQJFRPELOQDWLRQ ZL
K\GUR[\LVRYDOHULF DREG&+ 2% &MDW LQWURGXFHV WKH S
IORZDELOLW\ 6HOI OLPLWLQJ JURZWK ZDV REVHUYHG DW
c RQ SODQDXESMRUDWHY )LOPV GHSRVLWHG DW f& FRQV
ZLWK VLJQLILFDQW FDUERQ FRQWHQW a DW DQG DW QL
LQ YDFRXWR KRXU WKH ILOPV ZHUH FRPSRMMIG RRD P R DK R R Ut
FRQWHQW 7KH FR UHDFWDQW LQ WKLV ZRUN K\GUR[\LVRY

IROORZLQJ FULWHULD LQ PLQG )LUVWO\ WKH FDUER[\OLF D

Al
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FOHDYH OLQNDJHV EHWZHHQ FKHPLVRUEHG KDIQLXP VSHFLI
IORZDEOH QRQ VXUIDFH WHWKHUHG KDIQLXP FDUER[\ODWH V
WKH\ DUH QRW ORVW IURP WKH VXUIDFH 6HFRQGO\ WKH K
SRWHQWLDOO\ VHUYH DV UHDEWLYH VLWHVY IRU WKH KDIQLXF
7KLUGO\ IDLUO\ ORZ HQHUJ\ SDWKZD\V VKRXOG H[LVW IRL
GHFRPSRVH WR JHQHUDWH R[LGH RU K\GUR[LGH OLJDQGV ZL'
VXFK DVRQRG LVREXWHQH RU DFHWRQH DQG NHWHQH ([SHUL
QDWXUH RI UHDFWLYLW\ @HMWZHH HDS$ >>-Q G OB (WWUXFWXUDOO\ V
DFLG DUH GHVFULEHG 7KHVH LQFOXGH D VROXWE@RDQQGNDW
9% RU SLYDWXRPFLOA WK IRUPDMIHRW@ | 2&& +&0H2 +

2& 2 &8 0H2 @ DQG >+2 2 8 X 2 &Wo X @ E DWWHPSWHC
$/' XVLQJ SLYDOLF DFLG ZKLFK ODFNV D K\GUR[\O JURXS L
WHPSHUDWXUH VROXWLRQ UHDF® LRQ® EHWYIYHQRb+ DI OWMRW R
IROORZHG E\ UHPRYDO Rl YRODWLOHYVY KHDWLQJ DW f& D
E\ 105 VSHEFWURVFRS\ DQG *& 06 KHDGVSDFH D@Q® CAMUW &RP:

LVRODWHG DQG FU\VWDOORJUDSKLFDOO\ FKDUDFWHUL]JHG

+HWHUROHSWLE JLUFRQLXP ,9 FRPSOH[HV ZHUH G
VSHFWURVFRSLFDOO\ DQG FU\WWDOORJUDSKLFDOO\ FKDUDF
SUHFXUVRU PROHFXOHV WRSHQDEB HQYRXYDEAB SURFHVV ZRX(
YLD WKH GHSRVLWLRQ RI ROLJRPHULF RQH GLPHQVLRQDO F
IXQFWLRQDOL]HG VXEVWUDWH FRXOG SRWHQWLDOO\ IORZ W
RQH HTXLYDOMHRHQ FHE\DFHQ RWBQDFHQ ZLWLOH@&BW

URRP WHPSHUDWXUH DIIRAUBGH@ >=U>BBHYYD F&Q 6&O6H@

All



3K ' 7KHVLV *+ ODMHGD $0 +DUHUL OFODVWHU 8QLYHU"

RU WHIDSQDFHQ 6&6H@ UHVSHFWLYH®\1RFH&K+&& OH
&\DFHQ + &1 &O0H&+& 2 OH7KHVH DON\O FRPSRXQGV DUH WUL
LQ WKH VROLG VWDWHDQGGGEKRBBRVHG ZLWKRXW VXEOLPL

fé& P7TRUWXEOLPHG LQ ! \LHOG DW & P7RUU +
VROLG®W f& XQGHU VWDWLF DUJRQ IRU KRXUV UHVXOWH(
DIIRUG KLY &\DFHQ DQ® WUOHH VROXEOH SUR G XFMDF VEREG FROHDE
ZLWK WZR HTXWX20 HORV 1 | FRLEG DFHW @ EXW HYEKYV
FDXVHG ERWBQSA BHE\DFHQ HOLPLQDWLRQ 7KH FHQ HDPWLR ¢
>=U 10H@WGLG QRW SURFHHG FOHDQO\ @QG ZBRRGE IQWDLWIHH 5=
D E\ SURGXFW WKLV FRPSOH[ ZDV LVRODWHG IURP WKH
FRPSOH[ >=U DFHIQ 1DBYWDFFHVVHG YLD WERHWMKHW E R LHRTX IRV
H[FHVV +10H(W EXW GHFRPSRVHG UHDGLO\ LQ VROXWLRQ DW
KLQGHUHG >=U DFH® "1ZWH/\QWKHVL]HG YLD WKH UBDFWLR
ZLWK WZR HTXLYDOHQWEXRW /ZDY ®LMWR WKHUPDOO\ XQVWDEQC
VROXWLRQ DW URRP WHPSHUDWXRH &RPRREXQ@WUH

FU\WWWDOORJUDSKLFDOO\ FKDUDFWHUL]HG

Alll
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$FNQRZOHGJHPHQWYV

, PXVW EHJLQ E\ H[SUHVVLQJ P\ JUDWLWXGH WR P\ VXSHU
IRU KLV FRQVWDQW VXSSRUW DQG PHQWRUVKLS RYHU P\ JUD
KRZ WR EHFRPH DQ LQGHSHQGHQW UHVHDUFKHU ZKLOH VWL
QHHGHG VXSSRUW DQG VRPHKRZ PDQDJHG WR DOZD\V EH 1
UHDVRQV DQG IRU VR PDQ\ PRUH , DP HWHUQDOO\ JUDWH
H[SUHVVHG WR P\ VXSHUYLVRU\ FRPPLWWHH PHPEHUV 3URI
-RQDWKDQ %YUDGOH\ IRU WKHLU HQFRXUDJHPHQW DQG NLQG
RXU ,QWHO FROODERUDWRUV 'U 6FRWW &OHQGHQQLQJ 'U
ORNKWDU]DGHK IRU DOO RI WKH XVHIXO GLVFXVVLRQV RYtl

PDWHULDOV

$GGLWLRQDOO\ , DP JUDWHIXO WR SDVW DQG FXUUHQW
EHLQJ D ZRQGHUIXO IDPLO\ DZD\ IURP IDPLO\ 6SHFLILFDOO
9DVDQWKDNXPDU 'U %ORVVRP <DQ .DWDULQD 3DVNDUXN 1
$\D .DGUL 'HFODQ 'HMRUG\ ODLD O0XUSK\ DQG $QGUHZ %URR
VFKRRO D EODVW ZLWK DOO WKH GD\V LQVLGH DQG RXWVLGH
ZH VKRXOGTYH EHHQ GRLQJ ZRUN EXW MXVW FRXOGQIW ILQ
OFODVWHU IDFLOLW\ PHPEHUV 'U -DPHV %ULWWHQ 9LFN\ -C
"HQNLQV 'U .LUN *UHHQ DQG OHJDQ )DLU , DP WUXO\ WKD:
VDPSOH UXQQLQJ DQG DQVZHULQJ RI HQGOHVV TXHVWLRQV \
WR 3URI OHODQLH 3LONLQJWRQ DQG 'U (PPD 6WDUHV IRU |

GXULQJ WKH EHJLQQLQJ RI P\ UHVHDUFK MRXUQH\ DW %URFN
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IDVWO\ , PXVW WKDQN DOO P\ VLEOLQJV LQ ODZV QLHF
ODMGRXOLQ ODMHG ODMGL 6DMHG $IUDD ORKDPPDG O0D\D'
ORKDPPHG OHOHN ODULDP DQG ODLVRRQ * I[URP WKH ERWWF
ORYH DQG VXSSRUW \RX KDYH HDFK VKRZQ PH LQ \RXU RZQ
HVSHFLDOO\ GXULQJ P\ VFKRROLQJ $ERYH DOO P\ GHHSHVW
P\ SDUHQWY 7KDQN \RX WR P\ PRWKHU 5DQD IRU WHDFKLQJ
OLPLWYV DQG IRU SXVKLQJ PH WKURXJK WKH KDUGHVW PRF
$EGXOPDMHG IRU LQVWLOOLQJ LQ PH D GHHS ORYH IRU HGXF
\RX DUH QRW KHUH ZLWK PH WR FHOHEUDWH WKLV FRQFOXVLI

WKH EHIJLQQLQJ DQG , GHGLFDWH WKLV ZRUN WR \RX
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fDEOH RI &RQWHQWYV

ID\ $E V WdkDx R W/« « & «€ « & K QK KL KK KL K KL C KKK LLL
FEVW B &I « €« €& QLR KL KKK LKL KKK KKK LY
SFNQRZOHGJ K QW &/« « €« &« K& KKK LKL KK LK L[
7TDEOH R & R@ ¥kdk@Q Mk «€ « & € & &« K & € LK KK KKK K [L
ITLVW R ) Ldkddk b ¥ « € € € €& @& KKK KK LK KKK [Y
ILVW R 6F K#®PdhW « « €« « €« EELL KK LKL K K [T[Y
ILVW R 7@ M & « € € €€ €@K € QKKK KKK LKL [[[YLLL
ILVW Rl &RPSRXQGV «REXNHIK YK G« « « « « « « « « [O
ILVW RI $EEUHYLDWLRQV $FURQWWRY¥«OQEGAPEROWOLL
'HFODUDWLRQ RI $FDGHP k& «&kk k & dkdRekk @ &k [OY
&KDSWHU , QWURGXFWLRQ
+  QWURGXFWLRQ WR 7KHUPDO $/"«««&&««&KKLKK LKL KK KK
+ 2ZWKHU '"HSRVLWLRQ OHWKRGY 5HODWHG WR 7KHUPDO $/°
+ BHTXLUHPHQWY IRU $/' BUHFXUVRUV ««««««««CLLLKK KKK
+ ODWHULDOV *URZQ E\ 7TKHUPDO $/"«««&«««KKLLK KK LK K
+ $/' Rl 3XUH (OHPHQWY DQG LWV &KDOOHQJHYV «««««««««
+ $/' RI ODLQ *URXS (OHPHQW V ««««&««CK KK LL L KK
+ $/' Rl *URXS OHWDO 2[LGHV DQG LWV &KDOOHQJHV «««
T TKHVLV *RD OV « &« KKK LKL LKL LK KKK L L LKL
+ SHIHUHQFHY IRU &KDSWHU ««««&&&«ELLLLLL KKK KKK

&KDSWHU 5RRP 7THPSHUDWXUH $WRPLF /D\HU '"HSRVLWLRQ |

$QWLPRQ\
T OQOWURGXFWLRQ WR &KDSWHU «««&&«LKL KKK K KKK K KKK KK
+ 6\QWKHVLY DQG 6ROXWLRQ 6WDWH 5HDFWLYLW\ RI 7ULV
+ $/' 6WXGLHV XVLQJ 6ED QLD BERX « « « « « « «
+ 1XFOHDWLRQ (QKDQFHPHQW E\ ,Q 6LWX 6XUIDFH 3UH 7UlI
+ 6 XPPDU\ DQG &RQFOXVLRQV IRU &KDSWHU ««&««&&KLK K <
+ )XWXUH :RUN IRU &KDSWHU «««&««««&LKK LKL LKL KKK
*+ SHIHUHQFHY IRU &KDSWHU ««&«&«««LLL KKK KKK LKL KL K K

A |
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&KDSWHU 6\QWKHVLY RI 6LO\O DQG *HUP\OERUDQHYV DQG ,
WKHLU 6 XLWDELOLW\ DV 3UHFXUVRUV IRU %RURQ $WRPLF /D)

t

I+

I+

I+

+

+

,QWURGXFWRU\ SUHIDFH « « &« ««& &KL LK KL LK KK LK

$/'" Rl %RURQ &RQWDLQLQJ JLOPV «««&««&KKKKL KKK KK

+ BUHYLRXVO\ 5HSRUWHG 6LO\OERURQ DQG *HUP\OERURC
6\QWKHVLV RI 6LO\O DQG *HUP\O 6 XEVWLWXWHG %RUDQ
6WDUWLQJ ODWHULDO B6\QWKHVLYV «««&«& KL LKL LKL LK LK
SONDOL OHWDO 6LO\NO S5HDIJHQW V « « « € & & € € & € € &« & K« K«
+ TULPHWK\OJHUP\VOOLWKLXP ««««&& LKL L LK KL LK KK

+ 'LPHWK\ODPLGRGLKDORERUDQHYV ««««&«&«&«K LKL KKK
+\SHUVLO\O 6 XEVWLWXWHG %RUDQHV «««««««««LLLLK LK
6XSHUVLO\O 6 XEVWLWXWHG %RUDQH V ««««« &« &L LKL K
*HUP\O 6XEVWLWXWHG %RUDQHV ««««««&«KELKL LKL KK
7THVWLQJ %LV WHWUHO DPLGRERUDQHYV DV 3UHFXUVRUV
S9RODWLOLW\ 7KHUPDO 6WDEBOG&GMWA 1MAIG SHDFWLYLW\ |

I+

I+

I+

I+

I+

I+

I+

I+

SWWHPSWHG $/6KFLBRQILOHH DQGC &X«
S9RODWLOLW\ 7KHUPDO 6WW¥BGIOLOMWMH BQAGHHDFWLYLW\ |

I+

6XPPDU\ DQG &RQFOXVLRQV IRU &KDSWHU «««&««KK KKK <
JXWXUH :RUN IRU &KDSWHU «««&&&&K KL LKL LK KK KKK
S5HIHUHQFHY IRU &KDSWHU «««&«&&«&&KLLL KKK KKK KKK

&KDSWHU JORZDEOH $WRPLF /D\HBVH@GRDLWLRQ RI +12
&DUER[\OLF $FLG DV WKH &R 5HDFWDQW

+

+

I+

I+

,OQOWURGXFWLRQ WR &KDSWHU ««««&KKKL KKK KKK KKK KK
S5HV X O WYV « &« &K KKK LKL L LK KKK KK

'"HSRVLWLRQ 8VL@I DRG 10K KW« « ««« &«

BROXWLRQ 6WDWH BWXGLHY «««&&&««CLLLLLL LK K KKK
'"HFRPSRVLWLRQ 6WXGLHY ««««««&&EEKLLL LKL KK KKK
6XPPDU\ DQG &RQFOXVLRQV IRU &KDSWHU «««&«&&«KKKK K<
JXWXUH :RUN ITRU &KDSWHU «««&«&&KK LKL LKL KK KKK

+ 1+

I+

A1
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*+ SHIHUHQFHY IRU &KDSWHU ««&«&«««LLL KKK KKK LKL K K
&KDSWHU 6\QWKHVLV 6WUXFWXUHV DQG 7KHUPDO 6WDELC
%LV DPLGR =LUFRQLXP ,9 $FHQ &RPSOH[HV

+ QWURGXFWLRQ WR &KDSWHU ««««&««&E LKL LKL L LK K
6\QWKHVLY DQG 6WUXFWXUHV RI 'LDON\O =LUFRQLXP ,9

+ , QYHVWLIJDWLRQ RI WKH 7KHUPDO 6WDELOLW\ DQG 5HDF
=LUFRQLXP ,9 $FHQ &RPSOH[HYV
6\QWKHVLV RI %LV DPLGR =LUFRQLXP ,9 $FHQ &RPSOH]
6XPPDU\ DQG &RQFOXVLRQV IRU &KDSWHU «««&«&&«KKKK K<
JXWXUH :RUN IRU &KDSWHU «««&&&&K LKL LLLLK KKK KKK
SHIHUHQFHYV IRU &KDSWHU «««&&&«&KLLLLLLL KKK KK
&KDSWHU ([SHULPHQWDO OHWKRGYV

T THQHUDO OHWKRGV « & & & &« KKK K KK KL L LK KKK KL

I+

+ H+ 1+

I+

I+

F/' BHDFWR U «« &« « K&K KKK KKK KL KL LKL KKK LK K

I+

BROYHQWYV «« &« E L L LKL L LKL LKL LK
L, QVWUXPHQWDWLRQ DQG $QDONVLYV ««&««& LKL K LKL KKK
ODWHULDOV &KDUDFWHUL]DWLRQ « &« &« &« &« &L KL LK LKL K
+ 6WDUWLQJ ODWHULDOV 6\QWKHWLF 3URFHGXUHYV DQG &
SHUWDLQLQJ WR WKH :RUN RI &KDSWHU
BWDUWLQJ ODWHULD OV ««««««&KK KKK KKK KKK K K
$/' ([SHULPHQWYV XVLQJ ®F 6L 6ES&X « « « «
+ 6WDUWLQJ ODWHULDOV 6\QWKHWLF 3URFHGXUHYV DQG &
SHUWDLQLQJ WR WKH :RUN RI &KDSWHU
6WDUWLQJ ODWHULDO B6\QWKHVLYV «««&«& KL LKL LKL LK LK
+ 6LO\O DQG *HUP\O 6 XEVWLWXWHG %RUDQHV ««««««&«&K:
+ SWWHPSWHG $/6KFLBRQILOHH DQG &x&X «
+ 6WDUWLQJ ODWHULDOV 6\QWKHWLF 3URFHGXUHV DQG §
SHUWDLQLQJ WR WKH :RUN RI &KDSWHU
GWDUWLQJ ODWHULDOYV ««««& &K &K KKK LKL KKK KKK LKL K
6\QWKHWLF 3URFHGXUHY DQG &KDUDFWHUL]DWLRQ ««««
$/" ([SHULPHQWYV XVL@JIDX}G 19 H ¢ W « ««««««

I+

I+

I+

I+

I+

I+

I+

I+

A1]]
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+ SWWHPSWHG $/' XVI@Q DGl A0HPOX &2$ Kk 6

+ 6WDUWLQJ ODWHULDOV 6\QWKHWLF 3URFHGXUHV DQG &
SHUWDLQLQJ WR WKH :RUN RI &KDSWHU
BWDUWLQJ ODWHULD OV «««««« &K KKK KKK KKK LKL KKK
6\QWKHWLF B3URFHGXUHY DQG &KDUDFWHUL]J]DWLRQ «««¢

*+ SHIHUHQFHY IRU &KDSWHU ««&«&&«««LLL LK KKK KKK KL KL K
$SSHQGL[ £+ 6XSSOHPHQWDU\ ,QIRUPDWLRQ
$ + &U\WVWDO 6WUXFWXUH DQG 5HILQHPHQW 'DWB RI &RPSRX
&KDSWHUV WR
$ + 6XSSOHPHQWDU\ ,QIRUPDWLRQ 5HODWHG WR$&KDSWHU .
6XSSOHPHQWDU\ ,QIRUPDWLRQ 5HODWHG WR$&KDSWHU .
6XSSOHPHQWDU\ ,QIRUPDWLRQ 5HODWHG WR$&KDSWHU .
6XSSOHPHQWDU\ ,QIRUPDWLRQ 5HODWHG WR$&KDSWHU .

I+

I+

I+

I+

$
$
$

I+
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/ILVW RI )LIXUHV

J)LIXUH 7KH PRVW FRPPRQ JUDSKLFDO GHPRQVWUDWLRQV R
JURZWK SHU F\FOH *3& RU ILOP WKLFNQHVV RQ WKH UHDFW
ILOP WKLFNQHVYVY RQ WKH QXPEHU RI $/' F\FOHV F 'HSHQGHC
GHSRVLWLRQ WHPSHUDWXUH

J)LIXUH 'LDJUDP RI GHSRVLWLRQ XVLQJ $/' YHUVXV RWKHU GH
IURP $WRPLF /LPLWV LPDJH OLEUDU\

J)LIXUH 6FKHPDWLF GLDJUDP GHSLFWLQJ WKH ERWWRP XS
DFKLHYDEOH E\ $6 $/°

J)LIXUH +LVWRJUDP VKRZLQJ WKH QXPEHU RI UHFRUGV UH
GHSRVLWLRQ DQGEHUWRHU®RNVZLQJ WKH :HE RI 6FLHQFH SODV

JLIXUH &RORXU FRGHG SHULRGLF WDEOH DGDSWHG IURP V
GHSLFWLQJ UHSRUWHG WKHUPDO DQG SODVPD $/' SURFHVVHV
WR EH GHSRVLWHG LQ WKH HOHPHQWDO IRUP E\ WKHUPDO
(OHPHQWY HQFORVHG LQ GDVKHG ER[HV KDYH EHHQ SURSRVH
ZLWK RQO\ DQ R[LGH GHWHFWHG GXH WR LQVWDQWDQHRXV R

J)LJIXUH D+ 105 VSHFEWUD RI WKH 105 VFDOH UHDBFQ/G @ &D 6E
LQ '& 0+] . 7KH UHDFWLRQ ZDV PRQLWRUHG EHIRUH |
HTXLYDOHQW $SRWHBH&PRPSOHWH FRQV XP SOMIR&D RADBE 6G GHI G W
WKH 105 WXEH WR YHULI\ WKH LGHQWLI\ WKH UHDFWLRQ SU
SRZGHU JHQHUDWHG IURP WIDH)G 6BEDRW[IRIH R |

JLIXUH ;36 GHSWK DQDO\VLV RI 6E ILOPV JURZ®L RDQWD + 6L |
XVLQJ F\FOHV DQG VHFRQG SXOVH WLPHYV

JLIXUH ; UD\ GLIITUDFWRJUDPV RI 6E ILOPV JURBQ B®, D + 6L
XVLQJ F\FOHV DQG VHFRQG SXOVH WLPHYV

JLIXUH '"HSHQGHQFH RI ILOP WKLFNQHVYV DQG RIK GX®H 6LOF
WLPHV IRU 6E GHSRVLWLRQ RQ@H 6T XDWHDOH\ OO SHPLPHQW
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F\FOHV DQG D GHSRVLWLRQ WHPSHUDWXUH Rl f& 5HG G
LQ ZKLFK WKH SXOVH WLPH RQ WKH [ D[IDQG 8E&@BYV RWUR ER
EODFN FRORXUHG GDWD SRLQWV LQGLFDWH H[SHULPHQWYV L«
DSSOLHV RQO\ WRUGEEBRIBMSHFEFWLYHO\ WKH SXOVH WLPH RI W|
IL[HG DW v

J)LIXUH 'HSHQGHQFH RI ILOP WKLFNQHVV RQ WKH QXPEHU RI
FLUFOHV D8RG WWLRDUHV VXEVWUDWHV DW f& S5HDFWDQW
FRQVWDQW DW V 7KH LQVHW VKRZV DQ H[SDQGHG YLHZ RI

JLIXUH )(6(0 LPDJHV RI ILOPV JURZQ RQ + 6L DW  f& XVLQJ
DQG G $/' F\FOHV )LOP WKLFNQHVVHV DUH DYHUDJH Y

JLIXUH '"HSHQGHQFH RI ILOP WKLFNQHVYV DQG *3& RQ 6E GHSR
6L FLUFOHV 6Q&ToXRUHV $00 ILOPV ZHUH GHSRVLWHG XVI
VHFRQG UHDFWDQW SXOVH WLPHYV

JLIXUH )(6(0 LPDJHV RI ILOPV JURZQ RQ + 6L DW  f& ZLWK R
6E 6LOHRU 6E®WLRU WR FDUU\LQJ RXW  $/' F\FOHV D $/' F
ZLWKRXW DQ\ SUH WUHDWPHQW E SUH WUWBSWPNAW ZIRDO R
E\ $/' FA\AFOHV XVLQJ V SXOVHV F SUH WUHDWPHQW 2z
SXOVHV |IROORZHG E\  $/' FA\AFOHV XVLQJ V SXOVHV G

i V SXOVHV IROORZHG E\  $/' F\FOHV XVLQJ V SXOVI
ZLWK 6E&Q V SXOVHV IROORZHG E\ $/' F\AFOHV XVLQJ
WKLFNQHVVHY DUH DYHUDJH YDOXHV GHWHUPLQHG E\ 9$6(

JLIXUH )LOP WKLFENQHVV YHUVXV WKH QXPEHU RI $/'" F\FOHYV
6L XVLQJ L EODFN VWDQGDUG $/' SDUDPHWHUV QR SUH W
SXOVHV LL UHG $/' JIWMHKWEHDLWRHQW VXUIDFH SUH WUHD\
SXOVHV RI 6E BROPBRZHG E\ $/" F\FOHV XVLQJ V SXOVHYV
$/'" F\FOHV XVLQJ V SXOVHYV RU LEUHBOXHD WP HQW K VBRI C
WUHDWPHQW ZLWK [ V RIXMR/ZHGRE\G6E &Q@' F\FOHV XVLQJ
DQG DOO UHPDLQLQJ $/' F\FOHV XVLQJ V SXOVHYV

EA]
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JLIXUH ; UD\ GLIIUDFWRJUDPV RI 6E ILOPV JURZQ RQ + 6L

D WKH VWDQGDUG $/' PHWKRG QR SUH WUHDWPHQW DOO
6E 6LOHSUH WUHDWPHQW VXUIDFH SUH WUHDWPHQW ZLWK
IROORZHG E\  $/' F\AFOHV XVLQJ V SXOVHV DQG WKHQ

RU F $/' ZLWEUHESMHDWPHQW VXUIDFH SUH WUHDWPHQW ZL
IROORZHG E\  $/' F\FOHV XVLQJ V SXOVHV DQG WKHQ

JLIXUH &KHPLFDO VWUXFWXQJ BYSI 07S

J)LIXUH ; UD\ FU\VWDO VB XRAWXUH RIZLWK HOOLSVRLGV VHW
SUREDELOLW\ 6SDFH$OORKSGBRIJHQ DWRPV KDYH EHHQ RPLW

2Q0\ RQH RI WKUHH LQGHSHQGHQW PROHFXOHV LQ WKF
PROHFXOHV GLVSOD\HG GLVRUGHU DW WKH FDUERQ DWRPYV
FDUERQV RI WKH WHUW EXW\O JURXSYV

JLIXUH ; UD\ FU\VWDO VWUKK/REWXEH RIZLOMK HOOLSVRLGV VHW
SUREDELOLW\ 6SDFH JURXS 3 $00 K\GURJHQ DWRPV KDYF

JLIXUH %" 105 VSHFWUXP RI D VWRER KROWW QRIQ &R]

JLIXUH ; UD\ FU\VWDO VWBXKEFWX UBIHRI| »" DIHWWK HOOLSVRLGV VH\
SUREDELOLW\ 6SDFH JURXS 3Q $00 K\GURJHQ DWRPV KDYH |
IDFLQJ WKH ERURQ FHQWHUYY WULJRQDO SODQH E $ YLHZ (

JLIXUH %" 105 VSHFWUD IURP WKH 105 VFDOH UHDFWLR(

GLFKORURERUD@H HTXLYDOHQWYV RI VXSWRBYVISQ\REREH X
VXSHUVLO\OGLPHWK\ODPLGRFKORURERUDQHRSEHIRUH WKH
DGGLWLRQPRGGOH KRXUV DIWHU WKW VDRSRE LM MRHUEKIHD WL Q.

IRU KRXUV

J)LIXUH %~ OHIW )DO@» ULJKW VSHFWUD PRQLWRULQJ \
WoX6L % 10H ZLVWAKEL1D 74) & 0+] %™ 0+]
) . JURP WRS WR ERMWWRIPDGGLWLRXRJIV DIWHU WKH DC

A AT
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RI HIFHVWR DQG KHDWL@ DWWHU KHDWLQJ IRU DQ DGGLW
&

JLIXUH ; UD\ FU\WWDO Va8 X FO#HKUN RIH ZLWK HOOLSVRLG)\
DW SUREDELOLW\ 6SDFH JURXS 3QPD + DWRPV DUH RPLW
LQGHSHQGHQW PROHFXOHV LQ WKH XQLW FHOO LV VKRZQ
WULJRQDO SODQH E $ YLHZ GRZQ WKH % 1 ERQG 5

JLIXUH %™~ 105 VSHFWUXP RI WKH 105 VFDOH WHVW UHDFWL
Rl % 10&0 DQG HTXLYDOHQWY+RIl OH PLQXWHYV DIWHU DGC
DW URRP WHPSHUDWXUH 7KH FKHPLFDO VKLIWV RI WKH WZR
LOQGLFDWHG

JLIXUH ; UD\ FU\VWDO VWUXFW®WXOH /RI7%)0OH ZLWK DWRPV

GLVSOD\HG LVRWURSLFDOO\ DQG ERQG PHWULFV QRW LQFOX:
DQG D KLIJK OHYHO RI XQPRGHOHG GLVRUGHU DQG WZLQQLQJ
WKDW ZLWK OHDVW DPRXQW RI GLVRUGHU LV VKRZQ DQG +
JURZRS 5

JLIXUH 7*$ RI "®OUHHBL% 10H DQ® XL OHH % 10H
SDPS UDWH ¢ PLQ VWDUWLQJ ZHLJIJKWYV PPJ

J)LIXUH &RPSDULVRQ RI WKH ; UD\ GLITUDFWRJUDP RI WKH S
UHDFWL %@ IRIOHH % 10H DQG DOMWMW URRP WHPSHUDWXUH E
HOHPHQWDO ERURQ WRS

Y)LIXUH OROHFXODU GHVLJQ RI IXWXUH ELV WHWUHO DPLGREF
IRU ERURQ $/°

J)LIXUH D 6FKHPDWLF GLDJUDP GHSLFWLQJ WKH GHYHORSP!
SURFHVV RQ D QDUURZ WUHQFK VXEVWUDWH GXH WR WKH JU
WUHQFK E 6FKHPDWLF GLDJUDP GHSLFWLQJ WKH SURSRVH
WKURXJK GHSRVLWLRQ RI PRQRPHWDOOLF FRPSOH[HV RU RC
WKHUPDO FRQYHUVLRQ WR +12

A AT
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J)LIXUH ([DPSOH FURVV VHFWLRQDO 7(0 D DQG F DQG 6(0 E
WUHQFKHYV

JLIXUH 7KHUPRJUDYLPHWULF DQDO\VLV 7*$ RI ! K\GUR[\LVR
UDWHg PLQ VWDUWLQJ ZHLJKW PJ

JLIXUH '"HSHQGHQFH RI DYHUDJH ILOP WKLFNQHV D @@ G9%3& F
SXOVH WLPHV DW YDULRXVY GHSRVLWLRQ WHPSHUDWXUHV $0O
DQG WKLFNQHVVHYV *3& YDOXHYVY DUH IRU XQ DQQHDOHG ILOPV

J)LIXUH '"HSHQGHQFH RI DYHUDJH ILOP WKLFNQHVY DQG *3& R
ZLWKRXW JUD\ DQG ZLWK UHG LQ VLWX SRVW GHSRVLWLF
GHSRVLWHG XVLQJ F\FOHV DQG V UHDFWDQW SXOVH WL

JLIXUH ;36 GHSWK DQDO\VLV RI ILOPV JURZQ ZLWKRXW D Dt
GHSRVLWLRQ WKHUPDO DQQHDOLQJ VWHSXVIKLY |L 6RO BN UMHQ.

V UHDFWDQW SXOVH WLPHV DQG V SXUJH WLPHV )RL
H[SHULPHQWDO FRQGLWLRQV XVHG DUJRQ IORZ UDWHV WRW
SUHVVXUH RI P7RUU GXULQJ RSHUDWLR@ DQG ,9% ZDV GH

J)LIXUH D 7RS GRZQ DQG E FURVV VHFWLRQDO )(6(0 LPDJH
JURZQ D@ F7RS GRZQ DQG G FURVV VHFWLRQDO )(6(0 LPDJH
DQQHDOHG ILOPV XVLQJ F\FOHV DQG V SXOVH WLPHV
YDOXHVY GHWHUPLQHG E\ 93%6(

J)LIXUH ;, UD\ FU\WWWDO VWUXFW@®UH 2RI&+&0OWMRH 1+

2& 2 &#®&0H2 @ ZLWK HOOLSVRLGYVY VHW DW SUREDELOLW\
D VKRZV RQO\ WKH DQLRQLF SRUWLRQ RI WKH PROHFXOH

K\GURJHQ ERQGHG VWUXFWXUH ZLWK LQWUDPROHFXODU D¢
FRORXUHG JUHHQ DQG EOXH UHVSHFWLYHO\ )RU FODULW)\
RPLWWHG DQG GLVRUGHU LQ WKH 2 DWRP DQG QHWLIJERXUL!

ElAE
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J)LIXUH + 105 VSHFWUD RI SXW@H+I1>28&H&BGH2+
2& 2 &#®&0H2 @ DIWHU KHDWLQJ WKHIMDROSOKMRDNKE YRGLEDYV
WHPSHUDWXUHV I'RU KRXUV &

J)LIXUH ; UD\ FU\WWDO VWUXEW X2 &R 284 X@ A +&
& + ZLWK HOOLSVRLGV VHW DW SUREDELOLW\ 6SDFH JL
DWRPV DQG ODWWLFH VROYHQW DUH RPLWWHG DQG SLYDOD

YJLIXUH 9DULDEOH WHPRSHOBDWXIHFWUD R2 >21&W X
28 X@ G 7+) 0+]

JLIXUH + 105 VSHFWUD FRQILUPLQJI1IWRNHK IBHIVHKN\DW L R D OMIP L C
WRS LQ WKH 105 VFDOH UHDFWLRQ EHWZZHBQG HTXILNXDLY B Q W(
Rl SLYZ2+ PLGGOH & +] . UHTXLUHG IRU WKH [IRUF
>+ 2 28% X 2&%MX@ ,Q WKH ERWWRP VSHFWUXP DQ L
VIQWKHVL]HG VDPSOH RI WKH DPLGH ZzDV DGGHG WR WKH 105
UHDFWLRQ E\ SURGXFW

J)LIXUH + 105 VSHFWUD RI WKH E\ SURGXFWYVY FRORXUHG
GHFRPSRVLWLRQ RI D FUXGH &DIRRIJOHKRXUV XQGHU G\QDPLF
&' 0+] . TRS 5RRP WHPSHUDWXUH YRODWLOH E\ SUR
LOQOWR D GHJDVVHG - <RXQJ WXRWMWRPWDLRRQLQRRP WHPSHUDW
E\ SURGXFWV GLVVROYHG LQ &

J)LIXUH +HDGVSDFH JDV FKURPDWRJUDSK RI URRP WHPSHUD
FRORXUHG UHG IRUPHG IURP KHDWD®J ® FRIXGHKRKDPS XH) RH
G\QDPLF YDFXXP ERWWRP DQG RI WKH H[SHULPHQWDO EODC
JLIXUH D H[FHSW WKDW WKH EDVHOLQH LV PDJQLILHG LQ
GHFRPSRVLWLRQ E\ SURGXFWYV

J)LIXUH 'HSHQGHQFH RI DYHUDJH ILOP WKLF®QHYV VLI DHGV *3&
10H 2%X DQG ,9% SXOVH WLPHV DW YDULRXV GHSRVLWLRQ
GHSRVLWHG XVLQJ F\FOHV DQG WKLFNQHVVHV *3& YDOXH)

£ £
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J)LIXUH D ; UD\ FU\VWDO VWUXFWX0OH@RI| >ZUMKFHQO&SVRLG
SUREDELOLW\ KKGURUKG DWRPV ZHUH ORFDWHG IURP WKH
UHILQHG LVRWURSLFDOO\ DOO RWKHU K\GURJHQ DWRPV DUH

JLIXUH ; UD\ FU\VWDO VWRERX\WEKHRB 686H WZR YLHZV DUH
VKRZQ WR IDFLOLWDWH FRPSDUEZVW® RIKRYOHBWURBW IVRLRIV
DUH VHW DW SUREDEKOGWRIARQHDWREY ZHUH ORFDWHG IUR
PDS DQG UHILQHG LVRWURSLFDOO\ DOO RWKHU K\GURJHQ DV

JLIXUH ; UD\ FU\VWDO V WWUXEROWWXAH) O 8 HI@ RQO\ RQH RI WZF
LQGHSHQGHQW DQG HVVHQWLDOO\ LVRVWUXFWXUDO PROHF
PROHFXOHV LQ WKH XQLW FHOO GLVSOD\HG GLVRUGHU DW W
DWRP DQG RQH BOWFKIH) OLJID W/ &+ JURXSYV (OOLSVRLGV

SUREDELOLW\ KKGURUJHKH@ DWRPV ZHUH ORFDWHG IURP WKH
UHILQHG LVRWURSLFDOO\ DOO RWKHU K\GURJHQ DWRPV KDY |

J)LIXUH DO9DULDEOH WHP3KHbDIENBWURL RIDFHO 6&0H@
I[URP GLIMPROXHQH 0+] EFG ([SDQGHGOBHJILRQV
VSHFWUD IHDWXU+ QLU &/ KHF E&DQG I6SEBRWRQ SHDNV

JLIXUH ; UD\ FU\VWDO VWUXKWXWH RK>HQOLSENQLGY VHW DW
DQG DOO K\GURJHQ DWRPV RPLWWHG IRU FODULW\ 5

JLIXUH + 105 VSHFWUXP RI >=U@FHQHIOHY(WWHG LQ VLWX Il
UHDFWLR@LRNK H[FHVV +{3 OHR @ XIHD H 0+] . 8QDVVLIQHC
LQ WKH VSHFWUXP DUH WKH UHVLGXDO VROYHQW VLJQDO + .

JLIXUH ; UD\ FU\VWDO VWUXFWXUH R >=ULWKHGC'QLESWORLGV
SUREDELOLW\ DQG K\GURJHQ DWRPV RPLWWHG IRU FODULYV

J)LIXUH 6FKHPDWLF GLDJUDP RI WKH KRPH EXLOW $/' UHDFWR

JLIXUH $ &"+  DQG6GL 105 GLPHQVLRQDO S@URMHDPWL RQ5IURP
VSHFWUD RI WKH 105 VFDOH UHDFWQR b R&ACKE 6L THY G

£ E]
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0+] UHVSHFWLYHO\ . 7KH UHDFWLRQ ZDV PRQLWRUHG E
DGGLWLRQ RI HTXL$DWOHIQWRPISEERWH FRQVXP SWILRQ RDVE 6L
DGGHG WR WKH 105 WXEH WR YHULI\ WKH LGHQWLI\ WKH UHDI

YLIXUH $:36 VXUYH\ VSHFWUXP Rl WKH VXUIDFH RI DQ 6E ILOP
ILOP JURZQ RQ@& KV LDQM F\FOHV DQG VHFRQG SXOVHYV

JLIXUH $;36 VXUYH\ VSHFWUXP RI WKH VXUIDFH RI DQ 6E ILOP
ILOP JURZQ RQDOM2 XVLQJ F\FOHV DQG VHFRQG SXOVHYV

J)LIXUH $;36 GDWD DW (WFK /HYHO RI WKH & ILOF\ROR2AQ RQ
VHFRQG SXOVHV LQ WKH HQHUJ\ UHJLRQV IRU D 6E G E

&V DQG H 6E G DQG 2V 2UDQJH OLQHV UHSUHVHQW WKH E

OLQHV UHSUHVHQW WKH ILWWHG PRGHO RI WKH 6E SHDNYV

J)LIXUH $;36 GDWD DW (WFK /HYHO Rl WKH6BE i OP JURZQ F
F\FOHV VHFRQG SXOVHV LQ WKH HQHUJ\ UHJLRQV IRU D
G &V DQG H 6E G DQG 2V 2UDQJH OLQHV UHSUHVHQW W
EOXH OLQHV UHSUHVHQW WKH ILWWHG PRGHO RI WKH 6E SHD

JLIXUH $)(6(0 LPDJHV RI ILOPV JURZQ RQ + 6L XVLQJ D |
DQG H $/' F\FRH&HSRVLWLRQ WHPSHUDWXUH VHE]
)LOP WKLFNQHVVHY DUH DYHUDJH YDOXHV GHWHUPLQHG E\ 9:

JLIXUH $)(6(0 LPDJHV RI ILOPV JWBRZXQVRQJG6 D2 E F

G DQG H $/" F\AROBMSRVLWLRQ WHPSHUDWXUH
WLPHV %ODFN GRWV LQ ILJXUHV E G DQG H DUH G.
FRQWDPLQDWLRQ ZKLFK GHYHORSHG RYHU WLPH IURP VWRUL
J)LOP WKLFNQHVVHY DUH DYHUDJH YDOXHV GHWHUPLQHG E\ 9:¢

JLIXUH $)(6(0 LPDJHV RI 6E ILOPV JURZQ RQ + 6L ®VLQJ
GHSRVLWLRQ WHPSHUDWXUH VHFRQG SXOVH WLPHV )(6(0
PRQWKV Rl GHSRVLWLQJ WKH ILOP ZKLOH E ZHUH WDNHQ
ZHUH VWRUHG LQ D JORYH ER[ 7KHUHIRUH EODFN VSRWYV LQ
DUH PRVW OLNHO\ GXH WR VXUIDFH FRQWDPLQDWLRQ IURP O

A E]]
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JLIXUH $ 3KRWRJUDSKV RI ILOPV6LUBQG R®GL6ID2NV YDULDEOH
WHPSHUDWXUHY $00 ILOPV ZHUH JURZQ XVLQJ F\FOHV D
UHDFWDQW SXOVH WLPHV 7KH ORVV RI DSSHDUDQFH RI SULYV
WHPSHUDWXUHY LQGLFDWHY D GHFD\ RI XQLIRUPLW\ RI WK
RFFXUUHG RQO\ DW DQG f&

JLIXUH $ ; UD\ GLIIUDFWRJUDPV RI 6E ILOPV JURZQ RQ + 6L D\
UDQJLQJ IURP & YWANRLQJ VHFRQG UHDFWDQW SXOVH WLPHYV I

JLIXUH $ '"HSHQGHQFH RI DYHUDJH ILOP WKLFNQHVVDM®EG JUR 2
6E&GXEBXOVH WLPHVY DW D JLYHQ GHSRVLWLRQ WHPSHUDWXUH
XVLQJ F\FOHV

JLIXUH $ )(6(0 LPDJHV RI ILOPV JURZQ®Q E 6k DW D&

DOG G & XVLQJ F\FOHV DQG VHFRQG UHDFWDQW SXO
ZKLFK XVHG VHFRQG SXOVHV )LOP WKLFNQHVVHV DUH C
9%$6(

JLIXUH $ ; UD\ GLIIUDFWRJUDPV RI 6E ILOP\DWUBHQRRRWAS
WHPSHUDWXUHYV UDQJLoR XMLROR WRHFRQG UHDFWDQW SXOVH
F\FOHV

JLIXUH $ '"HSHQGHQFH RI DYHUDJH ILOP WKLFNQHVVDm®EG JUR?
6E&G®XOVH WLPHVY DW D JLYHQ GHSRVLWLRQ WHPSHUDWXUH
XVLQJ F\FOHV

JLIXUH $ ;36 GHSWK DQDO\VLV RI D 6E 6LOPWRURVZIQQRQ 6L2
F\FOHV DQG VHFRQG UHDFWDQW SXOVH WLPHYV

JLIXUH $ &RPSDULVRQ RI )(6(0 LPDJHV RI XOWUD WKLQ ILOPYV
& XVLQJ SUH WUHDWPH@GWXGYHOW NVPRIVEERB LQGLFDWHG LQ U

$/'" F\FOHV RI 6EDBQGH6E&ROVH WLPHVY DUH LQGLFDWHG LQ F
J)LOP WKLFNQHVVHY DUH DYHUDJH YDOXHV GHWHUPLQHG E\ 9:¢

JLIXUH $ &RPSDULVRQ RI )(6(0 LPDJHV RI XOWUD WKLQ ILOPV
& XVLQJ SUH WUHDWPHQW F\&EFXOGIVHRW I6EEH&/L@®HJH LQGLFDYV

A E]]]
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KHDGLQJV DQG $/'" F\FOHWDO RG 6GE &SB@VH WLPHV DUH LQGL
FROXPQ KHDGLQJVY )LOP WKLFNQHVVHY DUH DYHUDJH YDOXH

J)LIXUH $ & RPSDULVRQ RI )(6(0 LPDJHV Rl XOWUD WKLQWLOPV

® XVLQJ SUH WUHDWPHQSX®VHOWYPRHV6B&E LQGLFDWHG L
DQG $/' F\FOHV RI| 6EQ®&LBESXOVH WLPHV DUH LQGLFDWH
KHDGLQJV )LOP WKLENQHVVHV DUH DYHUDJH YDOXHV GHWH !

J)LIXUH $ &RPSDULVRQ RI )(6(0 LPDJHV Rl XOWUD WKL QWLOPV

® XVLQJ SUH WUHDWPHQW FSMHAH RVLEPEHGLDHH LQGLFD)
KHDGLQJV DQG $/' F\FOH\WD @G BESXOVH WLPHV DUH LQGL
FROXPQ KHDGLQJV )LOP WKLFNQHVVHY DUH DYHUDJH YDOXH

JLIXUH $ ; UD\ GLIITUDFWRJUDPV RI 6E B1OP§ JURZR FROMH B L 2
XVLQJ D WKH VWDQGDUG $/' PHWKRG QR SUH WUHDWPHQW
ZLWK 6E 6L®9HH WUHDWPHQW VXUIDFH SUH WUHDWPHQW ZL
6E 6LOH IROORZHG E\ $/'" FA\AFOHV XVLQJ V SXOVHV DQG
XVLQJ V SXOVHV RU BUH'WUWBWEERQW VXUIDFH SUH WU

V SXOVHV RIR®ERR¥Y HG E\ $/'" F\AFOHV XVLQJ V SXOVHV |
F\FOHV XVLQJ V SXOVHYV

JLIXUH $ )LOP WKLFNQHVV YHUVXV WKH QXPEHU RI $/' F\FOH"
6L26L XVLQJ L EODFN VWDQGDUG $/' SDUDPHWHUV QR SUF
V SXOVHV LL UHG $/' UMK BEHBWEPHQW VXUIDFH SUH WUHC
V SXOVHV RI 6EIBROOHRZHG E\ $/' F\FOHV XVLQJ V SXOVHV
$/' F\FOHV XVLQJ V SXOVHV RU L3UHB/OXHD\§P HQW K VEEE C
WUHDWPHQW ZLWK | V SXOVHV Rl 6E&O IROORZHG E\
DQG DOO UHPDLQLQJ $/' F\FOHV XVLQJ V SXOVHYV

JLIXUH $ '"HSHQGHQFH RI ILOP WKLFNQHVYV RQ SXUJH WLPHYV

WLPHVY DUH WKRVH IROORZLQJ HDFK RI WKH WZR SUHBXKUVRU ¢
DW & XVLQJ F\FOHV 'DWD SRLQWV FRORXUHG EODFN LQG
UHDFWDQW SXOVH WLPHV ZKLOH JUD\ LQGLFDWHYV ILOPV JUR

£ E]A
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JLIXUH $ '"HSHQGHQFH RI ILOP WKLENQHVV DQGD DGR BRE&OU D W
SXOVH WLPHWIRQVBKPUHY DQG + 6L FLUFOHV &\FOH QXPEI

DV ZHOO DV GHSRVLWLEQ VGI® SHLUDIW KUK W HRSIHRWD W X U |
6E 6L(W o& IRU 6E&O

JLIXUH $ )(6(0 LPDJHV RI ILOPV JURZQ RQ + BE&®D' F\BEHAL (W

DW g XVLQJ VHFRQG SXOVH WLPHE&S®E F\FEEHVGDWXVLQJ
VHFRQG SXOVH WLPHV 6E&®/6E\EDMHY RWXVLQJ VHFRQG

SXOVH WLPHV )LOP WKLFNQHVVHV DUH DYHUDJH YDOXHV GH

JLJXUH $ D &URVV VHFWLRQDO )(6(0 LPDJH RIGEEDWEOP JURZ
XVLQJ $/' F\FOHV DQG VHFRQG DQG VHFRQG SXO
UHVSHFWLYHO\ 7KH DYHUDJH RI WKUHH GLIIHUHQW WKLFNQ}
QP FRUUHODWHV ZHOO ZLWK WKH DYHUDJH WKLFNQHVV PHDV
QP E $)0 LPDJH RI 6E ILOPS U IDRERQXRQQEIL2 $/' F\FOHV DQG

VHFRQG DQG VHFRQG SXOVH DQG SXUJH WLPHV UHVSHF\
DGKHUHG WR WKH ULJKW VLGH Rl WKH ILOP EHIRUH GHSRVLW
WKLFNQHVV PHDVXUHPHQW IURP $)0 VWHS DQDO\VLV QP F
WKLFNQHVV PHDVXUHG REWDLQHG IURP 9$6( QP

JLIXUH $ OHDVXUHG YDOXHV RI 3VL VR OG B VEHGH U L QG "B\
IXQFWLRQ RI ZDYHOHQJWK IRU D 6ERILOP FURZIYVRQ +VELF R Q/C
SXOVH DQG VHFRQG SXUJH WLPHV

JLIXUH $ OHDVXUHG YDOXHV RI 3VL VROGDBDVEHGHU L QPG '\
IXQFWLRQ RI ZDYHOHQJWK IRU BPL6EWRLOP JBRRAHRQ 6L2HFRQC
SXOVH DQG VHFRQG SXUJH WLPHYV

JLIXUH $ SBKRWR VKRZLQJ WKH SUHFXUVRU EXEEOHU GHVLJQ X
WKH EXEEOHU FRQMWW  VBRQD 6EXEW WKH VDPH W\SH ZDV XVHC
%XEEOHUV DUH RI D IORZ WKURXJK GHVLJQ ZLWK D GLS WXEH
ZLWK WKH SUHFXUVRU XSRQ ORDGLQJ RI WKH EXEEOHU

JLIXUH $+ 105 VSHFWUXPHRL ¥6® &' 0+]

EEA
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JLIXUH $ &7+ 105 VSHFWUXPHRI 308 &' 0+]

JLIXUH $+ 105 VSHFW U XP6REL%0HOH &' 0+]

JLIXUH $ &7+ 105 VSHFWU XF LRSIL % 01-0 H &' 0+]
JLIXUH $ %™ 105 VSHFWU X LRSIL % 010 H &' 0+]
JLIXUH $ 6L+ +0%& 105 VSHFWU R % 100H &'

0+] . ) D[LV LV DALQAQWHSQRMHFWLRQ

JLIXUH $+ 105 VSHFWWX8LRY% 10&0 & 0+] . 3HDNV

ODEHOHG ZLWK D GRXEOH GDJJHU FRUUHVSRQG WR WKH LPS
WoX6L 1D 7¢Y\QWKHVLV

JLIXUH $ &7+ 105 VSHFWWX®LRW 10&0 &' 0+]
3HDNV ODEHOHG ZLWK D GRXEOH GDJJHU FRUUHVSRQG WR W
GXULlMp3L 1D 7¢Y\QWKHVLYV

JLIXUH $ %~ 105 VSHFWWUXPLR% 10&0 &' 0+]

JLIXUH $ 6L+ +0%& 105 VSHFWGEXR %I 10&0 &'

0+] . ) D[LV LV DQ6LQWH BQUIRMHFWLRQ 3HDNV ODEHOHC(
GDJJHU FRUUHVSRQG WR WKH LPSXULW\ WK®OWI1IPR/QYLVWHC
VIQWKHVLYV

JLIXUH $ + 105 VSHFWU%R IR 10H &' 0+]
3HDNV ODEHOHG ZLWK D GRXEOH GDJJHU FRUUHVSRQG WR W
GXULPIBL 1D 7¢Y\QWKHVLV

JLIXUH $ &7+ 105 VSHFW WOBLR% 10H &' 0+]
3HDNV ODEHOHG ZLWK D GRXEOH GDJJHU FRUUHVSRQG WR
GXULPIBL 1D 7¢Y\QWKHVLYV

JLIXUH $ %™ 105 VSHFWWOBLR% 10H &' 0+]

EEA]
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JLIXUH $ ) 105 VSHFW WK IR 10H &' 0+]
JLIXUH $ 6L+ +0%& 105 VSHFWWR Bl 10H &'
0+] . ) D[LV LV DQ6LQIWH WBURMHFWLRQ 3HDNV ODEHOH(

GDJJHU FRUUHVSRQG WR WKH LPSXULW\ WK®&OWI1IPR/QYLVWHC
VIQWKHVLV

JLIXUH $ + 105 VSHFWUWXRBLR% & O &' 0+] . SHDNYV
ODEHOHG ZLWK D GRXEOH GDJJHU FRUUHVSRQG WR WKH LPS
WoX6L 1D 7¢dY\QWKHVLV

JLIXUH $ &*+° 105 VSHFWWX®LRY & O &' 0+]
JLIXUH $ %" 105 VSHFWWX®LR% & O &' 0+]
JLIXUH & 6L+ +0%& 105 VSHFWARSE RO &' 0+]

) D[LV LV DQ alQWIbURD®OMHFWLRQ 3HDNV ODEHOHG ZLYV
FRUUHVSRQG WR WKH LPSXULW\ WHRIDXYLFRD Vi Y VONMAKWMHOLY URV |

JLIXUH $ + 105 VSHFWWXBLRIOHH % 10H &' 0+]

JLIXUH $ &”+ 105 VSHFWWUWoXPLROHH % 10H &' 0+]

JLIXUH $ %™~ 105 VSHFWWUWoXPLRO+HH % 10H &' 0+]

JLIJIXUH $ 6L+ +0%& 105 VSHFWWXR RO+HH % 10H &'
0+] . ) D[LVLVDBLQWHBQRRHFWLRQ

JLIXUH $ + 105 VSHFWUXP*HRI%"1MHH /L 7+) &' 0+]

JLIXUH $ &*+ 105 VSHFWUXPHR®WMOH /L 7+) &

0+]

JLIXUH $ %™~ 105 VSHFWUXPHR®WMOH /L 7+) &'

0+]

/EEA]]
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JLIXUH $ ORQLWRULQJ WKH 105 VFDOH WHVBALGWDFOMLRQ EH\

DQG H[FHVVO%E® KHSWDQH ZLWR&&DY DQ LQWHUQDO VWEL
,GHQWLILHG 105 VLJQDOV EDVHG RQ NQRZQ FRPSRXQGV LQ O
D+ 105 VSHFWUD 0+] %%  1B5 VSHFWUD 0+]

JLIXUH $ ORQLWRULQJ WKH 105 VFDOH VHHBAW QHHD% VIDRQ EHW:?

DQG H[FHVVQ%& WLWBH&DV DQ LQWHUQDO VWDQGDUG |,
VLIQDOV EDVHG RQ NQRZQ FRPSRXQGV LQ OLWHUDMBXUH DL
VSHFWUD 0+] %% E0O5 VSHFWUD 0+]

JLIXUH $HSHQGHQFH RI DYHUDJH ILOP WKLFNQHVV@ QQGURZ
,9$ SXOVH WLPHV DW D JLYHQ GHSRVLWLRQ WHPSHWRWXUH
XVLQJ F\IFOHV DQ® MVQWHN@EOIRE® KRXU

JLIXUH $0HDVXUHG YDOXHV RI 3VL VROGOVKIHIEHHOVLORG 'BiY

IXQFWLRQ RI ZDYHOHQJWK IR UIDOP DV RBHS RIDAMHE + 12
F\FOHV VHFRQG SXOVH DQG VHFRQG SXUJH WLPHV

JLIXUH $0HDVXUHG YDOXHV RI 3VL VROGOVXHEHOLOBG 'BIX
IXQFWLRQ RI ZDYHOHQJWK IROPDDQUBRQ@Q BFDUDENGR +12 F\FOHYV
VHFRQG SXOVH DQG VHFRQG SXQJYDWERHD\O L QRODBWZHG E
KRXU

J)LIXUH $;36 GDWD DW (WFK /HYHO Rl WKH DV GHISRYLWKH 11

HQHUJ\ UHJLRQV IRU D +1 1 E 2V F &V DQG G g V 7KLQ
XVLQJ F\FOHV DQG V UHDFWDQW SXOVH WLPHV DQG AVARRS
GDWD LQLWLDO GHSRVLWLRQ FRQGLWLRQV XVHG DUJRQ IOR
LOWHUQDO SUHVVXUH RI P7RUU GXULQJ RSHEDODWLRQ DQG

J)LIXUH $;36 GDWD DW (WFK /HYHO RI WKH WKHUPD®GIO\ DQQ'}

LQ WKH HQHUJ\ UHJLRQV IRU D +1 1| E 2V F &V DQG G
g XVLQJ F\FOHV DQG V UHDFWDQW SXOVH WLPHV DQ

SUHOLPLQDU\ GDWD LQLWLDO GHSRVLWLRQ FRQGLWLRQV X\

A AL
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SURYLGLQJ DQ LQWHUQDO SUHVVXUH RI P7RUU GXULQJ RS
&

JLIXUH $ + 105 VSHFWUXP Rl @{WQREH&OH2+
2& 2 &®&0H2 @ LQ'& 0+]

JLIXUH $ & 105 VSHFWUXP RI@>(IWDB&+&0H2+
2& 2 &#®&0H2 @ LQ'& 0+]

JLIXUH $6HOHFW DUHIDRV+R+0WIKH1I05 VSHFWUXP R&+I(WOH1+
2 &&+&OH2 + 2& 2 &&0H2 @ LQ'& 0+] . IRU WKH
DVVLIQPHQW &HWKHOHDQG R&2 & 105 VLIJQDOV

J)LIXUH $ 9DULDEOH WHPSHUDBWXVUSHFWUD RI @fWOH1+
2 &&+&0H2+ 2& 2 &&0H2 @ L& WRO 0+] E ODJQLIL
UHJLRQV RILWBKWUSHFWUD

JLIXUH $ + 105 VSHFWUXP2 RI 2>&40 X 2 &% X @ LQ 7+)
0+]

JLIXUH $ &7+ 105 VSHFWUXP RI2X%% X 2 8% X@ L@ 7 +)
0+]

J)LIXUH $ 6HOHFW DUHDW RI+0WK& 105 VSHFWUXR RI >+|
2 &% X 2 8% X@ LG 7+) 0+] . IRU WKH DVVLIJQPHQ\
D Z2& &+ DQG R&2&+ & 105 VLJIQDOV

JLIXUH $ /RZ WHPSHURBWXUIHD5 VSHFWUXP2 RI 2:8%% X
2 &% X @ L@ 7+) 0+]

J)LIXUH $ 6HOHFW DUHD RI WKH Q@RZ #6HMRSHIBED WXHHWUXP RI
>+12 2 &% X 2 8% X @ LG 7+) 0+] . IRU WKH
DVVLIQPHQW&RKEKWKH& 2105 VLIQDOV

EEA
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J)LIXUH $ 6HOHFW DUHDV RI WKH & RZ+Wp& SIHGDWSHHAW U XP R
>+12 2 &% X 2 &% X @ L@ 7+) 0+] . IRU WKH
DVVLIQPHQW R&&KH Q@ E&2&+ & 105 VLIQDOV

J)LIXUH $ )7 ,5 VSHFWUXP RI2&%X 2 8% X@ LQ D 1XMRO PXO(

JLIXUH $ D & 105 VSHFWUD RI WKH E\ SURGXFWYV FRORXUH
GHFRPSRVLWLRQ RI D FUXGH &DIRRIJOHKRXUV XQGHU G\QDPLF
&' 0+] . TRS 5RRP WHPSHUDWXUH YRODWLOH E\ SUR
LOWR D GHJDVVHG - <RXQJ WXRWMWRPWDLRRQLQRRP WHPSHUDW
E\ SURGXFWV GLVVREBYH)G IKQ GDJQLILHG UHJLRQV RI D 8QLCGC
ODEHOHG ZLWK D TXHVWLRQ PDUN

J)LIXUH $ *DV FKURPDWRJUDP PDVV VHOHFWLYH GHWHFWRU
YRODWLOH E\ SURGXFWV FRORXUHG UHG IRUPHG®VIERP KHDW
IRU KRXUV XQGHU G\QDPLF YDEXXP ERWWRP DQG RI WKH
DW DQG PLQ DUH WHQWDWLYHO\ DVVLIJQHG EDVHG RQ W

JLIXUH $ ODVV VSHFWUXP RI FDUERQ GLR[LGH GHWHFWHG L
VDPSOH DIWHU KHDWLQJ DDAW Xg& HRWD PERXUR/I XQGHU G\QDPLF

J)LIXUH $ ODVV VSHFWUXP RI LVREXWHQH GHWHFWHG LQ WKH
DIWHU KHDWLQJ D FUXOOM ®DIRRSIOHKRIXUV XQGHU G\QDPLF YDF.

J)LIXUH $ ODVV VSHFWUHXWH®HWK\ODPLQH GHWHFWHG LQ WKH
06 VDPSOH DIWHU KHDWLQJ D FWX@&HIRDPSIORXBV XQGHU G\Q
YDFXXP

J)LIXUH $ ODVV VSHFOYEIXWRQH GHWHFWHG LQ WKH KHDGVSDFH
KHDWLQJ D FUXGH DWP&OHRBRI KRXUV XQGHU G\QDPLF YDFXXP

JLIXUH $ ODVV VSHFWHWXIPMRD R[LGH GHWHFWHG LQ WKH KHDG\
DIWHU KHDWLQJ D FUXXGOM RDIFRRSOHKRIXUV XQGHU G\QDPLF YDF.



3K ' 7KHVLV *+ ODMHGD $0 +DUHUL OFODVWHU 8QLYHU"

J)LIXUH $ ODVV VSHFWUHWXPKR®HWK\ODFHWDPLGH GHWHFWHG LQ
*& 06 VDPSOH DIWHU KHDWLQJ DIDWUXRGHRVDPAKSFOHJRIXQGHU G\Q
YDFXXP

JLIXUH $ ODVV VSHFWHKNKPXRINQRZQ FRPSRXQG GHWHFWHG LQ \
06 VDPSOH DIWHU KHDWLQJ D FWX@&HIRDPSIORXBV XQGHU G\Q
YDFXXP

J)LIXUH $ ODVV VSHFW3X®HRMHFWHG LQ WKH *& 06 VDPSOH DIWI
VDPSOH BOIW & IRU KRXUV XQGHU G\QDPLF YDFEXXP

JLIXUH $ ODVV VSHEWHXHRIGLPHWK\OEXW HQDPLGH GHWHF\
06 VDPSOH DIWHU KHDWLQJ D FWX@HIRDPSIORXBEV XQGHU G\Q
YDFXXP 7KH LGHQWLW\ RI WKLY FRPSRXQG LV WHQWDWLYHO\
SDWWHUQ

J)LIXUH $ ODVV VSHFWWBX\WPKRI KIGURI[PHWK\OEXWDQDPLGH GH
WKH *& 06 VDPSOH DIWHU KHDWLQJDIV F X GRU VDRPEXOUHV RXQ G H
G\QDPLF YDFXXP 7KH LGHQWLW\ RI WKLV FRPSRXQG LV WHC
IUDJPHQWDWLRQ SDWWHUQ

JLIXUH $ D &HQWUDO FRRUGLQDWLRQ QHWZRUN RI +1 PHW!]
OLJDQGYV REVHUYHG LQ WKH ; UD&+ U\VEN AR FWWXFIWXIURQ RIH R
DERXW WKH DSLFDO VTXDUH DQWLSULVPDW&+ +1F FHQW
&RRUGLQDWLRQ JHRPHWU\ DERXW WKH FRRUGLQDWH +I I
& +

J)LIXUH $; UD\ FU\VWDO VWUXRXFWXESHYRE St® ZLWK HOOLSVRL
VHW DW SUREDELOLW\ 6SDFH JURXS & F +\GURJHQ DWRP
RPLWWHG IRU FODULW\ 3LYDODWH OLJDQGYV DUH GHSLFWHG

JLJIXUH $ D & HQWUDO FRRUGLQDWLRQ QHWZRUN RI +1 LRQV
REVHUYHG LQ WKH ; UD\ FU\EWR® WOGLDCPMWDRIH JRIRPHW U\ DER >
VIXDUH DQWLSULVPDWLF +I FRE®RUB LRJDARPEQ@HHRPHWU\ DE
FRRUGLQDWH +1 DQG +I FHQWUHV RI FRPSOH]

/EE A
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JLIXUH $+ 105 VSHFWUXP RI >6U0BEBHQ 1&F' & 0+]
8QDVVLIQHG SHDNV LQ WKH VSHFWUXP DUH WKH UHVLGX
WHWUDPHWK\OVLODQH

JLIXUH $ & 105 VSHFWUXP RI >0 BEHQ L&H & 0+]
8QDVVLIQHG SHDNV LQ WKH VSHFWUXP DUH WKH U}
WHWUDPHWK\OVLODQH

JLIXUH $1RQ GHFRX&E@HE64& 105 VSHFEFWUXP RI $+t0OHIFHQ &+
LQ'& 0+] : TkHFRXSOLQJ FRQVWHLOQWIRRWXH &
LV GLVSOD\HG RQ WKH ULJKW

JLIXUH $ 6L+ +0%& 105 VSHFWUXP RI GEQUHBFHQLRQ+&
0+] . ) D[LV LV D®LL QOSHSDMNHFW LR Q

JLIXUH $+ 105 VSHFWUXFPL RIDFHRQ 6&06H@ LQ'& 0+]
8QDVVLIQHG SHDNV LQ WKH VSHFWUXP DUH WKH UHVLG.
WHWUDPHWK\OVLODQH

JLIXUH $ D9DULDEOH WHPSIHHE DWEXFM UPL RIDFHIQ 6&6H@
IURP GIMPROXHQH 0+] EFG ([SDQGH®IUHILRQ)
VSHFWUD IHDWXU+ QLU &/ KHF E&DQG I6SEBRWRQ SHDNV

JLIXUH $ &7 105 VSHFWUXRRIDFHI) 6&40H@ LQ'&
0+] . 8QDVVLIQHG SHDNV LQ WKH VSHFWUXP DUH WKH UH?
DQG WHWUDPHWK\OVLODQH

JLIXUH $ 1RQ GHFRXS&MG +64& 105 VSHFWUXPFLRI >=U
&\DFHQ &&0H@ LQ'& 0+] . 7KkHFRXSOLQJ FRQVWDOQ
WKH &LOHJURXS LV GLVSOD\HG RQ WKH ULJKW

JLIXUH $ 6L+ +0%& 105 VSHFWBDERDFHQ 6&08H@ LQ
WROXHQH DW . 0+] ) DI[LVL 10D O URMHFWQLRQ

JLIXUH $ + 105 VSHFWUXWUDHFRHQ 6&6H@ LQ'&
0+] . 8QDVVLIQHG SHDNV LQ WKH VSHFWUXP DUH WKH UH?
DQG WHWUDPHWK\OVLODQH

EE A
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JLIXUH $ & 105 VSHEWUXWURSRQBFHQ 6&06H@ LQ'&
0+] . 8QDVVLIQHG SHDNV LQ WKH VSHFWUXP DUH WKI
JUHDVH DQG WHWUDPHWK\OVLODQH

JLIXUH $ 1RQ GHFRXSOHG+64& 105 VSHFWUXPWWIQW=U
&\DFHQ &0H@ LQ'& 0+] . 7KkHFRXSOLQJ FRQVWDOQ
WKH GLOHJURXS LV GLVSOD\HG RQ WKH ULJKW

JLJIXUH $ 6L+ +0%& 105 VSHFWUWBDRIWFHD 6&6H@ LQ
&' 0+] . ) D[LV LV DOLLODOBHIURMHFWLRQ

JLIXUH $ + 105 VSHFWUXPLRDFHW @ JHQHUDWHG LQ VLW
WKH UHDFWILRWK RIHTWX2 + RIQ & Q WKH SUHVHQFH RI QDSKWKI
LQWHUQDO VWDQGDUG 0+] . 8QDVVLJQHG SHDNV LQ \
VROYHQW VLIJQDO QDSKWKDOHQH DQG VLOLFRQH JUHDVH

JLIXUH $ &7 105 VSHFWUXRRDFH® 2@ JHQHUDWHG LQ VI
YLD WKH UHIZAWIKR QHREXZ + RIQ &  0+] . 8QDVVLJQHG SHD
LQ WKH VSHFWUXP DUH WKH UHVLGXDO VROYHQW VLJQDO
WHWUDPHWK\OVLODQH

J)LIXUH $ + 105 VSHFWUXP RI@>=U D@ H& 0+]
8QDVVLIQHG SHDNV LQ WKH VSHFWUXP DUH WKH UHVLGXDO V

JLIXUH $ &+ 105 VSHFWUXP R@>=ULQF&Q 0+]
8QDVVLIJIQHG SHDNV LQ WKH VSHFWUXP DUH WKH UHVLGXDO V

JLIXUH $ &~ 105 VSHFWUXP RI >=U@FHQHQBEHDWHG LQ VLW
WKH UHDFWLW® R[FHVV +G OWHR WXIH® H 0+] . 8QDVVLIQHC
LQ WKH VSHFWUXP DUH WKH UHVLGXDO VROYHQW VLJQDO + .

JLIXUH $ + 105 VSHFWUXP RI >=U DEHQ Pt® Bt+DH 0+]
8QDVVLIJIQHG SHDNV LQ WKH VSHFWUXP DUH WKH UHVLGXD!

JLIXUH $ & 105 VSHFWUXP RI >=U D®HQ 113 6A+0)H
0+] . 8QDVVLIQHG SHDNV LQ WKH VSHFWUXP DUH WKH UFE

A AEAE]]]
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JLIXUH $ 6L+ +0%& 105 VSHFWUXP Rl >=U BFHQL®L76)0H
0+] . ) D[LV LV D@LL QWSHSWMMHFWLRQ

EEAE]A
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ILVW RI 6FKHPHYV

6FKHPH 6FKHPDWLF GLDJUDP GLVSOD\LQJ RQH $/'" F\FOH FRC
SXOVH SXUJH FR UHDFWDQW SXOVH DQG
HPVOLHJURXS PFPDVWHU FD RUI UH DOG

6FKHPH 6FKHPDWLF GLDJUDP GLVSOD\LQJ RQFH F\FOH RI DO>
6FKHPH 6FKHPDWLF GLDJUDP GLVSOD\LQJ RQH F\FOH RI DOXF
6FKHPH 6XUIDFH EDVHG UHDFWLRQ VFKHPHYV IRU UHSRUWHG
6FKHPH 3URSRVHG UHDFWLRQ RI D WUL VLO\O DQWLPRQ\ SUH

6FKHPH 6\QWKHVLV RI 6E 6'10qQH GLPHWKR[\HWKDQH

6FKHPH 3URSRVHG UHDFWLRQ RI D PDLQ JURXS WULV WULP
SUHFXUVRU DQG DQ HOHPHQW FKORULGH DV WKH FR UHDFW
HOHPHQW

6FKHPH 3URSRVHG UHDFWLRQ RI D WUL VLO\O ERUDQH RU WL
ERURQ WULKDOLGH FR UHDFWDQW

6FKHPH 5HDFWLRQ IRU WKH JHQHUDWLRQ RI KH[DJRQDO ERUF
WULFKORURERUD]LQH DQG KH[DPHWK\OGLVLOD]DQH WR IRUP
WKHUPDO DQQHDOLQJ XQGHU D SDUWLDO DWPRVSKHUH RI DP

6FKHPH 5HDFWLRQ VFKHPH IRU WKH SUHSDUDWLRQ RI VLO\O
DQG LQ 7DEOH

6FKHPH 5HDFWLRQ VFKHPH IRU WKH SUHSDUDWLRQ RI GLVLO)
DQG VLODERULQLQH FRPSRXQGYV

6FKHPH /LWHUDWXUH PHWKRGV IRU WKH SUHSDUDWLRQ RI W

6FKHPH 3RWHQWLDO UHDFWLYLW\(IRYU IEBSREBRFK/UXRURJ 5
6FKHPH 6\QWKHWLF URXWH IRU WKH SUHSDUDWLRQ RI K\SHU

6FKHPH 6\QWKHWLF URXWH IRU WKH SUHSDUDWLRQ RI VXSHU

EEEA
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6FKHPH 6\QWKHWLF URXWH IRU WKH SUHSDUDWLRQ RI WULPF

6FKHPH G6\QWKHWLF URXWH IRU WKH SUHSDUDWLRQ RI GLPHYV

6FKHPH 6\QWKHWLF URXWH IRU WKH SUHSDUDWLRQ RI K\SHL
6FKHPH 6\QWKHWLF URXWH IRU WKH VIQWKHVLV RI ELV K\SH

6FKHPH 6\QWKHWLF URXWH IRU WKH VI\QWKHVLVY RI VXSHUV
> ; & O ) @ DQG VXSHUVLO\OGLFKORURERUDQH

6FKHPH 6\QWKHWLF URXWH IRU WKH SUHSDUDWLRQ RI
GLPHWK\ODPLGR ERUDQH

6FKHPH 6\QWKHWLF URXWH IRU WK% 1IVRODW+RQ RI ~ OH

6FKHPH O6FKHPDWLF GLDJUDP RI WKH SURSRVHG SURFHVV

FRPSOH[HV RQ WKH VXEVWUDWH @WXDIDEHI$VIEGHQRPULRN(W |
GLIIHU EDVHG RQ ZKHWKHU WKH ILUVW PRQROD\HU UHPDLQYV
VXUIDFH 7KLV LGHDOL]J]HG VFKHPH GRHV QRW FRQVLGHU RWE
WKH ,9% OLJDQG RU R[R EULGJH IRUPDWLRQ GXH WR WKHUPD

6FKHPH 3URSRVHG WUDQVIRUPDWLRQV LQYROYLQJ D VLQJO'
OLJDQG FRRUGLQDWHG WR KDIQLXP >+1@ LQGLFDWHYVY KDIQL
DQG + LQGLFDWHV D SURWRQ ZKLFK PD\ RU PD\ QRW EH SUH
LQ WKH VWDUWLQJ FRPSOH[ KDV EHHQ VLQJO\ RU GRXEO\ GH¢

6FKHPH 6\QWKHVLV RI@ W HI&+& 0 H2 + 28& 2 &&0H2 @
E\ DPLQH HOLPLQDWLRQ

6FKHPH ,QWUDPROHFXODU QXFOHR SK IHO &\ DHVGK W ISR @ CEBAUOIRFALX
GXULQJ WKH IRUPBDWERIQBILFDWHY KDIQLXP ,9 FRRUGLQDWH(

6FKHPH 3URSRVHG GHFRPSRVLWLRQ SDWKZD\V IRU D VLQJO\
OLJDQRG WKBPRRUGLQADWHG WR KDIQLXP WKHVH SDWKZD\V
GHFRPSRVLWLRQ SURGXFWV FRORXUHG UHG REVHUYHG E\

EEEA]
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KHDGVSDFH DQDO\VLV >+1@ LQGLFDWHYV KDIQLXP ,9 FRRUG
LQGLFDWHY D SURWRQ ZKLFK PD\ RU PD\ QRW EH SUHVHQW
VWDUWLQJ FRPSOH[ KDV EHHQ VLQJO\ RU GRXEO\ GHSURWRQ!

6FKHPH 3URSRVHG SURFHVV IRU $/' RI QRQ VXUIDFH WHWKI
GLPHQVLRQDO FKDLQV RQ D IXQFWLRQDOULIHG; @XERMIUIDHYH WV >
DV WKH SUHFXUVRU

6FKHPH 6\QWKHVLV RI GLDONWRFRPGIOOHHBYPLQDWLRQ

6FKHPH ,VRPHUL]DWLRQ LQYROYLQJ LQWHUFRQYHUVLRQ EI
RFWDKHGUDO VWUXFWXUHYV SURSRYNG WHRWHNSRIDERPW RN (DG ¢
LQ VROXWLRQ DW URRP WHPSHUDWXUH 7KH WZRDHJIXI5YDOHQ

6FKHPH S5HDFWLRQZIRWKK2+ WR DI IFRWEGCDFHI6 @

6FKHPH 6\QWKHVHV RI @=U DB WKH ELV DPLGR FRP
>=U DFHQ I@MH(WQG >=U DFHQ @ 6LOH

EEEA]]
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ILVW RI 7TDEOHYV
7DEOH 5HSRUWHG WKHUPDO $/' SURFHVVHV WR GHSRVLW ERU

7TDEOH 5HSRUWHG ERUDQHV RU ERUDWHY RODNKEGHGNBS@E 5
ZKHUH ( 6L RU *H DQG ; DQ\ RWIKBUFOMRAFDOKNKLIWYV % (
GLVWDQFHVY DQG ( % ( ERQG DQIOHYVS DUBFHH W VWP &R W |; WIBDN F L
VWUXFWXUH RI WKH FRPSRXQG KDV EHHQ UHSRUWHG

7TDEOH 5HSRUWHG ERUDQHYV RU ERUDWRIYV (R BW®E H KW\SH (5

6L RU *H DQG ; DQ\ RW¥%HID ® WRHPP ZIKIHO VKLIWY % ( ERQG Gl
(% ( ERQG DQJOHV DUB6o A0S WHE AW WKH RU ; UD\ FU\VWDO VYV
FRPSRXQG KDV EHHQ UHSRUWHG

7DEOH % 105 FKHPLFDO VKLIWV % 1 ERQG GLVWDQFHV DQ
DQJOHV IRU FU\WWDOORJUDSK L% DLG OR RIKIRXIFAWH WIKHGH § 61
*H 4% 1+DQG >/L@*)6B % 10H3K @ DUH OLVWHG DV H[DPSOH
ERURQ VLQJOH ERQGHG FRPSRYQGYV MRPERRQBEHG IRU FRPS

7TDEOH 6XPPDU\ RI YRODWLOLW\ WKHUPDO VWDELOLW\ DQG |
NOHL6L% 10H DQ® XL O+H % 10H

TDEOH 6HOHFW +1 FRQWDLQLQJ SUHFXUVRUV OHIW DQG DC
UHSRUWHWKHRPDO $/' SURFHVVHYV

7TDEOH &RPSDULVRQ RI WKH FRQWLQXRXV VKDSH PHDVXUH
SULVPDWLF 735 DQG RFWDKHGUDO 2& JHRPHWUWRQG W

DQG DV ZHOO DV FU\WWDOORJUDSKLFDOO\ FKDUDFWHUI
FRRUGLQDWH JLUFRBRRESOHK[HDFHQ

7DEOH $&U\VWDO "%DBBW DDIRY) DQG *HH. 7+@

7DEOH $&U\VWDO GDWID6LRU10IBH WoXoL OHH % 10H
DQG "*0H% 10H /L 7+)

/EEEA]]]
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7TDEOH $&U\WWDO GDWD @RU 2&NEBHZ+ 2& 2 &&0H2 @
>+12 28&%WX &+ @ &+ DQG >212 & X @

7DEOH $&U\VWDO GDWD IRGLEH@® DFHQFUWS\DFHQ 6&0H@
DQGWUEDRIVFHQ 6&6H@

7DEOH $&U\VWDO GDWD @RU BOG DEMQDFHQ @ 6LOH

7TDEOH $ &RQWLQXRXV VKDSH PHDVXUHV &60V RI WKH
FRRUGLQDWLRQ SRO\KHGUD LQ WKH ; UDR+FU\DR/® O7TXWUXFW?
EROGHG YDOXHV LQGLFDWH WKH LGHDO SRO\KHGURQ WKDW E

7DEOH $&RQWLQXRXV VKDSH PHDVXUHV &60V RI WKH FRRU
SRO\KHGUD LQ WKH ; UD\ FU\VWRER® VWOQXCFWKHHARRIGHG YDOX
LQGLFDWH WKH LGHDO SRO\KHGURQ WKDW EHVW ILW WKH FRI

7TDEOH $ &RQWLQXRXV VKDSH PHDVXUHV &60V RI WKH F
FRRUGLQDWLRQ SRO\KHGUD LQ WKH WWRD D RG\V WKH BRADUGHHEV X
YDOXHV LQGLFDWH WKH LGHDO SRO\KHGURQ WKDW EHVW ILW

EEE|E
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ILVW RI &RPSRXQGV 2EVHUYHG

7KHVLVY £+ ODMHGD $0 +DUHUL OFODVWHU 8QLYHU"

SiMes,
PN {(Me3Si)3Si}Li(THF)3 'BuzSiNa(THF),
Me;Si SiMes (n=2-3)
[Me;GeLi(THF),], [B(NMe,)Cl]n [B(NMe2)F2],
( (
?i(SiMe3)3 Si(SiMe3)3 NMe,
B B B
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B B B
Busi” I Busi”  F Busi” Cl
NMe, N [EtMeNH,,
B MesGe™, HITHP)2 | [Hf(k2-0,CCH,CMe,OH),
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& ) A
1 O IN
R R
, i Y
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L. e
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3K ' 7KHVLV *+ ODMHGD $0 +DUHUL OFODVWHU 8QLYHU"

/ILVW Rl $SEEUHYLDWLRQV $FURQ\PV DQG 6\PEROV
*HQHUDO

.+ 7ZLVW $QJOH ‘(" + '"HSRVLWLRQ (WFK '"HSRVLWL
G + +HDW Y7 + '"HQVLW)\ )XQFWLRQDO 7KHR!
G + 'HOWD SKDVH FRPSRQHQW&Rt 9$HHUHQWLDO 6FDQQLQJ &I
GDWD ($ £+ (OHPHQWDO $QDO\VLYV

t  TKHWD (, + (OHFWURQ ,RQL]DWLRQ

+ "HQWLFLW\

HTXLY (TXLYDOHQW
SHUPLWWLYLW\ "LHOHFWULF. &RQUWP QW b orpg g/
:DYHOHQJWK )(6(0 JLHOG (PLVVLRQ 6(0
%ULGJLQJ /LIDQG )7 ,5 + )RXULHU 7UDQVIRUP ,QIUI

'+ '"HQVLW

Q \ *& 06 £+ *DV &KURPDWRJUDSK\ 0D’
+ 3VL DPSOLWXGH FRPSRQI8QWFRIURFEH W U\
GDWD

I+

I+
I+

I+

*38 + *URZWK 3HU &\FOH

SR LPHQVLRQDO ¢5 , +1LJK $VSHFW 5DWLR

33 + JRXU 3RLQW 3UREH +'3 &9' £ +LJK 'HQVLW\ 30DVPD &
$)0 £ SWRPLF )RUFH OLFURJUPSKN . \1r5R0D0O %RURO 1LWUL

"'+ $WRPLF /D\HU '"HSRVLWLR
$/ $ /DAHU S +OQ’/0& *+ +tHWHURQXFOHDU OXOWLS
$/( $WRPLF /D\HU (SLWD[\ &RUUHODWLRQ

$/( $WRPLF /D\HU (YDSRUDWLRQ+ +\GURJHQ 7THUPLQDWHG 6L
$/( $WRPLF /D\HU (WFKLQJ +64& *+ +tHWHURQXFOHDU 6LQJOH

$6 $/' + SUHD 6HOHFWLYH $/'&RKHUHQFH
l+ 1
%' + %RURQ 'RSHG 'LDPRQG /$/' + IDVHU $VVLVWHG $/

'+ OROHFXODU 'HSRVLWLR
% =Q2 + %YRURQ 'RSHG =LQF 20[LGI—? © ODU "HS Q

+
&026 *+ &RPSOHPHQWDU\ OHWB)O&Z_[LOEIYV JORZ &RQWUROOHU
6HPLFRQGXFWRU 0/ £+ OROHFXODU /D\HULQJ
&9' + &KHPLFDO 9DSRXU '"HSROVLWLRDOHFXODU /D\HU "HSRVLWL

&60 £+ SRQWLQXRXV 6KDSH OHIDV X WRRHR@W\HU 'RSLQJ

I+
I+

I+

+

I+

I+

I+

FI + FRQIHU 0/( + OROHFXODU /D\HU (SLWDI\
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02&9' + OHWDO 2UJDQLF &9' SKRWR $/' + 3KRWR $VVLVWHG $/
02) + OHWDO 2UJDQLF J)UDPHZBRUMN 3K\WLFDO 9DSRXU 'HSRVLWI
026)(7 + OHWDO 2[LGH BHPLFROEGXFIRRAGHU ;5

JLHOG (ITHFW 7UDQVLVWRU ¢y + 4XxDUW] &U\VWDO OLFURED:

105 £ IXFOHRDU ODJQHAWLE SHYERR A cuxsroH 0DVV 6SHFWU
V£ VLQJOHW 57 + 5RRP 7HPSHUDWXUH

G+ GRXEOHW 6(0 + 6FDQQLQJ (OHFWURQ OLFUF

W + WULSOHW 5L + 6LOLFRO

6L26L + 6LOLFD RQ 6LOLFRQ

7*$ + TKHUPRJUDYLPHWULF $QDO

8665 + 8QLRQ RI 6RYLHW 6RFLDO
V + EURDG VLQJOHW SHSXEOLFV

FRXSOLQJ FRQVWDQWS9 B8OWUDYLROHW

/ + FKHPLFDO VKLIW 9$6( + 9DULDEOH $QJOH 6SHFWUI
173$/ + 1RQ WKHUPDO 30DVAD &rSVRPHWUL
3$$/ + 30DVPD $VVLVWHG ¢/ 2" 3% + SLUWXDO SURMHFW RQ Wik

$/
3&0 + 3KDVH &KDQJIH OHPRU\ .54 ., . ,p\ 3KRWRHOHFWURQ

3($/' + 30DVPD (QKDQFHG $/'6SHFWURVFRS\
3( &9' + 30DVPD (QKDQFHG &95' # ; UD\ 'LIIUDFWLRQ

1+
+

T+ TXDUWHW

VHSW =+ VHSWHW
P+ PXOWLSOHW
E

I+

I+

8QLWYV

DW + DWRPLF SHUFHQW

P$ + PLOOLDPSHUH /| P/ + PLFUROLWUH PLOOLOLWL

FP ZDYHQXPEHU QP P PP FP P + QDQRPHWUH
PLFURPHWUH PLOOLPHWUH FHQ

H9 + HOHFWURQ YROW

PJ J + PLOOLJUDP JUDP

+] 0+] + KHUW] PHJDKHUW]
.+ .HOYLQ

PHWUH
PPRO PRO + PLOOLPROH PROH
P]+PDVV WR FKDUJH UDWLR

Ao]]]
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SSP
SSW
V PLQ KU %

VFFP +
PLQXWH

P7RUU 7RUU =%
N9 + NLORYROW

PLOOLWRUU

&KHPLFDO 6SHFLHV
& + &URZQ

DFHQ@ & (WK\OHQHELV
DFHW\ODFHWRQHLPLQDWH

$F2+ + $SFHWLF $FLG

$U £ $U\O

WoX @%XW\O

Wo X W HIW XWW\ O

&S + & \FORSHQWDGLHQ\O
&S +
OH&S =+

&\ + &\FORKH[\O WPKG
'+3 'LK\GURS\UD]LQH

'LSS * 'LLVRSURS\OSKHQ\O@03 #
'0( + 'LPHWKR[\HWKDQH 7S =
'XU £ 'XU\O

(W (WK\O

(W $3706 +
WULPHWKR[\WLODQH

SDUWV SHU PLOOLRQ
SDUWV SHU WULOOLRQ +
VHFRQG PLQXW+ KRXWHH

VWDQGDUG FXELF FHQWLRIHMUHKHEHOVLXV

%3: +
'LHWK\ODPLQRSURS\O
T

ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

N: +
RKP

ZDWW NLORZDWW

+ SHUFHQW

WRUU
c *+ $QJVWURP

+03% +H[DPHWK\OSKRVSKRUDPL
,9$ £ ! +\GUR[\LVRYDOHULF $FLG

OH OHWK\O

PS £+ OHWK\O SHQWR[LGH

PPS + OHWKR[\ PHWK\O SURS
1+6LE+HWHURF\FOLF 6LO\OHQH
3K 3KHQ\O

13U ,VRSURS\O

SHQWDPHWKIOFIFORSHQWP C LR\ W HWUDIOXRURHWKIOH
OHWKHDHFORSHQWDG+HQH%“NUDKKHHNXUDQ

THWUDPHWK\O
KHSWDQHGLRQDWH

THWUDPHWK\OSLSHUL
7ULV S\UD]J]RO\O ERUDWH

WHWUDPHWIK\IBSKHQLIOWHWUDPHWK\OHQH

SKRVSKRULF WULDPLGH
8OWUDSXUH :DWHU

\O \O\O
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'HFODUDWLRQ RI $FDGHPLF $FKLHYHPHQW

'U -DPHV %ULWWHQ RI WKH OFODVWHU $QDO\WLFDO ;
UHVSRQVLEOH IRU WKH VWUXFWXUHWA/ROAWI7TRQ D@®RGHILQE
AOHH % 10H /L 7+) 'U .LUN *UHHQ DQG OHJDQ )DLU ZHUH |
WKH FROOHFWLRQ RI *& 06 GDWD IRU WKH WKHUP@G IGHFRPSR
2 &&+&0H2+ 28& 2 &&O0H2 @ 7UDYLV &DVDJUDQGH DQG &KU
RI WKH &DQDGLDQ &HQWUH IRU (OHFWURQ OLFURVERS\ ZH
)(6(0 LPDJHV RI WKLQ ILOPV WKURXJKRXW WKLV ZRUN DQG 1L
IRU REWDLQLQJ $)0 LPDJHV RI 6E WKLQ ILOPV GLVFXVVHG LQ
1RYDQ *UD\ ZHUH UHVSRQVLEOH IRU REWDLQLQJ YDULDEOH W
>=PL¥\DFHQ 6&0H@ DQG >+2 28&%X 28%X@
UHVSHEWLYHO\ -LDQ /L DW WKH 8QLYHUVLW\ RI &DOJDU\
FRPEXVWLRQ HOHPHQWDO DQDO\VHV LQ WKLV ZRUN 'U 1LFK]
DQG 1LFKRODV +RIIPDQ ZHUH UHVSRQVLEOH IRU REWDLQLQJ
WKH ELV WHWUHO DPLGRERUDQHL6LERESRXQGY DQ®H
WoXeL OHH % 10H @ DQG ! K\GUR[\LVRYDOHULF DFLG ,9$%
5DQD 6RGKL RI 6XUIDFH ,QWHUIDFH 2QWDULR ZDV UHVSRQ\

DQG +I FRQWDLQLQJ ILOPV LQ WKLV ZRUN $00O RWKHU UHVXC

oA
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&KDSWHU L, QWURGXFWLRQ

+  QWURGXFWLRQ WR 7KHUPDO $/°

,Q *RUGRQ ( ORRUH WKH FR IRXQGHU RI )DLUFKLOG ¢
,QWHO SRVWXODWHG WKDW WKH QXPEHU RI FRPSRQHQWYV Wi
ZRXOG GRXEOH HYHU\ \HDU IRU WKH QH[W GHFDGH :KLOH Kt
QXPEHU Rl WUDQVLVWRUV ZLWKLQ RQH LQWHJUDWHG FLUFXL)\
WKDW WKLV UDWH RI LQFUHDVH VHHP H @ RIMFHHIW B IL Y SRIVHELL
KHOG WUXH ZHOO SDVW DV HYLGHQFHG E\ WKH QXPEHI
PLFURSURFHVVRU UHDFKLQJ RYHUKLVERDOHBYDMWQA RQ UHIHU
ORRUHYTV /DZ KDV JXLGHG DQG FRQWLQXHV WR JXLGH DGYD
LQGXVWU\ ZLWK WKH OD\HUV LQ FULWLFDO GHYLFH FRPSRQH
WKLFNQHVVHY DV ORZKBIVFRQWLQXHG PLQLDWXUL]DWLRQ R
SUHGLFWHG E\ ORRUHYTV /DZ KDV HVWDEOLVKHG D QHFHV
SURFHVVHV 2QH PDMRU IHDW LQ UHDFKLQJ WKLV WDUJHW ZC
LQ WKH V E\ LPSOHPHQWLQJ D GHSRVLWLRQ SURFHVV NQ
$/' WR IDEULFDWH WKLQ ILOPV RI KLJIK/ OEL\MO® N FMUWRM Q@ X E |

FRPSOHPHQWDU\ PHWDO R[LGH VHPLFR@GXFWRU &026 GHYLI

$/' LV D GHSRVLWLRQ WHFKQLTXH WKDW \LHOGV KLJKO\ X
WKURXJK WKH XVH RI UHSHDWHG > VAQ IWKH ¥ PALKIDSMHU  WAHKDH= W
LV XVHG WR UHIHU VSHFLILFDOO\ WR WKHUPDO $/'" ZKHUHE\ I

'LITHUHQW $/' SURFHVVHYVY ZLOO EH WRXFKHG RQ EULHIO\ LQ €



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

GHULYDWLYH RI FKHPLFDO YDSRXU GHSRVLWLRQ &9 EXW
WKHUPDO GHFRPSRVLWLRQ RI WKH UHDFWDQWYV IRU ILOP JUR
LV FRQYROXWHG EXW VXEVWDQWLDO HIIRUW KDV EHHQ PDG
YLUWXDO SURMHFW RQ WKH KLVWRU\ RI $7'@%93+¥ IR HUDO@LAA
FRQVLGHUHG WR KDYH EHHQ GLVFRYHUHG WZLFH LQGHSHQG
$OHVNRYVNLL DQG .ROWVRY LQ WKH V >XVLQJ WKH WHU
VHFRQGO\ E\ )LQQLVK UHVHDUFKHU 6XQWROD LQ WKH vV >X
$/( @@2WKHU WHUPLQRORJ\ XVHG LQ WKH SDVW WR GHQRW

HYDSRUDWLRQ $/( PROHFXODU GHSRVLWLRQ 0' DQG PROH

,Q D W\SLFDO $/' SURFHVV B6FKHPH D SUHFXUVRU ZKLF
IRU GHSRVLWLRQ LV LQWURGXFHG LQWR D UHDFWLRQ FKDJ
YDSRXU SKDVH DQG FKHPLVRUEV RQWR WKH VXUIDFH RI WKH
VXEVWUDWH LV PDLQWDLQHG DW D WHPSHUDWXUH WKDW LV
SUHFXUVRU ZKLOH DYRLGLQJ GHFRPSRVLWLRQ RI WKH SUHFX
RI GHSRVLWLRQ ¥ ¥FKLDVFEBHPLVRUSWLRQ LQYROYHV D UHDFW
VXUIDFH W\SLFDOO\ UHVXOWLQJ LQ WKH ORVV RI RQH RU P
PROHFXOH H J E\ GLVVRFLDWLRQ RI D QHXWUDO OLJDQG DQ
UHDFWLYLW\ LQYROYLQ3J®DIQLD QULHRIAWLOLWI QRRQVXPHY UHDF
JURXSV RQ WKH VXUIDFH OHDGLQJ WR PRQROD\HU IRUPDWLF
DGGLWLRQDO SUHFXUVRU PROHFXOHV UHQGHULQJ WKH UH

VXEVWUDWH VXUIDFH 3VHOI OLPLWLQJ"



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

Precursor Pulse Purge #1
A
AL A
» . =+
L
&
o5 R &
A
& \

Purge #2 Co-Reactant Pulse

® i

1% 1

6FKHPH 6FKHPDWLF GLDJUDP GLVSOD\LQJ RQH $/'" F\FOH FRQC
SXOVH SXUJH FR UHDFWDQW SXOVH DQG
HPVOLHJURXS PFPDVWHU FD RUI UH DOG

$Q LQHUW JDV RU YDFEXXP SXUJH LV WKHQ LQWURGXFHG WI
E\ SURGXFWV ZKLFK PXVW EH YRODWLOH DQG H[FHVV SUHF.

FR UHDFWDQW LV LQWURGXFHG LQWR WKH FKDPEHU ZKLFK UH



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

VXUIDFH RI WKH VXEVWUDWH DOVR LQ D VHOI OLPLWLQJ IDVK
WR WKH GHVLUHG ILOP FRPSRVLWLRQ $ VHFRQG SXUJH VWH
FR UHDFWDQW DQG DOO UHDFWLRQ E\ SURGXFWV ZKLFK PXV!
SXUJH + FR UHDFWDQW SXOVH + SXUJHY VHTXHQFH LV UHSHD
RUGHU WR GHYHORS D ILOP RI D GHVLUHG WKLFNQHVV 7KH ¢
ZLWK $/' LV DWWULEXWHG WR WKH VHOI OLPLWLQJ QDWXUH
SURFHVVHV WKH SUHFXUVRU PROHFXOHV ZLOO QR ORQJHU
VXEVWUDWH KDV EHHQ VDWXUDWHG 2QFH WKLV VDWXUDWLRC
RI WKH ILOP REWDLQHG DIWHU D VSHFLILF QXPEHU RI F\FOHYV

WKH SUHFXUVRU DQG RU FR UHDFWDQW SXOVH LV LQFUHDVHC(

7KH VHOI OLPLWLQJ JURZWK PHFKDQLVP FKDUDFWHULVWL
PXOWLSOH zZzD\V WKH PRVW FRPPRQ RI ZKLFK DUH VKRZQ L!
WKLFNQHVV RU JURZWK SHU F\FOH FRPPRQO\ UHIHUUHG WR
WKH SXOVH GXUDWLRQ RI WKH SUHFXUVRU DQG RU FR UHDFW
RI VXUIDFH VDWXUDWLRQ )LJXUH D 7KLV DOORZV WKH WK
VROHO\ RQ WKH QXPEHU RI $/" F\FOHV DV H[KLELWHG E\ D O
ZLWK YDU\LQJ F\FOH QXPEHUV 7KH VORSH RI WKLV SORW HTX
LQ )LIXUH D $OWKRXJK DQ LGHDO $/' SURFHVV ZLOO LQW
HQKDQFHG SURFHVV RFFXUULQJ GXH WR D KLJKHU JURZWK U
LOKLELWHG SURFHVV RFFXUULQJ GXH WR D ORZHU JURZWK
UHVXOW LQ D SRVLWLYH RU QHIJDWE®DNWQQWHH-NE®| OHFNISW

RI DQ $/' SURFHVV LV VRPHWLPHV FKDUDFWHUL]JHG E\ D FR



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

WHPSHUDWXUH UDQJH NQRZQ DV *WKH $/'" ZLQGRZ" )LJXUH
UHPDUNHG RQ SUHYLRXVO\ WKDW WKH *3& IRU DQ $/'" SURFH
VKRZ VHOI| OLPLWLQJ JURZWK ZLWKLQ WKH $/' ZLQGRZ UDQJ}
WHPSHUDWXUH FDQ KDYH RQ WKH DYDLODELOLW\ RI VXUIDFH
FDQ WDNHKH S®QFHHDVHG *3&V REVHUYHG DW KLJKHU GHSRVLW
SURFHVVTV $/' ZLQGRZ DUH VRPHWLPHV GHVFULEHG DV DQ
FRPSRQHQW DULVLQJ IURP SUHPXRYRU GEHRRFERXUWERQ DO
REVHUYHG DW KLIJIK WHPSHUDWXUH GXH WR SUHFXUVRU GHVF
SUHFXUVRU FRQGHQVDWLRQ RU LQFRPSOHWH QXFOHDWLRQ C

GXUDWLRQV )LJIXUH F

$OWKRXIK WKH VHOI OLPLWLQJ QDWXUH RI $/" SURFHV
UHODWLYHO\ PXFK PRUH WLPH WR SURGXFH D ILOP RI HTXDO
DUH QXPHURXV DGYDQWDJHV WR $/' 7KLQ ILOPV GHSRVLWHC
XQLIRUPLW\ DQG FRQIRUPDOLW\ ZKLFK PDNHV LW WKH SUHIF
RQ KLJK DVSHFW UDWLR +%$5 VXEVWUDWHV )LJXUH $C
UHDFWLRQV E\ ZKLFK $/' RSHUDWHYV FDQ SRWHQWLDOO\ DOO|
ILOP RQ RQH DUHD RI D VDPSOH FRPSRVHG RI PXOWLSOH VX
GHSRVLWLRQ RQ DQ R[LGH YH®WXUWB HPHRNRDJAH VRV IWKHY SURFF
GHSHQG RQ SUHFXUVRU WKHUPDO GHFRPSRVLWLRQ GHSRVL)
ORZHU WHPSHUDWXUHYV WKDQ WKRVH UHTXLUHG LQ &9' PHWK
ILOP TXDOLW\ DULVLQJ GXH WR DJIJORPHUDWLRQ DW KLJK WFE

IRU GHSRVLWLRQ RQ WHPSHUDWXUH VHQVLWLYH VXEVWUDW
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DGYDQWDJHV $/' KDV JDLQHG LQWHUHVW LQ D ODUJH YDUL
DSSOLFDWLRQV LOQFOXGLQJ PLFURSURFHVVRUV DQG PHP
VHPLFRQGXFWRU LQGXVWU\ VRODU DQG IXHO FHOOV KHW

VIQWKHVLY DQG ELR¥HQVRUYV

(b)

—
[
—

Substrate-Enhanced

“%

>

&S
P < Self-Limiting Growth

Growth-Per-Cycle
or Film Thickness
Film Thickness

Substrate-Inhibited

Reactant Pulse Time Cycle Number

—
(2)
—

- ' [l
Condensation | 1 Precursor

i 1 Decomposition
\ ALD Window |

cleation | ! Desorption
Deposition Temperature

Growth-Per-Cycle
or Film Thickness

J)LIXUH 7KH PRVW FRPPRQ JUDSKLFDO GHPRQVWUDWLRQV R
JURZWK SHU F\FOH *3& RU ILOP WKLFNQHVV RQ WKH UHDFW
ILOP WKLFNQHVY RQ WKH QXPEHU RI $/' F\FOHV F 'HSHQGHC
GHSRVLWLRQ WHPSHUDWXUH
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Other Deposition Methods
ALD (e.g. CVD,PVD, ..)

growth control
<«———— vuniformity >

)

conformality

JLIXUH 'LDJUDP RI GHSRVLWLRQ XVLQJ $/' YHUVXV RWKHU GH
IURP $WRPLF /LPLWV LPDJH OLEUDU\

'"HVSLWH WKH LQFOLQDWLRQ WR GHVFULEH $/' LQ LWV PRV
LQ DFWXDOLW\ WKHUH KDYH EHHQ DQ DUUD\ RI XQLGHDO EF
SURFHYVYHRW LQVWDQFH ILOP JURZWK ZKLFK LV LGHDOL]HG V
SHU $/'" F\FOH RIWHQWLPHYVY ZLOO GLVSOD\ JURZWK WKDW |
PRQROD\HU SHU F\FOH ,Q FDVHV ZKHUH WKH VXEVWUDWH LV
LVODQG IRUPDWLRQ FDQ RFFXU GXH WR SUHIHUHQWLDO QXFC
WKDQ WKH VXEVWUDWH DOWKRXJK ZLWK DGGLWLRQDO $/' F\F
WR IRUP DQ RYHUDOX XN QKIRUPRUBPVRPH $/' SURFHVVHV KDYH
JURZWK UDWHV ZLWK SURORQJHG SXUJH GXUDWLRQV GXH \

VXUIDFH VSHFLHV ZKLFK ZLOO EH GLVFXVVHG LQ IXUWKHU G|

$ORQJIJVLGH XQLGHDO $/' EHKDYLRXUV ILOPV SUHSDUHG E!
SRVVHVV DGYHUVH FKDUDFWHULVWLFV IRU D WDUJHW DSSO|
FU\WWWDOOLQLW\ RU PRUSKRORJ\ DQG VORZ QXFOHDWLRQ UH

DQRG RU FR UHDFWDQW PROHFXOHV EHDULQJ VWHULFDOO\ EX
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EHLQJ D UHDFWLRQ EDVHG SURFHVV LW FDQ UHVXOW LQ
QHFHVVLWDWLQJ PRUH DFFXUDWH WHPSHUDWXUH FRQWURO L
RQO\ RFFXU RQ D QDUURZ UDQJH RI VXEVWUDWH PDWHULDOV
FDQ EH GLVDGYDQWDJHRXV 7KHUHIRUH IXUWKHU LQYHVWLJ
SURFHVVHV WR DOOHYLDWH WKHVH OLPLWDWLRQV FDQ EH I
SURFHVVHV 7KH FRQFHSW RI $/' QRQ LGHDOLW\ DQG LPSURY

ZLOO EH H[SORUHG LQ IXUWKHU GHWDLO LQ &KDSWHUV DQG

+ 2ZWKHU '"HSRVLWLRQ OHWKRGY 5HODWHG WR 7KHUPDO $/°

$OWKRXIK WKLV ZRUN IRFXVHV VROHO\ RQ WKHUPDO $/' SL

GLVFXVV LPSRUWDQW PHWKRGY UHODWHG WR WKHUPDO $/°

$/' SURFHVVHYVY DUH RIWHQ FDWHJRUL]JHG DV HLWKHU WKHL
LQFOXGHV WKH WHUPVY SODVPD HQKDQFHG $/' 3($/' SODVPD
WKHUPDO SODVPD $/' 173%/' DQG UHPRWH RU GLUHFW SOD
OHDVW RQH RI WKH UHDFWDQWYV LV DQ X@KWIKHOK YR AW YAL
WKH SODVPD VSHFLHV FDQ DOORZ IRU WKH GHSRVLWLRQ K
WHPSHUDWXUHY ORZHU WKDQ WKDW RI WKHUPDO $/' +RZHYI
DGGV FRPSOH[LW\ LQ WKH GHVLJQ RI DQ $/' UHDFWRU DQG V
FDXVH GDPDJH WR WKH VXEVWUDWH )XUWKHUPRUH FRQIRUP
PRUH GLIILFXOW XVLQJ SODVPD PHWKRGV GXH WR KLJK UDGL/

FROOLVLRQV OHDGLQJ WR ORVV RI UHDFWLYH VSHFLHYV
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6LQFH $/' LQYROYHV VXUIDFH EDVHG UHDFWLRQV ZLWK D V.
IRU VXEVWUDWH VHOHFWLYH GHSRVLWLRQ 7KLV IHDWXUH KI
VHOHFWLYH $/' $6 $/° ZKHUHE\ QXFOHDWLRQ DQG ILOP JUF
DOORZLQJ IRU VHOI DOLJQHG IDEULFDWLRQ RI SDWWHUQHG
UHPRYLQJ WKH QHHG IRU DQ DGGHG SURFHVV WR UHPRYH GH

JLIXUH> @

Area-selective ALD
non-growth area growth area

A

: Self-aligned

J)LIXUH 6FKHPDWLF GLDJUDP GHSLFWLQJ WKH ERWWRP XS
DFKLHYDEOH E\ $6 $/' 5HSULQWHG DGDSWHG ZLWK SHUPLVYV

$ OHVVHU XVHG SURFHVV SRVVLEO\ GXH WR FKDOOHQJHV 1
DVVLVWHG $/' SKRWR $/' LQYROYHVY LUUDGLDWLRQ RI WKH V>
OLIJIKW GXULQJ GHSRVLWLRQ WR HQKDQFH VXUIDFH UHDFW
GHSRVLWLRQ WHPSHUDWXUHY WKDQ FRPSD®® BOH YK HDWR/IRO §
EHHQ DFKLHYHG XVLQJ SKRWR $/' E\' REVFXULQJ OLJKW ZL
GHSRVLIWIORY K HQKDQFHG $/' )($/' KDV EHHQ GHVFULEHG DV

SKRWR $/' H[FHSW WKDW KLJK LQWHQVLW\ YLVLEOH RU LQIU
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WR KHDW WKH VXUIDFH DQG GULYH UHDFWLRQV ZKHUHDV SK

WKH GHSRVLWLRQ @ HPSHUDWXUH

OROHFXODU OD\HU GHSRVLWLRQ 0/' LV RIWHQ FRLQHG DV
WKH GHSRVLWLRQ RI RUJDQLF SRO\PHUV RU K\EULG RUJDQLF
RI RUJDQLF FR UHDRWDWMAKQLTXH ZDV ILUVW LQWURGXFHG
FRZRUNHUV LQ WKH V H[FOXVLYHO\ IRU WX 9 XDAE WLKEHD WLIHROQ
KDV VLQFH H[WHQGHG WR LQFOXGH K\EU 9% @®RWDEOH LIQ[PW® B
LV WKDW RI DOXFRQH 0/' ZKLFK LQYROYHV VHTXHQWLD
WULPHWK\ODOXPLQXP DQG HWK\O QI HJURER P DOFHBIPHOV FD Q
WKH IRUP Rl RQH GLPHQVLRQDO SRO\PHURUFPKRUEW BXPK QWL

QHWZRUNV VXFK DV PHWDO RUJDQL¥ IUDPHZRUNV 02)V

HO HO HO
| N/ P
/AI\ IAI\I Ethyl Al A
ylene / \ |
OH OH OH AlMes (@) @] Glycol (@) 0] O

o
—
“CH, S— ) ——'m

6FKHPH 6FKHPDWLF GLDJUDP GLVSOD\LQJ RQFH F\FOH RI DO>
SHUPLVVLRQ IURP UHIHUHQFH > @

$WRPLF OD\HU HWFKLQJ $/( LV DQ HWFKLQJ PHWKRG
VHTXHQWLDO VXUIDFH EDVHG UHDFWLRQV UHPRYH D PRQROD

VHOI OLPLWLQJ IDVKLR®@ LFPAKODAHO\ WR $/' $/( SURFHVVHV GL\
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HWFK UDWHV XSRQ SURORQJHG UHDFWDQW H[SRVXUH DQG
SODVPD PHWKRGV 7KH ILUVW UHSRUW RPEXNWZWKH. Q@ HDN BB W HK
EHHQ JDLQLQJ WUDFWLRQ LQ WKH ODVW GHFDGH GXH WR LW

GHYLFH PLQLDWXUL]DWLRQ

OH
HO OH
| W4 FF _F
Al Al HF | Al AlMes
7/ \ | —_— Al I —_—
| I Cl) -H,0 E- N F -AlMe,F
| [ — [ —

6FKHPH 6FKHPDWLF GLDJUDP GLVSOD\LQJ RQH F\FOH RI DOXIF
SHUPLVVLRQ IURP UHIHUHQFH > @

*+ SHTXLUHPHQWYV IRU $/' 3UHFXUVRUV

2ULJLQDO ZRUN LQ WKH GHYHORSPHQW RI $/' SURFHVVHV X
DYDLODEOH FKHPLFDOV DV SUHFXUVRUV QRWDIERXHYHUDO K
WKHVH SUHFXUVRUV RIWHQ UHVXOWHG LQ VLJQLILFDQW OLF
GHVLJQ DQG VIQWKHVL]H QHZ PROHFXOHV DV SRWHQWLDO $/
KDOLGHYV ZKLOH EHLQJ YHU\ WKHUPDOO\ VWDEOH DQG UHDFW
UHDFWLYLW\ UHVXOWLQJ LQ KDOLGH LQFRUSRUDWLRQ ,Q

JHQHUDOO\ H[KLELWHG SRRU WKHUPD® VWDELOLW\ DQG UHDF

,Q RUGHU IRU D FRPSRXQG WR EH XVHG DV D SUHFXUVRU IR
RI UHTXLUHPHQWY WKDW PXVW EH PHW 7KH SUHFXUVRU FDC(
YRODWLOLW\ LQ RUGHU WR DOORZ GHOLYHU\ ZLWKLQ WKH U

VXIILFLHQW WKHUPDO VWDELOLW\ WR DYRLG GHFRPSRVLWLRC(
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RQ D WLPHVFDOH RI ZHHNV RU PRQWKYV RU RQ WKH VXEVW
VHFRQGYV RU PLQXWHYV LLL GHPRQVWUDWH KLJK VXUIDFH
UHDFWDQW DQG LY \LHOG RQO\ YRODWLOH E\ SURGXFWYV

WKH\ PD\ DOVR EH UHPRYHG IURP WKH UHDFW®@RQ FKDPEHU G

7KH FKHPLFDO FKDUDFWHUL]DWLRQ RI QHZ SUHFXUVRU PI
GHWHUPLQLQJ ZKHWKHU D WDUJHW PROHFXOH H[KLELWYVY WKt}
DQ $/' UHDFWRU 7KH YRODWLOLW\ DQG WKHUPDO VWDELOLW
GLIIHUHQWLDO VFDQQLQJ FDORULPHWU\ '6& DQG WKHUPRJU
REVHUYH WKH WHPSHUDWXUHY DW ZKLFK SKDVH WUDQVLWLRC
ORVV DV D IXQFWLRQ RI WHPSHUDWXUH $OWHUQDWLYHO\ YR
DELOLW\ WR VXEQLPHFARE GHWWHKHWPDO VWDELOLW\ FDQ EH GF
WLPHVFDOH E\ SHULRGLF PRQLWRULQJ RI D KHDWHG VDPSOl
PDJQHWLF UHVRQDQFH 105 VSHFWURVFRS\ 7KH UHDFWLYLW
FDQ EH DVVHVVHG EDVHG RQ WKH UHDFWLYLW\ GLVSOD\HC
VSHFWURVFRS\ FRPELQHG ZLWK SRZGHU ; UD\ GLIIUDFWLRQ
VSHFWURVFRS\ ;36 WR DQDO\]H LQVROXEOH UHDFWLRQ SUR
WKDW ZKLOH VROXWLRQ UHDFWLRQ VWXGLHYVY DUH XVHIXO WR
DQG FR UHDFWDQW DUH KLJKO\ UHDFWLYH RU SRRUO\ UHDFW
UHDFWLRQ SDWKZD\V IROORZHG LQ VROXWLRQ YHUVXV RQ D \
RQH DQRW&BGLWLRQDOO\ WR GHSRVLW D SXUH PDWHULDO Yl

E\ SURGXFW PXVW EH VROXEOH ZKHUHDV IRU $/' WKH UHDFW
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+ ODWHULDOV *URZQ E\ 7TKHUPDO $/°

7KH YDULHW\ RI PDWHULDOV JURZQ WKXV IDU E\ $/' LV
PROHFXOHV DQG UHDFWLRQV HPSOR\HG WR IDEULFDWH WKH
GLDJUDP DGDSWHG IURP WKH $/' GDWDEDVH $WRPLF /LPLWYV
JURZQ E\ WKHUPDO RU SODVPD $/' DOWKRXJK GHWDLOV UH
GHSRVLWLRQ WHPSHUDWXUH)RUHWXRIWGKISRVAWKRH ®1 DQ\ JL
E\ $/' D SUHFXUVRU DQG FR UHDFWDQW DUH VHOHFWHG EDV
DQRWKHU ZKLFK LV KLIJKO\ GHSHQGHQW RQ WKH QDWXUH RI
SURFHVVHVY DQG FKDOOHQJHYV RI VRPH PDWHULDOV WKDW D

GHVFULEHG LQ WKH IROORZLQJ VHFWLRQV
*+ $/' RI 3XUH (OHPHQWY DQG LWV &KDOOHQJHV

7R DFKLHYH HOHPHQWDO $/' D SUHFXUVRU RIWHQ FRQWL
SRVLWLYH R[LGDWLRQ VWDWH PXVW EH UHGXFHG WF LWV ]t
7KLV SURFHVV LV UHODWLYHO\ IDFLOH IRU QREOH PHWDOV W
IRU H[DPSOH HOHPHQWDO 5X 2V 5K ,U 3G DQG 3W KDYH
WHPSHUDWX@®HWXVILQRZ2 PV FR UHDFWDQWYVY WR R[LGL]H WKH S|
JRU RWKHU WUDQVLWLRQ PHWDOV D UDQJH RI UHDFWLYLW\
XVLQJ GLKYGUIHN 1 ERQG PHWDWKHVLV RU R[LGDWLYH DGGL

HOLPLQDWLRQ XVLQJ PDLQ JJR%S K\GULGHV H J 6L
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7KLY EHFRPHVY LQFUHDVLQJO\ FKDOOHQJLQJ WR DFKLHYH D
HOHPHQW LQFUHDVHVY DV LOOXVWUDWHG E\ WKH VFDUFLW\
$/' $v DQ H[DPSOH RI HOHFWURSRVLWLYH WUDQVLWLRQ PF
UHSRUWHG WZR ORZ WHPSHUDWXUH 7LQ/FRIPAERRIHDWIHR/Q XZ/LL\Q
ELV WULPHWK\OVLO\O PHWK\O og&F\RORKH{DWG MWHOQH HWK\OVL
GLK\GURS\UD]JL@ WKURXJK WKH REVHUYHG HOLPLQDWLRQ F

DQG WROXHQH RU S\UD]I°QH UHVSHFWLYHO\
+ $/' RI ODLQ *URXS (OHPHQWYV

,Q UHFHQW \HDUV LQWHUHVW LQ PDLQ JURXS HOHPHQW $/

JURXS HOHPHQW $/" SURFHVVHY DUH GHVFULEHG KHUHLQ ©6Fl

Q 1LVKL]DZD DQG FRZRUNHUV UHSRUWHG WKH GHSR\
6L XVLQJ DOWHUQDW+ QUQSXBPIWMK B IFRGONDQW JURZWK UL
DW DQ@ ZKHQ WKH SUHFXUVRU DQG RU FR>UMREMYDHW S X

WKH DXWKRUV QRWHG WKDW MRAQ K IH[ISHRY )XSWHHW RISWHHIEF X U WRKUQ R
GLG UHVXOW LQ ILOP GHSRVLWLRQ ZKHUH 3WKH PROHFXODU
WKH\ DWWULEXWH WR GHFRPSRVLWLRQ RI WKH SUHFXUVRU <
6L $/' RQ 6L DQG 6L + DXQGQRIL&OWKH WHPSHUDWXUH UDQ

g a QP JURZWK UDWH WKURXJR6 HROLGD @ DVARL B QV R L [-b&ZQ@
$/' SURFHVV WKH DXWKRUV UHSRUWHG REVHUYDEOH ILOP JUF

ZKHQ WKH VXUIDFH ZDV R®Q OG XHSWR HMGKWRBPELO GLVVRFLDWLRC
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LOWR BR6 6 LIHKHUHIRUH WKHVH WZR SURFHVVHV ZRXOG EH P

DV &9' SURFHVVHV RU $/' SURFHVVHV ZLWK D &9' FRPSRQHQW

, Q 3RUH DQG FRZRUNHUV UHSRUWHG WKH ILUVW $/' SL
WULV WULHWK\OVLO\O DQW L6ERE\G I8 E RBLIW SXUH DQG FRQIRUT
DQWLPRQ\ )LOP JURZWK ZDV REVHDWGHGEHDW OLPLWLQJ JUR
GHPRQVWUDWHGIRW Tt @KLV ZDV DFKLHYHG E\ GHKDORVLO
YRODWLOH FKORURWULHWK\OVLODQH ZKLFK ZDV REVHUYHG
406 &KHQJ DQG FRZRUNHUV ODWHU UHSRUWHG WKH GHSRYV
7H 6LOHDQG 7H 20W &« WKH RQO\ WHVWHG GHSRVLWLRQ WHI
HOLPLQDWLRQ RIL YR DKH. GHRAHHVY H[KLELWHG D VOLJKWO\ U
ZLWK SURORQJHG XYUIDBLDORQ ZKLFK WKH DXWKRUV DWWULEXWH
VLWHV GXH WR HLWKHU UHYHUVLEOH DGVRUSWLRQ RU VHO
LQFRUSRUDWHG 7H $/' FA\FOHV LQWR D *H7H[$[" SURCGPY \Z WRKJ

FRQWUROODEOH 7H FRQWHQW

, Q LQWHU DQG FRZRUNHUV UHSRUWHG D ORZ WHPSHL
XVLQJ $MEWKH SUHFXUVRU DQBRWKHD D\WH R W/ &&® L0 H °
DV D K\GULGH @RKMUBPMWKRUV SURSRVHG WKDW D OLJDQG H
SURGXFLQJ WKH YRODWLOH GLFIKQREUDGHXBIDBRHRERRKQYG /$0O &C
ZKLFK ZRXOG UHGXFWLYHO\ HOLPHQDO@HPWWR LIQUBURZWREZ BV |

® RQ 7L1 DQG D VHPL FRQVWDQW JURZWK UDWH RI

WHPSHUDWXUH UD@JH RI
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$OVR LQ 3DUVRQV DQG FRZRUNHUV UHSRUWHG WKH GH
RQ 6LRQG 6L VXEVWUDWHYV BV WKLIH SBUIQPBXAYRAW DQG ELV W

GLK\GURS\UD]JLQH '+3 DV WiKBLKRHDHDIFOWRZ@W UDWH RI DS
c DW o« ZzDV GHWHUPLQHG E\ LQ VLWX TXDUW] FU\VWDO |
FKDQJH GDWD DQG DQ $/' ZIg®QEZRPXY RIHSRUWHG 7KH DXWKRU
WKDW '+3 ZRXOG ELQG ZLWK WZR VXUIDFHFERXQG RE®&Q
FKORURWULPHWK\OVLODQH DV D E\ SURGXFW ZKLFK UHGXFH

ERQGV WKURXJK HOLPLQDWLRQ RI S\UD]JLQH

6E6L(W 6B 0—2L 6E | op (WL&O
THELOH 7H2(w—3L 7H Lop OHBL2(W
Wo X Wo X
17+ 1 &0
\ D $/" NI
$®O /$O — > /$O $® —_— $O|LOP +
7 h 1 \&o
oH ¥ OH
/7N $/° /7 N\
6RO OHG6+ 1 1—6LOH————> 6Q, op OH6L&O 1 1

6FKHPH 6XUIDFH EDVHG UHDFWLRQ VFKHPHYV IRU UHSRUWHG
$GDSWHG IURP UHIHUHQFHYV > @
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+ $/' RI *URXS OHWDO 2[LGHV DQG LWV &KDOOHQJIHYV

$/" RI JURXS PHWDO R[LGHV O 7L =U +1 KDV EHHQ HJ[
WKH SDVW WZR GHFDGHV DV VKRZQ LQ )LJXUH TKHVH Q)
EHHQ WKH VXEMHFW RI UHYLHZV WKDW KDYH KLJKOLJKWHG \
SRWHQWLDO DSSOLFDWLRQVE@) WHQHBDWHUQROYDQLF FRPSF
0&0 @ RUJDQRPHWDOOLF FRPSEOD¥DPYGCHRRI&EEQDWLRQ FRPSO
0 28U 10H> @KDYH EHHQ XWLOL]JHG DV JURXS PHWDO R[LGF
FRPPRQO\ HPSOR\HG DORQJVLGH FODVVLFDO R2\JBMQ2VRXUFH
HWF WR GHSRVLW PHWDO R[LGHV E\ UHODWLYHO\ IDFLOH OL

7TDEOH SDJH SURYLGHYV H[DPSOHV RI FRPPR@Q@\ UHSRUY

7KH SULPDU\ XVH IRU $/' JURZQ PHWDO R[LGHV KDV EHHQ
DV WKH JDWH GLHOHFWULF LQ PHWDO R[LGH VHPLFRQGXFWF
GXH WR WKHLU KLJKHU SHUPLWWLYLW\ FRQVWDQW DQG W
+12 LQ GLUHFW FRQWDFW ZLWK 6L ZKLFK DAXBVAGHWL W BEAHK TR
WR HOLPLQDWH WKH QHHG> | & IDVQ VIKLWM UIIIDUFL WD Q QRMNQ FHG E
KDV PDGH SRVVLEOH WKH FRQWLQXHG PLQLDWX@WRBMEBLRQ R
7L2 $/' SURFHVVHV KDYH DOVR JDLQHG D ODUJH DPRXQW I

SKRWRFDW®O\VLV
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J)LIXUH +LVWRJUDP VKRZLQJ WKH QXPEHU RI UHFRUGV UH
GHSRVLWLRQ DQG:HUWRHU®RNVZLQJ WKH :HE RI 6FLHQFH SODV

+LJIK GLHOHFWULF PDWHULDOV LQKHUHQWO\ SRVVHVYV |
WKHP WR UHWDLQ HOHFWULF FKDUJH ZLWKRXW EFXUUHQW !
+RZHYHU DV GHYLFH VL]JHV FRQWLQXH WR GHFUHDVH DQG
UHGXFHG ILOP GLVFRQWLQXLW\ DQG QRQXQLIRUPLW\ HVS
EHFRPHV D PRUH SUHYDOHQW FKDOOHQJH OHDGLQJ WR GHYL
WKDW DPRUSKRXV GLHOHFWULFVY DUH SUHIHUUHG EHFDXVH
OHDNDJH O6LQFH WWREWWBWXWH FDQGLGDWHYV LQFOXGLQJ JU
FU\VWDOOLQH DW HOHYDWHG WHPSHUDWXUHY LQYHVWLJDW

GRSDQWYVY WR UHGXFH WKH WHQ@HQF\ IRU FU\VWDOOL]DWLRQ
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+ 7TKHVLV *RDOV

7KLY ZRUN GHWDLOV WKH GHYHORSPHQW DQG HYDOXDW
UHDFWDQWYV IRU $/' DV ZHOO DV WKH GHYHORSPHQW RI QHZ 3
GHSRVLWLRQ RI PDLQ JURXS HOHPHQWYV $/' Rl 6E RQ K\GURJI
RI % DQG LQYHVWLIJDWLRQ RI QHZ SURFHVDID\G IRBZIULRXS P

+$5 VXEVWUDWHYV ZLWKRXW WKH IRUPDWLRQ RI YRLGYV

7ULV WULPHWK\OVLO\O DQWLPRQ\ ZDV VIQWKHVL]HG DQC
VWXGLHVY DQG $/' UHDFWRU VWXGLHV IRU HOHPHQWDO DQWLI
&KDSWHU SRUWLRQV RI &&KDSWHU KDYH EHHQ UHSULQWFE
0O $0 +bUHUL ' - + (PVOLH 5RRP 7HPSHUDWXUH $WRPLF /D
SQWLPREHPLVWU\ RI ODWHULDOV &RS\ULJKW $PHULF|
&KHPLFDO BROIRUWRQ FRQWDLQLQJ FRPSRXQGV ZHUH V\QWKH\
SRWHQWLDO SUHFXUVRUV IRU HOHPHQWDO ERURQ $/'" LQ F
&KDSWHU 6ROXWLRQ VWDWH DQG $/'" UHDFWR'UXWAXGE LLHY] Z
DQ XQXVXDO FDUER[\OLF DFLG DV D FR UHDFWIRQW RL® KUM K
WUHQFK ILOOLQJ &KDSWHU =LUFRQLXP FRQWDLQLQJ FF
HYDOXDWHG DV SRWHQWLBO SSKIFSWNBUV BRWWURQV RI &KD!
EHHQ UHSULQWHG DGDSWHG ZLWK SHUPLVVLRQ IURP 0 $O
6WUXFWXUHY DQG 7KHUPDO G6WDELOLW\ RI 'LDON\O DQG
&RPSOH(KWVRSHDQ -RXUQDO RI ,QRUJDQLF &KHPLVIDUHYV

&RS\ULJKW -RKQ :LOHQWBRQXFWLRQV VSHFLILF WR HDFK
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UHVHDUFK DUH SURYLGHG DW WKH VWDUW RI &KDSWHUYV S

7TKH HYDOXDWLRQ RI SRWHQWLDO QHZ SUHFXUVRUV LQYR
WKHUPDO VWDELOLW\ DQG VROXWLRQ UHDFWLYLW\ WRZDUG)
RI QHZ $/' SURFHVVHVY LQYROYHG GHSRVLWLRQ DQG FKDUDFW
VHOIl OLPLWLQJ JURZWK WKH $/' WHPSHUDWXUH ZLQGRZ DQ

PRUSKRORJ\ Rl WKH GHSRVLWHG ILOPV
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JLIXUH &RORXU FRGHG SHULRGLF WDEOH DGDSWHG IURP WKH $WRPLF /LPLWV GI
UHSRUWHG WKHUPDO DQG SODVPD $/' SURFHVVHV (OHPHQWYV WKDW KDYH EHHQ
WKHUPDO $/' DUH HQFORVHG LQ VROLG ER[HV (OHPHQWV HQFORVHG LQ GDVKHG
WKHUPDO $/' ZLWK RQO\ DQ R[LGH GHWHFWHG GXH WR LQVWDQWDQHRXYV R[LGDWL
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3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

SHIHUHQFHV IRU &KDSWHU

* ( ORRUH &UDPPLQJ PRUH FRPSRQHQWV RQW
(OHFWURQLFV

. 5XSS 7UDQVLVWRUYV SHU OLFURSU
ZZZ RXUZRUOGLQGDWD RUJ JUDSKHU WUDQVLVWRUV SHU

. 5XSS <HDUV RI OLFURSURFHVVRU 7UF
ZZZ NDUOUXSS QHW \HDUV RI PLFURSURFHVVRU W

- -HRQ 5HFHQW DGYDQFHV LQ W KHG XKGHHFOW WLIFQ B D @ H
GHSRVLWHG E\ DWRPLF OD\HU GHSRVLWLRQ IRU G\QDI
FDSDFLWRU DSSORWBWLREAV

7 1DP + .LP $WRPLF OD\HU GHSRVLWLRQ IRU QRQFRC
WKHLU DSSOLHAEDMWHR Q5H V

3 2 2YLURK 5 $NEDU]DGHK ' 3DQ 5 $ 0 &RHW]}
GHYHORSPHQW Rl DWRPLF OD\HU GHSRVLWLRQ 3URFHV\
6FL 7HFKQRO $GY ODWHU

* 6 6DQGKX 5 3 7KDNXU 3URFHVV IRU *URZLQJ
6LOLFRQ &RQWDLQLQJ 6XUIDFR BQIGQ2 0D FOLRW XAHF RQROR J
,QF 86% 3DWHQW 1R $

' - + (PVOLH 3 &KDGKD - 6 3ULFH OHWDO $/' DQG S
UHDFWLRQV DQG OLQNV ZLARRYVEBOZWHRQSFHKHPLVWU\

6 0 *HRUJH $WRPLF /D\HU '"HSRKHWLRIY $Q 2YHUYLHZ

( $KYHQQLHPL $ 5 $NEDVKHY 6 $OL 0 %HFKHODQ\
' & &DPHURQ 5 &KHQ 0 &KXEDURY 9 &UHPHUV $ 'HYL
* *RWWDUGL . *ULJRUDV ' 0 +DXVPDQQ & 6 +ZDQJ
.DQHUYR , .KPHOQLWVNL\ ' + .LP / .OLEDQRY < .RVI
XKV , .JUNNIQHQ O / .IIULILQHQ 7 .IIULILQHQ / /DPDJ
/JHVNHOI + /LSVDQHQ - /\\WLQHQ $ ODONRY $ O0ODO\JL
- ORODULXV 0 1RUHN d g]JLW $NJQ O 3DQRY + 3H
3RSRY 5 / 3XXUXQHQ * 5DPSHOEHUJ 5 + $ 5DV ( 5D
7 6DMDYDDUD + 6DODPL + 6DYLQ 1 B6FKQHLGHU 7 (
6X\DWLQ 7 7|UQGDKO - 5 YDQ 2PPHQ & :LHPHU 2
<XUNHYLFK 5HYLHZ $UWLFOH 5HFRPPHQGHG UHDGLQJ |
DWRPLF OD\HU GHSRVLWLRQ22XWFRPH Rl WKH 39LUWXDO
9DF 6FL 7HFKQRO $

5 / 3XXUXQHQ $ 6KRUW +LVWRU\ RI $WRPLF /D\HU 'H
$WRPLF /D\HU&ISHWDIDS 'HSRVLWLRQ

5 / 3XXUXQHQ 6XUIDFH FKHPLVWU\ RI DWRPLF OD\HU C
WULPHWK\ODOXPLQXP ZB3W6 U3KURFHVV



S @

3 0@
3 @
3 0@

3 0@

AV
(@)}
)

AVA
(@]
)

3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

7

DQG
&KHP 9DS

*

%ODQTXDUW - 1LLQLVW|] O 5LWDOD 0O /HVNHOI $WI

1 3buvVv

7UDQVLWLRQ OHWDO 2[LGH 7KLQ )LOPV )RFXV R
'"HSRVLWLRQ

RQV 5 ' &ODUN $UHD 6HOHFWLYH 'HSF

$SSOLFDWLRQV DQG&KMNWPX WOHD WXWORRN

2

*UDQLHO

0O :HEHU 6 %DOPH 3 OLHOH 0 %HFKHOD

IRU ELRVHQVLQJ) DEROHEOVWUWRRMOHFWURQ

$ :DJKPDUH 0 1DXVKDG = $ $ORWKPDQ $ 8 8E
=LUFRQLXP R[LGH ILOPV GHSRVLWLRQ WHFKQLTXHV D¢
VHQVLWL]HG VRERALEHWDMWH (OHFWURFKHP

_-RKQVRQ $ +XOWTYLVW 6 ) %HQW $ EULHI UHYL
JURP IXQGDPHQWDOV QWRNBIYS TRFRIDNLRQV

0

5

+

.LP + %

5 /HH : - ODHQJ $SSOLFDWLRQV RI DWI

QDQRIDEULFDWLRQ DQG HPRKUQQEIRQODGRGEGBPNFHYV

0

SLWDOD

7UDQV

$
5

+

6

- 1LLQLVW]|] ,QGXVWULDO $SSOK&BWLRQV

‘HLPHU 3DUWLFOH DWRPLPQRBEBIUW HBS RNV LWLRQ
[ 3XXUXQHQ : 9DQGHUYRUVW ,VODQG JURZWK DV D
GHSRVLWLRQ $ SKHQRPHQFRSRILFO\W® PRGHO
&KLDSSLP % % 1HWR 0 6KLRWDQL - .DUQRSS [ *I
6REULQKR - 3 /HLWmR 0 yubDJD 5 3HVVRD
IDQRIDEULFDWLRQ 7KH 3RWHQWLDO DQG &KDOOHQJHV
(WFKUPRRPDWHULDOV

.LP

2K 5HYLHZ RI SODVPD HQKDQFHG DWRPLF O

HQDEOHU RI QDQRVFDOH-S® YL F$SIDE UIK\IVW L'R Q

+

& 0 .QR

RSv 7 )bub] . $uUuwv : 0 0 .HVVHOV 6W

SODVPD DVVLVWHG DWRPL¥F ODKFHUWFRKHSRMKQOIRRD $

+

% 3URIL

MW 6 ( 3RWWV 0 & O YDQ GH 6DQGHQ

$VVLVWHG $WRPLF /D\HU '"HSRVLWLRQ %DVLFV 9DFSRUW X
6FL 7HFKQRO $

- 0 ODENXV O - 0 OHUN[ : O O .HVVHOV )URP WK
$UHD 6HOHFWLYH $WRPLF /D\HU '"HSRRIKWMPRQMWNWWK +LJIK 6

$

9

OLLNNXO

DLQHQ . 9I\U\QHQ 9 .LOSL = +DQ 0 9H

5ILVIQHQ 0 5LWDOD 3KRWR DVVLVWHG $/' 3URFHVV 'HY
3HUVSHFWBYHID QV

9 OLLNNXODLQHQ . 9I\U\QHQ . OL]JRKDWD - 5ILVIQHQ
3KRWRDVVLVWHG DWRPLF OD\HU GHSRVLWLRQ RI R[LGH)\
VRXUFH SUHFXDWVRB¥L 7HFKQRO $

7

+HQNH O
%DUWKD

.QDXW & +RVVEDFK 0 *HLGHO / 5HERKO
)ODVK (QKDQFHG $WRPLF /D\HU "HSRVLWLI
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S5HYLHZ DQG 3ULQFLSDO 6WXGLHV RQ WKH )OD%K (QKDQF

- 6ROLG 6WDWH 6FL 7BFK®RO

+ 9DQ %XL ) *ULOOR - 5 YDQ 2PPHQ $WRPLF DQG PR

WKH EHDWEBRHPUBRIRP XQ
3 6XQGEHUJ 0 .DUSSLQHQ 2UJDQLF DQG

LQRUJDQLF F

PROHFXODU OD\HU GHSRWHLWVRVHLY UHYDRRWHFKQRO

6 0 *HRUJH % <RRQ $ $ 'DPHURQ 6XUIDFH &KHPLYV
'"HSRVLWLRQ RI 2UJDQLF DQG +\EULG 29BPQ&KHRRYKHBQLF

; OHQJ $Q RYHUYLHZ RI PROHFXODU OD\HU GHSRVLW
LQRUJDQLF K\EULG PDWHULDOV OHFKDQLVPV JURZWK F

DSSOLFDWALRWMU &KHP $
7 <RVKLPXUD 6 7DWVXXUD : 6RWR\DPD

B3RO\PHU ILC

JURZWK VWHSV E\ PROHFX®@BB QO B\K\W GHSRYLWLRQ

$ $ 'DPHURQ ' 6HJKHWH % % %XUWRQ

6 ' 'DYLGVF

%HUWUDQG 6 0 *HRUJH OROHFXODU /D\HU "HSRVLWLRC

8VLQJ 7ULPHWK\ODOXPLQXP D&XG1RW R DOHHIH

*O\FRO

( $KYHQQLHPL O .DUSSLQHQ $WRPLF PROHFXODU OD
SKDVH URXWH WR FU\WWDOOLQH PHWDEKIRRIBRPPXQDPH

/" 6DOPL O - +HLNNLOI ( 3XXNLODLQHQ 7 6DMDYI
6WXGLHVY RQ DWRPLF OD\HU GHSRVILMURSRBRRERY)OHNRSR U

ODWHU
$ )J)LVFKHU $ 5RXW]DKQ 6 0 *HRUJH 7
UHYLHADF 6FL 7HFKQRO $

/ILOO 7KHUP

- .DQDULN 6 7DQ 5 $ *RWWVFKR $WRPLF /D\HU (W

(WFK 3K\V &KHP /HWW

6 0 *HRUJH OHFKDQLVPV RI 7KHUP D& BWRFF /THMU (

< /HH - : 'XORQW 6 0 *HRUJH 7ULPHWK\ODOXPLQXP

IRU WKH $WRPLF /D\HQ BWRKQUQEHRIXKHQWLDO
SHDFW &K@V O0ODWHU
0 1 <RGHU $WRPLF /D\HU (WFKLQJ

6HOI /LPLW

7KH 8QLWH

UHSUHVHQWHG E\ WKH 6HFUHWDU\ RI WKH 1DY\ 86% 3DW
7 +DWDQSII 0 5LwWDOD O /HVNHOI 3UHFXUVRUV DV H
&GRQWULEXWLRQV IURP 8Q&RRUUGLVEKRP +HIOWLQNL

+ + 6jQVWHE\ - ( %YUDWYROG 9 $ / .
JMHOOYnJ 2WHMMNWRIJLGHY DV SUHFXUVRUV
DONDOL PHWDO FRQWDDEL @F W KIHF KQORRV  $

.LOOL ' &K
IRU DWRPLF
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3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

0 ODGDGL - +HLVND - OXOWLD O .DUSSLQHQ $WR
'HSRVLWLRQ RI $ONDOL OHWIF® %DVGICH GKOLRWHOPNOV | (

' - +DJHQ O ( 3HPEOH 0
BUHFXUVRUV DQGS$SBISIP 3K RZ WK Y

$/ ‘DWDEDVH

.DUSSLQHQ $WRPLF OD\H

DOGGDWDEDVH L

7ZZ DWRPLFOLPLWY FRP DOGGDWDEDVH
- +IPIOILQHQ O 5LWDOD O
DQG 7KHLU FKHPHWDWHU
3 OnUWHQVVRQ -

(OHFWURFKHP 6RF

2

/I[HVNHOI $WRPLF /D\HU 'H

&DULVVRQ $WRPLF /D\HU (SLWD
6HOHFWLYLW\ BQ WaH WIXDeE HWIKSOVD QHGLBQRMHV V¥

% 6 /LP $ 5DKWX 5 * *RUGRQ $WRPLF OD\HU GHSR

1DW ODWHU
" 6HIJKHWH * %

&KHP ODWHU
6 + .LP 1 .ZDN

(OHFWURFKHP 6RF*
- 3 .0OHVNR & O

5D\QHU &
ORO\EGHQXP $WRPLF /D\HU 'HSRMNQ & +6RIQV W K®J 5SHFD)FWDQV

TKUXVK &

6

&DYDQDJK 9 5 $QGH

.LP + 6RKQ $ &RPSDUDWLYH 6WX
'"HSRVLWHG 7XQJVWHQ 7KLQ )LOPV DV 1XFOHDWLRQ /D\H

*

+

'LQWHU 7KHUPDO $W

7LWDQLXP )LOPV 8VLQJ 7LWDQLXP 7THWUDFKORULGH DQG

F\FORKH[DGLHQH RU

- L 1LVKL]DZD
(OHFWURFKHP 6RF
6 <RNR\DPD

$RNL 6 6X]XNL

%LV WULPHWKAONROWOWMMWHUWGLK

.LNXFKL 6LOLFRQ

2KED $ 1DNDMLPD 6HOI OLPLWLQJ DWF

6L2E\ DOWHUQDWH VIX@GS &B\$BS®L 3K\V /HWW
9 3RUH . .QDSDV 7

OLIRKDWD $WRPLF

+DWDQSII
/ID\HU

7 6DUQHW 0 .HPHOO

'HSRVLWLRQ RI $QWLPRQ\ DQ

'"HFKORURVLO\ODWLRQ 5HDFWLRQV &KHRJLODWHUHWK\OVLC

/] &KHQJ 9 $GLQROIL 6 /
GHSRVLWLRQ RI *H7H

- 9DF 6FL 7HFKQR
- %ODNHQH\ &

( & 6WHYHQV O

O

%

+

$

HHNV 6 9 %DUDEDVK .
ILOPV ZLWK WXQDEOH 7H FRPSRVL\

. 'LQWHU $WRPLF /D\HU '"HSRVLWLF
8VLQJ D 7TKHUPDOO\ 6WDEOH $0XPLQX&LKHR ULBWHIHG XFLQ

0 ORXVD

*

1 3DUVRQV 7KHUPDO

6Q PHWDO XVIDQUG6R&M SRU SKDVH VLO\O GLK\GURS\UD]L(

9DF 6FL 7THFKQRO

®
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*

+

ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

< /HH 6 <HR 6 + +DQ % . 3DUN 7 (RP - + .LP ¢
8 6RQ 7 0 &KXQJ *URXS ,9 TUDQVLWLRQ OHWDO O =U
OHWDO 2[LGH 7,RRYJLG&KWP

* +H = 6XQ * /L / =KDQJ 5HYLHZ DQG 3HWUDSHFWLYH
'LHOHFWULFV&RQWLBHNFR@GROLG 6WDWH ODWHU 6FL

0 5LWDOD 0 /HVNHOI =LUFRQLXP GLR[LGH WKLQ IL¢
JLUFRQLXP WHWUDFKORSSGHGBXWISWBHEXUVRU

- 1LLQLVW| 0 3XWNRQHQ / 1LLQLVW]| . $UVWLOD 7
5LWDOD 0 /HVNHOPV+PFURZQ E\ $/' 8VLQJ &\FORSHQWD

SUHFXUVRUY RQG@Y 2[\JHQ 6RXWEHFWURFKHP 6RF

) )
7

SLW

L, QWHO

%ODQTXDUW
bob 0 /HVNHOl 1RYHO +HWHUROHSWLF 3UHFXUVRU\
7L2&KHP ODWHU

- 1LLQLVW]| O *DYDJQLQ 9 /RQJR 9

,QWHO V )XQGDPHQWDO $GYDQFH LQ 7UDQ"

/IDZ &RPSXWLQJ SHUIRUPDQFH 6DQWD &ODUD &DOLI 8

3 1LHPHOI

*

ODULQ O .DUSSLQHQ 7LWDQLXP GLRJ[L

GHSRVLWLRQ6KPURROWGZ 6FL 7HFKQRO

0

$O0 +DUHUL

- + (PVOLH 5RRP 7THPSHUDWXUH $W

(OHPHQWDO #&KXWPPRQWHU

0
DQG

$O0 +DUHUL
%LV DPLGR

-+ (PVOLH 6\QWKHVLV B6WUXFWXUHYV
=LUFRQLXP ,9X $FHQ, GRPSB O&KHY



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

&KDSWHU
5RRP 7THPSHUDWXUH $WRPLF /D\HU '"HSRVLWLRQ RI (OHPH

SRUWLRQV RI WKLY FKDSWHU KDYH EHHQ UHSULQWHG DGDSW
‘- + (PVOLH 5RRP 7THPSHUDWXUH $WRPLF /D\HU '"HSRVLWL

&KHPLVWU\ RI ODWHULDOV &RS\ULJKW $PHULFDQ &KHPLFL
*+ QWURGXFWLRQ WR &KDSWHU

$/' PHWKRGY KDYH EHHQ UHSRUWHG 4 RF ®XGDQJIHS RU R CH/OHHY
ORVW RI HOHPHQW $/' UHVHDUFK KDV IRFXVOG WRRWKK WURKQ

PDLQ JURXS HOHPHQW®b ¥ REFKP?MYG$BKDY DOVR EHHQ GHVFU

$QWLPRQ\ $/' ZDV DFKLHYHGDQ/G B .E & BKGHR MW ILOP JURZWK
REVHUYHG DW f& DQG VHOI OLPLWLQJ JURZWK ZDV GHP
. ALD
Sb(S|R3)3 + SbC|3 » 2 Sb (ﬁ|m)+3R3SiC| Q)
R = Et (Pore et al.)
Me (This work)

6FKHPH 3URSRVHG UHDFWLRQ RI D WUL VLO\O DQWLPRQ\ SUH

7KLQ ILOPV RI HOHPHQWDO DQWLPRQ\ KDYH URFKH@WB\ VF
FRQWH[W RI SKDVH FKDQJH PHPRU\ 3&0 ZKHUH GDWD VWRL
EHWZHHQ FU\WWDOOLQH DG @WRRUSKHRX MOBMHYWDO DQWL

PRQRDWRPLF 3&0 PDWHULDO zZDV PDGH SRVVLEOH E\ FRQIL
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DQWLPRQ\ ILOP EHWZHHQ R[LGH RU QLWULGH OD\HUV 8VH F
SUREOHPV ZLWK PRUH FRPSOH[ 340 PDWHULDOV VXFK DV GHY
ZKLFK FDQ EH LQWURGXFHG GXULQJ ILOP GHSRVLWLRQ RU F|
SDUWLWLRQLQJ XQGHU RSHUDWLQJ FRQGLWLRQV 7KH SURJ
DQWLPRQ\ ILOPV KDV DOVR EHHQ LQYHVWLJDWHG GHPRQVWI

LQ QDQRSKRWRQLFVY DO®RSWRHOHFWURQLFV

$GGLWLRQEDOO\ XOWUD WKLQ ILOPV RI 6E FRXOG SRWHQW.L
RI VHPLFRQGXFWRU PDWHULDOV VXFK DV VLOLFRQ ,Q UHFHQ
EHHQ GHYHORSHG DV D PHWKRG IRU GRSLQJ RI VLOLFRQ RU

HOHPHQWAKLY PHWKRG LQYROYHV VXUIDFH IXQFWLRQDOL]!
GRSDQW FRQWDLQLQJ PROHFXOH IROORZHG E\ DSSOLRDWLR
PLQLPL]H ORVV RI GRSDQW DWRPV WR WKH VXUURXQGLQJV C
DQQHDOLQJ WR FDXVH GLIIXVLRQ RI WKH FKHPLVRUEHG GRS
PDWHULDO DQG UHPRYDO RI WKH FDSSLQJ OD\HU 0/" FDQ H
GRSLQJ RI " VWUXFWXUHV ZLWKRXW FU\VWDO GDPDJH +RZlI
KDYH EHHQ QRWHG LQFOXGLQJ D DOPRVW DOO RI WKH PRO
FROQWDLQ FDUERQ OHDGLQJ WR LQHYLWDEOH FDUERQ LQFRUSES
FDVHV VLJQLILFDQWO\ GHDFWLYDWLQJ WKH HOHFWELFDO D
GRSDQW FRQFHQWUDWLRQV KLIJIKHU WKDQ WKRVH SURYLGHG
PROHFXOHYV DUH QRW UH®D®IO\FD PROGIRGIB\HU IRUPDWLRQ W\S
SURORQJHG UHDFWLRQ ZLWK WKH GRSDQW FRQWDLQLQJ PRO|

WHPSHUD®XUMWMEULFDWHG XOWUD WKLQ ILOPV RI JURXS H
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FLUFXPYHQW WKHVH LVVXHV SURYLGLQJ YLD WKHUPDO DQ

GRSDQW FRQFHQWUDWLRQVY DQG PLQLPDO FDUERQ FRQWDPLC

+HUHLQ ZH UHSRUW WKHUPDO $/' RI DQWLPRQ\ RQ + 6L K\C

6L26L 6L ZLWK D OD\HU RI R[LGH VXEVWUDWHV DW
6E 6LOHDQG G6E&CGKHPH 7KLYV SUHFXUVRU FRPELQDWLRC
LPSURYHG QXFOHDWLRQ RQ + 6L DW f& UHODWLYH WR

WHPSHUDWXUH 6E $/' PHVWEROGWGE Ff&{W

7KHUPDO $/' SURFHVVHV FDSDEOH Rl RSHUDWLRQ DW URRP
WKDW LW UHTXLUHV D SUHEXUVRUV ZKLFK DUH YRODWLO!
GHOLYHU\ E SUHFXUVRUV ZLWK VXIILFLHQW UHDEWLYLW\ W
GXULQJ HDFK $/' F\FOH DQG F $/' UHDFWLRQ E\ SURGXFWV Z
HIILELHQWO\ UHPRYHG IURP WKH VXEVWUDWH VXUIDFH OR)
GHSRVLWHG E\ URRP WHPSHUDWXUH WKHUPDO $2 DUHePHWDO
=Q2 @®L2 @QG 7.2 ZLWK GHSRVLWRPR® XKWDOH@Y2WKH FR
UHDFWDQW 7R WKH EHVW RI RXU NQRZOHGJH D SXUH HOHPH:
E\ WKHUPDO $/' ZLWK GHPRQVWUDWHG VHOI| OLPL®RRR JURZV
WHPSHUDWXUH $/' SURFHVVHYV DUH RI SDUWLFXODU LQWHUHV
WKHUPDOO\ VHQV I WRYR PXENPL D WHREOHPY ZLWK DJJORPHUI
ILOPV H J ®®®G WR HQDEOH $/' XVLQJ OHVV FRPSOH[ DQG
UHDFWRUV 5RRP WHPSHUDWXUH WKHUPDO $/' PHWKRGV FD

WKURXJKSXW UROO WR>URQG BRUWHRKID VFXOHHFWLYH $/' XVLQJ
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LQKLELWRKMWWH LQKLELWRU GHVRUSWLRQ DQG XQGHVLUHG UH

WHPSHUDWXUH

'H DOVR GHVFULEH WKH XVH RI LQ VLW>XS WK WDHRBWP QW
6E 6LOHRU 6EB® D PHWKRG WR LPSURYH QXFOHDWLRQ GXULQJ
$/' 'HSRVLWLRQ LQ $/' LV KLJKO\ GHSHQGHQW RQ WKH FKHPL
VXUIDFH SUH WUHDWPHQW KDV SUHYLRXVO\ EHHQ UHSRUWHG
WR LPSURYH VHOHFWLYLW\ LQ DUHD @HHLOHKHWUL EN SV R PERBWSL C
LQKLELWLQJ JURZWK RQ D SDUWLFXOD U ®EN HRIL @YWRU HI[L
WUHDWPHQW KDV EHHQ XVHG WR HQKDQFH"'@XFWOE WIKRZD G XU
RU 2SO0DVPD RQ R[LGH VXUIDFH® D\QG ¥ ®0MHHMUHDWPHQW KDV
VKRZQ WR HQKDQFH QXFOHDWLRQ ®XQUEL ®RD56¢ $RRAYHQY HR2

SUH WUHDWP HBQW H WIXVOEHHQ XVHG WR SUHIHUHQWLDOO\ LQI
DQG WR D OHVVHU H[IWHO@OW ¥WLRQ 6HUPLWWLQJF PFORBWK RQ
GRGHFDQHWKLRO SUH WUHDWPHQW KDV EHHQ XVHG WR LQKL]

RQ 6LRQG 7D@

+ 6\QWKHVLY DQG 6ROXWLRQ 6WDWH 5HDFWLYLW\ RI 7ULV

7TULDON\OFKORURVLODQH HOLPLQDWLRQ DO /OO W\ EH)
LOQYHVWLIDWHG DV D PHDQV WR DFKLHYH URRP WHPSHUDYV
DQWLPRQ\ 7KLV UHDFWLYLW\ PLUURUV WWDDWSUHYEMXVO\ U

EXW XWLOL]JHV VXEVWDQWLDOO\ PRUHLYQROOWHH R DRI HVD F W
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IRUPHU SUHFXUVRU LV VXEVWDQWLDOO\ OHVV VWHULFDOO\
JURXSV LQ SODFH RI HWK\O JURXSV 7KH UZHDNVX8UHGDSIHLEF DWW\
FRORXUOHVYV S\URSKRULF DQG OLJKW VHQVLWLYH RLO LQ

R HTXLY RI 1D ZLWK 6E LQ GLPHWKR[\HWKDQH LQ WKH

FDWDO\VW WR IRRDIPORZHG E\ WKH DGGLWL&Q RI HTXLY RI O

SiMe3
3 Me;SiCl
3 Na S > Na3Sb 3 ' Sb
DME, 100 °C DME, 100 °C - _
cat. naphthalene _ 3 NaCl Me,;Si SiMe,
(2-1)

18.59, 90% yield

6FKHPH 6\QWKHVLV RI 6E 6'10qQH GLPHWKR[\HWKDQH

$vV DQ LQLWLDO WHVW RI WKH IHDVLELOLW\ RI WKH SU
UHDFWLYLW\ RIZEWKLEAEROY LQYHVWLIJDWHG 7KLV UHDFWLRQ
WHPSHUDWXUBILRU&LQJ D EODFN SUHFLSLWDWH RI HOHPHQV
3;5" )LIXUH E DFFRPSBR&E D E\WKIH RQO\ VROXEOH E\SUR
E\+ & DQG®L 105 VSHFWURVFRS\ )LJXUH D DQG H$L&OT7KH I
DV WKH VROXWLRQ UHDFWLRQ E\ SURGXFWHWLBRBUYIWHKH RE
6FKHPH ZKR XVHG LQ VLWX TXDGURSROH PDVV VSHFWU

E\SURGXFW IURP W&EEK QF GBLUURFHYV V6 DFSRW
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(a)

—
=

Sb(SiMes),

o
K

‘ before addition

(=
w

Me,Sicl

l

| ) uponaddition

24hrs later
0.1

1 after addition of Me,SiCl 5 w AA ﬂ onshn A A -
¥ T - . T L T T

T 7T T T

0 08 -00 tpm) 20 30 40 50 60 70 80 90
20 (°) (A =1.54056 nm)

Relative Intensity (a.u.)
o
N

JLIXUH D+ 105 VSHFWUD RI WKH 105 VFDOH UHDP@Q/& @ &K 6 E
LQ '& 0+] . 7KH UHDFWLRQ ZDV PRQLWRUHG EHIRUH I
HTXLYDOHQWS$SRWHBHBP&ORPSOHWH FRQVXP SO IR&O RADBE DBG GH G W
WKH 105 WXEH WR YHULI\ WKH LGHQWLI\ WKH UHDFWLRQ SU
SRZGHU JHQHUDWHG IURP WIDKD) G 6BHDRW[CRIH R |

+ $/' 6WXGLHV XVLQJ 6E @1LQHE 6E&O

7R HQDEOH DFFXUDWH WHPSHUDWXUH FRQWURO LQLWLD
XWLOL]LQJ 6B OGOHERREEOHU WHPSHUDWXUHV RI f& DC
WHPSHUDWXUH RI f& VHH ODWHU IRU g& L VERXBAWL B Q WRH \G B IS
K\GURJHQ WHUPLQDWHG VLOLFRQ + 6L DQG 6L &1L W K (
$IWHU $/' F\FOHV XVLQJ V SXOVHV PLUURU OLNH ILC
VXEVWUDWHY ZKLFK ZHUH FRQILUPHG WR EH FRPSRVHG RI |
'5' $IWHU VSXWWHULQJ WR UHPRYH VXUIDFH FRQWDPLQDQ

UHYHDOHG HOHPHQWDO DQWLPRQ\ ZLWK ORZ LPSXULW\ OHYH
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$O00 SHDNV LQ WKH ; UD\ GLIITUDFWRJUDPV )LJXUH FD!
6E 5 P ZLWK VWURQJ SUHIHUHQWLDO RULHQWDWLRQ L H
WKURXJK WKH ORVV RI VRPH H[SHFWHG SHDNV DQG GHYLDWLF
UHODWLYH LQWHQVLWLHY 7KH UHVLVWLYLWGBSIRXDIQQBE ILOP
$/' F\FOHV ZzBVFP GHWHUPLQHG E\ SRLQW SUREH ZKLFK LV
WKH OLWHUDWXUH YDOXHRRRPEXDQAODWERRQDUDEOH ZLWK VW

P:FP UHSRUWHEGBVE\DRRUGE ILOPV GHSRVLWHE X®WQJ 6E

f&e

0 5 10 15 20 25 30
Sputtering Time (min)

(b) 100

0 5 10 15 20 25
Sputtering Time (min)

Sb4d O1s Si2s Cis Ci2p

YLIXUH :36 GHSWK DQDO\VLV RI 6E ILOPV JURZ®L FOQW&D + 6L |
XVLQJ F\FOHV DQG VHFRQG SXOVH WLPHV
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[003]

[210]

[104] ‘ 5 [107] _
N L

(b) ) A A Al
2IO 4I0 6I0 8‘0
20 (°, % = 1.54056 nm)

JLIXUH ; UD\ GLIITUDFWRJUDPV RI 6E ILOPV JURBQ BW D + 6L
XVLQJ F\FOHV DQG VHFRQG SXOVH WLPHYV

7KH FRQGLWLRQV IRU VHO (8OR © L6NBR.QD Q& RZGALKZBIWH DV V H\
E\ YDU\LQJ WKH SXOVH OHQJWIQ\G BIEHRRWK 6EWRO0H V )LJXUH

YDULDEOH DQJOH VSHFWURVFRSLF HOOLSVRPHWU\ 9%$6( ZDV

2Q 6LBL WKH JURZWK UDWH UHPDLQHG FRQVWDQW DW c X
V DQG V IRU 6E(GOBERREBVSHFWLYHO\ 2Q + 6L D JURZWK UD
REWDLQHG XWLOLP@Q@ 6 EE&&®OWYHYV RI DW OHDVW V 6E GHSR

FDUULHG RXW ZLWK WKH EXEEOHUV DQG VXEVWUDWH DW URR
JURZWK ZDV YHULILHG WKURXJK WKH REVHUYDWLRQ RI WKH
SXOVHV RI DQG V DIIRUGLQJ DIWHU BF®HV D *3&

c RQ + 6L
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60 0.6

T 501m GPCon Si0,/Si =0.48 Afcycle m | o5
c L e |
@ 40 1 104 o
C ®--0----- @ ------mmmm e - ®-----1 <
~ )
0 GPC on H-Si = 0.36 A/cycle o
'_E 30 + 103
[ ] O

£ &
iC 20 + +02 O
()
j: @ MW Sb(SiMe,), and SbCl, pulse times vary

10 1 @ W Only Sb(SiMe,), pulse time varies T 0.1

@ B Only ShCl, pulse time varies
0 t 0

0 0.2 0.4 0.6 0.8 1 1.2

Reactant Pulse Time(s) (sec)

YLIXUH 'HSHQGHQFH RI ILOP WKLFNQHVYV DQG R3K GE@®H 6L0}
WLPHV IRU 6E GHSRVLWLRQ R@kE BUT XDWHDOH\S OMQHS[ SH P LP HQW

F\FOHV DQG D GHSRVLWLRQ WHPSHUDWXUH Rl f& 5HG G
LQ ZKLFK WKH SXOVH WLPH RQ WKH [ D[IDQ @D S8E@@BY RWR ER
EODFN FRORXUHG GDWD SRLQWV LQGLFDWH H[SHULPHQWYV L¢
DSSOLHV RQO\ WRUGEEBRIBMSHFWLYHO\ WKH SXOVH WLPH RI W]
IL[HG DW v

J)LOP WKLFNQHVY YDULHG OLQHDUO\ ZKHQ WKH QXPEHU
I[URP WR DW f& )LIXUH 7KH \ D[LV LOQWHUFHSW L
JHUR LQGLFDWLYH RI D VXEVWUDWH HGK® ZRKHEKJID RZAW K HAH E]
LV DFKLHYHG GXULQJ WKH LQLWLDO JURZWK SKDVH ZKHQ V>
WKH 6&2 RU + 6L VXEVWUDWH VXUIDFH UDWKHU WKDQ WKH JU

F\FOHV DIIRUGHG D *3& R6L DRQBQ 6lc2RQ + 6L FI c
6L26L DQG c RQ + 6L IRU WKH UHJLRQ IURP F\FC

VXEVWUDWH VXUIDFH KBV EHHQ FRYHUHG
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120

100 +

80 +

60 +

40 +

Avg. Film Thickness (nm)

201 O H-Si
ég 0 sio,/si

0 500 1000 1500 2000
Cycles

JLIXUH 'HSHQGHQFH RI ILOP WKLFNQHVV RQ WKH QXPEHU RI
FLUFOHV DQG WLRXDUHV VXEVWUDWHV DW f& SHDFWDQW
FRQVWDQW DW V. 7KH LQVHW VKRZV DQ H[SDQGHG YLHZ RI

JRU ILOPV GHSRVLWHG XVLQJ $/' F\FOHV FRQWLQX

E\ 6(0 ILOPV GHSRVLWHG RQ + 6L DUH VKRZQ LQ )LJXUHYV
GHSRVLWHG6R@BH2SURYLGHG LQ )LIJXUH $ +RZHYHU ILOP
RU F\FOHV RQ + 6L KDG LQFUHDVHG VXUIDFH URXJKQHVYV
QP LQ GLDPHWHU RQ WKH VXUIDFH RI WKH XQGHUO\L
EHKDYLRXU ZDV UHSRUWHG IRU 6E $/' @B&O:LMKXVLRU 6E 6L (
F\FOHV ILOPV FRPSRVHG RI LQGLYLGXDO JUDLQV RU JUDLQ

UHVSHFWLYHO\ ZHUH REVHUYHG
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— 500 nm—] — 500 nm—]

JLIXUH )(6(0 LPDJHV RI ILOPV JURZQ RQ + 6L DW  f& XVLQJ
DQG G $/' F\FOHV )LOP WKLFNQHVVHYV DUH DYHUDJH Y

'HSRVLWLRQ H[SHULPHQWY ZHUH SHUIRUPHG DW WHPSFH
® WR GHWHUPLQH WKH $/' ZLQGREZ&BIUWKHYV&E RQ 0BLRG
+ 6L )LIXUH F\FOHV V SUHFXUVRU SXOVHV )LOP .
WHPSHUDWXUHV ZLWK WKH KLJKHVW *6&RRFFX6LURQG DW
c RQ 6B2 $00 ILOPV ZHUH VKRZQ WR EH FRPSRVHG RI HOHF
$ DQG $ DV ZHOO DV ;36 IRU WKH 8L OPWG H SfRV L)W H)CU R
$ +RZHYHU ILOPV GHSEBRVRWHGLWERYH/XEVWUDWH H[KLEL
LQ WKH H[WHQW RI FU\WWWDOORJUDSKLF RULHQWDWLRQ UHO

VXEVWUDWHY $/' JURZWK ZDV IRXQ@% WR 6HRHUPLIHMWMER E\
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LQGHSHQGHQFH RI JURZWK UDWH RQ SUHFXUVRU SXOVH WLPF
IRUPDWLRQ RI UHIOHFWLYH VLOYHU FRORXUHG ILOPV )LJXUH
%\ FRQWUDVW ILOPV GHSRVLWHG DW DQG f& XVLQ.
YLVLEO\ QRQ XQLIRUP )LJXUH $ DQG 9%$6( LQGLFDWHG \
WKLFNQHVV DW GLIIHUHQW SRLQWYV RQ WKH ZDIHU 7KHVH RE
JURZWK DW f& DQG 6(0 DOVR UHYHDOHG D FKDQJH LQ

FRQWLQXRXV ILOPV WR GLVFRQWE@XRXV JUDLQV )LIXUH $

&RQVHTXHQWO\ WKGE&&®B/6LBHRFHVYVY LV FRPSOHPHQWDU
SUHYLRXVO\ UHSRUGERGH/BESBMIRAWHVY LQ WKDW WKH IRUPHU
WHPSHUDWXUH URRP WHPSHUDWXUH WR f& GHSRVLWLRC(
WHPSHUDWXUHV RI f& DQG DERYH ,W LV DOVR QRWDE
6E 6LOH6E&®/' SURFHVYV V SXOVHV UHVXOWHG LQ PRUH HII
6L WKDQ $/' DW f& XVERE&®BE GLIWOVHV )LIXUHV $ 7KL
SHUKDSV EH GXH WR LPSURYHG SK\WVLVRUSWLRQ DW ORZ WH

DQG UHGXFHG VWHULF EFXONXM 6E 6L(0W
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ALD Not ALD
A A
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2 L]
1| msioysi +
@ H-Si
0 0

0 50 100 150
Deposition Temperature (°C)

JLIXUH '"HSHQGHQFH RI ILOP WKLFENQHVYV DQG *3& RQ 6E GHSR
6L FLUFOHV 6Q& TARUHYV $00 ILOPV ZHUH GHSRVLWHG XVI
VHFRQG UHDFWDQW SXOVH WLPHYV

+ 1XFOHDWLRQ (QKDQFHPHQW E\ ,Q 6LWX 6XUIDFH 3UH 7UH

$V LOOXVWUDWHG LQ )LIXUHV D DQG $ d ILOPV GHSR
F\FOHV ZHUH FRPSRVHG RI LVRODWHG JUDLQV +RZHYHU ZH
WUHDWPHQW RI WKBHL +VeXWU IDWF H6 LZ2A WK R&E ®GEBIKW JHQHUDWI
DGGLWLRQDO QXFOHDWLRQ VLWHYV OHDGLQJ WR PRUH FRQWL
&RQVHTXHQWO\ WKH VXUIDFH ZzDV WUHDWHG ZLWK 6E&O \
SULRU WR FDUU\LQJ RXW $/' F\FOHV )LJXUHV % WKH
YDFEXXP IRU PLQXWHYVY EHWZHHQ SUH WUHDWPHQW DQG $/'

DUJRQ SXUJH EHWZHHQ SUH WUHDWPHQW DQG WKH VWDUW |
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WKLFNQH®YRVMLOP GHSRVLWLRQ ZDV REVHUYHG E\ 9$6( DIWFE
DORQH ,Q WKHVH H[SHULPHQWYV VLJQLILFDQWO\ PRUH FRQV
[ V SXOVHV RI 68U66BEO WKH SUH WUHDWPHQW DQG V'S
EDQG G LQ )LIXUH $GGLWLRQDOO\ ILOPV Rl WKH VDPH W
VXUIDFH FRYHUDJH ZHUH REWDLQHG XVLQJRU[6ER® WX®BIVHV
SUH WUHDWPHQW DQG V SXOVHV GXULQJ $/' F DQG H LQ
6L D FRQWLQXRXYV QP WKLFN ILOP ZDV SURGXFHG DIWHU L

SXOVHV RIIRERIARZHG E\ $/' F\FOHV XVLQJ V SXOVHV

7KH XVH Rl ORQJHU $/' SXOVHV LQ WKH ILUVW $/" F\FOH
LV OLNHO\ UHTXLUHG LQ RUGHU WR DFKLHYH FRPSOHWH UH
UHDFWLYH VXUIDFH VLWHYV 7KH HIIHFW RI VXUIDFH SUH WUHI
WKH ILUVW F\FOHV ZDV SUREHG E\ FDUU\LQJ RXW GHSRVLV
SXOVHV RI| 6ERGL GEKRAQ SUH WUHDWPHQW IROORZHG E\ EHWZI
F\FOHV ZKHUH WKH ILUVW F\FOHV XWLOL]JHG V SUHFXUVE
XWLOL]HG V SUHFXUVRU SXOVHV 30RWYV RI ILOP WKLFNQH
LQ )LIXUH IRU GHSRVLWLRQ RQ + 6L DQG )LBXUHKHVHIRU
SORWV LQGLFDWH WKDW GXULQJ WKH LQLWLDO $/' JURZWK Si
WUHDWPHQW UHVXOWYV LQ D IXUWKHU LQFUHDVHG *3& EXW L

IRU GHSRVLWLRQV FDUULHG RXW ZLWKRXW WKH XVH RI VXUIL



3K ' 7KHVLV =

ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

50 ALD cycles without pre-treatment

50 ALD cycles with
Sb(SiMej3); pre-treatment
A

S92 5nm

G S —

50 ALD cycles with
SbCl; pre-treatment
)

[

— 500 nm—]

JLIXUH )(6(0 LPDJHV RI

ZLWKRXW DQ\ SUH WUHDWPHQW
E\ $/'" F\FOHV XVLQJ
SXOVHV IROORZHG E\
7 V SXOVHYV
ZLWK 6E&Q

IROORZHG E\
V SXOVHV

ILOPV JURZQ RQ + 6L DW
6E 6LOHRU 6ERWLRU WR FDUU\LQJ RXW

V SXOVHV
$/'" F\FOHV XVLQJ

IROORZHG E\

— 100 nm=—]

f& ZLWK R
$/' F\FOHV D $/' F
E SUH WUWDBWPNAW ZILR\DKO R
F SUH WUHDWPHQW 2
V SXOVHV G

F\FOHV XVLQJ V SXOVI
$/' F\AFOHV XVLQJ

$/

WKLFNQHVVHY DUH DYHUDJH YDOXHYVY GHWHUPLQHG E\ 9%$6(
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80
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0 500 1000 1500 2000

Total ALD Cycles

JLIXUH )LOP WKLFNQHVV YHUVXV WKH QXPEHU RI $/' F\FOHYV
6L XVLQJ L EODFN VWDQGDUG $/' SDUDPHWHUV QR SUH W
SXOVHV LL UHG $/' JWMHKWEHOLWRHQW VXUIDFH SUH WUHD\
SXOVHV RI 6E BROPBRZHG E\ $/* FA\AFOHV XVLQJ V SXOVHYV
$/" F\FOHV XVLQJ V SXOVHV RU L$UHBOXHD WP HQW KVeER C
WUHDWPHQW ZLWK [ V RIX@R/ZAH/GRE\G6 E &Q@' F\FOHV XVLQJ
DQG DOO UHPDLQLQJ $/' F\FOHV XVLQJ V SXOVHYV

+RZHYHU LW LV LQWHUHVWLQJ WR QRWH WKDW ILOPV Gt

SULRU WR $/' f& F\FOHV H[KLELWHG D FKDQJH LQ FU\V
GLIIT/UDFWRJUDPV VHH )LIXUHV DQG $ 7TKH UHVLVWLYL)
6E&@®RU 6E 6LGKHH WUHDWPHQW f&L XAERWHG W H2/ $/" F\F

ZHUHP:FP DQGP:FP UHVSHFWLWYHBR IRU WKH ILOP GHSRVLWH

SUH WUHDWPHQW
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JLIXUH ; UD\ GLIIUDFWRJUDPV RI 6E ILOPV JURZQ RQ + 6L
D WKH VWDQGDUG $/' PHWKRG QR SUH WUHDWPHQW DOO
6E 6LOHSUH WUHDWPHQW VXUIDFH SUH WUHDWPHQW ZLWK

IROORZHG E\  $/' F\FOHV XVLQJ V SXOVHV DQG WKHQ
RU F $/' ZLWEWE&QHDWPHQW VXUIDFH SUH WUHDWPHQW ZL
IROORZHG E\  $/' F\FOHV XVLQJ V SXOVHV DQG WKHQ

+ 6XPPDU\ DQG &RQFOXVLRQV IRU &KDSWHU

5RRP WHPSHUDWXUH WKHUPDO $/' RI HOHPHQWDO DQW
6E 6LOH DQG 6E&KOLVY ZzDV PDGH SRVVLEOH E\ D WKH KLJI
SUHFXUVRUV ZKLFK HQDEOHV URRP WHPSHUDWXUH GHOLYHL
7TRUU E WKH KLJK UHDFWLYLW\ RI WKLY SUHFXUVRU FRPELC

EDVHG UHDFWLYLW\ ZLWKLQ HDFK $/'" F\FOH 6D&G UHDWWHRY,
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E\SURGXFW ZKLFK HQDEOHV HIILFLHQW E\SURGXFW UHPRYDO

HYHQ DW URRP WHPSHUDWXUH

$QWLPRQ\ $/" KDG SUHYLRXVO\ EHHQ UHSRUWHG LQ WKH
OLPLWLQJ JURZWK GHPRQVWUDWH@ PR\PELGRWKNQQZ LKL G E
ZKLFK LV OHVV YRODWLOH DQG OHVWKHHEEF@LEHER ®/KDQ 6E €
SURFHVV SURYLGHG XQLIRUP ILOPV RI FU\WWDBOOL®HVBI)W I
WHPSHUDWXUH UDQJH RI 6L VXEVWQDBWHYV $/' XBEQIDGE 6LOH
f& DIIRUGHG ILOPV ZLWK D VLPLODU PRUSKRORJ\ DQG WKL
6E 6L(WBWE&ODOW f& %\ FRQWUDVW RQ K\GURJHQ WHUPLQDWI

QXFOHDWLRQ ZDV DFKLHYHG XVLQJ WKH IRUPHU ORZ WHPSHU

JLOP JURZWK XVLQOESEDGLOHf& SURFHHGHG YLD D VXEVWL
JURZWK PHEKDQQVAKLFK D KLJKHU *3& LV DFKLHYHG GXULQJ W
ZKHQ VXEVWDQWLDO GHSRVLWLREBDR RV RBEXVWXIEDW URIMWW KVHX &1L |
WKDQ WKH JURZLQJ 6E ILOP 7TKH XVH RI $/" F\FOHV RU O]
RI LVRODWHG JUDLQV +RZHYHU LQ WKLV LQLWLDO JURZWK
6E 6LOHRU 6E&O] RU V SXOVHV FRPELQHG ZLWK WKH XVI
SXOVHV RU V GXULQJ WKH ILUVW $/'" F\FOHV UHVXOYV
HIDPSOH RQ + 6L D FRQWLQXRXYV QP WKLFN ILOP ZDV SUR
ZLWK [ V SXOVHRQRORERG E\ $/'" F\FOHV XVLQJ V SXO
ORQJHU $/' SXOVHV LQ WKH ILUVW $/' F\AFOHV DIWHU VXUIDF

LQ RUGHU WR DFKLHYH FRPSOHWH UHDFWLYLW\ ZLWK DQ LQF!
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$/' SURFHVVHV FDSDEOH RI RSHUDWLQJ DW URRP WHPSH
EHVW RI RXU NQRZOHGJH D SXUH HOHPHQW KDV QRW SUHYLR
ZLWK GHPRQVWUDWHG VHOI OLPLWLQJ JURZWK DW URRP W
SURFHVVHYV DUH RI SDUWLFXODU LQWHUHVW DV D PHDQV W
VHQVLWLYH VERWULRQWHNMH SUREOHPV ZLWK DJJORPHUDWLRQ
&X> ®©QG WR HQDEOH $/' XVLQJ OHVV FRPSOH[ DQG OHVV HI[S
WHPSHUDWXUH WKHUPDO $/' PHWKRGYVY FDQ DOVR EH EHQHILF
$/' WHFKQLT®I®®E IRU DUHD VHOHFWLYH $/' XVLQJ ZKBPIOB PROI

LQKLELWRU GHVRUSWLRQ DQG XQGHVLUHG UHDFWLYLW\ FDQ

7KLQ QP $/' JURZQ DQWLPRQ\ ILOPV PD\ ILQG DSSOL
SKDVH FKDQJH PHPRU\ QDQRSKRWRQLFV RSWRHOHFWURQ!

DQWLPRQ\ GRSHG VLOLFRQ RU JHUPDQLXP

+ )XWXUH :RUN 3HUWDLQLQJ WR &KDSWHU

7ULV WULPHWK\OVLOZDVDRWILER|®G LQ FRPEWRDGHRRV Z M\
HOHPHQWDO DQWLPRQ\ RQ VLOLFD DQG K\GURJHQ WHUPLQTL
WHPSHUDWXUHVERI7TKH VXFFHVVIXO XWLOL]JDWLRQ RI GHF}
WKHUPRG\QDPLF GULYLQJ IRUFH IRU HOHPHQW GHSRVLWLRC
RWKHU PDLQ JURXS HOHPHQWYVY )RU H[DPSOH HOHPHQWDO
DEKLHYDEOH XVLQJ D FRPELQDWGE REDRRD 6D 66100 G *H&O

6FKHPH $W SUHVHQW WKHUH LV QR UHSRUWHG WKHUPD



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

WKH VLQJOH UHSRUWHG SURFHVYV IRU WLQ KDV EHHQ GLVFXV
RI WKHVH VLO\O FRPSRXQGV KDV EHEH®VW WHKHIRXVRODWERUWH

VWDELOLW\ KDV QRW SUHYLRXVO\ EHHQ LQYHVWLJDWHG

_ ALD .
E(SlMe3)4 + EC|4 m» 2E (film) + 4 Me3S|—C| (@)

6FKHPH 3URSRVHG UHDFWLRQ RI D PDLQ JURXS WULV WULP
SUHFXUVRU DQG DQ HOHPHQW FKORULGH DV WKH FR UHDFW
HOHPHQW
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SHIHUHQFHV IRU &KDSWHU

9 OLLNNXODLQHQ O /HVNHOI 0 5LWDOD 5 / 3XXUXQ
ILOPV JURZQ E\ DWRPLF OD\HU GHSRVLWLRQ® ®RYHWYLHZ
3K\V

‘- +DJHQ O ( 3HPEOH 0 .DUSSLQHQ $WRPLF OD\H
BUHFXUVRUV DQG$ B3P JWRZWKIY

‘' - + (PVOLH 3 &KDGKD - 6 3ULFH OHWDO $/' DQG S
UHDFWLRQV DQG OLQNV ZLANRRVBOXWHRQ5HKHPLVWU\

7 - .QLVOH\ / & .DOXWDUDJH & + :LQWHU 3UHFXU
DWRPLF OD\HU GHSRVLWLRQ RI PHWDOO&RRUGYV VEKHFZ W
SHY

. - %ODNHQH\ & + LQWHU $WRPLF /D\HU "HSRVLWLF
8VLQJ D 7TKHUPDOO\ 6WDEOH $0XPLQX&KHK UILBBWHIHG XFLQ

( & 6WHYHQV 0 % 0 ORXVD * 1 3DUVRQV 7KHUPDO
6Q PHWDO XVIDQUG6R&M SRU SKDVH VLO\O GLK\GURS\UD]L(
9DF 6FL 7HFKQRO ®

9 3RUH . .QDSDV 7 +DWDQSII 7 6DUQHW 0 .HPHOO
OLIRKDWD $WRPLF /D\HU 'HSRVLWLRQ RI $QWLPRQ\ DC
'HFKORURVLO\ODWLRQ 5SHDFWLRQV &KHRJLODWHUHWK\OVLC

/ ; &KHQJ 9 $GLQROIL 6 / :HHNV 6 9 %DUDEDVK
GHSRVLWLRQ RI *H7H ILOPV ZLWK WXQDEOH 7H FRPSRVL\
- 9DF 6FL 7HFKQRO $

0 6DOLQJD % .HUVWLQJ , 5RQQHEHUJHU 9 3 -RQQDC
, *LDQQRSRXORV 2 &RMRFDUX OLUpPGLQ 5 OD]]DUHOOF
SKDVH FKDQJH 1AW RODW H U

=KDQJ ( OD 6LQJOH HOHPHQWD WO DD\DWWHB UHFRUG GD

< ) +X 4 4 4LX : 4 =KX 7 6 /DL 8OWUDIDVW FU\VWEC
FKDQJH ILOP Rl PRQREISAT B WIL PEFEQ\

) < -LDR % &KHQ . < 'LQJ . / /L / :DQJ ; 5 =HQJ
' SKDVH FKDQJH PHPRU\ IRU SUHFLVH @HXORPRG DK\ IF UL
7RGD\

- % X < ) +X 7 6 /DL < . :X 6 6XQ ,PSURYHG WKH
RI DQWLPRQ\ ILOP E\ WKH CDWHUOBKHUOD®WHU (OHFWUR

3 1Rp & 9DOOpH ) +LSSHUW ) )LOORW - < 5DW\ 3K
YRODWLOH PHPRU\ GHYLFHV IURP WHFKQRORJLFDO FK
LVVX6WPLFRQG 6FL 7HFKQRO
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3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

0
SKRWRQLF DSEDWFBWRWRD

JRU D UHYLHZ RQ WKH XVH RI $/' WR GHSRVLW SKDVH F
/IHH < . <RR & .LP : -HRQ - : +ZDQJ & 6 $WRPLF
FKDOFRJHQLGHV IRU QH[W JHQHUDW LR @ DSKHDWY H &KKIPQ J&i

XWWLI + %KDVNDUDQ 7 7DXEQHU 3KDVH FKDQJH

* &KHQJ 7 OLOQH 3 6DOWHU - 6 .LP 6 +XPSKUH\

$QWLPRQ\ WKLQ ILOPV GHPRQVWUDWH S URGRILHRPHHE O H
$GYDQFHV HDEG

/

<H 0 3 GH -RQJ 7 .XGHUQDF : * YDQ GHU :LHO

VHPLFRQGXFWRUV E\ PROHFXODU PRQROD\HUV PRQROD\
DQG DSSOLHDMHWRQFL 6HPLFRQG 3URFHVYV

2 &8RQQHOO 6 %LVZDV 5 'XII\ - ' +ROPHV &KHPLFI

ODQRGHYLFH D UFXQRWM HAWKURIOR J\
&
$GY 3K\V ;

ORVW 0/' VWXGLHV KDYH IRFXVHG RQ SKRVSKRUXV RU EI
PRQROD\HU GRSLQJ 0/'" RI JHUPDQLXP E\ DQWLPRQ\ KDV I

7

) =KDQJ 6 1 &KDQJ < 3 'DQ $GYDQFHV LQ XOWUL

$OYDUH] $ ' ODUWLQ ) *UDPSHL[ + (Q\HGL 9 o0

9HLOOHURW 0 'HZLWWH 0 1\V - 3 %HUWKH 0 6WI
*UDQGLGLHU % 6KDOORZ +HDYLO\ 'RSHG Q *HUPDQL)>
ORQROD\HU 'BR&6Q$SSO ODWHU ,QWHUIDFHV
$GGLWLRQDOO\ UHODWHG QDQRPHWHU VFDOH GRSLQJ F
GHVFULEHG 3RSHUH % & 5XVV % +HLWVFK $ 7 7U}
/IDUJH $UHD 1DQRPHWHU 6FDOH 'LVFUHWH 'RSLQJ RI 6t
&RSRO\PHU 6HOI$$/W HPIEWNMU ,QWHUIDFHYV

&DUERQ IUHH PRQROD\HU GRSLQJ 0/' RI DQ 2+ WHUPL
UHFHQWO\ DFKLHYDNG WKHQ@RBOMW FDUU\LQJ PROHFXOH |
&KDQJ 6 1 :HL + =KDQJ - - 'DQ < 3 )X0OO $FWL)
&DUERQ IUHH 6HOI $VVHPEOHG OROH$&® BB SIOR QRGIBFVHWR
ODWHU

)RU GRSLQJ RI VLOLFRQ ZLWK ERURQ YLD 0/' DQ HOHJD

R
/

*

GRSLQJ LQYROYHG WKH XVH RI FDUERUDQH FOXVWHUYV
*RQ]DOH] &DPSR & 1XQH] 5 GH -RQJ 0 3 XGHUQI
+XVNHQV - %RRVWLQJ WKH %RURQ 'RSDQW /HYHO

&DUERUBKHESSO ODWHU ,QWHUIDFHYV

7

ibp - 0 .LP O . .LP + .LP : + .LP /RZ WHPSHUD'

'"HSRVLWLRQ # 7DRG =Q2 7KLQ )RORADQ 3K\V 6RF

R

6

( SRWWV + % 3URILMW 5 5RHORIV : 0 0O .HVVHO
OHWDO 2[LGH 7KLQ )LOPV E\ (Q&KHR (QRBQFH&R¥LWLR
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3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

0 3XWNRQHQ / 1LLQLVWR S$WRRLFANVRIDQH LL GGPHS WL WL
WHPSHUDKWDXQUBROLG )LOPV

$ 3LOOL - -RQHV 9 /HH 1 &KXJK - .HOEHU ) 3DVTX
VWXG\ RI ORZ WHPSHUDWXUH DWRPLIFOBVW\RQ 6H XR\LIQW L%
DQG2+SUHFXUVBDN 6FL 7HFKQRO $

- ' JHUJXVRQ ( 5 6PLWK $ : :HLPHU 6 DOW *HRRIRH

WHPSHUDWXUH XVLQIJIZLWXE&E DY NKH FDWOBFWWRFKHP 6RF
* *

' $UO0 9 5RIJH 1 $GMHURXG % 5 3LVWLOOR 0 6DUL

6L2 WKLQ ILOP JURZWK WKURXJK D SXUH DWRPLF OD\HU
WHPSHUB&BXEE Y

7KHUPDO $/' RI WXQJVWHQ KDV EHHQ UHSRGIMWHG DW
5RRP WHPSHUDWXUH WXQJVWH®IEHIRVLIVQRR LRWIHYIVLI
EXW H[WUHPHO\SGR®HV)ZHUH UHTXLUHG WR DFKLHYH V
DXWKRUV QRWHGUMRBWLRQHG)G QRW SURFHHG WR FRPSO

- JHUUR 6 - *HRUJH 6 0 $WRPLF OD\HU GHSRVL
VHTXHQWLDO VXUIDFH FKHPLVWU\ ZLW K7 OL ® DRI IGF ) IDMMP \
E (ODP - : 1HOVRQ & ( *UXEEV 5 . ’

LQHWLFV RI DMXGI+6)VXUIDFH UHDFWLRQV GXULQJ WXQJV
GHSRVIBWURQ6FL

5RRP WHPSHUDWXUH FRSSHU GHSRVLWLRQ E\ DQ $/' OL
XVLQJ &X BIDEGLQHEXW VHOI OLPLWLQJ JURZWK ZDV QRW
6 : <XQ - < &KDQJ < + *URZWK RI &X OHWDO )LOPV
8VLQJ &DWD O\]H G&KHIPF Vo DRVGHW

= *XR + /L 4 &KHQ / - 6DQJ / = <DQJ = : J/LX
7HPSHUDWXUH $WRPLF /D\HU 'HSRVLWLRQ RI +LJK 3XUL)
&RSSHU )LOPV E\ 8VLQJ $PLGLQDWH 3UHF&KNRUODQ/G U\G L

* 1 3DUVRQV 5 ' &ODUN $UHD 6HOHFWLYH 'HSF
$SSOLFDWLRQV D Q G&KKHPX LOHD WXW O RR N

- <DUEURXJK $ % B6KHDUHU 6 ) %HQW 1H[W JHQHL
VPDOO PROHFXOH LQKLELWRUV IRU DUHD -VHOWKFWEYH DV
7HFKQRO $

< +ZDQJ % 0 1JX\HQ 6 $ 'D\HK $WRPLF OD\HU GHSI
HQKDQFHG QXFOHDWLRQ DQG FRDOHVFHQFH BSSWULPHW
3K\V /HWW

& GH 3DXOD 1 ( 5LFKH\ / =HQJ 6 ) %HQW OHFKDOQ
(QKDQFHPHQW LQ $WRPLF /D\HU 'HSRVLWLRQ E\ 3UH
2UJDQRPHW D O O LEKBIFPO 19 BXVOHHLV

& GH 3DXOD ' %REE 6HPSOH 6 ) %HQW ,QFUHDVHG
$/' E\ FRPELQLQJ QXFOHDWLRQ HQKDQFHPHOQW DWBU6$0 E
5HV
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3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

O 0 OLQMDXZ + S5LMFNDHUW , 9DQ 'ULHVVFKH & '}
1XFOHDWLRQ (QKDQFHPHQW DQG $UHD 6HOHFWLYH $W
SXWKHQLXP 8V ID@IG590V&KHP 0DWHU

5 .KDQ % 6KRQJ % * .R - . /HH + /HH - < 3DUN |,
0 +RQJ . % &KXQJ ( - /XEHU < 6 .LP & + [HH : +
$UHD 6HOHFWLYH $WRPLF /D\HU '"HSRVLWLRQ 8KHBJ 6L 3U
ODWHU

7 / /LX . / 1DUGL 1 'UDHJHU ' 0 +DXVPDQQ 6 ) %l
YHUVXV ORQROD\HU 'RGHFDQHWKLRO RQ B6HOHFWLYLW)\
6HOHFWLYH $WRPLF /B &6U$ SR VIDWNLIRY ,QWHUIDFHV

1 1 *UHHQZRRG $ (QKMKDEZU\, Rl WKHY{OBHPHQWYV
%XWWHUZRUWK +HLQHPDRQ 2[IRUG

5 / 3XXUXQHQ 6XUIDFH FKHPLVWU\ RI DWRPLF OD\HU C
WULPHWK\ODOXPLQXP ZBWE U3KURFHVYV

5 / 3XXUXQHQ : 9DQGHUYRUVW ,VODQG JURZWK DV C
GHSRVLWLRQ $ SKHQRPHQFRSSRILFIO\® PRGHO

6RPH H[DPSOHV RI $/' SURFHVVHV H[KLELWLQJ VXEVWUI

$/' RQ O E 6E $/' RQ =Q6 2F $$ORQ BL DQG G 7L2
$/' RQ 5X ZKHQV2XVHG DV WKH FR UHDFWDQW 6HH

J)DEUHJXHWWH ) + B6HFKULVW = $ *HRUJH 6 0 1XI
URXJKQHVV DQG RVFLOODWLRQV LQ PDVV JDLQ SHU F
GHSRVLWLRQ RE5$0 3K\V E ODKXOL 1 +DOGHL

3DXO $ O6DUNDU 6 . $WRPLF /D\6K 3KB R\RIDEVRQY RH WD QD6
8VLQJ 6HOHQLXP 'LPHWK\OGLWKLRFDUED&OMAH DMWHWUHZ
F /DPDJQD / :LHPHU & SHUHJR O

5RGUtIXH] - &ROO ' 6 *ULOOR 0 ( .OHMQD 6 (OO
6 XEVWUDWH (QKDQFHG *URZWK GXULQJ WKH (DUO\ 6WDJ}
RI $OXPLQD RQWR 6LOLFREHRWALDVWHUBXUIDFHYV G
/HH 6 : +DQ - + .LP 6 . +DQ 6 /HH : +ZDQJ & 6
5HDFWLRQ LQ $WRPLF /D\HUKHR)\LIOW VROIBROQW FX RQ
5X RU 5%XEVWWRIXWAVODWHU

$IWHU WKH LQLWLDO VXEVWUDWH KDV EHHQ FRYHUHG
DQG 662 FRXOG SHUKDSV EH GXH WR VXEWOH GLIIHU
FU\WWDOOLQLW\ DW WKH VXUIDFH RI WKH JURZLQJ DQWL
EHHQ UHSRUWHG IRU WKHUPDO RU SODVPD HKBQMPHG $/'

+ZDQJ - 0 +DQ 6 0 <DQJ + <HR 6 J/[/HH 6 + 3DUN
3DUN % . %\XQ < (RP 7 &KXQJ 7 0 $WRPLF OD\HU C
WKLQ ILOP XVLQJ D SUHFXUVRU -ZLODIKWHQKRRHAPG&UHDFW

E 6RQJ 6 - /HH 6 : .LP * + B6HRN - < <RF
- + +ZDQJ & 6 *DWLQHDX - .R & B6XEVWUDWH '"HSHC

RI 3ODVPD (QKDQFHG $WRPLF /D\HU '"HSRVLWHG 1LFNHO
6ZLWFKLQJ $S&SIOHF DWILWRIQU F ‘:RQ 6 - ©6XK 6
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3K ' 7KHVLV + ODMHGD $0 +DUHUL

OFODVWHU 8QLYHU"

/IHH 6 &KRL * - +ZDQJ & 6 .LP + - 6XEVWUDWH
5DWH RI 30DVPD (QKDQFHG $WRPLF /D\HU '"HSRVRPWLRQ RI
*DV(OHFWURFKHP 6ROLG 6WDWH /HWW

$W DQG f& SXOVH WLPHV RI RU V ZHUF
GHSRVLWLRQ RQ + 6L $W f& DQG V SXOVHV OHG
F\FOHV DYHUDJH ILOP WKLFNQHVV YDOXHV RI D Q

UHVSHFWLYHO\ YV QP XVLQJ V SXOVHV 7KH ILOPV C

DQG 9%$6( VKRZHG PLQLPDO YDULDWL

RQ LQ ILOP WKLFNQ

ZDIHU %\ FRQWUDVW DW DQG f& V SXOVHV VWL

DQG 9$6( LQGLFDWHG VXEVWDQWLDO
WKH ZDIHU
8VH Rl DQ DGGLWLRQDO PLQXWH
RI $/' ZDV WHVWHG IRU D GHSRVLWU
SXOVHV SULRU WR $/' F\FOHV XVL
XVLQJ 6E 6I1SOHH WUHDWPHQW [V
V SXOVHV 7KH IRUPHU \LHOGHG [F

YDULDWLRQV LQ IL

DUJRQ SXUJH EHWZ|
RQVRIGI BWSRHXQWW. QJ 6 |
QJ V SXO&HV DOQ
SXOVHV SULRU WR
ILO R AV R L WNKEREKWW VRK

PLOQXWH DUJRQ SXUJH DQG WKH ODWWHU FLHOGHG D
QP ZLWKRXW WKH PLOQXWH DUJRQ SXUJH
/" 5|VFK + 1HXPDQQ 6\QWKHVH XQG (LIHQVFKDIWHQ

*DOOLXP 9HUEBQGKD JAIQH P
$ * %URRN ) S$EGHVDNHQ

+ 6|/O0UDGO  6\C

7ULV WULPHWK\OVLO\O -J H2WRI\IDDQ &M P S\R X&KG\P

+ *LOPDQ & / 6PLWK 7HWUDNLYUWLDQRAMW\RKHRAO VL

1 $XQHU 8 .OLQJELHO 6\QWKHWLF OHWKRGV LQ 2U
&KHPLVWU\ 9RO 7TKLHPH OHGLFDO 3XEOLVKHUV

7 +DWDQSIIl 9 3RUH O 5LWDOD 0O /HVNHOI $ON\OVL(

DQG 7THOOXULXP 1HZ 3UKH&EXUVRQV IR

u s/

$ 1 %YHHFKHU ; <DQJ - + 3DOPHU $ / /D*UDVVD 3

6 2ZHQ $WRPLF 6WUXFWXUHV DQG
AXDQWXP “R$WPV &KHP 6RF

*UDP 6FDOH 6\QWKHF



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'
&KDSWHU

6\QWKHVLV RI 6LO\O DQG *HUP\OERUDQHV DQG ,QYHVWLJDYV

BUHFXUVRUV IRU %RURQ $WRPLF /D\HU '"HSRVLWLF
+  QWURGXFWRU\ 3UHIDFH

(OHPHQWDO ERURQ DQG ERURQ FRQWDLQLQJ PDWHULDOV
LQGXVWU\ DQG UHVHDUFK )RU LQVWDQFH ERURQ QLWULGH
FRDWLQJ OD\HU GXH WR LWV H[WUHPH KDUGQHVV KLJK WK
UHVLVWDQW @NRSHRIWWNW\JURVFRSLFLW\ ERURQ R[LGH LV Q
PDWHULDO EXW LW LV D EXGGLQJ PDWHULDO RI LQWHUHVW

LQ SODFH RI LQGEXP R[LGH

%RURQ LV XWLOLJ]HG DV DQ HOHPHQWDO VHPLFRQGXFW
VHPLFRQGXF@/ R\KMH ODVW GHFDGH ERURQ GRSHG GLDPRQG
DV D VXSHUFRQGXFWLQJ *URXS ,9 HOHFWURGH PDWHULDO
HOHFWURFKHPLFDO 3REKIHQ WQ PRUBIRUDRZLRQ RI ERURQ DWRP\
ODWWLFH LQ FRQFHQWUDWDRDRRWV\D SRRV WKH YHU\ ZLGH EI
RI GLDPRQG DQG WKH UHVXOWDQW PDWHULDO GHPRQVWUDWFE

RQ WKH GRSDQW FRQFHQWUDWLRQ

%RURQ WKLQ ILOPV LQ WKH VHPLFRQGXFWRU LQGXVWU\ C
WHPSHUDWXUH 39' RU &9' PHWKRGV 7KHVH \RHFKERD ERHRRIW F
VRXUFHV DQG GHSRVLWLRQ WHPS®HHSRMKUMM @ YRIU %' FXUU
UHTXLUHV SODVPD DVVLVWHG &9' RI D FDUERQ FRQWDLQLQ.

SUHVHQFH RI K\GURIHEQWXKQSO®BVPD EHLQJ JHQHUDWHG E\ PL



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

ILODPHQWY UHTXLULQJ KLJK SODVPD DQG VXEVWUDWH WEFE

UHVSHFWLYHO\ FRU GHSRVLWLRQ

7TKH GHYHORSPHQW RI D QHZ SURFHVYV IRU HOHPHQWDO EF
ZRXOG SURYLGH D QRYHO ORZ WHPSHUDWXUH SODVPD IUHH
WKH GHVLJQ DQG DWWHPSWHG VIQWKHVHV RI VLO{O &€0QG RU
RU *H WR EH XWLOL]JHG DV SUHFXUVRUV LQ FRPELQDWLRQ Z
$/' Rl HOHPHQWDO ERURQ 7KLV SURFHVV 6FKHPH PLUURL
LQ &KDSWHU 6FKHPH ZKLFK DOVR H[SORLWV WKH W

IRUPDWLRQ RI WHWUHO KDOLGH ERQGYV DV D GULYLQJ IRUFH

B(ER3); + BX L 2B+ 3 RE-X
3)3 3 E = Si. Ge (s) 3 (9

X=Cl, Br, |

6FKHPH 3URSRVHG UHDFWLRQ RI D WUL VLO\O ERUDQH RU WL
ERURQ WULKDOLGH FR UHDFWDQW

+ $/' Rl %RURQ &RQWDLQLQJ )LOPV

RURQ FRQWDLQLQJ ILOPV JURZQ E\ $/' FDQ EH GLYLGHC

QLWULGH %1 ERURQ RGLEBHW BO ERURQ R[LGHV DV VXPPDUL:



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

7TDEOH 5HSRUWHG WKHUPDO $/" SURFHVVHV WR GHSRVLW ERU

ODWHULDO %RURQ 3UHFXUVRU &RDBWHOFWDQ
% & O 1+ > @
> @
% 1 % % U 1+
> @
%& QA + +1 6LOH > @
% % U +2 > @
%2
% & O +2 2 > @
IL%2 [1&2 % 3 U /L YW%X 2 > @
&D %R &D7S + 2 > @
6 U@\ 6U7S +2 > @
%D % %D 'S + 2 > @
0Q %2 0Q7S 2 > @
&R %R &R7S 2 > @
% + =Q (W+2 > @
= Q%8
% BU = Q (W+2 > @
.Q WZR QHZ SURFHVVHV IRU %1 $/' ZHUH VHSDUDWH

FRQIRUPDO %1

ILOP GHSRVLWLRQ ZDVSEOEWHLFYGHY DWW LQJ. VIHD

SXOVHV RDQRERG+@2SOWKRXJIJK WKH DXWKRUV GHVFULEHG WKH

SURFHVVY VHOI OLPLWLQJ JURZWK ZDV QRW LQYHVWLJIJDWHG

DW DQG

XV D@IG%@%BHOI OLPLWLQJ JURZWK

c

ZDV



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

ERWK WHPSHUDWXUHYV DQG ILOPV JURZQ DW . ZHUH DPRU:

ZHUH WXUERVWUDWLF D FU\WVWDO ODWWLFH > IRUPKHIDW XU
DXWKRUV ODWHU GHPRQVWUDWHG WKDW WKH *3& RI WKLV SU
PDLQWDLQLQJ VHOI OLPLWLQJ JURZWK E\ ISX DWRFKHHPV ¥ DFD O
ODVHU DVVLVWHG DWRPLF OD\HU GHSRVLWLRQ /$/' ZKHUHE
E\ D ODVHU EHDP IRFXVHG DERYH DQG SDUDOOHO WR WKH V
WKH UHDFWDQWYTV GLVVRFLDWLRQ LQWR P\RUH LWHIDFRRA DYWL R Q

PDGH QR GLIITHUHQFH WR WKH *3&

1HZHU UHVHDUFK LQ %1 $/' LQFOXGHV GHSRVLWLRQ RQ P
QDQRIOXI®SGEEYWLRQDOO\ ODULFK\ DQG FRZRUNHUV UHSRUWI
%1 $/' WKDW DYRLGV WKH XVH DQG SURGXFWLRQ RI KLJKO\ F
WKH UHDFWLRQ Rl WU&EKIORDRER UH LHAHWK\OGLVLOD]DQH
IROORZHG E\ KLJK WHPSHUDWXUH DQQHDOLQJ XQGHU®@DQ DWHF
7KH SURFHVV SURSRVHG EDVHG RQ VROXWLRQ VWDWH Gt
HOLPLQDWLRQ RI WULPHWK\OFKORURVLODQH XSRQ H[SRVXI
%&D+ WUHDWHG VXEVWUDWH 7KH UHVXOWLQJ SRO\ERUD]\OH
DQQHDOH® XQGHU D SDUWLDO DWRPRRSRHKWMHHDRIIRDMDO %1 8QLI
FRQIRUPDO ILOPV ZHUH REVHUYHG D tR HU G HIRML VELHRB@ VDLW
DQQHDOLQJ c JURZWK UDWH 7KH DXWKRUV VWDWH WK
SURFHVV ZDV GHPRQVWUDWHG E\ WKH OLQHDU UHODWLRQV
QXPEHU RI F\AFOHV DQG WKH UHSURGXFLELOLW\ RI GHSRVLYV

SXOVH WLPHV RI HLWKHU UHDJHQW ZDV QRW LQYHVWLJDWHG



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

H [ H ] H

cl N(SiMe3) N(SiMe;) N(SiMe3)

; ; - '
HNTONH L ingsivley), —— HNTONH | HNTTSNR | RN N Ameal g

B\ B\ - Me38iC| B B B B B\ B - HN(SIMe3)2

Cl” >N CI N7 N7 O INTOSNT T INT NN - NH,CI

H (Measl)” N H ” N N Cl 4

- “n

B3Cl3N3H3

6FKHPH 5HDFWLRQ IRU WKH JHQHUDWLRQ RI KH[DJRQDO ERUF
WULFKORURERUD]LQH DQG KH[DPHWK\OGLVLOD]DQH WR IRUP
WKHUPDO DQQHDOLQJ XQGHU D SDUWLDO DWPRVSKHUH RI DP

$/' RI ERURQ R[LHKL® ILOPV ZDV ILUVW DNHERUSHGI XVLQJ
OLPLWLQJ JURZWK ZDVWRENSHRVWEHGLRY WHPSHUDWXUH ¢
JURZWK RFFXUWWBHD@®WR ILOP GHSRVLWH@G EHKWEZKIAMXH DXWKR
VWDWH LV OLNHO\ GXH WiR WWHKLRURADWVIRBSRUBPWXUHY ZKLF
WKH SUHVHQFHDRBRXUYV 7KH K\ P UR\DRRSLED¥% SURWHFWHG E\
JURZQ2$®D\HU EHIRUH H[SRVXUH WR DLU 2YHU D GHFDGHI
WHPSHUDX XUHS¥WRFHVY ZDV UHSRUWHG E\ _.HOEHU D@& FRZR
+2> @ZKLFK UHVXOWHG LQ D VLJQLILFDQWO\ KLJKHU *3& R
FROQWDPLQDWLRQ ZDV REVHUQOMGEH DWFWKHAKHL DXWKRUV DOVFE
%&Q@ DV D SRWRQSLBORFHVYV EXW IRXQG WKDW WKHUH ZDV

URRP WHPSHUDWXUH DQG DW . &0 FRQWDPLQDWLRQ ZDV

%RURQ GRSHG =Q2 % =Q2 WKLQ ILOPV ZHUH VWXGLHG E
ILUVEY $%' SURPH94DPDGD DQG FRZRUNHUV JUHZ =Q2 WKLQ
WHPSHUDWXUHV EHWZdHQ/LQDGGHW K\ODQGE + %QCWSHG =Q?2
ZDV REWDLQHG EA SXOVQJIWAIKOQHW KLOH WKH VHOI OLPL\

WKH =Q2 SURFHVYV ZDV FRQILUPHG WKH VDPH ZDV QRW GRQH



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

$ QHZ SURFHVV IRU GHSRVLWLQJ i ZRY WKYBORORE R WL
WULLVRSURSR[\ERUDQYH WD2H DOWHUEDQVWKH WRUBBAHVYV % 2
ZDV SXOVHG DIWHWY2HBPWO R QWG ZDV IROORZHG E\ D VHFRQ
HVVHQWLDOO\ IRUPLQJ D VXSHUF\FOH FRQVLYWLAROHRI7TK®@®H =
DXWKRUV QRWHG WKDW LW ZDVGRENYGUWE OB \WRYVIURERYWSRUD
VXSHUF\FOH DW HOHYDWHG WHPSHUDWXUHYV GHVSLWH WKHL!
XQVXFFHVVIXO DWWHPSWY [BWSRWWDIOR QU HRWUY 3B 26 & Q

FRPELQDWLRO Z@WK +

/ILWKLXP ERUDWH FDUERQDWH ILOPV JURZQ E\ $/' ZHUH LC
VROLG HOHFWURO\WH IRU /L EDWWHULHV XWQ J2PAX OH U QR0 H \
RQH B122 F\FOI6HO!I OLP®WWLIER /LURZWK ZDV REVHUYHG DW V
VXEVWUDWH WHPSHWOWRQKBVWKH GR2WLREGRILUQ WKH ILOPV FRX
EH FRQWUROOHG E\ WKH GHSRVLWLRQ WHPSHUDWXUH 1HJOL

WKH ELQBU\2%S2YRFHVVY FRQVLVWHQW ZLWK SUHYLRXV UHSRU

7KH GHYHORSPHQW RI PHWDO ERURQ R[LGH $/' KDV EFt
SUHFXUVRUV IHDWXULQJ WULV S\UD]J]RO\O ERUDWH 7S )LJIX
XWLOL]JHG IRU $/' E\ WK H @UHWDHOU FIRIFRSXCBH [HV R | ZHKUHH WKREZ Q7 S
WR KDYH DQ RSWLPDO FRPELQDWLRQ RI WKHUPDO VWDELOI
R[\JHQ FRQWDLQLQJ RPRRWHD EFH\DIAWAM.ROYDOO\ WKH SUHFXUVRL
PHWDO WR ERURQ UDWLR WKDW LV PDLQWDLQHG GXULQJ WK
0Q %2 DQG 6% $/° ,Q WKH FDWH2REOQWKH DXWKRUV DWWULL

PHWDO WR ERURQ Q2DWWRKWRKCRVMSIRRLWLRQ WHPSHUDWXUFL

R[LGL]LQJ DELOLW\ RI WKH KQJK YBBHIQNW BPBHWEBQWDIWHU R
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7S OLJDQG E\ R[R VSHFLHVY RQ WKH VXEVWUDWH VXUIDFH OH
SUHFXUVRUV 0 &D 6U %D 0Q &R 2LRUFRMDEIGQDOWLRQDAVLW

REVHUYHG DW GHSRVLWLRQ WHPSHUD®XUHV UDQJLQJ IURP

RWR RmR

N—N

HB,,&W \{\@\V;

B,

R =H: MTp,
R = Et: MTpF?,

JLIXUH &KHPLFDO VWUXFWXQJ BYSI 07S

+ BUHYLRXVO\ 5HSRUWHG 6LO\OERURQ DQG *HUP\OERURQ

7KH DLP RI WKLV VHFWLRQ LV WR SURYLGH DQ RYHUYLHZ R
DQG ROLIJRJHUP\OERURQ FRPSRXQGV ZLWK D IRFXV RQ WKHL
7TDEOHYV DQG SURYLGH D FRPSUHKHQVLYH OLVW RI C
PROHFXOHV IHDWXULQJ WZR RU PRUH 6L %9 DQG RU *H % ERC
HQWULHY DUH OLPLWHG WR VPDOO PROHFXOHV LQ SDUWLFX(
FOXVWHUV KDYH EHH®KH[PROGFHHFXOHY GLVFXVVHG FRQVLVW Q

ROLJRVLO\OERURQ FRPSRXQGVY DV WKHUH DUH SUHVHQWO\ (

IV §Z + & %}ES-U t]v v JAYEI &+ ] v&](] - o(roJuli]vP PE}A:
PE}ASZ & & AJsz A CEQ] P %opos ZJU + & IV %}e]E]}V & U% E ZPE O
Jved vE PEJASZ @ § « JAE E VP }( 8 U% E SPUE X g >/ @& }v &}
AZ] Z }vo@G ii%e}e]8]}v A « JvA «5]P § X
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FRPSRXQGV DQG RQO\ RQH GH1HI BWUPOB® ERHBRHWWRBE& E\ 1|WK C
FRZRUNHUV WKH VDPH JURXS KDV UHSRUWH&IDLPK[RAGOIH QR\

EH GLVFXVVHG IXUWKHU

7TDEOH 5HSRUWHG ERUDQHV RU ERUDWHY RONKEGHGNBS@E 5
ZKHUH ( 6L RU *H DQG ; DQ\ RWIKOB UF BMARIF DTOKNKLIWYV % (
GLVWDQFHVY DQG ( % ( ERQG DQIOHNS DUBHHOWVWH R W |; WIBDN FL
VWUXFWXUH RI WKH FRPSRXQG KDV EHHQ UHSRUWHG

% 105
(QWU\ &RPSRXQGKHPLFDO V#L(WY ( %q <HDU
SSI
/L> BH % 10H @ > @
-% 6L + ]
&
0, > @ > @
/L> OH %@ -% 6L +] DYJ
&
0, > @ > @
/L> BGH% &+ @ -% 6L + ] DYJ
3 6 ¢ > @
/L> 3KOH% 20H | @ & > @
/L> 3K®H»% 23U | @ & > @

7TDEOH 5SHSRUWHG ERUDQHYV RU ERUDWRIY R BW®E Z KW\SH (5

6L RU *H DQG ; DQ\ RW¥%HID ® WRHPP ZIKIHO VKLIWYVY % ( ERQG Gl
(% ( ERQG DQJOHV DUB6o QA0S WHE AW WKH RU ; UD\ FU\VWDO VYV
FRPSRXQG KDV EHHQ UHSRUWHG

% 105 % ( o

(QW U\ &RPSRXQG FKHPLFDO <HDU
VKLIWYV (% (q

3 6 0 1( > @

016 9 10 > 9

016 9 1( > @

3K06 9 1 : > @

36 9 & > P

3 6 9 OH > P

3K'H %703 ", > @

A 0616 9 10 > @

A 0616 9 20F & ¢ > @
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% 105 % (
(QW U\ &RPSRXQG FKHPLFDO ", " <HDU
VKLIWV o (¢
Q . &0
/N X & 0O
. . d
8 ?'\N] . %U . %U
X \ ; VROLG VWDWH
2
OHV OHVLW\O 703 WHWUDPHWK\OSLSHULG\O &
GLLVRSURS\OSKHQ\O :\O GLPHWK\OSKHQ\O [\0\O

7KH PDMRULW\ RI ROLJRVLO\OERUDQHYV KDYH EHHQ SUHSD!
EHWZHHQ D KDORERUDQH DQG VLO\O DQLRQ )RU H[DPSOH
3K6L% (QWU\ ZDV UHSRUWHG E\ 3BHFKDO\ DQG :HVW LQ
WULEURPLGH DQG HTXLYDOHQWYV RI WULSKH@WWLIORR O GWEKL
QRWHG WKDW DOWKRXJK WKLV FRPSRXQG ZDV VXFFHVVIXOO
WHVW FRQILUPHG WKH DEVHQFH RI O%WWIOLXP K MPKLHFDID DMK IQ R/ |
; Ub\ FU\VWDO VWUXFWXUH WR FRUURERUDWH LWV DVVLJQPI

ERURQ FRQWHQW WR EH LQ FRPSDULVRQ WR WKH WKHRUI

SWWHPSWV  WR IRUP wWuLvV WULPHWK\OVLO\O ERUDQH
WULPHWKR[\ERUDQH UHVXOWHG LQ WKH IRUPDWLRQ RI OLWK

DQG VPDOO DPRX&WoVORI @ >(FMEU\WK DQG FRZRUNHUV ODWH
WKH FU\WWWDO VWUXFWXUH RI ERWK OLWKLXP BERUDWHKIV IUR
FRQWLQXHG WR UHSRUW ROLJRVLO\OERUDQHY DQG ERUDWH\

ZRUN IRFXVHG RQ UHDFWLRQV RI WULPHWK\OVLO\OOLWKLXF
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SUHFXUVRU >@J @NYMHU WLPH PRUH ERUDQHY DQG ERUDWHYV Z|
EXONLHU VLO\O JURXSV VXFK> PW WGELP KWW K PGISKKHA MM O\ B L O\
K\SHUVL®DQ G WHEXW \OW®LO0 VXSHUVLO\®$GFGRWERQDOO\ W]
FRPSRXQGV RIWHQ LQFRUSRUDWHKE VWL WPHCGWR BRQGHG WR
FHQWH®VR SURPRWH VWBBIRDIW LRRQUIRMRIK QLW U R RUE MWD O/ K |

RQ ERURQ

$ VXEVHW RI F\FOLF DQG ELF\FOLF GLVLO\ODPLGRERUDQHV
WZR GHEDGH# VWK D VLQJOH HDUOLHU ®[OH\BD FRBBRXQGYV ZH!
VIQWKHVL]HG YLD VDOW PHWDWKHVLY UHDFWLRQV EHWZHHQ
DQ DPLGRGLKDORERUDQH LZDWR QI GHG RURVWKHIUHDFWLRQ D
WR VXSSUHVV XQGHVLUHG @ LQDXVBQPBIQ®& FWZRQNHUV FKDUL
RSWLFDO SURSHUWLHV RI WEK 3X6IHS 00 FRO R X JHBU \0 H

(QWU\ @ FRPSRXQGV DQG VXSSRUWHG WKHLUCDVVLIQPHQW

7TKH% 105 FKHPLFDO VKLIWYV RI WKH WKUHH FRRUGLQDWH
ERUDWHYV ZHUH W\SLFDOO\ LQ WKH UDQJH RI WR SSP D«
1RWDEOH H[FHSWLRQV DUH WKH W6 RUJ,WHBWRKHPLFDQ RK L& @/
ZKLFK ZHUH DQG SSP> THKKHSHHWRYMMI\G 6L % ERQG OHC
ERUDQHY DQG ERUDWHY GHVFULEHG WKXV IDU UDQJHG EHW:
UHSRUWHG ( % ( ERQG DQJOHYV YDULHG JUHDWO\ GHSHQGLQJ
DQG RWKHU VXEVWLWXHQWY RQQERWEQUDQHYV glRU

ERUDWHYV
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$ XQLTXH FODVV RI FRPSRXQGV WKDW KDV HPHUJHG LQ Wtk
EHWZHHQ ERURQ DQG RQH RU WZR VLO\OHQHV 6LO\OHQHV K
RQH YDFPDRWELWDO EXW DUH SRRUHU B BREHRIWR DY GW KD
FDUEHQH®%RZHYHU WKH VIQWKHVHV RI VLO\OHQH FRQWDLQLC
GLVLO\OERUDQHV IURP VLO\HQHV (QWU\ DUH QRW DV VWU

HDUOLHU LQ WKLV VHFWLRQ DQG LQ VRPH FDVHV WKHLU PHF

, Q SRELQVRQ DQG FRZRUNHUV UHSRUWHG WKH UHDFWL
FRPSRXQG /6L 6L/ /BURPLE&+" ZLWK7%¥ UHVXOWLQJ LQ FOH
RI WKH 6L 6L GRXEOH ERQG WRGRUWWBUWILAR\@ RQPbLO\OGLK\G

ZKLFK ZzDV GHVFULEHG E\ WKH DXWKRUV DV IHDWXULQJ R

RQH GDWLYH ERQG EHWZHHQ WKH VLO\OHQH VLOLFRQ DQG EF

%UDXQVFKZHLJ DQG FRZRUNHUV V\QWKHVL]HG D VHULH
FRPSOH[HV (QWULHYV DQG YLD WKH UHDFWLRQV RI HT
VLO\OHQH 1+6L ZLWK RQH HTXLYD® HDK\L \R IUB DFIVKIDFOR G QF RO
% : LQOVHUWLRQ XSRQ WKH QXFOHRSKLOLF DGGLWLRQ RI WKFE
GLERUDQH DQG E & + ERU\ODWLRQ ZKLFK SURFHHGV E\ DG
DEWLYDWLRQ RI DQ DU\O & + ERQG DQG UHOHDVH RI RQH

6FKHPH
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XN & Xylo /— \ Xyl
B—EB Xyl 7>y~ X N ..-N Xl
/- N\ Xyl Si A
Ar X \—/ VIN Ar
(3 equiv) N Vo N %
or d > [ ‘gjwnB—B + ,S'\
Ar X X=F, Cl, Br N N H
\ / / Br = S,
B—B Xyl r N Xyl
SK L
Ar x \:,/ \\;/

6FKHPH 5HDFWLRQ VFKHPH IRU WKH SUHSDUDWLRQ RI VLO\O
DQG LQ 7DEOH $GDSWHG IURP UHIHUHQFH > @

$GGLWLRQDOO\ %UDXQVFKZHLJ DQG FRZRUNHUV SUHSDUH
UHDFWLRQV EHWZHHQ HTXLYDOHQWYV RIXWDQ 1+6L DQG
WHWUDPHWK\OSKHQ\@%\ FROWRID YW WKH DXWKRUV IRXQG Wk

DU\OGLKDORERUDMHEG WKRWWKH UDSLG IRUPDWLRQ RI D VL[ F

6 FKHPH
Si Si
Xyl =\ Xyl XVI~pn" N Xyl SN
\ / \ / \ S
\ i—g " (1 ;iv) @ eq_uiv) AN B ol
X//SI—B - ArBX, > N~g; \Si’N
X Ar=Ph Ar = Dur IN /]
X = Cl, Br X = Cl, Br N\ _N X X N_/

6FKHPH 5HDFWLRQ VFKHPH IRU WKH SUHSDUDWLRQ RI GLVLO
DQG VLODERULQLQH FRPSRXQGV $GDSWHG IURP UHIHUHQ
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*+ 6\QWKHVLV RI 6LO\O DQG *HUP\O 6 XEVWLWXWHG %RUDQ!

S3RVVHVVLQJ D ILUP JUDVS RQ WKH KLVWRU\ RI ROLJRVLO
IDFLOLWDWH WKH GHVLJQ RI ERURQ $/'" SUHFXUVRUV %RUD
JURXSV % (5 6L RU *H DUH RI SDUWLFXODU LQWHUHVW DV
WKH\ FRXOG SRWHQWLDOO\ UHDFW ZRW Kt BAVWRRVIRRUWE UHEB B PH C
ERURQ DQG D YRODWLOH KDORVLODQH E\ SURGXFW 6FKHPF
XWLOL]JHG IRU DQWLPRQ\ $/" XVLQJ WULV WULPHWK\OVLO\O D

WULFKORULGH 6FKHPH

*LYHQ WKDW SUHYLRXV DWWHP3IWY XVORV IS G HSD WK Ho [6LWDFP
VLO\OERUDWHY WKLV ZRUN IRFXVHG RQ WKH VIQWKHVLV RI E
EXON\ WULV WULPHWHK\GCLVLOKCENUVLOWHOXARIDO W ELGL > OH
VXSHUVLO\O@ JURXS LQ FRPELQDWLRQ ZLWK VRRXCGMU W
7TULPHWK\OJHUP\O VXEVWLWXHQWY ZHUH HPSOR\HG LQ WKL
VXEVWLWXHQWY EHFDXV® FDPQHEH SUNSGCUBHGQQUDRRG \LHOG
ZLWKRXW WKH XVH RI KLJKO\ WR[LF RUJDQRPHUFXU\ UHDJHQ
LV RQO\ DFFHVVLEOH@ERU>DPV6D@H DGGXFW ZLWK VWURQJC
KHIDPHWK\OSKRVSKRUDPLGHL 1 WRBW® UMRRHWKIDHQH SKRVSKRU

733% 6FKHPH @
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xs Li, RT

112 eq. [Hg(SiMes),] —SHRT 5 e siLi ~—MeLi AMPA, 0 7C

_or-
MeLi-LiBr, TPPA, —60 °C

Me3Si-SiMe;

I
o P
I N7 TN
\N/E\N/ C’ N Q
/ y \ \ /
HMPA TPPA

6FKHPH /LWHUDWXUH PHWKRGV IRU WKH SUHSDUBWLRQ RI W

, W LV DOVR ZRUWK QRWLQJ WKDW SUHYLRXV UHVHDUF
DOWHUQDWLYH PHWKRGV IRUDOWKH BUHSD WDWLR®DRI.5&V KRZ
DOO DWWHPSWV WR GR VR ZHUH XQVXFFHVVIXO 7KHVH DWYV
6LOH RU gW+ ZLWK VWURQJ UHGXFLQJ DIJHQWYV RU /HZLV EDVH'
EHQ]J\O SRWDVVLXP SRWDVVLXP JUD S K MVAHEXNV\FOGILDWK IQXOPS K D

HOHPHQWDO FHVLXP *+ LQ WKH SUHVHQFH RU DEVHQFH RI D F

%RUDQHV EHDULQJ D FRPELQDWLRQ RI EXON\ VLO\O I
WULPHWK\OJHUP\O JURXSV PD\ EH SDUWLFXODUO\ VXLWDEOH
VLO\O JURXSV FDQ EH H[SHFWHG WR LPSDUW WKHUPDO VWDE
OLQNDJHV FDQ VHUYH DV VLWHV IRU LQLWLDO UHDFWLYLW)
H[SHFWHG WR EH PRUH YRODWLOH WKDQ ERUDQHYV EHDULQJ
ORZHU PROHFXODU ZHLJKW )XQFWLRQDO JURXSV EHDULQJ Sl
WKHLU WHQGHQF\ WR GHFUHDV B WRDPBNLIQIL W\ SFHUHQDDOLRQ G
JURXSV PD\ EH WKH PRVW VXLWDEOH FKRLFH IRU SURYLGLQJ

DGHTXDWH YRODWLOLW\
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7TKDW VDLG ERUDQHYVY EHDULQJ RQH DPLGR JURXS LQ FRP
JURXSV(>%515 ( 6L RU *H@ PD\ EH DQWLFLSDWHG WR E
VWUDLIJKWIRUZDUGO\ VIQWKHVL]HG DQG BE GFRRQIHNIWK@GUBR®e
QLWURJHQ WR ERURQ 7KHVH FRPSRXQGV PD\ DOVR EH XVHIX
%&Q@V D FRPPRQ UHDJHQW WR UHSODFH DQ DPLGR JURXS RQ
SRWHQWLDOO\ DOORZLQJ IRU ERURQ $/' DV LQGLFDWHG

5( % 15 FRPSRXQGV DUH DOVR D IRFXV LQ WKLV ZRUN

NR;
3 | + 4BXy —> 4B () + 6 RE-X (g + 3 B(NRy)X
—_— -
_B_ 3 E-s e (s) * 6 ReE-X (g) 2X2 (@
RsE ERs X=Cl, Br, |

6FKHPH 3RWHQWLDO UHDFWLYLW)\(IRYU IBBREBOFXUNXRURI 5

7KH IROORZLQJ VHFWLRQV * GHVFULEH WKH
UHDFWLYLW\ RI D WKH DONDOL PHWDO VLO\O DQG JHUP\O |

SUHYLRXVO\ VIQWKHVL]HG EXW QRW FU\WWDOORJUDSKLFDOUC

"N OHL6L% 10H F WKH VXSHUVLO\O DQG VXSHUVLO\O WUL
WoXoL % 10H > & O RU ) @ WXL %&O DQG
WoX6L OHH % 10H DQG G WKH WULV WULPHWK\OJHUP\O

N OHH % 10H /L 7+)

+ 6WDUWLQJ ODWHULDO 6\QWKHVLYV
+ $ONDOL OHWDO 6LO\O 5HDJHQWYV
+\SHUVLO\OOLWBRBYXPUHSDUHG XVLQJ WKH WZR VWHS SUR

OLWHUBIWXYRIOYLQJ WKH UHDFWLRQ RI OLWKLXP DQG FKOF
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WHWUDFKORULGH LQ 7+) WR IRUP WHWUDNLY WULPHWK\OVLO\
ZLWK HTXLPRODU PHWK\OOLWKLXPLQQ GLHMKGODHWHHB F WRWR

I[URP KHIDQHYWDWFKHPH

SiCl, + 4 Me;SiCl —2H—»  sj(SiMes), Meli  m  {(Me,Si)sSiJLI(THF)s
- 8 LiCl - SiMey
(3-1)

6FKHPH 6\QWKHWLF URXWH IRU WKH SUHSDUDWLRQ RI K\SHU

BXSHUVLO\WAWRBG LLOP7d) Q ZDV SUHSDUHG IURP WKF
VIQWKHVLV ILUVW UHSRUWHG E\ :LEHUY ®Wg SEEARBDNBUN REFE
ZLWK WKH 10XRWHKEDMV\RBKRRGRVLODQH E\ SRWDVVLXP 10X
K\GURJHQ IOXRULWHEXR\\QIMXKRWGRVLODQH LQ QHDUO\ TXDQWI
IDLQWO\ \HOORZ OLTXLG 7KLV WKHQ XQ G H U HEXW DODD @\ LIXH
WR LQVHUWHEXMWKDUGURXS RQ WKH WV IGEDAR QO FIHMDAHHU Z DV LV
EURPLQDWHEG IDDVSHQWDQH DQG WKH FUXGH VROLG ZDV S
TXDQWLWDWLWHEXWIBEGRWEVLODQH DV D ZKLWH FU\WWDOO
UHDFWHG ZLWK D ODUJH H[FHVV Rl WKLQO\ FXRK\L FKR G DXP EIHQ
FU\WWWDOOL]JHG IURP KH[DQHV LQ YHU\ KLJK \LHOGV 7KH V\QW
KDV EHHQ UHSRUWHG E\ 11VWK PWAWRZRHPMBUNQG VROXELOL)

ORZHU WKDQ WKDW RI WKH 7+) DGGXFW DQG ZzDV WKHUHIRUH
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t .
B, SiHF BULi 5 15,8iH ——2—» gy,SiBr
- LiF - HBr
Na, THF
KHF, KF - NaBr
Bu,SiHCI '‘BusSiNa(THF),
(n=2-3)
(3-2)

6FKHPH 6\QWKHWLF URXWH IRU WKH SUHSDUDWLRQ RI VXSHU

7KH QXPEHU RI 7+) PROHFXIOHY EQWZHHQ HDFK ODUJH VFDOC
$GGLWLRQDOO\ LW VKRXOG EH QRWHG WKDW WKH SRVL
6L & SURWRQVURIQJHG EHWZHHQ DQG+ 10SSWPSHGWWKKH LQ
&' GHSHQGLQJ RQ WKH FRQFHQWUDWLRQ Rl WKH VDPSOH
SUHYLRXVO\ L® @pLQYHUD WXUWB DO DRT+)ZHUH JURZQ IURP C
VDWXUDWHG KH[DQHV VR@XWLRQQUWW R U HX H W Q-E WQRMIILOD R |
LQGHSHQGHQW PROHFXOHV DQG DOO ERQG GLVWDQFHV DUH
WKH & 6L & DQJOWWENWWIKH QMOLIJURXS LRI ODUJHU WKDQ WKH
6L 6L 6L DQJOHV REVHUYHG LQ WKH UHSRUWHG ZKUWWKN DD V\

SHUKDSV GXH WR LQFUHDVHG>V&HULF KLQGUDQFH LQ
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JLIXUH ; UD\ FU\VWDO VW BXHAWXUH RIZLWK HOOLSVRLGV VHW
SUREDELOLW\ GSOFFHOQKXGURJIJHQ DWRPV KDYH EHHQ RPLWYV
2Q0\ RQH RI WKUHH LQGHSHQGHQW PROHFXOHV LQ WKF
PROHFXOHV GLVSOD\HG GLVRUGHU DW WKH FDUERQ DWRPYV
FDUERQV WHBMHO JURXSV 6HOHFW ERQG GQVWDQFHEN ¢ DC
1D 2 1D 2 & 6L & $ ¢

6L & $ & $ 6L &

+ TULPHWK\OJHUP\OOLWKLXP

,VRODWLRQ DQG FU\VWDOORJUDSKLF FU\VWDOKDOLVD@RWRQ F
EHHQ SXEOLVKHG EXW LWV LQ VLWX VI\QWKHVLV RBWEHHQ Gt
SUHSDUDWLRQ RIRVPRUMG ZDV GHYHORSHG E\ 'U 3DWULFLR 51
&RUSRUDWLRQ &RPSRRYG VI\QWKHVL]HG IURP WKH UH |
WULPHWK\OJHUP\OEURPLGH ZLWK H[FHVV OLWKLXFKMHPXPLQX

7KH UHVXOWLQJ WULPHWK\OJHUPDQH ZDV GLVWLOOHG D
VHFRQG IODVN DQG ZDV FRQYHUWHG WR WULPHNWMWKAYIHUF

EXW\OOLWKLXP DV GHVFULEHG E\ 5RPHURRBPURVRQBODVFRPP X!
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LVRODWHG DV D ZKLWH VROLG ZKLFK GHFRPSRVHG XSRQ SL

KRXU WR YDFXXP SUHVXPDEO\ YLD LQLWLDO ORVV RI 7+)

LiAlH4, 0 °C 'BuLi,—20 °C _
Me,GeBr ——*——=» Me,GeH ) >  [(Me-Ge)Li(THE
’ -LiBr, AIBr3 3 -C4H1o [(Me3Ge)Li(THF)2]
(3-3)

6FKHPH 6\QWKHWLF URXWH IRU WKH SUHSDUDWLRQ RI WULPF

6LQJOH FU\VWBOWYW BURZQ IURP D FRQFHQWUDWHGHENROXWLI
JLIXUH ,Q WKH VROVLGLPWDODMFHZLWK WKH WULPHWK\OJHU
EHWZHHQ WKH OLWKLXP FDWLRQV LQ D UKRPEXV VKDSH 7KH
RI WKH GLPHU ZLWK D *H /L ERQG GLVWDQFH WKDW LV PDUJI
ERQG FRPSULVLQJ WKH GLPHU > YV c@ 7KH VXP R
LQ WKH WULPHWK\OJHUP\@ JWRYXISMLQLFDQWO\ OHVV WKDQ W
6L 6L DQJOHV LQ WKH K\SHUD/QOG\W KIHJ R XPVRUIQWKH & 6L & DQ.
VXSHUVLO\O JURXEH WABSUNHO\ GXH WR PXFK ORZHUDVWWHULF |

WKH FRRUGLQDWLRQ QXPEHU RI ILYH DW JHUPDQLXP



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

JLIXUH ; UD\ FU\VWDO VWUKK/REWXEH RIZLOMK HOOLSVRLGV VHW

SUREDELOLW\ &GBSDROOURVGCIRIHQ DWRPV KDYH EHHQ RPLWMW
6HOHFW GLVWDQFHW c¢cHDQGLDQJOHV *H /L

*H *H /L /L /L 2 /L 2

/L *H /L *H /L *H 2 /L 2

+ 'LPHWK\ODPLGRGLKDORERUDQHYV

'LPHWK\ODPLGRGLFKORUZRERND®E IRU WKH V\QWKHVLV
FRPSRXQGV LQ WKLV FKDSWHU 7KLV FRPSRXQG ZDV SUHS]
UHSRUWHG VXEVWLWXHQW UHGLVWULEXWLRQ UHDEWLRQ E
H[FHVV ERURQ WULFKORULGH L>Q@RISS\ROXIHZ D6\F KIHHSAWW G LV VRO Y
LQ KHSWDQH DW URRP WHPSHUDWXUH DQG XVHG DV D VWREN
PLQLPL]H WKH H[WHQWFRWRY ZIKWFHIG WR WKH OHVV UHDEWL
>% 108 @ IHYHUWKHOHVV WKLV GLPHU FU\WVWDOOL]HG R}
VR WKH FRQFHQWUDWLRQ RI WKH VRODOWLR®HEZWY RV/H\RBU PE
LOQWHIJUDWLRG RILOMBKMLI@DO UHODWLWYIH QIR0 VRK HKIESWDQH E

XWLOL]DWLRQ LQ D@ \DUH®D AWE RIFGWHFTWKWHD RI WKH VWRFN VROXW



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

LQGLFDWHG WKDW WKH VROXWLRQV FRQWDLQHG Y VRO \DPRQ
Y)LIXUH >%@ O0H ZDV SUHSDUHG IURP WKH 2(WHPEWLRQ
WULV GLPHWK\ODPLQR ERUDQH ZKLFK LV D PRGLILFDWLRQ
XWLOL]JHV JDVSHRXWN®B)WKH FKORULQH DQDORJXH ZKLFK FDQ
RU GLPHUDW URRP WHPSHUDWXUH WKLY FRPSRXQG ZDV RQO)
WHPSHUDWXUH DV GHVFULEH® SUHYLRXVO\ LQ OLWHUDWXUH

% 10 H % ———>  Q%L0H ;: Q%I10H : @

57 KU
&0 ;&0
)

6FKHPH 6\QWKHWLF URXWH IRU WKH SUHSDUDWLRQ RI GLPH'

w0
hd
o
-

[B(NMe,)Cl;].

——30.48

B(NMe;)Cl,

50 0 -50[ppm]

JLIXUH %™~ 105 VSHFWUXP RI D VWRER XROWW DRIQ KR |
0+]

+ +\SHUVLO\O 6 XEVWLWXWHG %YRUDQHYV

7KH VDOW PHWDWKHVLV UHDFWLRQ Rl ZUWWE&HUVL
ELV GLPHWK\ODPLGR EURPRERUDQH IRUPHG K\SHUVLO\ELYV

6FKHPH DQG VXEVHTXHQW UHDFWLRQ ZQWH O XWTLXRQY DL
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KHSWDQH DQG SXULILFDWLRQ E\ VXEOLPDWLRQ \LH(
K\SHUVLO\OGLFKORURERDPWHRQY EHWZHHQ BRBSRXW®WAR

HTXLYDOHQWY RI K\SHWLDW. QB P& WKL WK HVOXBQWHRIITRUW WR L
ELV K\SHUVLO\O FKORURERUDQH RU WULV K\SHUVLO\O ERUI
XQLGHQWLILHG SURGXFWV DFFRPSDQLHG E\ D VXEVWDQWL
PDWHULDOV ,Q EWRIQWWBGWHDGLO\ ZLWK HTXLYDOMQWYV R
*+ &« RU URRP WHPSHUDWXUH EXW FRQVLVWHQWO\ OHG WR

105 VSHFWURVFRS\

{(SiMes)sSiILI(THF); —Me22Blo ¢ SiMes)sSiIB(NMe,), ——2BCh— > ((SiMes),SiIBCI,
- LiBr - 2 B(NMe,)Cl»
(3-1) (3-6) (3-7)

6FKHPH 6\QWKHWLF URXWH IRU WKH SUHSDUDWLRQ RI K\SHL

$SWWHPSWV WR LQVWDOO WKUHH K\SHUVLO\O JURXSV RC
WXUQHG RXU DWWHQWLRQ WR K\SHUVLO\O VXEVWLWXWHG |
SDUWLFXODU VPDOO GLPHWK\ODPLGR JURXSV ZHUH XWLOL]

IXQFWLRQDO JURXSYV VWHULF LPSDFW DQG WR PLQLPL]H WK

JROORZLQJ OLWHUDWXUH SURFHGXUHV WKH UHDFWLRQ R
ZLWK WZR HTXLYDOHQWYVY RI K\BHRVGE® OBWHYXRXVO\ U
ELV K\SHUVLO\O DPLGRKEIRKDQBYV FU\WWDOOL]JHG IURP D FRQF
VROXWLR® D@ + \LHOG 6FKHPKLOH WIKHO5 VLIQDEDHRU 6L
GLG QRW VLJQLILFDQWO\ VKLIW XSFRQ WWBQ \IRU F DIVIR® |RIR

6L6LOH DQG» 105 VLIJQDO VLJQLILFDQWO\ LQFUHDVHG LQ IUH
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SSP LQ WR + DQG SSPUHYSHFWLYHO\ 7KH SUF
XQUHSRUWHG ; UD\ FU\VWDOXVWWUXFWXDOMXRIHY D FRRUGLQDYV
ERXQG WR WKH GLPHWK\ODPLGR JURXS DQG WZR K\SHUVL(
JHRPHWU\ ZLWK WKH VXP RIGDRKIEO® PRWRWEBOXYH DQJOH DERX

FHQWHU LV WKDW EHWZHHQ WKH WZR EqXON\ K\SHUVLO\O JUR.

NM62
B(NMe,)Cl, + 2 {(SiMes)sSilLi(THF)3 hexa';efigr 8¢ L
: e PN
(3-4) (3-1) (Me3Si);Si Si(SiMe3)3
(3-8)

6FKHPH 6\QWKHWLF URXWH IRU WKH VIQWKHVLV RI ELV K\SH

(b)

YLIXUH ; UD\ FU\WWDO VW B KEWX UBHR] » DIHWK HOOLSVRLGV VH\
SUREDELOLW)\ BODFKHOJIJK\WRIRIHQ DWRPV KDYH EHHQ RPLWWHC
IDFLQJ WKH ERURQ FHQWHUTV WULJRQDO SODQH E $ YLHZ
BHOHFW ERQG OHQJWHKYV % DDG DQJOHW 6L % 6l

1 & 1 & 6L % 6L 6L
1 1 % 6L & 1 &
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:KLOH WKH % 6L ERQG GRDVUWIXQPHM QQVKH UDQJH UHSRU
VLO\OERUDQHV WKH % 1 ERQG c LV VLIQLILFDQWO\ V
GLVWDQBH 1+Q + c DQG >/@76P % 10H3K @ > @KLV
FDQ EH DWWSJGERWWGRQRIURP WKH QLWURJSHRUER @B G RIQU B/RR)
UHVXOWLQJ LQ GRXEOH ERQG FKDUDFWHU EHWZHHQ ERURQ
WKH WULJRQDO SODQDU JHRPHWU\ DERXW WKH QLWURJHQ DV
VOLJKW@Q\RXW RI WKH 6L%6L SODQH OLNHO\ WR DFFRPPRG
K\SHUVLO\O JURXSV 7KH H[WHQW WR ZKLFK YWKRX$WNULFWO W
RXW Rl WKH 6L%6L SODQH LV VLIJQLILFDQWO\ OHVV WKDQ LC
5( % 15 FRPSRXQGV DOO RI ZKLFK EHDU D VWHULFDOO

WHWUDPHWK\OSLSHULG\O JURXS VHH 7DEOH

TDEOH % 105 FKHPLFDO VKLIWV % 1 ERQG GLVWDQFHV DAQ
DQJOHV IRU FU\VWDOORJUD SK L% DOLG OR RAPKIIRKXOIFAWH WZIKHGH 6L
*H 4% 1+DQG >/L@*»)6Q% 10H3K @ DUH OLVWHG DV H[DPSOH
ERURQ VLQJOH ERQGHG FRPSRPQGY MRPERRKQBEHG IRU FRPS

% 105 )
% 1 | , QWHUS
&RPSRXQG FKHPLERQ D oF 8 0d of BRI QFHY
VKL SSI
0 > @
t% 1y & &1
S/L 7+@> 6B % 10H3K & ) > @
él
GePh3
—B > @
T™P o
GePh3
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% 105 .
% 1 ,QWHUS
&RPSRXQG FKHPLFDGq_VWDQFHSQdoq-I OSQRIQ&HQFHV
VKL SSI
MesSi, SiMles
3i
/7 siMe,
TMP—B | 2 > @
Si/SiMez
MesSi” SiMe
Ph,
o
"~siMe,
_ > @
TMP—B é'M %' 80
i~ o2
Ph,
PhQ/Si—SiMez
- i > @
T™MP B\ /S|Me2 &' &0
Ph,Si—SiMe,
¢ 7KLV ZRUN
¢ 7KLV ZRUN
703 WHWUDPHWK\OSLSHULG\O

*+ 6XSHUVLO\O 6 XEVWLWXWHG %RUDQHV

,Q DQ DWWHPSW WR V\QWKHVL]H ELV VXSHUVLO\O GLPH
DQRDORJXH WKH UHDFWLRQ EHWZHHQ WZR HTXLYDIMDGHERWYHRI V.
HTXLYDOHQW RI GLPHWK\ODPLAORGERRGRBRERUDQ@Q®& PRGLWRU |
%~ 105 VSHFWURVFRS\ +RZHYHU RQO\ WKH LQVWDOODWLR
VXFFHVVIXO 6FKHPH 7KLY RXWFRPH FDQ EH DWWULEXW
VXSHUVLO\O YHUVXV K\SHUVLO\O VXEVWLWXHQWY SUHYHQW
RQ WKH ERUDQH $ VOLDKQG HPIIFHE WKIRDWLQJ RI WKH UHDFWLKF

RUGHU WR LVR%O®LWH SO&OH I[UHH ITURP XQUHDRMBAG >% 10H
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GLPHU )LJXUH 7KH VIQWKHVLY RI D VPDOO QXPEHU RI VL

SUHYLRXVO\ UHSRUWHG DQG WHH10GLYISIOIPDOMHDY WVLRDWDRE V!

> @
10 H &0
o1 W36 1 KH[DQHV _ f& | %8 0 |
610H ; “Wex6uD 7+ % —> 9
’ 2 1D&0 w ys” . % 10H.O V%xe(/o\&o
&0 . &0 80

) )

6FKHPH 6\QWKHWLF URXWH IRU WKH VI\QWKHVLYVY RI VXSHUV
> & O ) @ DQG VXSHUVLO\OGLFKORURERUDQH

B(NMe,)Cl,

[B(NMe,)Cl],

(‘Bu,Si)B(NMe,)Cl

T T T T

T T T T
50 0 [ppm]

JLIXUH %" 105 VSHFWUD IURP WKH 105 VFDOH UHDFWLR(

GLFKORURERUD@H HTXLYDOHQWY Rl VXSWRBYV ISQ\REREH X
VXSHUVLO\OGLPHWK\ODPLGRFKORURERUDQHRSEHIRUH WKH
DGGLWLRQPRGGOH KRXUV DIWHU WKW VDRSRE LM MRHU®KIHD WL Q.

IRU KRXUV

$OWKRWIBL % 10&0 GLG QRW UHDFW ZLWK DGGLWLRQ

WoX6L1D 74) DW URRP WHPSHUDWXUH RU HOHYDWHG WHPSHU



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

JHQHUDWHG VXSHUVLO\OG LFAKKMPWRERUDQKLY FRPSRXQG KD
UHSRUWHG E\ 1|WK D @®GUERZWRKNHWHNDFWLR QD GBWEZHMHH | Yok&HD
VXSHUVLO\OVRGLXP +RZHYHU RXU VI\QWKHVLV LV PRUH FRQY

I UMK X6L1D LV VLIQLILFDQWO\ OHVV WKDQ WKDW RI WKH 7+) D

7KH UHDFWLRQ Rl ROW)GITDOLYBDHQIL MRKBL% &O  LQ
&' ZDV DOVR H[SORUHG LQ DQ DWWHPSW WR JHQHUDWH ELV
WKLV UHDFWLRQ OHG WR FRQVLGHUDEOH SUHFLSLWDWLRQ
FRQWDLQLQJ VSHFLHV LQ PLQRU FRQFHQW 5IDDVFLVRIQR/QWHEHWZH
VXSHUVLO\OGLFKORUPERUDWHLPHWK\OJHUP\@QOLYKLXPU\LQJ
VWRLFKLRPHWULHY DQG UHDFWLRQ FRQGLWLRQV ZHUH DOV
VSHFWURVFRS\ WDUJHWLQJ WKH JHQHUDWLRQ RI VXSHUVLC
PXOWLSAKWS5 VLIQDOV DQG PXOWLSOH VLQJOHWV+LDOWKH UHJ

VSHFWUD ZHUH FRQVLVWHQWO\ REVHUYHG

WoXoL % 10H ZDV VI\QWKHVL]HG LQ WKH KRSH WKDW \
UHDFWLRQ WR JHQHUDWH ELV VXSHUVLO\O GLPHWK\ODPLGRE
LV HPSOR\HG UDWXKHU WKDMNMKH JUHDWHU ODWWLFH HQWKI
RYHU VRGLXP EPRRREIRKEBAGZDV VIQWKHVL]HG DV D FOHDU DQG
\LHOG YLD WKH UHDFWLRQ EHWZHBIQGVX®BHI@HLO\OVRGL:

VIQWKHVL]HG DQDORJRXVO\ WR

6LPLOD WX WR 10&0 WKH SUHSDUDWHRQA BRHG WKH DGG
RI' D VOLIJKW HIEG\RWUWRBHU WR IXOO\ FRQVXPH WKH GLPHULF EF
IRU WKH VIQWKHYXHDWLQJ ZDV QRW UHTXLUHG 7KH WUDQV

FRRUGLQDWH ERURQ VWDUWLQJ PDWHULDO LQWR D
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DPLGRVLO\OIOXRURERUDQH UHVXOWHG LQ¥WDIQEILEFDQW SR

VLIQDOV IURP DQG =+ WRSSP D@QG =+ SSP UHVSHFWLYH
7TKH DGGLWLRQ RI H% X8 LYIDO HOQWY RIR D VROXWLRQ
WoX6L % 10H LQ'&\LHOGHG QR UHDFWLRQ DW URRP WHPSH

UHDFWLRQ@WRU KRXUV OHDG WR FRQVLGHUDEOH SUHFLSL
SURPLVLQJ QHZ SHDN DW %™ SI9B VG HFKHIXP EXW IXUWKHU
FRQVXPH UHPDLQD®DG WR WKH JHQHUDWLRQ RI PXOWLS

GHFRPSRVLWLRQ SURGXFWV )LJXUH

3-10
il

3-10

r : : : : : : : : : : :
50 [ -50[ppm] -50 -100 -150  [ppm]

JLIXUH %™ OHIW )DRE ULJKW VSHFWUD PRQLWRULQJ
WoXeL % 10H ZLWORGL1D 74¢) & 0+] %A 0+]

) . JURP WRS WR ERWNWRPDGGLWLRRXRIV DIWHU WKH DC
Rl HIFHVWR DQG KHDWL@J DWWHU KHDWLQJ IRU DQ DGGLW

&

7KH PL[IHG WHWUHO ERUDQH VXSHUVLO\O WULPHWK\OJHL

ZDV SUHSDUHG I[URP WK H VDOW PHWDWKHVLV
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VXSHUVLO\O GLPHWK\ODPLGR FE&ORU IREEHRW BR\®H HU BWVO GULRARKPL X P
WHPSHUDWXUH 6FKHPH 7RURPROYBWH BEKDDHWLRQ LW ZD\
FULWLFDO WKOW % HOHRPSOHWHO\ FRQVXPHG GXULQDVWKH S|
WUDFH DPRXQWYV RIUHPOAW LLRY] WKH IRUPDWLREQ“RILDO5SURG X
FKHPLFDO VKLIW RI % SSP ZKLFK*HD% LGHHQWAH)HG DV ~ OH

YLGH LQIUD

NMe, NMe;

B + Me;GeLi(THF), ——————> B
Buysi” Cl - Licl BuSi” GeMe,

(3-9) (3-3) (3-12)

6FKHPH 6\QWKHWLF URXWH IRU WKH SUHSDUDWLRQ RI VXSH
GLPHWK\ODPLGR ERUDQH

6LQJOH FU\WWDONZRDW URRP WHPSHUDWXUH ZLWKLQ Wt
SURGXFW UHPDLQLQJ DIWHU FHQWULIXJDWLRQ DQG UHPRYTE
VWUXFWXUHHPIWXUHVY D FRRUGLQDWH ERURQ FHQWHU ERX
VXSHUVLO\O DQG WULPHWK\OJHUP\O JURXSV LQ D WULJRQTC
DQJOHV WRW® QLIXUH 7KH % 1 ERQG GLVWDQFH c
WKDW Rl DQ\ UH®BRIBWARP SRXQG LQFOX@GEQY WHKHWLUEVW 5
FRPSRXQG WR DSSURDFK FRSODQDULW\ EHWZHHQ WKH &1&
$OWRJHWKHU WKHVH REVHUYDWLRQ\S V@WIHWINE \B L RWOH B W\N B H
ERURQ DQG QLWURJHQ DWRPV GXH WR D GHFUHDVH LQ WKH

ERURQ DWRP
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JLIXUH : UD\ FU\VWDO Wa)X8 X FOKUM% ROH ZLWK HOOLSVRLG\
DW SUREDELOLW\3®BDF W WRRXSDUH RPLWWHG IRU FODULW
LQGHSHQGHQW PROHFXOHV LQ WKH XQLW FHOO LV VKRZQ

WULJRQDO SODQH E $ YLHZ GRZQ W&KHOWFWERREG DHQJIWKV

DQJOAHVX% 1 % 6L % *H 1 &
1 & 6L % *H *H % 1 1 %
& 1 &

+ *HUP\O 6 XEVWLWXWHG %YRUDQHYV

*LYHQ WKH VXFFHVVIXO V\QBLKHX%LMH RI A 0HQG
WoX6L OtH % 10H ZH ZHUH LQWHUHVWHG WR GHWHUPLQH 2
HQEXPEHUH®& %HOH PLJKW EH DFFHVVLEOH 7KHUHIRUH WKH
EHWZHHQ HTXLYDOHQWY RI WULPHWWK\OJHHPXQODWHKDX\P
GLPHWK\ODPLGRGLFK@DYWRERUDIQHG RXW UHVXOWLQJ LQ WKE
ZKLWH SUHFLSLWDWH DQG D FRPSOH[ %% [WDOBHVBHPABHERH V
LQFOXGLQJ WZR PDMRU SHDNV D EURDG SHDN DW SSP DQG

7KLV UHDFWLRQ ZDV UHSHDWHG RQ D ODUJHDVVEGGHGD QC

WR D VROXWLRFROXHGEH PIMWHU UHPRYDDQRY DYriRERGWY ORU YL Q.
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LQ SHQWDQH DQG ILOWUDWLRQ FRORXUOHVV QHHGOH FU\VW

JUHZ IURP WKH VXSHUQD8®DQW VWRUHG DW +

44.94
-12.26

[B(NMe,)Cl.],

I T T T T | T T T T ]
50 0 -50[ppm]

YLIXUH %™ 105 VSHFWUXP Rl WKH 105 VFDOH WHVW UHDFWL
RI % 10&0 DQG HTXLYDOHOQWTY+RI OH PLQXWHV DIWHU DGG
DW URRP WHPSHUDWXUH 7KH FKHPLFDO VKLIWV RI WKH WZR
LQGLFDWHG

7KH SURGXFW ZDV GHWHUPLQHG WR EH1IDKILWKL)XP ERUDWH
JLIXUH ZKLFK THDWXUHYV FRRUGLQDWH ERURQ ERQG
VXEVWLWXHQWY DQG RQH GLPHWK\ODPLGR JURXS DFFRPSD!
IRUPLQJ D FRQWDFW LRQ SDLU 7KH /L 1 GLVWDQFH LV OHVYV "'
ZLWKLQ WKH UDQJH SUHYLRXVO\ UHSRUWHG IRU OLWKLXP L
c> @KLV UHDFWLYLW\ LV VLPLODU WR WKDW REVHUYH
REVHUYHG WKDW WKH UHDFWLRQ RI WULPHWK\OVLO\OOLWK
VWRLFKLRPHWULHY GLG QRW UHVXOW LQ WKH IRUPDWLRQ

VLO\OERUD VBN 0Hz@0H @
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JLIXUH ; UD\ FU\VWDO VWUXFW®WXOH /RI7%)0OH ZLWK DWRPV
GLVSOD\HG LVRWURSLFDOO\ DQG ERQG PHWULFV QRW LQFOX:
DQG D KLJK OHYHO RI XQPRGHOHG GLVRUGHU DQG WZLQQLQJ

WKDW ZLWK OHDVW DPRXQW RI GLVRUGHU LV VKRZQ DQG +
JURZRBS 5

3XUH ERUDWBY LVRODWHG LQ UHDVRQDEOH \LHOG IURP W
% 10H&O DQG WULPHWK\OJHUBFKMHIPMKLXP DQG IHDWXUHV C
SHDN LQWMKHL05 VSHFWUXP DW + SSP 7KH L@HIDW LSHDRI WK
DW SSP IURP WKH UHDFWLRQ UHPDLQV XQNQ
ELV WULPHWK\OJHUP\O GLPHWK\ODPLGR ERUDQH +RZHYHU

FRPSRXQG KDYH EHHQ XQVXFFHVVIXO

OH*H OH
+ f& PLQ \ 1
%10H &O OHH /L 7+) —2L PLQ w2 /L 7+)

/Leo OH*RH

oA

6FKHPH 6\QWKHWLF URXWH IRU WK% 1IVRODW+RQ RI ~ OH
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*+ 7THVWLQJ %LV WHWUHO DPLGRERUDQHY DV 3UHFXUVRUYV |

+ ORODWLOLW\ 7KHUPDO 6WDELOBWOL® QGHHDFWLYLW\ R

7KH YRODWLOLW\ DQG W K HUWRD OV K/NV JEHLDA-IAAL W RWE RRIR Q
WULKDOLGHYV zZzDV DVVHVVHG WR GHWHUPLQH LWV YLDELOLW\
VXPPDUL]JHG LQ 7TDEOHOHDQRONVXEQLRNEWWKH VSDQ RI K
DW D SUHVVXUH RI P7RUU 7KHADKHEIRYE WPLRQHICO EWK IRD W L ¢
VDPSOH LQ D - <RXQJ 105 WXEH XQGHU VWDWLF DUJRQ
WHPSHUDWXUHV I1URP DQWRPRQLWRULQ3I EBED YBHFWURVFRS\

7TKHVH WHVWYV UHYHD WG BAOKD WR U KRgUV DW XS WR

7TKHUPRJUDYLPHWULF DQDO\WVLV FEHWEDHQLHGGORREW RQ
J)LIXUH UHYHDOHG WKH RQVHW RI YRODWLOL]DWLRQ DV
® 7KH EXON RI VDPSOH PDVV ORVV a &DW HRESVHHULDWIXGU A
ZLQGRZ DQG PDVV ORVV ZDV REVHUYHG E\ WKH HQG RI WK

HITLFLHQWO\ YRODWLOL]JHG ZLWKRXW GHFRPSRVLWLRQ UHVLC

100

80

60

Weight (%)

40

20
—— {(Me,Si),Si},B(NMe,) (3-8)
—— (Bu,Si)(Me,Ge)B(NMe,) (3-12)

0
0 100 200 300 400

Temperature ( °C)

JLIXUH 7*$ Rl "®OUHHBL% 10H DQ® XL OHH % 10H
SDPS UDWg PLQ VWDUWLQJ ZHLIJKWYV PJ PJ
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105 VEFDOH UHDFWLRQV ZHUH FRQGXF\WRGD»QG 0BRQLWR L
VSHEWURVFERS\ EMQWZ HHRH \2(VW8)& 0 0 VROXWLRQ LQ KBRWDQH
%, WKH UHVXOWV RI ZKLFK DUH VXPPDUL]HQDL®HGEWR UHD:
FRPSOHWHO\2ZWWX \WPDOO DPRXNEBWDRQHG HYHQ DIWKLU KHDWL
IRU KRXUV EXW JDYH D FRPSOH[ PL[WXUH RI SIURGRFWR WK
DW URRP WHPSHUDWXUH S9DBQWGRIHZKOWHELOQ VORZ FRQV X

DW URRP WHPSHUDWXUH WR IRUP D FRPSOH[ PL[WXUH RI E\
DW URRP WHPSHUDWXUH VHH )LIXUH $ DV DQ H[DPSOH
REVHUYHG % 10H &0 @U RU DQGL6DHA;; &O FRQILUPHG
DQG ; %U , WHQWDWLYHO\ DV¥MIQHG EBRVRGFRQ WKIHW 2
LGHQWLILHG 1R VLJQLILFDQW SUHFLSLWDWLRQ ZDVKREVHUY
QXPEHU RI SURGXFWV IRUPHG LQ WKHVH UHDFWLRQV VXJJH
ZLWKLQ WKH K\SHUVLO\O OLJDQG PD\ KDYH RFEX®WHG UDWK

; ) &0 %U , E\ SURGXFWV SURSRVHG LQ 6FKHPH

7TDEOH 6 XPPDU\ RI YRODWLOLW\ WKHUPDO VWDELOLW\ DQG |

NOHL6L% 10H DQ® XL OtH % 10H
N OHL6L% 10H WoxX6L OHH % 10H
S9RODWLOLW\
DW ® VXEOLPDWLRQ ® GLVWLOODWLRQ
P7RUU

7KHUP '"HFRPSRVLWLRQ DIWHU KHD

DO
6WDELOLV9\WDEOH BWRU KRXUV

® IRU GD\V




3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

A~ OHSL6LY% 10H WoXx6L OHH % 10H
SHZ?_'\:NV:Q‘YQ‘QA(/\HUYD\A LRQV %\[SURGXFWYV 9REVHRIGE DM R QV
,QFRPSO 4\é(¥H VORZO\
PSOH[ PLJ H
FRQVXPSWL RY FRIVxPHG 3$
%) 2(W Q Rwol 47 o] OXWWLSOH $URGXF

& QR QRW DOO 57 YROD)

XS WRg YRQDWLOR el slwbwh

QR SUHFLSLWDWH

OXOWLSOH SURG'I)SJ:LV}é(ICD\XOWLSOH PURGXF

%&0 VORZQ\ LQFOXGLQ
FRQVXPHG D’VV0567L6L‘%&OFJRQVXPHG"QDW\DX%M‘%&O
o 57 QR| DQG % 1&B

KHSWDQI@R SUHFLSDWDWA4H 1889
VRPH 57 YRODSVVEghSLVQER\MHDOO 57l YROD\

OXOWLSOH $URGKXEF

VORZOQ\W&RPSOH[ P [W&(g%;FH\IG?E\I/:VOX’%m%U
7 %

%%U | FRQVXPHG [DWPRAMN WO\ 5 7 RIl ZKLW L % 90 G
0
QR SUHFLSLWDODWE&DWL|O UHFLSI-V\f)D HOoUQRW DOO

YRODWLOH

VORZC TXLFNOARPSOH[ PL[WXUH
SOH[ PU[WRQWXPHG DWQFOXGLQJ

)\
P
0,
° FJFEJ%\\/XSPUHHGFLD?%ﬁBVﬁ YRODBWLOHUD) % 10H, PRVWO\
SUHFLSLWDSWHYRODWLOH

D SURGXFW LGHQWL4LH® RDVIHGG R FKHPLFDO VKLIWV RI
FRPSRXQGV @

+ SWWHPSWHG $/' BV&IQW 1 MHH DQG % &O

'LWK ERUD®UBWRYHQ WR GLVSOD\ WKH WKHUPDO VWDELOLMW
DOVR WKH UHDFWLYLW\ UHTXLUHG IRU DQ $/' SUHFXUVRU GH
LQ D KRPH EXLOW $/' UHDIFW RWKHKWRQUHPDEWDQW :LWK DQ L
SUHVVXUH RI DSSUR[LPDWHO\ 7RUU XVLQJ DZWW \@ B O LD/IHIRHG

DW & DQG JDVHRXDWo&BOLYHUHG ZLWK D JDV IORZ RI VFF



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

VXEVWUDWHR®I66L2ZDY DWWHPSWHG DW WHPSHUDRWXVHYJEHW

F\FOHV DQG SXOVH WQBHWRIBU VHFRQGV DQG VHFR
UHVSHFWLYHO\ $ VFDUFH DPRXQW RI GHSRVLWLRQ a QP GH
EHWZHHQ DG FRUUHVSRQGLQJ WR D *3& RI DSSUR[LPDW
WKLFNQHVV RI WKH GHSRVLWHG ILOP GLG QRW LPSURYH ZLW
SXOVH WLPHV 7KH UHVXOWYV ZLWKLQ WKLV WHPSHUDWXUH Z
JURZWK SHUKDSV GXH WR XQGHVLUDEOH UHDFWLYLW\ DW W

VSHFWURVFRS\ GXULQJ VROXWLRQ VWDWH UHDFWLYLW\ WHVYV

+ 9RODWLOLW\ 7KHUPDO 6WDE®%GEIW\0HHIQw HFHHDFWLYLW\ R

%LV WHWUHO DPLGRERULID@MEGCGDWWD SUHVVXUH RI P7RL
SRVVHVVHVY D PHOWLQJ SRLQW QHDU URRP WHPSHUDWXUH 7
PRQLWRUHG E\ 105 VSHFWURVFRS\ LQ D PHWKRG DQDORJRX)
FRPSRXQG&GQ 6HFWLRQ GHPRQVWUDWHG WKH VDPSOHYV
DW WHPSHUDWX®BHWRBHWRUZDV VLIQLILFDQWO\ GHFRPSRVHG

GD\V DW& GHPRQVWUDWLQJ UHGXFHG WKHUDEQONWWDEIZ®$ W\
FDUULHG RXBWHRMMZHHQ oW DWPRVSKHULF SUHVVXUH UHY|
RI YRODWLOL]DWLR@& WRWRHFKUEDWHG D JUDGXDO ORVV RI V
WHPSHUDWXUH ZLQGRZ RIgp SHURUWDWHOTKLY LOOXVWUDWH®
GHFRPSRVLWLRQ PD\ EH WDNLQJ SODFH VORZO\ DIWKIWFWKH R
H[KLELWHG UDSLG YRODWLOL]DWLRQ 1HYHUWKHOHVV RYHU

WKH HQG RI WKH UXQ ZKLFK VXJJHVWV WKDW DQ\ GHFRPSRVL



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

7KH VROXWLRQ VWDWH UMBRWEMVW\ERIUR Q 20WW KOO LG HYV
0 VROXWLRQ LQ KHREAW®WDH VRBRUHWKWHQHG E\ 105 VSHFWURVFRS\
VKRZHG URRP WHPSHUDW X U H%YHDMFN Y)WV \U HITVX K Wb&OH O H

WHPSHUDWXUHYV WR FRPSOHWHOAOWHLSFOWM ENVEKIRGXFWY ZHUEL

LQFOX% M) %U FRQILUPHG® >»% LO0BO ®U ,RU DQG
WoX6L%;; &0 %U 7KH UHDRQMG PBPEIWKH PRVW SURPLVLQJ V
$ DV LW UHDFWHG TXLFNO\ DW URRP WHPSHUDWXUH DQG

KRZHYHU + DV H[SHFWHG JLYHQ WKH FRORXU RI WKH SUHFL
REVHUYHG E\ SRZGHU ; UD\ GLITUDFWRPHWU\ DV VHHQ E\ LWV
DOORWURSH RI HOHPHQWD & ERURQIUDBWWRHIUDP GLG QRW PDV
PDWHULDO LQ WKH  QWHUQDWLRQDO &HQWUH IRU 'LITUDFWLR

ZHUH XQVXFFHVVIXO

B-Rhombohedral B

At A A

Reaction precipitate

26 (°) A = 1.54056 nm

J)LIXUH &RPSDULVRQ RI WKH ; UD\ GLIITUDFWRJUDP RI WKH S
UHDFWL %@ IRIOHH % 10H DQG DOMWMW URRP WHPSHUDWXUH E
HOHPHQWDO ERURQ WRS
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7KH VROXWLRQ VWDWH WHDRRR YWMRSRIUDWXUH VXJJHVW)\
WRZDUGVUMHBPIHQW ZRXOG EH WKHUPRG\QDPLFDOO\ IDYRXUDE
IDFW WKH UHDFWLYLW\ RQ D VXEVWUDWH VXUIDFH FRXOG E|
ZKDW KDV EHHQ REVHUYHG E\ VROXWLRQ VWDWH VWXGLHV V
FOHDYHG LQ RUGHU IRU WKH SUHFEXUVRU WR ELQG WR WKH V
UHGXFHG SUHVVXUHV FDQ IDFLOLWDWH WKH UHPRYDO RI E
UHGXFHG WKHUPDO VW@QERRPRSDURVRQWWRHQKDQFHG YRODW
FRPELQDWLRQ ZLWK WKH SUHVHQEHRXS DQWH KWL B H VAHHOFHH |
OLQNDJHV PDNHV LW DQ LOQWHUHVWLQJ DQG SRWHQWLDOO\ )

ERURQ $/°

+ 6XPPDU\ DQG &RQFOXVLRQV IRU &KDSWHU

,Q WKLV UHVHDUFK ERUDQHYV IHDWXULQJ EXON\ K\
WULPHWK\OJHUP\O VXEVWLWXHQWY ZHUH SXUVXHG DV SRWH
SURFHVV IRU WKHUPDO $/' RI HOHPHQWDO ERURQ 7KH UHT]
NOHBL6L /L 7+) DOQ®BXL1ID 7¢) KDG SUHYLRXVO\ EHHQ UHSH
DQ ; UD\ FU\VWDO VWUXFWXUH ,Z2D\D REMDLIRIHGS UMY LR XV O\
>0HH/L 7+1@ ZDV SUHSDUHG YLD WKH UHDFWLR@YHUWVULP

EXW\OOLWKLXP DQG ZDV FU\VWDOORJUDSK\ DQG VSHFWURVF

NOHL6L% 10H DQ® XL OHH % 10H ZHUH VXFFHVVIXO
VIQWKHVL]HG IURP WKH UHDFWLRQ RI ZKWSHUV L

GLPHWK\ODPLGRGLFKORURERUWDXH WKH UHDFWLRQ
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VXSHUVLO\O GLPHWK\ODPLGR FAKIONRU R BARWLIPHHIWWK\OJHUP\OOLW
UHVSHFWLYHO\ $WWHPSWV WR VIQWKHVL]H ELV WULPHWK\OJ

UHDFWLRQ RI WULPHWK\MIHAW PGOPHWKLXPPLGRGLFKORUR
UHVXOWHG LQ WKH IRUPDWLRQ RI D OLWKRRBRXQIGGHUP\ODPL

DQRG ZHUH FU\VWDOORJUDSKLFDOO\ FKDUDFWHUL]HG

&RPSRXQGYVPQG GLVSOD\HG WKH YRODWLOLW\ WKHUPDC
VWDWH UHDFWLYLW\ WRZDUGV ERURQ WULKDOLGHV WR EH
SUHFXUVRUV 8QIRUWXQDWHO\ GHSRVLWLRQ DWWH&SWY DW

XVLQIJDQG W&XHOG WR SRRU ILOP JURZWK ZLWK D *3& RI DSSUR

+ )XWXUH :RUN 3HUWDLQLQJ WR &KDSWHU

:KLOH VRPH SURPLVLQJ UHDFWLYLW\ ZDV REVHUYHG GX
"N OHL6L% 10H DWWHPSWYV DW ILOP GHBR\WOL WR RJH B AW O QW Q
XQVXFFHVVIXO ,Q WKH IXWXUH GHSRVLWLRQ VWXGLH\
WoX6L OHH % 10H LQ FRPELQDWLRY 24K PR&EGDULVRQ WR
FRPSRXQGSRVVHVVHVY D VPDOO DQG KLJKO\ UHDFWLYH WULP
SURYH NH\ WR SURSDJDWLQJ ILOP JURZWK SDVW WKH QXFC
PRGLILFDWLRQVY WR WKH WDUJHW SUHFXUVRU GHVLJQ DO
ELV WHWUHO DPLGRERUDQHYV )LJIJXUH JRU HI[DPSOH WKH
6WoXOH RUBMOHIURXSY LQ SMRFRXXJGISRVVLEON DOORZ IRU WK
ELV VLO\O GLPHWK\ODPLGR ERUDQK LWQRBRQRDXHYV WRHSODFHP!

GLPHWK\ODPLGR VXEVWLWXHQW ZLWK D EXONLHU DPLGR
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WHWUDPHWK\OSLSHULG\O 703 R W KIHYDPHRNXKIS\ OBDLYV DOIRA *R(
IRUPDWLRQ RI SRWHQWLDOO\ KLJKO\ UHDFWLYH ELV WULPH\

WULPHWK\OJHUP\O DPLGRERUDQH FRPSRXQGY DQDORJRXV W

NR> ER; = GeMes, SilBus, Si'Bu,Me, Si'lBuMe,

B 53
R3E/ \ER3 NR2 = NMez, N , N(SIM63)2

JLIXUH OROHFXODU GHVLJQ RI IXWXUH ELV WHWUHO DPLGREF
IRU ERURQ $/'



+

1@
3@

3@

i@
IT@

S @

3 0@
3 @

3 0@

3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

SHIHUHQFHV IRU &KDSWHU

5 7 3DLQH & . 1DUXOD G6\QWKHWKKBRX®%WHY WR %RU

' *DUFLD $ORQVR 6 ( 3RWWV & $ $ YDQ +HOYRLUW
.HVVHOV $WRPLF OD\HU GHSRVLWLRQ RI % GRSHG =Q2 X
ERURQ SUHFXUVRU DQG FRPSDULVRDWHWK&EEKHRBREHG =Q

-/ &KHQ % + :X - 0 :XH < =KDR & & :HL - 6XQ <
.+ *HQJ %RURQ GRSHG ]JLQF R[LGH WKLQ ILOPV IRU OD
PHWDO RUJDQLF FKHPLFDIKYD® SR IG3H SIRO/RW LR Q

% * <DFREL 6HPLFRQGXFWRU ODWHULDOV $Q ,QWU
6SULQJHU SS

© %ODVH ( %XVWDUUHW & &KDSHOLHU 7 .OHLQ &
JURXS ,9 VHPLFRQ®X FO\DRU\

6 - &REE = - $\UHV - 9 ODFSKHUVRQ %RURQ 'RSH
(OHFWURGH ODWHULDO IRU WKMHQKZ H®IW \ $QUDNOW &HKIHDPV X U \

- 0 )UHLWDV 7 ' & 20LYHLUD 5 $ $ OXQR] ( O
'LDPRQG (OHFWURGHV LQ )ORR®WNVBEHRVWHPV
OX]\ND - 6XQ 7 + )HUHMD < /DQ : =KDQJ * :X %]

FXUUHQW SURJUHVYVY DQG FKDOOHQJHV LQ YLM®RDRD HOHF
OHWKRGYV

% O6FKXULQN : 7 ( YDQ GHQ %HOG 5 0 7LJJHODDU
%LMNHUN 6\QWKHVLV DQG &KDUDFWHUL]DWLRQ RI %RUR
B3K\WVLFDO 9DSRU '&FPRWLWIRQV

- ' JHUJXVRQ $ : :HLPHU 6 0 *HRUJH $WRPLF OD\}
QLWULGH XVLQJ VHTXHQW IDO)GS HAARWVXORIVLESI )bV

% OnUOLG 0 2WWRVVRQ 8 3HWWHUVVRQ . /DUVVRQ
GHSRVLWLRQ RI %K LW®W KLRD L3O PNVO PV
- 20DQGHU / 0 2WWRVVRQ 3 +HV]JOHU - 2 &DUOVV]

$VVLVWHG $WRPLF /D\HU 'HSRVLWLRQ REKAPURIDILWUL
'"HSRVLWLRQ

: +DR & ODULFK\ & -RXUQHW $ %ULRXGH $ 1RYHO
$WRPLF /D\HU '"HSRVLWLRQ $SSUKIMHFKIIRARDBBRWRQ 1LWULG

0 3XWNRQHQ / 1LLQLVW| $WRPZFWKR\MHULGHSRNVWWUI
WHPSHUDKMDQBROLG )LOPV

$ 3LOOL - -RQHV 9 /HH 1 &KXJK - .HOEHU ) 3DVTX
VWXG\ RI ORZ WHPSHUDWXUH DWRPLFO®GB\RQ 6H XR/\IQW L%
DQG2+SUHFXUVBDN 6FL 7HFKQRO $

( .D]J\DN . + &KHQ $ / 'DYLV 6 <X $ - 6DQFKH] - /
7 7KRPSVRQ - 6DNDPRWR ' - B6LHJHO 1 3 'DVJXSWD
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3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

DQG ILUVW SULQFLSOHV RRGIRLAOMRFWOROVWHY IRU VRO
PHWDO EDWOWMHWHHY &KHP $

0 - 6DO\ ) OXQQLN & + :LQWHU $WRP LEQPDAKWY IGHIS R
ELV WULV S\UD]JRO\O ERUDWH FDOFLXP DV D KLJKO\ WKH
VRXUFHIDWHU &KHP

0 - 6DO\ ) OXQQLN & + :LQWHU 7KH $WRPUFOFDAHU 'F
8VLQJ WKH 7KHUPDOO\ 6WDEOH 3UHFXUVRU ®KWRVULV S\
9DS 'HSRVLWLRQ

0O - 6DO\ ) OXQQLN 5 - %DLUG & + :LQWHU $WRPL
Rl  %DR2% 7KLQ )LOPV IURP DQ ([FHSWLRQDOO\ 7Kl
7ULV S\UD]JRO\O ERUDW H ReHDR/ HAED BHHUF X UV R U

- 3 .OHVNR - $ %HOORZ 0O - 6DO\ & + :LQWHU - -»
VWRLFKLRPHWU\ FRQWURO LQ WKH DWRPLF OD\HU GHSRVI
PDQJDQHVH ELV WULV S\UD]R©\ODER BB W H7 HFK® ROR Q$

$ <DPDGD % 6DQJ 0O .RQDJDL $WRPLF OD\HU GHSR\
FRQGXFWLQISEQGHXUI 6FL

- - 7KRPDV 1 ( :HVWRQ 7 ( 21&RQQRU 7XUERVWUD
7TUDQVIRUPDWLRQ WR 2UGHUHG OD\$iR @QEKWWLERF%RURQ

0O :HEHU % .RRQNDHZ 6 %DOPH , 8WNH ) 3LFDXG
OLHOH 0 %HFKHODQ\ %RURQ 1LWULGH 1DQRSRURXV OH
&KDUJH E\ $WRPLF /D\$&6 HBSBWOLVWDRHU ,QWHUIDFHYV

O - 6DO\ 0 - +HHJ & + LQWHU 9RODWLOLW\ +LJK
OHOWLQJ 3RLQWV LQ +HDYLHU $ONDOLQH (DUWK OH'
7ULV S\UD]J]RO\O ERQRWH /&KBEBRGV

/ HVHPDQQ 0 7TULQNDXV 8 (QIOHUW - 0-OOHU
8QSUHFHGHQWHG & O XWWBQRMHHRW BIQ/QLF V
+ :DQJ / X = /LQ = ;LH 7UDQVLWLRQ OHWDO /LNH

%RURQ &RPSRXQGV 5HGXFWLRQ OLJUDWLRQ DQG &RPS
%RURQ &BQVHEZU &KHP ,QW (G

< +HLGHU 3 :LOOPHV 9 +XFK 0 =LPPHU ' B6FKHV
3KRVSKRUXV &RQWDLQLQJ +HWHURVLOLFRQRLGV 6WDEC
6LOLFRQ &OX%PWBKNP 6RF

7 +DEHUHGHU + 1|WK 6\QWKHVLVY DQG 6WUXFWXUH
%RUDQHV DQG 7ULK\GUR WULSK$QROJIH$P\®I %RRHBWHYV

7 +DEHUHGHU + 1|WK B6\QWKHVLV DQG 6WUXFWXUHYV
%RUDQHYV DQG 7ULRUJD G\ OMPRLQ Q $@ @R LBIKM R V
- %LIIDU + 1|WK 5 BFKZHUWKJ|IIHU 6\QWKHVLV
7JULPHWK\OVLOMNOERVDRGIY &KHP

%LIIDU + 1|WK 7JULPHWK\OVLO\O ERUDWHV IL
7ULPHWK\O V I&E\HOFO LIHKUW X P
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3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

- /LSSHUW + 1|WK : 3RQLNZDU 7 BHLIHUW 3UH.
&KDUDFWHUL]DWLRQ RI /OWKLXPQRWIOERHP® WH V
% 3DFKDO\ 5 :HVW 3KRWRFKHPLVFKH (UJHXJXQJ YR
&+ % DXV 2UJDQRV LI ODHER UDKHPQ
% 3DFKDO\ 5 :HVW 3KRWRFKHPLFDO *HQHUDWLRQ
&+ % IURP 2UJDQRVISQ\IHZR BKGIPV ,QW (G
$ 7VXUXVDNL . <RVKLGD 6 .\XVKLQ B6\QWKHVLV D
DONR[\WULV GLPHWK\OSBE®RQY ZODQERUDWHYV
+ 1|WK * +|OOHUHU 2@BHPRWIHUO ERUDQH
- " %X\QDN % *HQJ 6\QWKHVLV DQG2%H D B\R P HMAD\ORJ LE

© %LIIDU + 1|WK 7ULV WULPHWK\OVLO\O VLO\O %RU
%RUDWHMRUJ $00J &KHP %

1 :LEHUJ . $PHOXQ[HQ 7 %ODQN + : /HUQHU . 3RO
0 5DFNO O G6FKPLGW $PHOXQ[HQ + 6FKZHQN .LUFK
6XSHUVLO\OWUDHO DQRAWVLHO W6X GIQWKHVHYV &KDUDFWHU
SHDFWLRQV 6%W WOQRUXUBBOJ &KHP %

( +HQJJH ' :ROIHU %RUDF\FORSHQWDVLODQ HLQ QHXI
$QJHZ &KHP
- ODUNRY 5 )LVFKHU + :DJQHU 1 1RRUPRILGL - %D

2SHQ F\FOLF DQG ELF\FOLF FRPSRXQGV RI GRXEOH VLO
'DOWRQ 7UDQV

7 . 3XUNDLW ( 0 3UHVV ( $ ODUUR 0 $ B6LHJOHU ¢
(OHFWURQLF 7UDQVL?LRIQRP HWH GO RRV

& .OHHEHUJ & %RUQHU 2Q WKH 5HDFWLYLW\ RI 6LO\
+HWHURO\WLF %+6L &OHDYDJHXW -$GGRBW EKWPDWLR Q

0 < $EUDKDP < :DQJ < ;LH 3 :HL + ) 6FKDHIHU ,,,
+ 5RELQVRQ &OHDYDJH RI &8DUEHQHMRBWDIKELROLRE 'LVLOL

+ %UDXQVFKZHLJ 7 %U<FNQHU $ 'HL!HQEHUJHU 5

$ *(UWQHU $ +RIPDQQ 7 .XSIHU ' 3ULHVFKO 7 7KLH\
RI 'LKDORGLERUDQHYV ZLWK D 1 +HWHURF\FOLF 6LO\OHOQ
6LO\O 'LERURKEBDQHN -

$ *DFNVWDWWHU + %UDXQVFKZHLJ 7 .XSIHU & 9RL.
6LO\OHQHV LQ %RURQ &KHPLVWU\ )DFLOH )RUPDWLRQ RI
&KHP (XU -

0 $VD\ & -RQHVI 8HWHHRW\FOLF &DUEHQH $QDORJIXHYV
*URXS DQG *URXS (OHPHQWYVY B6\QWKHVHV 6WUXFWX
1HZ *HQHUDWLRQ RI OXOWIKMPOIBEWHG /LIDQGV

. & 6WLOO &RQMXJDWH $GGLWLRQ RI 7ULPHWK\VLO\
HWRQHZUJ &KHP

6 .DPLR 7 ,PDJDZD 0 1DNDPRWR 0 2HVWUHLFK +
*HQHUDWLRQ RI 7FULDON\OVLO\OOLWKLXP 5HDJHQWYV DQG
6LO\OERUR Q&\R YWKWH/WV
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3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

$ +HLQH 5 +HUEVW OUPHU * 0 6KHOGULFN ' 6WDON
RI 7ZR ORGLILFDWLRQV Rl 7ULV WHWUDK\GURIXUDQ W!
&RPSRXQG Z&IWK D05 &RXSQR@I &KHP

1 :LEHUJ . $PHOXQ[HQ + : /HPHU + G6FKXVWHU +
6FKPLGW $PHOXQ[HQ 7 6HLIHUW 'RQRUIUHLH
6XSHUVLO\ODOWRBQDP HOWNQWRHVHQ &KDUDNWHULVLHUXQJ
2UJDQRPHW &KHP

( 3LHUvV 5 /HPLHX[ 5HDFWLRQ RI 7ULPHWK\OJHUP\O F
$F\O &KORULGHV (IILFLHQW 6\QWKHVHV RI )XQFWLRQD
2UJDQRPHWDOOLFV

3 5RPHUR ,QWHO &RUSRUDWLRQ $GDSWHG IURP 3ULYIL

$ - %DQLVWHU 1 1 *UHHQZRRG % 3 6WUDXJKDQ
'LPHWK\ODPLQRERUR @& KIHPD BIRGH V
& : +HLWVFK 7KH 1XFOHDU ODJQHWLF 5HVRQDQFH

&RPSOH[BIRUJ &KHP
+ %UDXQVFKZHLJ 0 &ROOLQJ & .ROODQQ 8 (QJOHUW
FRPSOH[HV V\QWKHVLV IURP QRYHO GLFKORUR VLO\O
VWUXFWXUH DQG&BHPFWRFLWDOWRQ 7UDQV
( / /LSSHUW : 1 /LSVFRPE 1%&H 6$\PUXRAKWRPU I6 FRRA +

0 )DQ 5 7 3DLQH ( 1 'XHVOHU + 1|WK 6\QWKHVLV C
7ULV> WULPHWK\OVLO\O VLO\O@ GLLVRSURS\ODPRQR GL:
$00J &KHP

0O +DDVHD 8 .OLQJHELHO 5 %RHVH 0 3RON 6WDELO
,PLQRERUDQHQ .ULVW DNDHIGMMU BN IXPR WRIQV WULPHWK\O
&KHP %HU

IDWWLFH (@BRIEBQGERRN RI &KHPLVWU\ D®G -3KAVLFV
5XPEOH (G 7D\ORU )UDQFLV *URXS

$ & +D]J]HOO 7KH &U\WWDO 6WUXFWXUH RI SKHIRVK\ODF
6RF $

%RQG GLVWDQFH UDQJH EDVHG RQ D VHDUFK RI WKH &D
OLWKLXP DPLGRERUDWH FRPSRXQGV RI WKH /L 1 GLV\
WKH UDQJH GHVFULEHG &6' DFFHVVHG YLD FRQTXHVW &
YHUVLRQ XSGDWHG 1RYHPEHU

+ 1| WK + 9DKUHQNDPS ORQRPHUHQ 'LPHUHQ *C

$PLQRER UDKHRQ %HU

& OHFKWOHU 0 =LUQJDVW - %DXPJDUWQHU & ODUVF
RI $ON\Q\O 20 (XRV L-O D@RHYWJ &KHP
O - Y 6HWWHQ 0 $ 8LMWWHZDDO * $ G :LMV 5 %

6WDELOLW\ RI %RURQ 7KH 5ROH RI '"HIHBWV&BEB8 =GRFR 3F
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&KDSWHU

JORZDEOH $WRPLF /D\HU '"HSRVLQILRPRQRRUER[\OLF $FLG DV \

&R SHDFWDQW
*+ QWURGXFWLRQ WR &KDSWHU

$Q RYHUDUFKLQJ FKDOOHQJH DULVLQJ LQ WKH ILHOG RI Gt
PLQLDWXUL]DWLRQ RI GHYLFH VL]HV LV HIIHFWLYH JDS ILOOI
YRLGV )LJIXUH D GXULQJ WKH GHSRVLWLRQ RI WKLQ ILOF
DVSHFW UDWLR VWUXFWXUHYV 6KDOORZ WUHQFK LVRODWLR
LQGXVWU\ WR SUHYHQW FXUUHQW OHDNDJH E\ XVLQJ WUHQ!
XWLOL]J]HG SURFHVVHV VXFK DV GHSRVLWLRQ HWFK GHSRVLWL
WUHQFKHV ZLWK B(GKWQBEWYWLF\FOLF GHSRVLWLRQ DQG HWF
PDWHULDO RYHUKDQJ VR WKDW WKH HQWUDQFH RI WKH WUHC
HYHU\ GHSRVEWE#RQ@HWWMHS FKDOOHQJHV DVVRFLDWHG ZLWK G
XQLIRUPLW\ DUH FRPPRQ ZKHQ XWLOL]JLQJ WKH '(" PHWKRG
F\FOHV UHTXLUHG FRQWLQXHV WR LQFU®®\GH @D/P WU H G FXR\ZL ]\
GHSRVLWHG PDWHULDO ZKLFK LV UHODWLYHO\ ORZ PHOWL(
WHPSHUDWXUHY DQG YDFXXP WR ILOO WKH WUHQFKHV DQG
WKDW WKH GHSRVLWHG PDWHULDO UHPE&IRPP RQ G\KDOWKIQQY Hy
DVVRFLDWHG ZLWK WKLV SURFHVV LQFOXGH QRQ XQLIRUPL

SROLVKLQJ DQG RU KLIK WHPSHUDWXUHYV



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

r—w

Overhang Void/Gap
(b)
00 o QU
@
A
CC CO - organic by-products
® 000 @ = Hf,(C,H,0,),

or
Hf,(0),(CsH403),

J)LIXUH D 6FKHPDWLF GLDJUDP GHSLFWLQJ WKH GHYHORSP}
SURFHVV RQ D QDUURZ WUHQFK VXEVWUDWH GXH WR WKH JU
WUHQFK E 6FKHPDWLF GLDJUDP GHSLFWLQJ WKH SURSRVH
WKURXJK GHSRVLWLRQ RI PRQRPHWDOOLF FRPSOH[HV RU RC
WKHUPDO FRQYHUVLRQ WR +12

$OWHUQDWLYH GHSRVLWLRQ PHWKRGV IRFXVLQJ RQ WKH Y
UHSRUWHG WKH PDMRULW\ RI ZKLER PRFRAMG FWWR HEFH SARR/H WP H
LQYROYHG D SUHOLPLQDU\ VWHS RI ORZ WHPSHUDWXUH GH:¢
HIKLELWLQJ D FDSDELOLW\ RI IORZLQJ WR WKH ERWWRP RI Wk
DULVLQJ IURP WKHLU ROLJRPHULF QDWXUH RU VXIILFLHQW

GHSRVLWLRQ WUHDWPHQW LQYROYLQJ D FRPELQDWLRQ RI K



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

UHPRYH RUJDQLF IXQFWLRQDO JURXSYV OHDGLQJ WR ILOP VK
WKDW SURSRVHG I’'Q PLHMUHQLWADOO\ GHSRVLWHG ILOPV ZHI
YDULHW\ RI PHWKRGV LQFOXGLQJ &9' VRPHWLPHV UHIHUUH
&9' > @&( &9” @'3 &9” DQG VSLOQFRQWUIKH FDVHV ZKHUH WK
PDWHULDO ZDVVEDAZFRQ FRQWDLQLQJ SUHFXUVRU V2ORK DV W
HPSOR\HG DQG LQLWLDO GHSRVLWLRQ RI WKH IORZDEOH L
WHPSHUDWXUHVELHD QG VRPHWLPHY LQ FRPELQDWLRXY) ZLWK D
DQG RU SODVPD VSHFLHVY DV D FR UHDFWDQW 'HWDLOV DER?
KDG QRW EHHQ DVFHUWDLQHG W LV ZRUWK PHQWLRQLQJ
FDSDELOLWLHYV LQ WKHVH SURFHVVHV XWLOL]JHG VXEVWUDWI
ZHUH WDSHUHG WRZDUGV WKH ERWWRP ZKLFK PD\ LQDFFX

IRUPDWLRQ DV WKHUH LV OHVV SRVVLELOLW\ IRU RYHUKDQJV

9DSRXU SKDVH PHWKRGV IRU JDS IUHH WUHQFK ILOOLQJ W
KDYH DOVR EHHQ UHSRUWHG DQG WKUHH SURPLQHQW H[DP S
/[HH DQG FRZRUNHUV UHSRUWHG WKH ILOOLQJ RI QP ZLGH
WHOOXUL]DWLRQ DQQHDOLQJ RI $/" WUHRBRGQ "OHWEFEFPEIWVORNKIK V L Q
WHOOXUL]DWLRQ WHPSHUDWXUH LQFUHDVHG WKH 7H DW F
HISDQVLRQ LQ WKH ILOP YROXPH &RPSOHWH WUHQFK ILOOLC(

®& )LIXUH D KRZHYHU D YRLG ZDV REVHUYHG®W WKH E
B3RRGW DQG FRZRUNHUV UHFHQWO\ UHSRUWHG WKH JDS ILOO
KLJK DVSHFW UDWLR WUHQFKHV E\ PROHFXODU OD\HU GHSRYV

GXH WR LQVXIILFLHQW RXWJDVVLQJ RI WULPHWK\ODOXPLQXP



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

&9' FRPSRQHQW SURYLGHG D KLIJKHU GHSRVLWLRQ JURZWK L
SUHYHQWLQJ JDS IRUPDWLRQ GXULQJ> WUIKORR IRBRLQ@IQGL
FRZRUNHUV DFKLHYHG YRLG IUHH ILOOLQJ Rl WKUHH GLPHQVL
E\ D JUDGLHQWHDLYHOHFWLYH $/' $6 $/' SURFHVV ZKLFK X\
VXUIDFH LQKLELWR® WRL&ESHYMHQW G HBWR WILKH RMRBIRILWKH V X
VWUXFWXUH YLPXKIHV ZBV GRQH WR SUHYHQW EORFNLQJ RI
DOORZ IRU DQLVIROWR RERZWK2DV WKHUH DUH D JUHDWHU QXF

VLWHVY DW WKH ERWWRP RI WKH KROHYV

20 nm

J)LIXUH ([DPSOH FURVV VHFWLRQDO 7(0 D DQG F DQG 6(0 E
WUHQFKHYVY 7KHVH LPDJHV ZHUH DGDSWHG ZLWK SHUPLVVLR
> @ IRU D E DQG F UHVSHFWLYHO\

,Q WKLV ZRUN ZH SUHVHQW HIIRUWYVY WRZDUGV WKH G}
SURFHVV IREHSIRVLWLRQ 3UHYLRXWXHURBRUWHGURRBRHVVHV

LOQYROYHG WKH XVH RI KRPROHSWLF RU KHWHUROHSWLF +1I F



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

IROORZLQJ OLIJDQGY KDOLGHV DONR[LGHV DPLGHV F\FOR!
JXDQLGLQDWHYV K\GUR[\ODPLGHV DQG°DIKOH R VWD UBRI[TPH G Y
UHSRUWHG/'+BUHFXUVRUV DUH GHSLFWHG LQ 7DEOH 7KH
FODVVLFDO FR BHRPF¥2DQ@DMOVG BV R[\JHQ VRXUFHV ZLWK D VPL

RI QRWDEOH H[FHSWLRQV WKDW DUH GHVFULEHG LQ WKH IRO

3LQQED DQRG FRZRUNHUV HPSOR\HG VPDOO FDUER[\OLF L
VRXUFHV IRU WKH GHSRVLWLRQ RI JURXS R[LGHV WKDW S
VXEVWUDWH VEURRRNWDQW JURZWK UDWH RI c ZDV REWDI

& XVLQI%X DQG DFHWLF DFLG DQG ;36 UHYHDOHG ORZ FDLU
7KH XVH Rl IRUPLF DFLG OHG WR D QDUURZHU $/' ZLRGRZ DW (
ZKLFK WKH DXWKRUVY DWWULEXWHG WR WKH KLIJIKHU UHDFWLY
-HRQ DQG FRZRUNHUV LQY H\X2WIIDI\D WH GYWYOHD X B RIQIFRPELQD)
ZLWK >+1@(WRU $12 @GOWKRXJK VHOI OLPLWLQJ JURZWK ZDV
YDU\LQJ UHDFWDQW SXOVH WLPHV ERWK SURFHVVHV GLVSOI
F\FOH QXPEH& DWNQG D FRQVWDQW JURZWK UDWH ZDV REVHUY
ZLQGRZ RI @RRU21IDV c DQG EWIRU21SODVPD c
7KH ILOPV REWDLQHG IURP WKH 3($/' SURFHVV ZHUH SRO\FU\\
HOHFWURQLF SURSHUWLHV HJ ORZ OHDNDJH FXUUHQW GHQ

DPRUSKRXV ILOPV GHSRVLWHG E\ WKHUPDO $/'



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

TDEOH 6HOHFW +1 FRQWDLQLQJ SUHFXUVRUV OHIW DQG DOO
UHSRUWHWKHRPDO $/' SURFHVVHYV

Precursors Oxygen Sources
HfCl, Hf(O'Bu), Hf(mp), Hf(mmp),
@) (0] H,O H,O N,O
@ OMe @ cl NMeEt 2 3 2 22 2
W N/ |
/Hf\ Hf\ Hf..,
K Me % Cl EtMeN” \ “NMeEt OH O o o}

NMeEt P 'S
OH OH H™ "OH
o)
mmp = _O></O\ mp= X This work

*+ SHVXOWYV

,Q WKLV ZRUN ZH LQYHVWLJDWH WKH XVH RI'! K\GURI[\LVF
R[\JHQ VRXUFH LQ FRPELQDW@R® Z BWKR @+6 MXEMWUDWHYV ,QL
GHSRVLWLRQ VWXGLHV GLVFXVVHG LQ WKLV FKDSWHU XWLO!
ZLOO HPSOR\ VXEVWUDWHY IHDWXULQJ +$5 WUHQFKHV ,W LV
PD\ DOORZ IRU WKH GHSRVLWLRQ RI QRQ YRODWLOH KDIQLXP
QRW FRYDOHQWO\ WHWKHUHG WR WKH VXEVWUDWH VXUIDFH
RI +$5 WUHQFKHY DQG ILOO WKH WUHQFK LQ D YRLG IUHH P
6FKHPH D WKHDFLGLW\ RI WKH FDUER[\O JURXS RI ,9%$ LV H
RI WKH DPLGR JURXSYVY UHPDLQLQJ DI WWHRQQXAE OVHKHVWOREY W/ IU DWW
DV ZHOO W\V¥WvwER\Q GV WR IRUP D QRQ@ Y@OLRNPIS@WHH B +1K&H | K\GUR
JURXS RI WKH FR UHDFWDQW DFWV DV D VHFRQGDU@UHDFW
PROHFXOHV ZKLFK SURSDJDWHV WKH H P® WIRROH RX MHGVG LIV M

FDUER[\O JURXS RI ,9% LV XQD @ WHvBRQEO/H DWKHH @ KK HI 12UV W |



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

ZRXOG UHPDLQ FRYDOHQWO\ WHWKHUHG WR WKHR VREVWUD
PROHFXOHV FRXOG VWLOO GHSRVLW RYHU WKH QHZO\ IRUPH
FDUER[\O JURXSV RI RQFRPLQJ ,9$ UHODWLYH WR WKDW RI

FHQWHUV WR WKH SDVVLYDWHG VXUIDFH 6FKHPH E

JXUWKHUPRUH LQWUDPROHFXODU WUDQVIRUPDWLRQV L
UHDUUDQJHPHQW RI D PHPEHUHG PHWDOODF\FOH WR IRUP I
D PHFKDQLVP IRU WKHUPDO FRQYHUVLRQ RI WKWKGEHSEXUWE
GHSRVLWLRQ RQ D ORQJHU WLPHVFDOH WKDQ IORZDELOLW\
LV DOVR ZRUWK QRWLQJ WKDW DPLGH HOLPLQDWLRQ FDXV
K\GUR[\LVRYDOHUDWH OLJDQG E\ D QHLJKERXULQJ DPLGR OL.
UHVXOW LQ WKH IRUPDWLRQ RI R[R EULGJHY2\ @HRG@QJ WR
FOXVWHUVY 7KH ORZ WHPSHUDWXUH ZLQGRZ DFFHVVLEOH E\ \
PD\ SURYH WR EH EHQHILFLDO LQ PD[LPL]JLQJ IORZDELOLW\ E
FRQYHUVLRQ WR WKHHRS$IRG/W VGBHFRWVWLRQ WUHDWPHQW H J

DQQHDO PD\ EH UHTXLUHG IRU FRQYHUVLRQ WR WKH SXUH R
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_Hf(NMeEt);
(l)H (l)H ; o ( Hf(C5HgO3)4
o] Hf(CsHgO3)
~ 5119%3)4,
Hf(C5HgO3)3 \)
Hf(NMeEt)
OH OH  wemt ™ OH OH _4NVA__ OH OH
Hf(NMeEt), | | | | -3 HNMeEt | [
-2 HNMeEt
NMeEt
EtMeN_
Hf
7N 41VA

-2 HNMeEt
_ HI(NMeE); Hf\(NMeEt)g

(o]
2 et s i
T ; O © ( Hf(CsHgO
| o on | (0 N / J ‘\)

| VA= M | Hf(C5HgO 0—}—0

' ' 5H903)2

= : /N 2 Hi(NMeEt /" N\ HF(CsHgOs),
f Ho : o] o 2 H(NMeE,, T o 8 IVA PAlRN

—_—
| -2 HNMeEt o o

B-Hydroxyisovaleric ! | | -6 HNMeEt | |

Acid (C5H1003)

6FKHPH 6FKHPDWLF GLDJUDP RI WKH LGHDOL]J]HG SURFHVV
FRPSOH[HV RQ WKH VXEVWUDWH @WXDIDPEHI$VIEGHQRBPULRN(W |
GLIITHU EDVHG RQ ZKHWKHU WKH ILUVW PRQROD\HU UHPDLQV
VXUIDFH 7KLV LGHDOL]J]HG VFKHPH GRHV QRW FRQVLGHU RWk
WKH ,9% OLJDQG RU R[R EULGJH IRUPDWLRQ GXH WR WKHUPD

0
[Hf]/(zj
o

(H)

() —— "[Hf]:O(H)"+)OJ\ + 0=C=CH,

EtMeN

0) O
[LMH —> "[H|=0"+ MH
o EtMeN

6FKHPH 3URSRVHG WUDQVIRUPDWLRQV LQYROYLQJ D VLQJO
OLJDQG FRRUGLQDWHG WR KDIQLXP >+1@ LQGLFDWHV KDIQL
DQG + LQGLFDWHV D SURWRQ ZKLFK PD\ RU PD\ QRW EH SUH
LQ WKH VWDUWLQJ FRPSOH[ KDV EHHQ VLQJO\ RU GRXEO\ GH¢



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

+ '"HSRVLWLRQ 8VLQ® >3Q G 0,19 gW

'"HSRVLWLRQ VWXGLHV ZHUH FDUU@HBVRWWHXRFH®DGC+FRQN
SUHFXUVRU DQG K\GUR[\LVRYDOHULF DFLG ,9%$ ®®DWXKH FR

®& UHVSHFWLYHO\ 7KHUPRJUDYLPHWULF DQDO\VLV FDUU
PROHFXODU VLHYHV EHWYHHHYHDORBG WKH EXON RI WKH PD
RFFXUUHG ZIGWVRLQ@RZ DQG ! PDVV ORVV ZDV REVHUYHG E\
J)LIXUH 7TKHVH GDWD VXJJHVW WKDW ,9% HIILFLHQWO\ Y
ZLWKLQ WKH VKRUW WLPHIUDPH RI 7*$ DQDO\VLV $ QHDW VDP
DW & LQ D VHDOHG - <RXQJ WXEH IRU RQH PRQWK WR JDXJ
ORQJHU WLPHVFDOH 7KH VDPSOH GLVSOD\HG DSSSUGRFLPDWHC(
VSHFWURVFRS\ 7KHUHIRUH ,9% ZDV GHWHUPLQHG WR EH WK
DV D FR UHDFWDQW EXW FDXWLRQ ZDV H[HUFLVHG WR HQVX

®& IRU H[FHVVLYHO\ ORQJ SHULRGV RI WLPH

7KH ZDOOV RI WKH $/' UHDFWRU ZHUH PDLQWDLQHG DW
VXEVWUDWH VWDJH YDULHG EHWZHHQ DQG f& DQG D |
FRQVWDQW $00 GHSRVLWLRQ VWXGLL N X EZVHW BIDRVH VO WY G WK

GXULQJ UHDFWRU RSHUDWLRQ ZDV P7RUU XQOHVYV RWKHU:z
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100

80

60

Weight (%)

40

20

0 100 200 300 400
Temperature ( °C)

JLIXUH 7KHUPRJUDYLPHWULF DQDO\VLV 7*$ RI ! K\GURJ[\LVR

UDWHg PLQ VWDUWLQJ ZHLJKW PJ
$W D GHSRVLWLRQ WHPSHUDWXUH RI f& ILOP JURZWK Z
LH *3& YDOXHV UHPDLQHG FRQVWDQW ZLWKLQ c EDVHG

HOOLSVRPHWU\ 9$6( PHDVXUHPHQWYVY JLYLQJZWHWHSWRVBH *
GXUDWLRQV IRU ERWK SUHFXUVRUV RI DQG VHFRQ
JLIXUH W WKH *3& LQFUHDVHG VLJQLILFDQWO\ WR c
DQG GLG QRW H[KLELW VHOI OLPLWLQJ JURZWK ZKHQ SXOVH
FKDQJH LQ *3& ZDV JUHDWHU WKDQ & XVHIQJIURZWKXONW HVD
ZDV QHDUO\ HTXDO WR WKDW REWBRZHEHMW VHOI OLPLWLQJ
DOVR QRW H[KLELWHG DW WKLV WHPSHUDWXUH %\ FRQWUDYV\
ZDV DJDLQ DFKLHYHG DIIRUGLRQG3I&YV RI UHVSHFWLYHO\ X\

SXOVH GXUDWLRQV RI RU \%
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250 5

— &0 -
= "~ 300 °C

wn
o
-

E 200 4

= 150 °C

7 ‘._—/

[}

£ 150 3 4
S b
= . —e 100 °C o
£ 100 . i, & WO L3
Qb

>

X

0.2 0.4 0.6 0.8 1 1.2
Precursor/Coreactant Pulse Times (sec)

J)LIXUH 'HSHQGHQFH RI DYHUDJH ILOP WKLFNQHN\D @® G9%3& F
SXOVH WLPHV DW YDULRXV GHSRVLWLRQ WHPSHUDWXUHV $0
DQG WKLFNQHVVHV *3& YDOXHV DUH IRU XQ DQQHDOHG ILOPV

7KH YDULDWLRQ LQ *3& DV D IXQFWLRQ RI WHPSHUDWXUH
SORWWHG LQ )LIXUH KLJKOLJKWLQJ D PD[LPXP *3& DW
FKDQJHV LQ ILOP WKLFNQHVV WKDRW BBRXU XS8R R D Q CKHRIXQL Qv
LOQWHQW RI DQQHDOLQJ LV WR FRQYHUW WKH LIQH WLIHF@ALE H
*3&V IRU WKH DQQHDOHG ILOPV UDQJH IURP W R c Gt
WHPSHUDWXUH IRU FRPSDULVRQ *3& YDOXHW/'SHMYQRXVO\
KRPROHSWLF RU KHWHUROHSWLF +1 SUHFXUVRUV OLVWHG LQ
c> @LPLODU WR WKH DV GHSRVLWHG ILOPV WKH WKLFNQHVV
DQG ¢& FRUUHVSRQGHG WR VHOI OLPLWLQJ JURZWK ZK

LOQFUHDVHG IURP WR V )JLIXUH $
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200 4

150 3

unannealed ¢
100 3 2

(y)2do

annealed ¢
50 1

Avg. Film Thickness{(nm)

0 100 200 300
Deposition Temperature ( °C)

J)LIXUH '"HSHQGHQFH RI DYHUDJH ILOP WKLFNQHVYVY DQG *3& R
ZLWKRXW JUD\ DQG ZLWK UHG LQ VLWX SRVW GHSRVLWLF
GHSRVLWHG XVLQJ F\FOHV DQG V UHDFWDQW SXOVH WL

$00 DV GHSRVLWHG ILOPV ZHUH VLOYHU\ JROG LQ DSSH
DPRUSKRXV E\ ;5' 0DQ\ SUHYLRXVWHHSRDWVS$RIDAYZR DIIR
DPRUSKRXVHMSHFLDOO\ DW WHP SHUDWEASHEHEBMOKRR QD GW LV |
ILOP JURZQEDWHYHDOHG D +1 WR 2 UDWLR RI DQG DSSUR
FROQWHQW )LJXKH ELRGLQJ HQHUJ\ RI +1 | DHOG FIRPENQH G
ZLWKLQ WKH UDQJH RI HQHUJLHV SUHYLRX\¥DQ GJHKDR QWHFG
FDUER[\ODWHM WKHUHIRUH WKH QDWXUH RI WKH KDIQLXP VS

7KH 2 V UHJLRQ GHWHFWHG LQ WKH ILOP FRQVLVWHG RI RQH

7TKLQ ILOPV DQDO\]JHG E\ ;36 GHSWK DQDO\VLV ZHUH GHSRVLWHG XVLQJ V¢

FRQGLWLRQV WKDQ WKRVH IRU WKLQ ILOPV GLVFXV\W&G WKIXUDH WORMALD
ZHUH XWLOL]JHG IRU ERWK UHDFWDQWY DQG WKH WRWDO DUJRQ IORZ UD
GXULQJ UHDFWRU RSHUDWLRQ P7RUU & BHWISRY X8 B 06 WIHWGP ¥ HIJARVEZ B UD M\
KLIJKHU ,9$ GHOLYHU\ WHPSHUDWXUH ORQJHU SXUJH WLPHV ORZHU IOR.
UDWLR RU FDUERQ FRQFHQWUDWLRQ REVHUYHG E\ ;36



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

ZLWK ELQGLQJ HQHUJLHV RI DQG H9 UHVSHFWLYHO
VKRXOGHU SHDN PDWFKHV WKH UHSRUWH® QGVVEK I ®LDQJIJ HQ HEW
SHDN FRXOG EH DWWULEXWHG WR HLWKHU D PHWDO FDUERQ
WKH & V UHJLRQ RI WKH VSXWWHUHG OHYHOV RI WKH DV G&t
REVHUYHG ZLWK D ELQGLQJ HQHUJ\ RI H9 ZKLFK PDWEFKFE

KDIQLXP FDYELGH

100
(a) (b)

80 +

| e | AR

Atomic % (%)

0 10 20 30 40 50 60 70 0 10 20 30 40
Sputtering Time (min) Sputtering Time (min)

| —— Hf4f O1s Cis Si2p N1s Sb3p3 |

JLIXUH ;36 GHSWK DQDO\VLV RI ILOPV JURZQ ZLWKRXW D D¢
GHSRVLWLRQ WKHUPDO DQQHDOLQJ VW3 SXVIKLEY |L6 PO BN UMHQ.

V UHDFWDQW SXOVH WLPHV DQG V SXUJH WLPHV )RL
H[SHULPHQWDO FRQGLWLRQV XVHG DUJRQ IORZ UDWHV WRW
SUHVVXUH RI P7RUU GXULQJ RSHUDWLR@ DQG ,9% ZDV GH

7KH DWRPLF FRPSRVLWLRQ RI WKH ILOPV GHSRVLWHG DW
WR RWKHU H[SHULPHQWDO FRQGLWLRQV )RU H[DPSOH FDUE
ZDV REVHUYHG IRU ILOPV GHSRVLWHG XVLQJ YDU\LQJ SXOVH

V DQG DUJRQ IORZ UDWHYV RU VFFP LQ WRWDO FRUU



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

SUHVVXUH RI DQG P7RUU UHVSHFWLYHO\ )XUWKHUPRI
GHSRVLWHG DW ORZHU WHPSHUDWXUHV FRXOG EH JUHDWO\
f&Q YDFXR KRXU UHVXOWLQJ LQ ILOPV FRQWDLQLQJ D\
UHPRYH VXUIDFH FRQWDPLQDWLRQ )LJXUH E 7TKHUPDO
VLOYHU FRORXUHG ILOPV ZKLFK RZHUGBGPNR GG RWRWHG- RWS R
+12 E\ ;36 EDVHG RQ D +I 2 UDWLR YHU\ FORVH WR DQG
ELQGLQJ HQHUJLHV RI DQG H9 UHVSHFWLYHO\ )LJ
OLWHUDWXUH YDOXKWURDG IRQQHDOLQJ UHVXOWHG LQ D VLJC
WKLFNQHVYV DQG IRU ILOPVY GHSRVLWHG DW

FRPSDUHG WR IRU ILOPVY GHSRVLWHG DW DQG f& )L

)(6(0 LPDJHV RI WKH DV GHSRVLWHG ILOP J@ERZKRXVAMUJIH F
FLUFXODU JUDLQV QP LQ GLDPHWHU DWRS D VPRRWK D
E LQ )LIXUH $V \HW LW LV VWLOO XQFOHDU ZKHWKHU WK
SURFHVV RU ZKHWKHU QXFOHDWLRQ LV RFFXUULQJ RQ S
FRQWDPLQDWLRQ 7KH RYHUDOO PRUSKRORJ\ RI WKH ILOPV

DQQHDOLQJ F DQG G LQ )LIXUH



+
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116 nm

61nm

J)LIXUH D 7RS GRZQ DQG E FURVV VHFWLRQDO )(6(0 LPDJH
JURZQ D F7RS GRZQ DQG G FURVV VHFWLRQDO )(6(0 LPDJH
DQQHDOHG ILOPV XVLQJ F\FOHV DQG V SXOVH WLPHV
YDOXHV GHWHUPLQHG E\ 9%$6(

7KH FR UHDFWDQW ! K\GUR[\LVRYDOHULF DFLG ,9% SURYL
$/' Rl +I12HLWKHU GLUHFWO\ DW RU f& RU LQ WKH FDVH
DIWHU SRVW GHSRVLYPLRIFDPROWHIKOGQR[\O JURXS LV FRQVLG
HVVHQWLDO WR WKH HIITHFWLYHQHVV RI ,9%$ DV D FR UHDFWDC(
ZLWK >+ 1@H(®Y WKH QH[W SUHFXUVRU SXOVH DQG RU E\ SUR®
SDWKzD\ IRU WUDQVIRUPDWLRQ RI ,9% GHULYHG OLJDQGYV
&RQVLVWHQW ZLWK WKLV K\SRWKHVLV XDMWWNHPSWEE(GESRVIL

SLYDOLWRE&ERG ZDV XQVXFFHVVIXO DW f&
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*+ 6ROXWLRQ 6WDWH 6WXGLHYV

,Q RUGHU WR JDLQ LQVLIJKW LQWR WKH W\SH RI PROHFXOI
GHSRVLWLRQ VROXWLRQ VWDWH UHDFWLRQV ZHUH FBRQGXFW
DQG RU HTXLYDOHQWYV RI ,9%$ ,Q PRVW FDVHV D JHODV
WKH UHDFWLRQ RU GXULQJ FU\VWDOOL]DWLRQ DWWHPSWV Z
K\GUR[\O JURXS RI ,98 UHVXOWLQJ LQ SRO\PHULF SURGXFWYV
YDSRXU GLIIXVLRQ RI KH[DQHV LQWR D WROXHQH VROXWLRC
UHDFWLRQ DIIRUGHG FRORXUOHW¥+|SDOMEUHZ2RI >(WOH1+
2& 2 &®&0H2 @ LQ ZKLFK WZR VLQJO\ GHSURWRQDWHG

FRRUGLQDWHG YLD WKH FDUER[\ODWH JURXS DQG WZR GR.

FRRUGLQDWHG YLD RQH R[\JHQ RI WKH FDUER[\ODWH JURXS
D PHPEHUHG PHWDOODF\FOH 6FKHPH 7KH FRRUGLQDW

GRGHFDKHGUDO JHRPHWU\ )LJXUH

_ o _
7(<° °>i
OH O tol 0//"'/,\ /“\\\\\O (0]
[Hf(NMeEt),] + 4 oluene [EtMeNH,], “Hf
OH '2 EtMeNH \\\‘\\ ,"/,/
o" “0
OH |L / \ _E OH
-d Vo
(4-1)

6FKHPH B6\QWKHVLV RI@ (W @H1&+& 0 H2 + 28& 2 &&0H2 @
E\ DPLQH HOLPLQDWLRQ
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(a)

o6a)  0(5)

YJLIXUH . UD\ FU\WWDO VWUXFW®UH 2RI&+80MRH 1+

28 2 &4&0H2 @ ZLWK HOOLSVRLGV VHW DW SUREDELOLW\

D VKRZV RQO\ WKH DQLRQLF SRUWLRQ RI WKH PROHFXOH

K\GURJHQ ERQGHG VWUXFWXUH ZLWK LQWUDPROHFXODU D¢

FRORXUHG JUHHQ DQG EOXH UHVSHFWLYHO\ )RU FODULW\

RPLWWHG DQG GLVRUGHU LQ WKH 2 DWRP DQG QHLJERXUL!
BHOHFWHG ERQG OHQJWKV ¢ DQG DQJOHV f  +]

+ | 2 + | 2 + | 2 + | |
+ | 2 + | 2 2 + | 2 2 &
2 2 + | 2
$00 #ddeER[\DPQRG R [GEVWDQFHYV DQG

¢ UHVSHFWLYHO\ DUH LQ WKHFRGHEWHG) UDOHHM[WHQW
GHSURWRQDWLRQ HRFSRXDRG GLPHQVLRQDO FKDLQV LQYRO®
Rl K\GURJHQ ERQGLQJ LQWHUDFWLRQ 2QH LQWUDPROHFXC
GDQJOLQJ ! K\GUR[\O K\GURJHQ *+ ' DQG DQ R[\JHQ DWRP RI
ZLWKLQ WKH VDPH PRQRDQLRQLF OLJDQG 7KH ! K\GUR[\O
PRQRDQLRQLF OLJDQG LQWHUDFWYV ZLWK D FDUER[\ODWH F
QHLJKERXULQJ PROHFXOH 7ZR LQWHUPROHFXODU LQWHUDFYV

RI WKH HWK\OPHWK\ODPPRQLXP FRXQWHU FDWLRQV DUH SUH
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ZLWK RQH R[\JHQ DWRP RI D FDUER[\O JURXS 2 ~ RI D PRQR

K\GURJHQ DWRP LQWHUDFWYV ZLWK WKH WZR FDUER[\ODWH R]

5RRP WHPSHUDWXUHE5 VSHFWUDQR& VKRZ RQH GH®+RI 1
DQG&T VLIQDOV RQK&QHHEWHRI+2 VLIQDOV DQG YHMDGERRDG 1
VLIQDOV )LIXUHV DQG $ 7KHVH GDWD DUH LQGLFDW
ZKLFK UHQGHUV ERW K&WK&D0 2. DIDQ 8 QALAEQR D QRLERH@ D22+
OLJDQGY HTXLYDOHQW RQ WKH 105 WLPHVFRBGH&BHUKDSV Yl
OLJDQGYV EVIOMKWFPWLRQV IRUPLQJ +10H(W IROORZHG E\
2 &&+&0H2+ OLJDQGV E\ +10H(W ZLWK DVVRFLDWHG FKDQJH\
PRGMLGH VXSWWWHPSWV ZHUH PDGH WR K&E\ROHY H WZIRI Q B/W R
RQH IRU &BKH&0H2 OLJDQGV DQG R@R+EBROW2WKML2DQGV E\
FRQGXFWL@5 H[SHULPHQWY DW ORZ WHP SG WIRIDXWHHH KRZHYH
WKLY OHG RQO\ WR SHDN EURDGHQLQJ ZLWK VRPH LQLYV

2 && &0H2 + VLIJQDO )LJIJXUH $

$00 K\GURJHQ DWRPV LQ WKH ; UD\ZAHUR W DB G HGV B XWW X8)
FRQVWUDLQWY KRZHYHU T SHDNV WRR ZHDN WR UHILQH Z
SRVLWLRQV RI ERWK QLWURJHQ DWRPV 7KLV REVHUYDWLRC
2poNR[EFRQG OHQJWKY DQG WKH UHGDNMLG B ILILQNDHOIVG-DIY BRKHR | W
VSHFWUXPDRM URRP WHPSHUDWXUH )LJXUH DQG EHORZ )
VXSSRUW WKDW WKHRFMBEQWKWEZRIHWK\OPHWK\ODPPRQLXP

QHXWUDO HWK\OPHWK\ODPLQH
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&RPSOH[FDQ EH FRQVLGHUHG WR UHVXOW DW OHDVW FRQT
RI >+12 &&+&0H2+ @ IROORZHG E\ GHSURWRQDWLRQ RI WKH K
WKH K\GUR[\LVRYDOHUDWH OLJDQGV E\ WKH PHWK\OHWK\OI
FRRUGLQDWLRQ RI WKH K\GUR[\O JURXSV WR KDIQLXP UHQG!
LV QRWDEOH WKDW WKLV UHDFWLRQ LV PRUH FRPSOH[ WKD(
XQLGHQWLILHG KDIQLXP FRQWDLQLQJ SUHFLSLWDWH LV LQLV

,99 DUH DEVH®@WOSQVWKHAWUXP

7TKH VWUXFWXQUAHXKWUDWHY WKH SRWHQWLDO IRU D GRXEC
FRRUGLQDWLRQ RI GRXEO\ GHSURWRQDWHG ,9% YLD RQH FI
DONR[LGH JURXS DQG F DPPRQLXP VDOW IRUPDWLRQ YLD |
HWK\OPHWK\ODPLQH UHDFWLRQ E\ SURGXFW 7R SUREH WKH
VROLGFU\VWDOV ZIDQY XHEPRYREGNVHPSHUDWXUH LQWHUYDOV XS
KRXU«¥ 105 VSHFWUD RI WKH VDPSOH LQGLFDWHG WKDW SUR
EHIRUH FRPSOHWH ORVV RI VL PG NXYCD BVEN\LCE X WRDGS W R) MIKKHJ H
+HDWLQJ SXW ok IRU KRXUV XQGHU G\QDPLF YDFXXP Ol

GHFRPSRVLWLRQ ZLWK QR VLHIQBbOYSHREWHRYPESHRE\WKH UHV
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J)LIXUH + 105 VSHFWUD RI SXW@H+I1>28&H&BGH2+
2& 2 &®&0H2 @ DIWHU KHDWLQJ WKH IMDFOO®XRDNKBE YRGOGLEDYV
WHPSHUDWXUHV I'RU ORXUV &

W LV XQOLNHO\ WKDW DPPR@IXPDVDIOWVIVEB QOWDWURDR GXU
WKH ®& WHPSHUDWXUH UDQJH JLYHQ WKDW PLQLPDO a
;36 GHSWK DQDO\VLV LQ WKH DV GHESRMILIIWHE ILOP JKRZIERD ®C
SURSRVHG LQ WKH UHDEWLRQ RI$>RUIDY(WOLIJRPHULF IRUP
IRUPHG I[URP UHDFWLRQV LQYROYLQJ WKH OLIJDQGTV

2 &8&+&0H2+ @ Q- LV PRUH OLNHO\ WR EH D SRVVLEOH VXUID

7R IXUWKHU SUREH WKH UH@FALWK WDBERMRIOLEFHDWLGY UH
FRQGXFWHG XWLOLYARLEZS I'NDOLK\GBRGO IUHH DOWHUQDWLYH
R >+ 10M(W ZLWK SLYDOLF DFLG LQ EHQ]JHQH DIIRL
>+ 2 2 8% X 2&W X@ A +& &+ 7KLV FRPSRXQG IHDWXUFL

KDIQLXP FHQWUHV OLRRHBUEGJRXU UHVXOWLQJ LQ D VTXDUL
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DUUDQJHPHQW RI WKH KDIQLXP FHQWUHYV )LJXUH (DFK Kl
Nt | + + DQRG +I FRRWGDOBDRHG WR RQH SLYDODWH O]
IRXU SLYDODWH DQLRQV EULGIJH EHWZHHQ WKH IRXU KDIQLX
SLYDODWH DQLRQ EULGJHYVY EHWZHHQ HDFK RI WKH IRXU KDIC
+1 LQ WKH DSLFDO VLWH &RQVHTXHQWO\ +] LV FRRUGL
JHRPHWU\ ZKHUHDV WKH KDIQLXP FHQWUHV LQ WKH EDVDC
JHRPHWU\ EHVW GHVFULEHG DV FDSSHG WULJRQDO SULVPDV
GLIIHUHQFH PDS QHDU WKH R[R EULGJHVY DQG EHORZ WKH E|
PROHFXOH GLVRUGHU 7KH DEVHQFH RI 2 + VWUH&HKHV LQ V
FRQILUPV WKH DVVLIJQPHQW RI 2 DQG 2 DV R[R JURXSYV

JLIXUH $

"‘2 /\)”\2 2/<

/\2

2}\/ \\/\<27
5—</+
/ \// \2*5

5 Wix

JLIXUH : UD\ FU\WWDO VWUXEW XY &WKI 24&M6X@ A +&

&+ ZLWK HOOLSVRLGV VHW DW SUREDELOLW\ 6SDFH JL

DWRPV DQG ODWWLFH VROYHQW DUH RPLWWHG DQG SLYDOD
BHOHFWHG ERQG OHQJWKV ¢ DQG DQJOHV f  +]
w12 +12 +12 +1
2 4+l 2 2 4l 2 2 41 2
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+1 2 +1 + 1 2 +1 +1 2 +1

+ | LV SRVLWLRQHG c DzD\ IURP WKH EDVDO +I + |
EULGJLQJ R[IR OLJDQGY ERQG PRUH FORVHO\ WR WKH EDVDO K
2R[R c WKDQ WKH DSLFDO KDIQEXP FHQWQB +I

c %WRQGY EHWZHHQ WKH EULGJLQJ SLYDODWH OLJIDQC
c DUH DOVR VKRUWHU WKDQ WKRWH WR FRRUG
DQG c T7KRKRERQG GLVWDQFHV DUH ZLWKLQ WKH UDQJH
KDIQLXP FRPSOH[HV RRRWDILMQGY > BGGILWLRQDOO\ WK
2FrpUER[\DWMWDQFHY DQG 2 & 2 DQJOHV DUH ZLWKRRUW K& DWHB®R
C qgq DQG EULGJILQJ C
q FDUER[\ODWH OLJDQGV LQ KDIQLXP FRASOH[HW GUH
FRZRUNHUV KDYH VI\QWKHVL]HG DQG VWUXFWXUDOO\ FKDU
FDUER[\ODWH FRPSOH[HV IRU QDQRZLUH SURGXFWLRQ IRP L
+1 DQG SLYDOLF DFLG 1&Q%RXQLEWX@+IDQG >2|
2 &% X 2 &M% X 28 X@ DOWKRXJK WKH TXDOLW\ RI WKH ODW
GXH WR VLIJQLILFDQW @KHDEDREQGLNFRWEHEY Rl WKH IRUPHU V\
VLPLODU WR WKRVH&RI FRRIS@QH& 2 DQJOHV RI EULGJLQJ SLYD

YHUVXYV UHVSHFWLYHO\

7KH IRUPDWLR® RIXQGHU VWULFWO\ DQK\GURXV FRQGLWL

LQWUDPROHFXODU QXFOHRSKLOLF DWWDFN Rt R®Q HVWKKAOPF
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FDUERQ\O FDUERQ RI D SLYDODWH OLJDQG IRUPLQJ DQ RI[R
SURGX¥FXW® 2 I0HITWHWK\PHWK\OSLYDODPLGH 7KLV UHDFWLYL\
UDWLR RI >+® IWR(®LY2+ 6FKHPH DQG LQG/HRHE HRWMWIBID
JLIXUH $ WKLV VROLG VWDWH VWUXFWXUH LWRLNMRVWVNRWXF
GLVFXVVHG IXUWKHU ZHUH LVRODWHG LQ UHDVRQDEOH \LHO

FU\VWDOOL]DWLRQ IURP GLHWK\O HWKHU DW = f&

_____________________________________________________

6FKHPH ,QWUDPROHFXODU QXFOHRSK HWH\DH/GHK W ISR @ DEAORRALX
GXULQJ WKH IRUPPDAWERIQBILFDWHY KDIQLXP ,9 FRRUGLQDWHC(

7KH 105 VSHFWUD RI FBYWDQ® RRQVLVW SULPDULO\ RI RQH
RU Wz& 709 EURDG VLJQDOV )LIJXUH $ ZKLFK LV OLNHO\ G
RFFXUULQJ LQ VROXWLRQ R@®WKB W EHWQPREAMDWHHG SUHYLRX
RI +1 FRQWDLQLQJ FOXVWHUV RRBWIXBL &R V2 RH+ HA DG
>+12 2+ 28&+ @WX2¥ @@ 7KH URRP WHP+S HDWQB&¥UHLO05
VSHFWUDLI@U+) VKRZ RQH VKBXSVYB@DRN DQG RQH EURDG Vt

VXJIHVWLQJ WKDW RI WKH WX HHKD ¥ KB R Q P Bl @ @MWGLLEYRADLLAPMWY W D
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RQ WKH 105 WLPHVFDOH ZKLOH WZR DUH LQ UDSLG H[FKD
HISODQDWLRQGUIW WKOYHYVY WR DIIRUG D PLIWXUH RI WZR GLIIF

DQG DQ XQGHWHFWHG VSHFLHVY DQG IOX[LRQDO SURFHVVLE
RI WKH FOXVWHUV HTXLYDOH®W VEWJIOHW VRXUHERRWDSBUYHG LC
VSHFWUXP ZLWK D LQWHJUDWLRQ UDWLR &Q HJ XBJHG C
&2 VLIJQDOV ZHUH DOVR REVHIDBHGSHE WU )LIXUH $ ’
WKDWZRXOG EH H[SHFWHG WR JLYH ULV%%XWRLDQPIDN. P XYW HR IC
WHPSHUDWXUH GDWD VHHPV PRUH FRQVLVWHQW ZLWK WKH ¢

VROXWLRQ

YJLIXUH 9DULDEOH WHPRSHOBDWXIHFWUD R2 >®21&W X
28 X@ G 7+) 0+]

&RQVLVWHQW ZLWK WKH SURSRVHG UHDFWLWRHSB VsKIZDMH &

1 HWK\PHWK\OSLYDODPLGH E\ SURGXFW ZDV REWLIQUW K& HTX
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UHDFWLRQ EHWZH®@®QD4aH8 &120 H)(MW X U H %\ FRQWUDVW LQ WK
EHWZHHQ >+l@ W&z WKH DPLGH E\ SURGXFW ZDV IRUPHG |
DPRXQWYV a HTXLY UHODWLYH WR WKH IUHH DPLQH LQG
EHFRPHVY PRUH VLJQLILFDQW XXz FIRQ GOWER QW LAKHUHHT)
EHFDXVH R[R OLJDQG IRUPDWLRQ UHTXLUHYV UHDHWRDYQW® EH\
DPLGR OLJDQGYV 7R WKH EHVWRS$ BRKVYHNXMWRZ WHKEIJH- UVW UHSRL
D SHQWDKDIQLXP R[R FRPSOH[ DQG RI D JURXS R[R FRP

HOLPLQDWELRQ

JLIXUH + 105 VSHFWUD FRQILUPLQJ1VHRNHK UBHMHKN\DWE L R Q OMIP L C
WRS LQ WKH 105 VFDOH UHDFWLRQ EHWZZHBQG HTXILNXDLY B Q W(
Rl SLYZ2+ PLGGOH & +] . UHTXLUHG IRU WKH [IRUF
>+ 2 28X 2&%MX@ ,Q WKH ERWWRP VSHFWUXP DQ L
VIQWKHVL]HG VDPSOH RI WKH DPLGH ZDV DGGHG WR WKH 105
UHDFWLRQ E\ SURGXFW
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7KH FDUERQ DW DQG QLWURJHQ DW FRQWHQW RI
PLJKW LQGLFDWH WKH IRUPDWLRQ RI VXUIDFH VSHFLHV V
>+] R&+&OH2+ @ DW FDUERQ QRW LQFOXGLQJ K\GURJHQ R

DW FDUERQ QRW LQFOXGLQJ K\GURJHQ LI DOO SLYD
LVRYDOHUDWH OLJDQGY ZLWK VRPH OLJDQG GHFRPSRVLWL

FRQWHQW RYHU WKH GXUDWLRQ RI WKH GHSRVLWLRQ H[SHUL

*+ '"HFRPSRVLWLRQ 6WXGLHV

6WXGLHV ZHUH FDUULHG RXW WR LGHQWLI\ UHDFWLRQ SD\
GHFRPSRVLWLRQ RI VLQJO\ RU GRXEO\ GHSURWRQDWHG ,9%$
VXEVHTXHQW DQQHDOLQJ VWHS @ EBNLUHTDFONH G>ZUVERH (MT XL
VROXWLRQ IRU KRXUV DW URRP WHPSHUDWXUH DQG WKH U
WR GUIWQHYDFXR Y UHVLGXH ZKLFK FRQVLVWHG DOPRVW H[F(
E\+ 105 VSHFWURVFRS\ ZDV KHDWHG DW f& DQG WKHQ
KHDWLQJ IRU KRXUV XQGHU G\QDPLF YDEXXP LQ D IODVN ZL
WR FROOHFW YRODWLOHVY URRP WHPSHUDWXUH YRODWLOH |
LQWR D GHJDVVHG - <RXQJ 105 WXERU& QG5 DMBHFEWHIR \ERR S\ L
&' RU E YDFXXP WUDQVIHUUHG LQWR D QHEN URXQG ER\
VHSWXP DQG DQDO\]HG E\ KHDGVSDFH JDV FKURPDWRJUDSK\
BURGXFWV WKDW UHPDLQHG LQ WKH FROOHFWLRQ IODVN ZHL
*& 06 7KH UHVLGXDO DPRUSKRXV VROLG LQ WKH RULJLQDO
FRPSRXQGY L H QR VLJQDOV+ ZHIFH VGHW\WBWRWER E\EXW &

FRQWDLQHG DSSUR[LPDWHO\ FDUERQ E\ FRPEXVWLRQ HO
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7KH PDMRU GHFRPSRVLWLRQ E\ SURGXFWV IURP KHDGVS
HWK\OPHWK\ODPLQH LVREXWHQH DQG DFHWRQH DEFRPSDQI
HWK\BHWK\ODFHWDPLGH OH& 2 10H(W PHVLW\O DRJGGHQ OH &
XQLGHQWLILHG SURGXFW ZLWK D UHWHQWLRQ WLPH RI f
SURGXFWV REVHUYHG E\ *& 06 ZHUH DOVR LGHQWLILHG LQ F
E\+ DQG RU05 VSHFWURVFRSLF DQDO\VLVY RI WKH YRODWLOH

XQGHU G\QDPLF YDFXXP )LJXUH DQG $

7KH PDMRU QRQ URRP WHPSHUDWXUH YRODWLOH SURGXFW
DV GHWHUP+ @HB®E+t" 105 VSHFWURVFRS\ ZDV WKH DPLGH IR
UHDFWLRQ RI ,9% DQG HWHK\WRHWKKAGBRIFHWK\OEXWDQDPL
J)LIXUH 7KLY SURGXFW DV ZHOO DV WKH GHKHHBUDAVHG (
1 GLPHWK\OEXW HQDPLGH SUHVXPDEO\ IRUPHG GXULQJ Wi
WKH *& 06 VDPSOH DQG PLQRU DPRXQWV RI IUHH ,9% ZDV R
$ 7TKH LGHQWLILFDWLRQ RI WKHVH WZR DPLGHV ZDV WH(¢

I[IUDJPHQWDWLRQ SDWWHUQV LQ WKHLU PDVV VSHFWUD )LJXL

7KH IRUPDWLRQ RI LVREXSWHRERDAG WERRKEBEUQOWLRQ RI V
RU GRXEO\ GHSURWRQDWHG ,9%$ WR IRUP D PHPEHUHG PHWD
FU\WWDO VWUXFWRODHORZIHG E\ HOHFWURF\FOLF UHDUUDQJt
)XUWKHUPRUH UHDUUDQJHPHQW LQ WKH RSSRVLWH GLUHFW
DQG WKH ODWWHU KLJKO\ UHDFWLYH SURGXFW ZRXOG EH H[S
WR DIIRUG WKH HRENWHWKEODFHWDPLGH $OGRO FRQGHQVDW

RI DFHWRQH ZRXOG UHVXOW LQ WKH IRUPDWLRQ RI WKH REVH
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RI WKHVH UHDUUDQJHPHQWY JHQHUDWH D K\GUR[LGH RU RJ[LC
ZKHWKHU WKH VWDUWLQJ OLJDQG LV PRQRDQLRQLF RU GLDQI
EUDFNHWY LQ 6FKHPH LV SUHVHQW RU DEVHQW UHVSHEF)

FDQ WKHQ FRQYHUW WR R[LGH OLJDQGV ¥LD+B®D I+RLQDWLRQ R

J)LIXUH + 105 VSHFWUD RI WKH E\ SURGXFWYVY FRORXUHG
GHFRPSRVLWLRQ RI D FUXGH &DIRRIJOHKRXUV XQGHU G\QDPLF
&' 0+] . 7TRS 5RRP WHPSHUDWXUH YRODWLOH E\ SUR
LOQWR D GHJDVVHG - <RXQJ WXRWMWMWRPWDRRQLQRRP WHPSHUDW
E\ SURGXFWV GLVVROYHG LQ &
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J)LIXUH +HDGVSDFH JDV FKURPDWRJUDSK RI URRP WHPSHUD
FRORXUHG UHG IRUPHG IURP KHDWDRD®J ® FRXGHKROPS XH) RH
G\QDPLF YDFXXP ERWWRP DQG RI WKH H[SHULPHQWDO EODC
JLIXUH D H[FHSW WKDW WKH EDVHOLQH LV PDJQLILHG LQ
GHFRPSRVLWLRQ E\ SURGXFWYV
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*& 06 DQG 105 VSHFWURVFRS\ GDWD LOOXVWUDWH VXEV
LVREXWHQH a UDWLR LQGLFDWLQJ WKDW HOHFWURF\FO
&2 LV WKH GRPLQDQW OLJDQG GHFRPSRVLWLRQ SDMEKXZDGEG +R.
EH IRUPHG LQ D UDWLR DQG DFHWRQH DQG SHWEX®GWYV GH
PHWK\ODFHWDPLGH VKRXOG EH IRUPHG LQ D UDWLR ZKL
PRUH DFHWRQH DQG LVREXWHQH BRI HREKHWHYWKGE ODIKB @/ XRLG|
7KLY PD\ EH GXH WR RWKHU XQLGHQWLIDRG WHMWHQUIR QWXFR (

UHDFWLRQXLMVMK&R[R OLJDQGV WR |IR&RR ANHVWEHRQ@QD WRO\PHUL]DW

/J : o
\‘—\ —_— + )J\ + [EE—
/‘J -——— - = —_—

@M

6FKHPH 3URSRVHG GHFRPSRVLWLRQ SDWKZD\V IRU D VLQJO\
OLJDQG WKBRRUGLQDWHG WR KDIQLXP WKHVH SDWKZD\V
GHFRPSRVLWLRQ SURGXFWYV FRORXUHG UHG REVHUYHG E\
KHDGVSDFH DQDO\VLV >+1@ LQGLFDWHYV KDIQLXP ,9 FRRUG
LQGLFDWHY D SURWRQ ZKLFK PD\ RU PD\ QRW EH SUHVHQW

VWDUWLQJ FRPSOH[ KDV EHHQ VLQJO\ RU GRXEO\ GHSURWRQ!
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+ 6XPPDU\ DQG &RQFOXVLRQV IRU &KDSWHU

7TKHUPDO $/' RI FDUERQ FRRYW BPRQDDIWH B FKIRH Yo GX\DIWD J
>+ 10H@ DV WKH SUHFXUVRU DQG ! K\GUR[\LVRYDOHULF ,9
'"HSRVLWLRQ ZDV REVHUYHG EHWZHEIXQN D PRQVWDQW JURZ
FKDUDFWHULVWLF RI $/' ZDV RQO\ REVH&gYHEG VMWKHUPD O D(
DQQHDOLQJ I WHSRVLWLRQ \LHOGHG D FDUERIQPUHHKLDNPRHS |
$/' PHWKRG PD\ JHQHUDWH IORZDEOH PROHFXODU PRQRPHW

WKH VXUIDFH HQDEOLQJ IORZDEOH $/' ZLWK JDS ILOOLQJ FD

:KLOH PRVW VROXWLRQ VWDWH UHOFIWQLRB QY$SLBVYROXEIDE I H
SUHFLSLWDWHYV VLQJOH FU\WWV@DBOW &&FRIOH2H(WOH1+
2& 2 &#®&0H2 @ ZHUH REWDLQHG ZKLFK IHDWXUHG PRQRDOQLT
OLJDQGN HDWMK\PHWK\ODPPRQLXP FRXQWHU FDWLRQV $QDORIJR
SLYDOLMBERG DV D VXEVWLWXWH IRU ,9% OHG WR WKH IRUPI
FOXVWHU2>+12 &% X 2&%MX@ 7TKHVH FRPSOH[HV SURYLGH L

WKH QDWXUH RI SRWHQWLDO VXUIDFH VSHFLHV IRUPHG GXUL

7KH FDUERQ FRQWHQW LQ WKH SRWHGWEDH2 +V@®UDIFGE VSt
>+12 28&&+&0H2+ @ LV VLIJQLILFDQWO\ KLIJKHU WKP®WKDW R
GHSRVLWHG ILOP ZKLFK LQGLFDWHY WKDW WKHUPDO GHFRPS
+HDWLQJ RI FUH®HEHG PXOWLSOH WKHUPDO GHFRPSRVLWLR!
LGHQWLILHG E\ 105 VSHFWURVFRS\ DQG *& 06 ODMRU SUF

LVREXWHQH LQGLFDWLYH RI WKHUPDOO\ LQGXFHG HOH|]



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

K\GUR[\LVRYDOHUDWH RU ! DONR[\LVRYDOHUDWH OLJDQGV R
PLQRU DPRXQWV ZHWK\BPEWK\ODFHWBWHKGBIHWK\ODPLQH DQ

PHVLW\O R[LGH

+ )XWXUH :RUN 3HUWDLQLQJ WR &KDSWHU

7R LQYHVWLIJDWH WKH JDS ILOOLQJ FOSDBLCGUWEHVVR|
GHSRVLWLRQ RI +I FRQWDLQLQJ WKLQ ILOPV ZINVNXE WHUBRNHI/X
$ YDULHW\ RI GHSRVLWLRQ FRQGLWLRQV PXVW EH WHVWHG V
WKH SXOVH DQG SXUJH GXUDWLRQV $GGLWLRQDOO\ ;36 GHS\
JURZQ RQ SODQDU VXEVWUDWHYV DBANWRHPQGBOOW XMKHM. BIFDUER
DQG WR GHWHUPLQH ZKHWKHU FDUERQ FRQWHQW FRUUHODW|
WKLFNQHVV WKDW RFFXUV XSRQ SRVW GHSRVLWLRQ DQQHDO
VXLWDELOLW\ RI @KE$SHSSURFHWY IRU DSSOLFDWLRQV LQ WKH
LW ZLOO DOVR EH LPSRUWDQW WR REWDLQ LQIRUPDWLRQ L

GHQVLW\ DQG FU\VWDOOL]DWLRQ WHPSHUDWXUH

)XUWKHUPRUH IXWXUH ZRUN LQ WKLV UHVHDUFK ZLOO L
SUHFXUVRUV LQ FRPELQDWLRQ ZLWK ,9% WR DVVHVV WKH YLD
,QLWLDO HIIRUWV LQ WKLV D@ H@DXH$UE2 MR HEH SRIVLOMH WKL Q

® )LIXUH BUHOLPLQDU\ UHVXOWWsXEHYHD GHB FWXD
\LHOGHG ILOPV RI VLPLODU WKLFNQHVV WROW, KR \BH FSHES\RW LDVQ-

WKH SURFHVV GLVSOD\HG VHOI OLPLWLQJrJURZWHKREKBDHDFW



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

WKH >+ @®H9% SURFHVV GLIIHUHG JUHDWO\ ZLWK WKH ILOP
GXUDWLRQV QHDUO\ GRXEOH WKH @KBOBNIQBYVY BURZKH > IWLKOI
FRQGLWLRQV DQG QRQ $/' JURZWK REVHUYHG ZLWK LQFUHD
DQDO\VLV RI WKH GHSRVLWHG ILOPV LQ FRPELQDWLRQ ZLWK

DOWHUQDWLYH KDIQLXP SUHFXUVRUV DQG ,9%$ PD\ SURYLGH L«

VXUIDFH VSHFLHYV

JLIXUH 'HSHQGHQFH RI DYHUDJH ILOP WKLF®QHVVLIDHGY *3 &
10H 2%X DQG ,9% SXOVH WLPHV DW YDULRXV GHSRVLWLRQ
GHSRVLWHG XVLQJ F\FOHV DQG WKLFNQHVVHV *3& YDOXH)
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3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

SHIHUHQFHV IRU &KDSWHU

- & &KHQ < &KHQ 5 *DR & &KHQJ ; /L * =KDR ' &K
RI 67, *DS ILOO 7(HBKTQURDOR \

5 6ULQLYDVDQ 3 9 5 'DQGX 6 9 %DEX 6KDOORZ 7
OHFKDQLFDO 30DQDUL]D&LRQEROBEEYAWRWH 6FL 7HFKQR
3 3

' &KHQ - 5REHUW $ B6KHSKHUG 9 *DXUL * ' 3DSDVR)
'HSRVLWLRQ DQG (WFK %DFN *DS )LOO 3URFHVV 1R
3DWHQW 1R %

% - /HH ' : 6HR - : &KRL $ 6WXG\ RQ WKH *DS )LOC

WKH 'HSRVLWLRQ (WFK 'HSRVLWLRQ OHWKRG LQ WKH 6S
&RDWLQJV

/ &KHQ ' $QGR < B6XWRX WKL@LNWPW®VX3® D ORZ UF
LQWHUFRQQHFW PDWHULDO IRU DGYD@MPHG 6/MHP LTAHRFKERFO
%

' 6 *DUGQHU &RSSHU 5HIORZ 3URFHVYV ,QWHO &
RI $PHULFD 3DWHQW 1R %

" ,VKLNDZD $ 1DNDQR 6 8HGD + .RX + $UDL $ .RECL
.RED\DVKL 30DVPD (QKDQFHG &9' /RZ N 3URFHVYV

30DQDULW\ E\ &RQWUROOLQJ )ORZDELOLW\ ,((( ,QWHUQ
&RQIHUHQFH 6DQ -RVH &$ 86%

< <DQD % =KDQJD + 'HQJD / &KHQD / :LDRD % =KL
&9' 3URFHVV $SSOLFDWLRQ IRU *DS )LG®6DMIBQYDQFHG 7

4 ;X * :DQJ : ;LRQJ 7 <H 1RYHO JDS ILOOLQJ WHF!
LVRODWLRQ VWUXFWXUH LQ QP )LQ)(7 XVLQJ VXE D
GHSRVLWQBWHU 6FL ODWHU (OHFWURQ

6 : &KXQJ 6 7 $KQ + & B6RKQ - .X 6 3DUN < : 6R
' /HH 1RYHO VKDOORZ WUHQFK LVRODWLRQ SURFH\
IRU VXE QP '5$0 'LJHVW ,QWHUQDWLRQDO (OHFWUR
JUDQFLVFR &% 86%

+ .LP 6 /HH - : /HH % %DH < &KRL < + .RK + <L
: 1DP + . .DQJ & & - 3DUN 1 &KR 6 /HH 1RYH
3URFHVV 7THFKQRORJ\ IRU VXE QP ,QWHUOD\HU 'LHOHFW
, QWHUFRQQHFW 7HFKQRORJ\ &RQIHUHQFH 6DQ -RVH &$

/| =KDQJ - ) GH ODUQHIIH $ /HVQLHZVND 3 9HUGRQF
. &URHV - %RHPPHOV = 7RNHL 6 'H*HQGW 0 5 %DNO
LQWHJUDWLRQ RI JDS ILOOI$GBEROBMIDORPWNGLHOHFWULF

& & /DL / < /L : [ :DQJ 7 % +XDQJ + - &KLHQ
LPSURYHPHQW RI 026)(7 SHUIRUPDQFH E\ WKH RSWLPL]
LQWHJUDWLRQFIRMHFHAWURQ (QJ
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3K ' 7KHVLV + ODMHGD $0 +DUHUL OFODVWHU 8Q

LYHU'

< .LP % +DQ < - .LP - 6KLQ 6 .LP 5 +LGD\DW - (
/IHH $WRPLF OD\HU GHSRVLWLRQ DQG WHOOXUL]DWLRQ

PHPRU\ DSSOBBRVWIGRQV

+ -DLQ 0 &UHDWRUH 3 3RRGW OROHFXODU OD\HU GHS

UDWLR WUHQFKHV 7KH HIIHFW RI 70$ RXWIDFVI6@
7HFKQRO $
& 7 1JX\HQ ( + &KR % *X 6 /HH + 6 .LP - 3

1 RQ

DUN

6KRQJ - < /HH + % 5 /HH *UDGLHQW DUHD VHOHFWL)
JDS ILOOLQJ LQ " QDQRVWUXFWXUHYV WKURXJKID/\UIDFH

&RPPXQ
$ & -RQHV + & $VSLQDOO 3 5 &KDONHU 5 -

3SRWW

5 2 .DQH - 0 *DVNHOO / 0 6PLWK 02&9"' DQG $/' RI

2[LGHV 8VLQJ $ONR[LGHK BRI HFXY VRIBRVLWLRQ
. &KR . 6 $Q 7 0 &KXQJ & * .LP % 6 6R <

+ <R)

-XQJ < .LP $/'" Rl +DIQLXP 'LR[LGH 7KLQ )LOPV 8VLQJ
BUHFXUVRU +DIQLXP OHWK\O &XHPWRBDISGHHSRYSWLRQ

7 %O0ODQTXDUW - 1LLQLVW| O 5LWDOD O /HVNHOI $WI

DQG 7UDQVLWLRQ OHWDO 2[LGH 7KLQ )LOPV )R
&KHP 9DS 'HSRVLWLRQ

FXV R

;X $ 3 OLODQRY + 3DUDOD & :HQJHU & %DULVWL
7TRDGHU & %RFN ' 5RJDOOD + : %HFNHU 8 .XQ]H §
'"HSRVLWLRQ@RLGIAOPV (PSOR\LQJ D +HWHURGKIAWLF +DIQ

9DS 'HSRVLWLRQ
( 5DXZHO * &ODYHO 0 * :LOOLQJHU 3 5DXZHO

1 3

WR PHWDO R[LGH WKLQ ILOPV ESQ@WRP &K IO \HQWEHS&SRV LV

( 5DXZHO 0 * :LOOLQJHU ) 'XFURTXHW 3 5DXZHO
3LQQD &DUER[\OLF $FLGV DV 2[\JHQ 6RXUFHV IRU WKH ¢

+LJK OHWDO-2BKEHMV&KHP &
< /HH 6 .LP - .RR , .LP - &KRL + -HRQ <

‘RQE

,QFRUSRUDWLRYLORY +*HSRVLWHG E\ 30DVPD (QKDQFHG

'"HSRVLWLROHFWURFKHP 6RF *

9 OLLNNXODLQHQ O /HVNHOI 0 5LWDOD 5 [/ 3XXUXQ
ILOPV JURZQ E\ DWRPLF OD\HU GHSRVLWLRQ ®RYHWYLHZ

3K\V

7 *RXJRXVL /RZ THPSHUDWXUH 'RSDQW $VVINMHG &U

JLOPU\VWDO *URZWK 'HVLJQ

' %DUUHFD $ OLODQRY 5 $ )LVFKHU $ 'HYL (
JURZQ E\ $/' $Q :36 X MWXGBKL 6SHFWUD

- 3 /HKDQ < ODR % * %RYDUG + $ ODFOHRG
3URSHUWLHV RI +DIQLXP 'LRIDGER DK IGQ) LIOPR/V

7RQGH

2SW
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3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

3 & /LDR 3 + &KHQ < ) 7VHQJ 7 $ 6KLK 7 $ /LQ

: &KLX - + /LX 3DUWLDO GHFDUER[\ODWLRQ RI KDIQL
UHVROXWLRQ OLWKRJYU DODKNA A WD SESKHAF DS&VLRQV

7 ( * $OLYLR / 5 'H -HVXV 5 9 'HQQLV < -LD & -
6LQJLVHWWL 6 %DQHUMHH $WRPLF /D\HU 'HSRVLWLR
*UDSKHQH 2[LGH 3URELQJ ,QWHUIDFLDO &KHPLVWU\ DQ
$EVRUSWLRQ DQG 3KRWRHOHEKHPBE\YFHKFWURVFRSLHV

/ 5DPTYLVW . +DPULQ * -RKDQVVRQ $ )DKOPDQ & 1
LQ 7TUDQVLWLRQ OHWDO &DUELGHV DQG 5HODW3K3V&RPSR
&KHP 6ROLGYV

+Ep2erERRQG GLVWDQFH UDQJH EDVHG RQ D VHDUFK RI1 V
'‘DWDEDVH RI WKH +I 2 GLVWDQFHYV LQ WKH &6"' IDOO 2
&6' DFFHVVHG YLD FRQTXHVW &6' RQ $SULO YHUV
l1RYHPEHU

+bodr(IERQG GLVWDQFH UDQJH EDVHG RQ D VHDUFK RI1 V
'‘DWDEDVH RI WKH +I 2 GLVWDQFHYV LQ WKH &6' IDOO z
&6' DFFHVVHG YLD FRQTXHVW &6' RQ $SULO YHUYV

1RYHPEHU

+k(2ERQG GLVWDQFH UDQJH EDVHG RQ D VHDUFK RI W
'DWDEDVH IRU KDIQLXP FRPSRR[FGOLIRQWULQLQRI WKH -
GLVWDQFHV LQ WKH &6' IDOO ZLWKLQ WKH UDQJH GHVFUI
&6' RQ $SULO YHUVLRQ XSGDWHG 1RYHPEHL

+1 2 ERQG GLVWDQFH DQG 2 & 2 ERQG DQJOH UDQJH E
&DPEULGJH 6WUXFWXUDO 'DWDEDVH IRU KB RRUWK®L DRMSHIZ

FDUER[\ODWH OLJDQGV RI WKH +1 2 GLVWDQFHYV DQG
WKH &6' IDOO ZLWKLQ WKH UDQJH GHVFULEHG &6' DFFHV'
YHUVLRQ XSGDWHG 1RYHPEHU

+1 2 ERQG GLVWDQFH DQG 2 & 2 ERQG DQJOH UDQJH E
&DPEULGJH 6WUXFWXUDO 'DWDEDVH IRU KDIQLXP FRPSO}
FDUER[\ODWH OLJDQGV RI WKH +1 2 GLVWDQFHV DQG
WKH &6' IDOO ZLWKLQ WKH UDQJH GHVFULEHG &6' DFFHV
YHUVLRQ XSGDWHG 1RYHPEHU

7 - %R\OH ' 7 <RQHPRWR 7 4 'RDQ 7 0 $ODP 6\C
&KDUDFWHUL]DWLRQ RI *URXS OHWDO &DUERQPRDWHYV IF
&KHP

' 9DQ GHQ (\QGHQ 5 3RNUDWDWK - 'H 5RR 1RQDTXHF
2[R &OXVWHUV DQG &ROORLGDO O&KHFO BRHYGH 1DQRFU\V

* .LFENHOELFN O 3XFKEHUJHU 8 6FKXEHUW 6 *URVV
OHWKDFU\ODWH VXEVWLWXWHG OHWDO 2[LGH &OXVWHUYV
ORQDWVK &KHP
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3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

< =KDQJ ) GH $]DPEXMD 7 1 3DUDF 9RJW 7KH IRUJRYV
PHWDOV $ VXUYH\ RQ WKH VI\QWKHVLVY VWUXFWXUH DC
+1,9 DQG 7L ,9 RERROBVWKHNE 5HY

7 *RXJRXVL ' 1LX 5 : $VKFUDIW * 3DUVRQV &DUERQ
GHSRVLWLRQ DPELHQWGLSHRWFSARFMULYK /HWW

7 *RXJRXVL * 1 3DUVRQV 3RVWGHSRVLWLRQ UHDFWL
GLHOHFWULF FRQVWDQW IDQBVF RUER @ FROMPUEIFT VSHF
3K\V

7 *RXJRXVL ' %DUXD ( ' <RXQJ * 1 3DUVRQV OH\
'HSRVLWHG IURP OHWDO 2UJDQLF 3UHF&RWRWAMRKED/ 6 XSHU
ODWHU

$ 7 :LOOLDPVRQ 7KH 3RO\PHUL]DWLRQ DQG 7KHUPDO
$P &KHP 6RF

6 0 OLWFKHOO . $ 1LUDGKD 6DFKLQWKDQL 5 3X
3RO\PHUL]DWLRQ RI &XPXODWHG %RQGV ,VRF\DQDWHYV
ORQRPHJRG ODFUR /HWW



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

&KDSWHU

6\QWKHVLY 6WUXFWXUHVY DQG 7KHUPDO 6WDELOLW\ RI 'l

=LUFRQLXP ,9 $FHQ &RPSOH[HV

SRUWLRQV RI WKLV FKDSWHU KDYH EHHQ UHSULQWHG DGDSW
' - + (PVOLH 6\QWKHVLV 6WUXFWXUHV DQG 7KHUPDO 6WLCLC
=LUFRQLXP ,9 $FHQ (XRRSBBJHVRXUQDO RI ,QRUJDQLF &KHP

SDJHV &RS\ULJKW -RKQ :LOH\ ©6RQV
+ QWURGXFWLRQ WR &KDSWHU

7KLV FKDSWHU IRFXVHV RQ WKH GHVLJQ VI\QWKHVLV DQG
WKHUPDO VWDELOLW\ RI QHZ =U ,9 FRPSOH[HV DV$SRWHQWLI
7KH SURFHVV GLVFXVVHG KHUHLQ ZDV FRQFHLYHG DV DQ DO
ILOPV LQWR QDUURZ KLJK DVSHFW UDWLR WUHQFKHYV QP
YRLGYV DV LQWURGXFHG LQ 6HFWLRQ 'H SUHVHQW HIIRL
VXLWDEOH SUHFXUVRU PROHFXOHV WR HQDEOMKDRDOIRKZ DVEKGHH
GHSRVLWLRQ RI ROLJRPHULF RQH GLPHQVLRQDO FKDLQV V

IXQFWLRQDOL|H&E RXEGVERDMWHOWLDOO\ IORZ WR WKH ERWWRP

7KH SURSRVHG SURFHVV LQYROYHV WKH XVH RI DQ RFWDKH
PROHFXOH ZKLFK IHDWXUHV D WHWUDGHQWDWH OLJDQG FRI
WZWUDRIWSRVHG PRQRGHQWDWH DQLRQLF OLJDQGV WKDW F
SURWRQDWLRQ DOORZLQJ IRU SUHIHUHQWLDO JURZWK LQ

FRQVLGHUHG WKD@W > DFB@QN\O RU DPLGR FRPSOH[HV FRX



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

FDQGLGDWHV IRU XVH DV $/' SUHFXUVRUV IRU WKH GHSRVLWL

FKDLQV

____________________________________
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Y
Y
Y
‘\_\ //I\

6FKHPH 3URSRVHG SURFHVV IRU $/' RI QRQ VXUIDFH WHWKI
GLPHQVLRQDO FKDLQV RQ D IXQFWLRQDOL’]HG; @XER MISJDHYH WV >
DV WKH SUHFXUVRU

$FHQLJDQGY DUH WHWUDGHQWDWH GLDQLRQV IHDWXULQ
JHQHUDO IRUPXCORBR5 &5&& 2@ ZKHUH WKH &5 &5 XQLW LV Q
DURPDWLF ULQJ IURPVKXWHGEQV R PHOHU WR OLJDQGV ZLWK DC
ZKHUHDV DFHQ LV XVHG W R&OHI&EHE RQIH WR\EGKDYH EHHQ XVHG
SUHSDUH D EURDG UDQJH RI FRPSOH[HV IURP WHHRXRKREW
UHSRUWHG ]JLUPRPRRBOHBFH\ LQF O XGKD> D DEQ QD) @°

> DPHQJ &% X@ @ DFHQ DFHQ RU DF&QLROH&+& 2 &) DQG



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

>=U DFH@  bv ZHOO DV FDWLRQLF DON\O GHULYDWLYH

) =U &% X @>% & / 18K 303K 30HRU 1&0H®

JRU XVH LQ $/' SUHFXUVRU PROHFXOHV VKRXOG EH VXIILFL
UHDFWRU LQ WKH YDSRXU SKDVH W\SLFDOO\ DW D SUHVVXUH
VWDEOH HQRXJK WR ZLWKVWDQG ZHHNV RI KHDWLQJ DW WKH
ZH VHW RXW WR SUHISSDUH >DDRNQ RU DPLGR FRPSOH[HV EHD
&+ 1&0H&+& 2 OHOLJDQGV GXH WR WKHLU O R4 \DREBXQQA/DU Z|
&\DFHQ OLJDQGV 6FKHPH JLY HREL WR MW QW& HV RE VW LUV 3 VG
F\FORKH[DQH OLQNHU PLJKW EH H[SHFWHG WR DIIRUG FRP
VWDELOLW\ $ SKHQ\OHQH OLQNHU ZRXOG SHUKDSV KDYH D \
QRW SXUVXHG GXH WR WKH SURSHQVLW\ RI DU\O ULQJV WR

GHFUHDVHG YRODWLOLW\

BHYHUDD ARPHBMH[HY KDYH SUHYLRXVO\ EHHQ XWLOL]HG DV
)RU H[DPSOH >&X DFHQ @ KDV EHHQ X\RHG 2VIRQ GHRPRELIQMD \W HRVQ
FRSSHU RU FRSSHU R[LGH>WIDL IDPRY @&\ DV EHHQ HPSOR\I
GHSRVLWLRQ RI HOHPHQWDO QLFING® 1L GRM FR ZSIROWL VW W KTL
SODVPD DVVLVWHG ®DZE®' >*D DFHQ +@ >0B MFHOQFRKQ 3K
&+ 1&0H&+& 2 3KDQG >$0 BDFH KPYH EHHQ LQYHVWLJDWHG D
JDOOLXP DQG DOXPLQLXP R[LGH GHSRVLWLRQ E\ DHURV
GHSRVLIWIEBQGLWLRQDOO\ @>ZDWFHRXQG WR EH DQ HIIHFWL

SUHFXUVRU IRU WKH JURZWK RI XWWQ@QJLXR WPRPBMBEKGL]IHG -=
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WHWUDPHWK\OKHSWDQHGLRQDWH2 VD WXKUHZABRDS/UIBDI V XWUK/HR U FD C

UHDFWBQW
+ 6\QWKHVLY DQG 6WUXFWXUHV RI 'LDON\O =LUFRQLXP ,9

SHDFWLRQ RI RQH HTDANWD® GHYWFRHQ+ RWBRNBFHQ ZLWK
>=U &t 0H@ DW URRP WHPSHUDWXUH DIIBRUGHEGE UHGDXNJ DFF
\HOORELW\DFHQ 6&08H@ RU \HO ONRZDEXAFHQ 6&0H@

UHVSHFWLYHO\ 6FKHPH

VahuiuinY

X
=
a
AN

__________________‘
N e e e e e - =

6FKHPH 6\QWKHVLV RI GLDONWRFRPGIOOHHBYPLQDWLRQ

; UD\ TXDOLW\ FUWHNMHORERMDLQHG IURP WRO®EHQ@KHH[DQ|
FU\VWDO VWUXHKFMWXWH RI UHYHDOHG D GLVWRUWHG WULJRQ
JHRPHWU\ ZLWK HDFK WULDQJXODU IDFH FRQVLVWLQJ RI D
GRQRU DWRP 7KLV JHRPHWU\ ZDV DVVLIJQHG EDVHG RQ WI

PHDVXUHPHQW &60 YDOXH RI IRU WULIJRQDO SULVPDWI
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RFWDKHGUDO JHRPHWU\ 7DEOH &RQVLVWHQW ZLWK WKL
J)LIXUH DUH f f DQG f ZKLFK DUH PXFK FORVH
WULIJRQDO SULVP WKDQ WR f H[SHFWHG IRU DQ RFWDKH:¢
HTXLGLVWDQW IURP WKH WZR WULDQJXODU IDFHV =U FHQWU

EHWZHHQ WKH SODQHV RI WKH WZR 12 FKHOPWHYV ZLWKLQ WK

J)LIXUH D ; UD\ FU\VWDO VWUXFVWXOH@RI >ZUMKFHQO&SVRLG
SUREDELOLW\ 6SDEH7TXHRXKXWSHURIJHQ DWRPV ZHUH ORFDWI
GLIIHUHQFH PDS DQG UHILQHG LVRWURSLFDOO\ DOO RWKHU

5 6HOHFWHG ERQG OHQJIJWKW¥Uc RQG DQJOHxU 2
=U 1 =U 1 =U & =U
1 = 1 & =U & =U &
= & 6L =U & + 8 =U &
= & + % =U & + % E F &RR

JHRPHWU\ DURXQ®BXSHBULKPSRVHG RQ WKH LGHDO WULJRQDO ¢
6+$3( SURJUDP



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

7DEOH &RPSDULVRQ Rl WKH FRQWLQXRXV VKDSH PHDVXUH
SULVPDWLF 735 DQG RFWDKHGUDO 2& JHRPHWUWRQG W:

DQG DV ZHOO DV FU\WWDOORJUDSKLFDOO\ FKDUDFWHUI
FRRUGLQDWH JLUFRERRSOME[HWHQ

735

&RPSOH] 260 2& &60 7ZLVW D@ ¢A¥
>SE@
>SE@
>SE@
SE@

>SE@

>=U DFHIP &0

>=U DFHR Yo X® @ >E@
>=U DFH®+W X .

10H3K @ >%@cs®

>DfKH LGHDO WZLVW DQJOHV IRIFRPSDUMHQDIOWKULYRROWBQ RF
>E@ZLVW DQJOH DVVRFLDWHG ZLWK WKH 1 GRQRU DWRPYV

7KH =U+& GLVWDQFHV A DQG ¢’ DUH ZLWKLC

FRRUGLQDWH JLUFRQLXP ELV WULPHWK\OVLO\OPHWK\O FRP
WKH =U+&+6L ERQG DQJOHV Rl qOLHfDDWQWKH XSSHU HQG RI V
UDQJH A q> @OLNHO\ GXH WR VWHULF KLQGUDQFH RU W
LQWHUDFWLRQUS5 FRRIIKSOLQJ FRQUWDQW] IRKLFK LV DW WKH X
RI WKH UDQJH IRU HDUO\ WHDEVPHWWRGRPISWBHMHWQRBU ZKLFKk
LQWHUDFWLRQV KDYH E@DBQGSWRSRYHB&++ DQJOHV ~ f

HVSHFLDOO\ DFXWH PRUH FRQVLVWHQW ZLWK D VWHULF RUL



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

6L DQJORK )RU FRPSDULVRQ: WKH FRXSOLQJ FRQVWDQW
> DPHQJ &&0H @ D¥HOQFHQRU DFHQ DUH DQG +] UHVS
DQG WKH =Ux&+& DQJOHV LQ WKH VROLG VWDWH VWUXFWXU

DQG > @

$GGLWLRQDOO\ WKH =Ux2 ~ DQG c DQG =U=zxl1
c’ GLVWDQFHV DUH ZLWKLQ WKH UDQJH IRU SUHYLRXVO\
FRPSOH[HV ~=Uz%x2 =U=zx1 > @Q FRPSDULVRQ W
LVRVWUXFWXUD @ +&=Xa@D FHR® SOMHDWXUHV VKRUWHU =U+x2 =Ux#:
ERQGY FRQVLVWHQW ZLWK UHGXFHG VWHULF KLQGUDQFH

DQJORX

J)LIXUH ; UD\ FU\VWDO VWRERX\WEKHRB 686H WZR YLHZV DUH

VKRZQ WR IDFLOLWDWH FRPSDULMRDK RV RRRVBHQREY U 6BWKHH R

JURXS 3EFD (OOLSVRLGVY DUH VHW DW K\GORRHEQ@ EAWR®Y ZHK

ORFDWHG IURP WKH GLIITHUHQFH PDS DQG UHILQHG LVRWURS|

EHHQ RPLWWHG IRU FOBUIOWMFVWHG ERQG OHQJIJWKW ¢ DQG DQ.
=U 2 =U 1 =U 1 =U
=U & 1 =U 1 & =U &
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=U & + %
=U & + % =U & + % =Uu & + %

3DOH \HOORZ QHHGOH ODNH RHO/MRYOEORFN EHUM DOV
REWDLQHG IURP FRQFHQWUDW H @&K H KIHQWW UHRFOVAILRRYN DW +

LV DQDORJRXV WRLWKDWLRIODU &60 DQG . YDOXHV 7DEOH
¢’ =Ux2 A DQG ¢’ DQG =Ux1 ~ DQG
GLVWDQFHV DQG VOLJKWO\ OHVV REWXVH =U+&+&lL DDJOHV
+]° &RPSRXQELJXUH LV DOVR WULJRQDO SULVPDWLF EX
DQG LQ WKDW WKH =U 1 DQG 2 DWRPV OLH DSSUR[LPDWHO

WKH SODQHV Rl WKH WZR 1% BRS DB WG \D ZLIWKE Q WK B IVXG

WZR PROHFXOHV LQ WKH XQLW FHOO DQG WKH =U+& A
DQG =U+1 A ¢’ GLVWDQFHV DQG =U+&+6L

DUH VLPLODU WIRQW K RVH \L @ +] IRU
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JLIXUH ; UD\ FU\VWDO V WWUXEROWWXAH) B 8 HI@ RQO\ RQH RI WZF

LQGHSHQGHQW DQG HVVHQWLDOO\ LVRVWUXFWXUDO PROHF

PROHFXOHV LQ WKH XQLW FHOO GLVSOD\HG GLVRUGHU DW W

DWRP DQG RQH BQWFKIH) OLJID W/ &+ JURXSYV (OOLSVRLGV
SUREDELOLW\ 6SDFH JURXK\GURJIJHK® BWRRARY ZHUH ORFDWI

GLIIHUHQFH PDS DQG UHILQHG LVRWURSLFDOO\ DOO RWKHU

FODULW\ 5 6HOHFWHG ERQG OHQJIJWKMJ c DPQG DQJOHVW

2 =U 1 =U 1 $ =U &

& 1 =U 1 3 & =U & =U &

=U & 6L =U & + 8 =U &
=U & + % =U & + %

&RPSOH[HWR IRUPHG SDOH WR YLYLG \HOORZ VROXWLR
EHQJHQH RU WROXHQKD\WK DPESURELFDRPHWUN LQ WKH VROLG V
JDYH ULVH WRt VLQ@QI@OH HUEQYLURQPHGWMWI Y SHEMUXP LQGLFD
R1 DSSD&UHWR\WPHWU\ LQ VROXWLRQ SUHVXPDEO\ GXH WR D I
WULIJRQDO SULVPDWLF DQG RFWDKHGUDO VWU&+FWXNEE DV VI

& 105 VLIQDOVZHUJH REVHUYHG DW SSP DQG SSP UHV
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6FKHPH ,VRPHUL]DWLRQ LQYROYLQJ LQWHUFRQYHUVLRQ E}I
RFWDKHGUDO VWUXFWXUHYV SURSRYNG WHRWHNSRIDERPW RN (DG ¢
LQ VROXWLRQ DW URRP WHPSHUDWXUH 7KH WZRDHJIXI5YDOHQ
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%\ FRQWUDV& V\PPHWULF DQG WKH WZR WULPHWK\OVL
LOQHTXLYDOHQW DW URRP WHPSHUDWXUH DQG BHORIQDIONQJ
DW DQG SSP 1P WEHFWUXP DQG DQG & 10%SP LQ W
VSHFWUXP $W KLJK WHPSHUDWXUH . WKH WZR WULPHWK
HTXLYDOHQW E\ DQ XQLGHQWLILHG IOX[LRQDO SURFHVV $W |
DQG+&0H HQYLURQPHQWY EHFDPH LQHTXLYDOHQW SUHVXP!
IOX[LRQDO SURFHVYVY LQYROYLQJ ULQJ IOLS RI WKH F\FORKHI[D

&RQYHUVHKOV DSSURJLWPWPWHWU\ DW URRP WHPSHUDWXUH
SURWRQV DUH GLDVWHUHRWRS:.LF DIFHHRUBWQJ GRREOHWWSP L

WKH 105 VSHFWUXP DQ& I NVQJQBO DW SSP
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J)LIXUH D9DULDEOH WHP3KHb DIMBNBWURL RIDFHQ 6&6H@
I[URP GLIMPROXHQH 0+] EFG ([SDQGHGOBHJILRQV
VSHFWUD IHDWXU+ QLU &/ KHF E&DQG I6SEBRWRQ SHDNV
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+ , QYHVWLIJDWLRQ RI 7TKHUPDO 6WDELOLW\ DQG 5HDFWLYL

$FHQ &RPSOH[HV

&RPSRXQGUHDFWHG FOHDQO\ ZLWW X2 #H TWRY D ORIQW \> =R
&\DFHQ% 2@ 6FKHPH ZKLFK ZDV FKDUDFWHUL]JHG LQ VR
WKDW WKH DON\O JURXSV FRXOG EH VHOHFWLYHO\ UHPRY!
+RZHYHU UHDFWLW® RFEFKYY UHVXOWHG LDQQERM & \®LFHQ
IRUPDWLRQ 7KH YRODWLOLW)\ DWR WKW HPYIDAD X DWD i G OF\WD VRW
VXEOLPDWLRQ DW P7RUDQ & RPHSFRRERBRWHG ZLWKRXW VXEOI

DQG f& UHVSHFWLYHO\ %\ FRQWHLDMVMGFR® SRXQIGHO G
f& +RZHYHU KHDWD@J SX®HXQGHU VWDWLEF DUJRQ IRU |
H[WHQVLYH GHFRPSRVLMUSRQFWR DDIRGDBLOHKH VROXEOH SUR
LQGLFDWLQJOWKMW WKH ORQJ WHUP WKHUPDO VWDELOLW\ W

SUHFXUVRU
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6FKHPH S5HDFWLR@RWK2+ WR DI IFREGDFHD @
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+ 6\QWKHVLV RI %LV DPLGR =LUFRQLXP ,9 $FHQ &RPSOHJF

$V D SRWHQWLDO PHDQV WR LPSURYH WKH WKHUPDO VWLI
DPLGR =U ,9FRPHQH[HV ZHUH SXUVXHG LQ SODFH RI GLDON\O
WR VIQWKHVL]H VXFK FRPSOH[HV YLD DPLQH HOLPLQDWLRQ S
UHDFWLRIFRRQ+DQG >=@ LOHPW PRODU UDWLR UHVXOWHG LQ
RQH RI ZKLFK ZDV LGHQWA | L M GGIHVLRHDBDWHRQV RI @ LMK (W
HTXLY RL$DFHQ RWUDQDFHQ DOVR \LHOGHG PXOWLSO

SURGXFWYVY DV GLG UHDF@LRQAWKRIHTREHWQR3UEKDOH (W

&RPSOH[ZDV IRUPHG LQ JRRG \LHOG IURPFWRHZ LW K HOLREWKL
>=U &L0H@ RU >=U @OHFEKHPH DQG \HOORZ RUDQJH VLQJ(
ZHUH REWDLQHG IURBWRROXIMHAMOE DOVR EH SXULILHG E\ V
7KLV FRPSOH[ IHDWRRUG®LWDRVHG DFHQ OLJDQGV )LJXUH
DQG 2 GRQRUV RI HDFK DFHQ OLJDQG OLH DSSUR[LPDWHO\ L
WKH 2112 SODQHV RI WKH WZR OLJDQGY LVQQBBURXVR WRKWR
ERQGLQJ VLWXDWLR@ LQ > @KBHMEPAHWUVRIQWHUPHGLDWH EF
VTIXDUH DQWLSULVPDWLF DQG WULDQJXODU GRGHFDKHGUDO

TXDOLW\ IRU PRUH GHWDLOHG GLVFXVVLRQ RI ERQG PHWULF\
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o
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\/\ i
L

6FKHPH 6\QWKHVHV RI ®=U DAEHI®Z WKH ELV DPLGR FRP
>=U DFHQ ®®H(WQG >=U DFHQ 1@ 6LOH

7KH WDUJHW >=U @FHQP3IOHEDY XOWLPDWHO\ VIQWKHVL
UHDFWLRQ RI H[FHVV +10H(WG6ZDW® >=UQFHRWB&WROXHQH
6FKHPH KHQ WKLV UHDFWLRQ ZDV FDUULHG RXW DW UR
GHFRPSRVLWLRQ ZDV HYLGHQW DIWHU PLOQXWHYV HYHQ ZKt
ZHUH XVHG LQ WKH UHDFWARW JH«RZAHDWMHG FOHDQO\ E\ VWL
WHPSHUDWXUH IRG WRDXWHMRQORZHG E\ FRROLQJ WR £ f
LQ VLWX FKDUDFWHUILADWLR@MEYGLO5 VSHFWURVFRS\ )LJXUH ¢
7KH WKHUPDO LQVIWDEXOEWLNWIQJ DQG DWWHPSWV WR LVROD

FU\WWDOYHUH XQVXFFHVVIXO
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JLIXUH ; UD\ FU\VWDO VWUXKWNXWH RK>HQOLENQLGY VHW DW
DQG DOO K\GURJHQ DWRPV RPLWWHGQIR®Y FODULW\ 6SDFH JU

JLIXUH + 105 VSHFWUXP Rl >=U®@FHQHIOH(D/WHG LQ VLWX Il
UHDFWLRQ@LRNK H[FHVV +d 0WHR®QXIH® H 0+] . 8QDVVLIQHC
LQ WKH VSHFWUXP DUH WKH UHVLGXDO VROYHQW VLJQDO +

.

,Q DQ HIITRUW WR DFFHVV D ELV DPLGR FRPSOH[ ZLWK LQF

VWHULFDOO\ HQFXPEHUHG ELV WULPHWBVO¥YXOVA H® L&RPQ X
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IDLOHG WR UHDFW ZLW KD M[RHRRP Y RS H gD Wel UFR @ W U D V W
UHDFWLRQ RI @ UZIDFKQ &JFXLY Rl DWI1#6LDHRUGHG WKH WD
SURGXFW >=U DFH® " 1 66LKOHHP H ZKLFK ZDV LVRODWHG E\
DW + f& &RPSRXQWKHUPDOO\ XQVWDEOH ERWK DV D VROLC
WHPSHUDWXUH +RZHYHU LW Z BVDRXELU DFSMHSHEM® EVFRS\ DW

L@ 7+) UHYHDOLQJ RQH Vi @dQHS\W RRUR QYVOHRESH YEIWRQPHQW
DQG R@WLJQDO SUHVXPDEO\ GXH WR D IOX[LRQDO SURFHVV I

GLDON\O FRP&GEKHHPH

/IDUJH \HOORZ FU\XYXAMD-ORBEWDLQHG IURP WROEHQ@KHH[DQ|
VWUXFWXUH THIRRXGHD QW HBD DEHRQG WZR ELV WULPHWK\OVL
DIRUGLQJ D GLVWRUWHG WULJRQDO SULVPDWLF JHRPHWU\ )
RI WKH SULVP DUH q EXDWQ&QOL¥WRPISFOHHJHWR WKH
VPDOOHVW WZLVW DQJOH LV RMWMREWUD®/IHG DA WKFRBEWHIT&HQF
ODUJHU DQJOH RI f EHWZHHQ WKH SODQHV RI°VOKLADWLGR 12
Fl qgLQ 7KLY OLNHO\ DULVHV WR DOOHYLDWH XQIDYRXUD

WKH DFHQ GLDQLRQ DQG WKH EXON\ DPLGR OLJDQGV &RQVLYV

LQ FRPSRXQMBEKH 1 +=U=#1 DQJOH EHWZHHQ WKH DPLGR JUI
PRUH DFXWH WKDQ WKH f &*=Ux& DQJOH EHWZHHQ
IHYHUWKHOHVYridVRIBE =U+?2 GLVWDOFHV LQDQG c

UHVSHFWLYHO\  DUH RQO\ PDUJL QDIDDMG OV $BIR QY& D5Q WWKRQY Fik

LQ A c IDOOV ZLWKLQ WKH W\SLFDQQNDQHYV I'RU =U=*1%
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JLIXUH ; UD\ FU\WVWDO VWUXFWXUH R >=DLIKHEOC'QLE\ORILGYV
SUREDELOLW\ DQG K\GURJHQ DWRPV RPLWWHG IRU FODUL\

6HOHFWHG ERQG OHQJWIV =¢/ DQG DQJOHV =U 1

U 1 1 =u 1 1 =Uu 1 =

6L =U 1 6L

+ 6XPPDU\ DQG &RQFOXVLRQV IRU &KDSWHU

7KLV ZRUN SUHVHQWV WKH VI\QWKHVLV RI UHDFWLYH GI
FRPSOH[HV HPSORWRDPHA WQRMIAVFHQ OLIJDQGYV .H\ ILQGLQJ\
D WKIH¢\DFHQ OLJDQG DIIRUGHG D JLUFRQLXP GLDON\O FRI
VWDELOLW\ DQG YRODWLOWWDEKMWIKBQ W& B ORBREEM B BWIQOH
FRPSRXQGVXEOLPHG FOHRDQOWDINVER WK GEBIQN\O FRPSOH[HYV
WR DUH VLIJQLILFDQWO\ PRUH WKHUPDOO\ UREXVW WKDQ W
DQG ZKLFK GHFRPSRVHG DW URRP WHPSHUDWXUH WKH XQH

RI WKHVH FRPSOH[HV PD\ H[SODLQ WKH DEVHMHGRR I H[BRXISQ
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WKH OLWHUDWXUH F LQ WKH VROLG VWDWH WKH GLDON
GHVFULEHG DV WULJRQDO SULVPDWLF UDWKHU WKDQ RFWDK}
LQGLFDWHY IDFLOH DFFHVV WR RFWDKHGUDC WYWUXE® XLUHV
JLUFRQLXP GLDON\O FRPSOH[HV LV VXVFHSWLEOH WR SURWRC
VXFK W2+ OLPLWLQJ WKH SRWHQWLDO RI VXFK FRPSOH[H)
UHDFWLYLW\ DW WKH PRQRGHQWDWH OLJDQGNFH® DIHWKWI
>=U 100H@GWIDLOHG WR FOHDQO\ JHQ KU DIMOHWVK PXHQ WK LYV0 B WR G
EH DFFHVVHG FOHDQO\ YLD WKHGALHOBEBWZRYPKRWZ2RORHQPRU KK H 1
+10H(W E\ FRQWUDVW6 L0OBPEHR®LSUQRW UHDFW ZLWKHH[HF@VYV +]
DW f& DQG | UHDFWLRQIRWK WERMUHFXNEY RI /L10H(W DIIRL
RI XQLGHQWLILHG SURGXFWV ZKHUHDV WKH DQBQRIUDWHGH |
> DFHQ =uUur1" @@L o) KLIK \LHOG KLIJKOLJKWLQJ WKH VHQVLWL

QDWXUH RI WKH DPLGR OLJDQG

+ )XWXUH :RUN 3HUWDLQLQJ WR &KDSWHU

7KH JLUFRQLXP ,9 DFHQ FRPSOH[HVY SUHSDUHG LQ WKLYV I
DON\O RU DPLGR OLJDQGYVY ODFNHG WKH YRODWLOLW\ DQG RU
$/' SUHFXUVRU FDQGLGDWHY +RZHYHU V\QWKHWLFDOO\ IDFL
EDFNERQH FRXOG SRWHQWLDOO\ ILYH ULVH WR PRUH WKHI
PRGLILFDWLRQV LQFOXGH WKH DGGLWLWGERWYW HURKISY ON H )
' NHWLPLQDWH XQLWYV RU WR WKH F\FORKH[\O ULQJV RI WKH ¢

PHWK\O JURXSV RI WKH !/ NHWLPLQDWH XQLWYV PD\ DOVR LQ
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SUHFXUVRU PROHFXOH )XUWKHUPRUH XWLOL]JLQJ PRQRGHQ
DPLGR OLJDQGY DOVR HQKDQFH WKHUPDO VWDELOLW\ ZKLOQ

REVHUYHG IRU
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SHIHUHQFHV IRU &KDSWHU

0 =KX 0 = /HUXP : &KHQ +RZ WR 3UHSDUH 5HSURGXF
+\GURO\WLFDOO\ 6WDEOH $PLQRVLODRGJIJMXLYHG /D\HUV

) &RUD]]D & )ORULDQL $ &KLHVL 9LOOD & *XDVWL
ODJQHVLXP &RPSOH[HV 6\QWKHVLV DQG 6WUXFWXUH RI
'"HULYDWLE&KMP 6RF 'DOWRQ 7UDQV

$ 3DVLQL 0 *XOORWWL 6FKLII %DVH &RPSOH[HYV
2[RYDQDGLXP ,9 &RPSOH[HV ZLWK 7THWUDGHQWDWH 2SW|
&RRUG &KHP

% - .HQQHG\ . 6 O0OXUUD\ ODJQHWLF 3URSHUWLHYV DQC
6SLQ ODQJDQHVH ,,, &RPSOH[HV ORQRQXFOHDU DQG
&KHODWRVJI &KHP

% - .HQQHG\ $ & OF*UDWK . 6 OXUUD\ % : 6NHOWRE
THPSHUDWXUH ODJQHWLF 6SHFWUDO DQG ; UD\ &U\VWL
&URVVRYHU" ,URQ ,,, 6FKLII %DVH /HZLV %DVH $GGXFWV

$QLRQV RQ 6SLQ 6WDWH ,QWHUFRQYHUVIGRQ 6SGIFRPHNYV 4 Q

&02 %) 3) %3K LPG ,PLGDROH &KHP

0 1RUWK & <RXQJ %LPHWDOOLF DOXPLQLXP DFHQ F
VIQWKHVLV RI F\FOLF FDUERQDWHVY IURP &DWBERQ 6FLR[L
7HFKQRO

< 3 &DL + = 0D % 6 .DQJ & < 6X : =KDQJ - 6XQ
F\FORSHQWDGLHQ\O VXEVWLWXWHG WHWUDQXFOHDU OD
2UJDQRPHW &KHP

9 ORXJHO 3 +RUHJODG * 1RFWRQ - 3pFDXW 0 0
&RPSOH[HV RI 3HQWDYDOHQW 8UDQ\O )URP 'LVSURSRU
BWDEOH &QKMW HWXW -

) &RUD]]D ( 6RODUL & )ORULDQL $ &KLHVL 9LOOD
'LFKORUR GHULYDWLYHV RI VL[ DQG VHYHQ FR RUGLQDW
WR TXDGULGHQWDWH 6FKLII EDVH OLJDQGV WW\V&DO
>0 VDOSKMXKIE@ WKI @ DFHOWRU +I DQ@>&KHR DO &O
6RF 'DOWRQ 7UDQV

( % 7MDGHQ ' & 6ZHQVRQ 5 ) -RUGDQ - / 3HWHUYV
DQG 5HDFWLYRMHQR+DRG BFHQ =U&RPSOH[HV 5 + ) 5
&+&0H &+3K2UJDQRPHWDOOLFV

$ %DVWLDQLQL * $ %DWWLVWRQ ) %HQHWROOR 5 *
FU\WWDO VWUXFWXUH Rl JLUFRQLXP FRPSOH[HV ZLWK
NHWRLPLQDV8R G KHGEURQ

7 *HUILQ 0 %HFKW . + 'DKPHQ 3UHSDUDWLRQ RI FR!
E\ PHWDO RUJDQLF FKHPLFDO YDSRXU GHSRVLWLRQ XVL(
ODWHU 6FL (QJ %

* * &RQGRUHOOL * ODODQGULQR , / )UDJDOj 1XFOl
R[LGH ILOPV LQ 02&9' SURFHVVHV XVLQJ WKH EHWD NHW
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3 0@
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HWKDQHGL\OGLQLWULOR ELV &KHRBR WIDER QBDSIRV LMRRIHU .

3 $§ 3UHPNXPDU $ 'DVJXSWD 3 .XSSXVDPL 3 3DUDP
6 1DJDUDMD 9 6 5DJKXQDWKDQ 6\QWKHVLV DQG &KDUD
1DQRFRPSRVLWH &RDWLQJV E\ 30DVPD $\RKIHPNVH® HHWD
'HSRVLWLRQ

6 $URFNLDVDP\ 9 6 5DJKXQDWKDQ 3 $ 3UHPNXPLE
'DVIJXSWD 3 3DUDPHVZDUDQ & ODOOLND . 6 1DJDL
02&9' Rl 7LWDQLXP 2[LGH DQG LWV &RPSRVLWH &RDWLQ
SUHFXU¥RMR 9DS 'HSRVLWLRQ

' 3XJK 3 ODUFKDQG , 3 3DUNLQ & - &DUPDOW *U
FRPSRXQGV JDOOLXP K\GULGH GHULYDWLYHV DV PROHF
*D2 ,QRUJ &KHP

& ( .QDSS 3 ODUFKDQG & '\HU , 3 3DUNLQ & - &
FKDUDFWHULVDWLRQ RI QRYHO DOXPLQLXP DQG JDOOLX|
GHSRVUWEZRQ &KHP

- $ %HORW 5 - OF1HHO\ $ :DQJ & - 5HHG\ 7 - 0D
5KHLQJROG ([SHGLHQW URXWH WR YRODWLOH JLUFRQL
GHSRVLWLRQ SUHFXUVRUV XVLQJ DPLGH VIQWKRQV DQG L
JLUFRQLD ILGPODWRHEWK5HV

%RQG GLVWDQFH DQG DQJOH UDQJH EDVHG RQ D VHDU
'DWDEDVH IRU FRRUGLQDWH JLUFRQLXP ELV WULPHWK\C
WKH =U & GLVWDQFHV DQG =U & 6L DQJOHV LQ WKH &6"' IL
&6' DFFHVVHG YLD FRQTXHVW &6' RQ 6HSWHPEHU \
1RYHPEHU

- %UXQR * 0 B6PLWK 7 - ODUNV & . )DLU $ - 6F¢
+ $FWLYDWLRQ OHFKDQLVPV DQG 5HJLRVHOHFWLYLW)\ LQ
%LV SHQWDPHWK\OF\FORSHQWDGLHQ\O $/K R&KKXP '&RP N\C

= *XR ' & B6ZHQVRQ 5 ) -RUGDQ &DWLRQLF =LUFRQ
&RPSOH[HV DV ORGHOV IRU ,QWHUPHGLDWHV LQ OHWDC
3RO\PHUL]DWLRQV '"HWHFWLRQ RI DQ . $JRVWL
&O0H +| &+ +0H 30H 2UJDQRPHWDOOLFV

$ ) 'XQORS %ULQUH 3 + 0 %XG]HODDU 0 & %DLUG

7LWDQRFHQH &RPIIDAIHPANWDOOLFYV

- -DIIDUW 0 (WLHQQH ) ODVHUDV - ( OF*UDG\ 2
EHWZHHQ . DQG $IJRVWLF 6WDELOL]HG 5RWDPHUV RI
&RPSOH{HYP &KHP 6RF

'/ &ODUN 6 . *UXPELQH % / 6FRWW - * :DWNLC

$U\OR[LGHV DV 6XSSRUWLQJ /LJDQGV LQ 2UJDQRDFWL!
6WUXFWXUDO &KDUDFWHUL]DWLRQW®D® & 5&HBEWHYLW\ RI
DQRQG )RUPDWLRQ RI WKH 7ULPHULFK 27KRMDEXP +\GULGH
2UJDQRPHWDOOLFV
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3 i@ [ TXUFXOHW 7 ' 7LOOH\ =LUFRQLXP $PLGH +DOLGH I
E\ 7TULSRGDO $PLGR /LIJDQGVUNLNULYHGDIRIRPRF\FORKHI[D
2UJDQRPHWDOOLFV

0@ & $ &UX] ' - + (PVOLH / ( +DUULQJWRQ - ) %UI
(IWUHPHO\ 6WDEOH 7KRULXP ,9 'LDON\O &RPSOH[HV 6XS
%LV DQLOLGR [DQWKHQH DQG %LV DQLOLGRPH
2UJDQRPHWDOOLFV
6@ ' O $PRURVH 5 $ J/HH - [/ 3HWHUVHQ 6LOD F

3UHFXUVRUV IRU WKH *HQHUDWLRQ RI +LJKO\ (OHFWURS
&DWLRQV 6SHFWURVFRSLF DQG 6WUXFWXUDO (YLGHQFH
> ®H =U &BLOH 7+) @>@BBKIDQRPHWDOOLFV

$6@ ,Q PHWDO 0 DON\O F®PSOHGHWRIDLAVKOLIDQGY WKH LQV

RI H[SDQGHG 0 & ( DQICFHRKX DM I FRQVWDQWYV VKRXOG E

ZLWK FDXWLRQ JLYHQ WKDW ODUJHU 0 & ( DQJOHV FD(

SRWHQWLDOO\ JLYLQxk UERKSWRQVPERODWHNUD QWY GXH WR

FKDUDFWHU LQ WKH & + ERQGYV VHH UHI+ FRBEQGLQJ )X

FRQVWDQWY DUH GLPLQLVKHG ZKHQ WKH FDUERQ DWRP |

VXEVWLWXHQW DV SUHGLFWHG E\ %HQWTfV UXOH VHH

FRXSOLQJ IRW 6L0H] FRPSDUHG ZLWK VHHIBKWI&OH DQG

WKH + FRXSOLQJ IRU WKH PHWK\O OLGDR[®® H®F>)0JO0H

LV +] VHH UHI FRPSDUHG ZLWK +] IRU WKH WH

$@H VHH UHI DQG +] IRU PHWKDQH VHH UHI

+ $ %HQW $Q $SSUDLVDO RI 9DOHQFH %RQG 6WUXI

&RPSRXQGV Rl WKH JLUVSKBHRZ §BHPHQWV

1@ 5 % 1D]DUVNL +2-OPRDXOOANIIV LQ *URXS ,9% WHWUDPF
JDV SKDVH 105 DQG ')7 VWUXFWXUDO VWXG\ D VHDUFK
SURWRBERO &KHP &KHP 3K\V

i@ 5 )LVFKHU + *|UOV 3 5 OHLVLQJHU 5 B6X[GRUI 0 I
BROXELOLW\ 5SHODWLRQVKLS RI 'LR[DQH &RPSOH[HV RI
&KHP (XU -

7@ 2 <DPDPR®HR FRXSOLQJ FRQVWDQWY LQ WULPHWK\ODC
GHULYDWRXHWY 3K\V

5I@ 1 OXOOHU ' ( 380SWIFMDUGJI® LQ 3URWRQ ODJQHWLF 5H
+\GURFDUER®&WP 3K\V

¥0@ %RQG GLVWDQFH UDQJH EDVHG RQ D VHDUFK RI WKH &D
JLUFRQLXP ELV WULPHWK\OVLO\O DPLGR FRPSOH[HV |
&6' IDOO ZLWKLQ WKH UDQJH GHVFULEHG &6' DFFHVVI
BHSWHPEHU YHUVLRQ XSGDWHG 1RYHPEHU

AV
(@]
)



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'
&KDSWHU + ([SHULPHQWDO OHWKRGYV

*+ *HQHUDO "HWDLOV

$00 UHDFWLRQV ZHUH FRQGXFWHG XQGHU DQ DWPRVSKHUL
SUHSDUDWMRQG BRIZKLFK ZDV FDUULRG B X6 KOHIHU ALQH FRQW
PLQHUDO RLO EXEEOHU UDWKHU WKDQ D PHUFXWFEQEEOHU
SUROLJDQGV ZKLFK ZHUH FDUULHG RXW LQ DLU $Q DUJRQ IL
+( JORYHER[ HTXLSSHG ZLWK D i f& TUHH]HU ZDV HPSOR\HC
VWRUDJH RI DOO R[\JHQ DQG PRLVWXUH VHQVLWLYH FRPSRX
SHUIRUPHG RQ D GRXEOH PDQLIROG KLJK YDFXXP OLQH ZLWHK
DQ (GZDUGV 5 YDFXXP SXPS XVLQJ VWDQGDUG WHFKQLTXHV

SHULRGLFDOO\ XVLQJ D .XUW - /HVNHU LFRQYHFWLRQ HQK

&RPPRQO\ XWLOL]J]HG VSHFLDOW\ JODVVZDUH LQFOXGHG W
7THIORQ WDSV OHDGLQJ WR D JODVV MRLQW ERPEV RU -
&HQWULIXIJDWLRQ ZDV SHUIRUPHG XVLQJ D )LVKHU 6FLHQW
.LPEOH P/ JODVV FHQWULIXJH WXEHV DQG :KHDWRQ

@ ORFDWHG ZLWKLQ WKH JORYHER[ *ODVV WR JODVV F
+ JUHDVH $SLH]J]RQ RU VLOLFRQH JUHDVH 'RZ &RUQLQJ $UJI
DQG SXULW\ ZHUH XVHG IRU WKH $/' UHDFWRU DQG YDFX
VXSSOLHG WR WKH YDFXXP OLQHV ZDV PQIAILHS2ARRX'EQDORZ
DQ 2[LVRUE : VFUXEEHU IURP ODWKHVRQ *DV 3URGXFWV $UJR

ZDV SXULILHG WR EHOR@G2+XSAWRDQ 6%$(6 0& ) SXULILHU



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

+ $/' 5SHDFWRU

$00 $/'" H[SHULPHQWV ZHUH FRQGXFWHG LQ D KRPH EXL
UHDFWRU )LJXUH /KH UHDFWRU FRQVLVWY RI D UHDFW|
KRXVHG ZLWKLQ DQ RYHQ 32YHQ -~ 7KLV UHDFWLRQ FKDPEF
LQFK KHDWHG VXEVWUDWH VWDJH +HDWZDYH /DEV ZKLFK F
WHPSHUDWXUH HTXDO WR RU DERYH WKH WHPSHUDWXUH RI
FKDPEHU LV FRQQHFWHG WR DQ (GZDUGV 5 YDFXXP SXPS OF
D KHDWHG IRUHOLQH D VHFWLRQ LV KHDWHG WR a f& EXV
f& ZLWK VHYHUDO PDQXDO EHOORZV YDOYHV DQG D c¢ PRO
SURGXFWYV WR SUHYHQW RLO EDFNVWUHDPLQJ IURP WKH SX

&RQYHFWLRQ (QKDQFHG 3LUDQL 9DFXXP *DXJH QRW FRQQHF)\

)RXU VHSDUDWH SUHFXUVRU OLQHV DWWDFK WR WKH WR
FDQ EH XVHG IRU URRP WHPSHUDWXUH SUHFEXUVRU GHOLYHU
IRU JDVHRXV SUHEXUVRU GHOLYHU\ 7ZR OLQHV OHDG WR K
GHVLJQ EXW ZLWK D GLS WXEH VKRUW HQRXJK WR DYRLG FR
ORDGLQJ RI WKH EXEEOHU VHH )LIXUH $ RQH KHDWHG E>
RYHQ WKDW FRQWDLQV WKH UHDFWLRQ FKDPEHU ZKLOH WKH
FRQQHFWHG WR WKH RYHQ WKDW FRQWDLQV WKH UHDFWLRG
ZKLFK FDQ EH LQGHSHQGHQWO\ KHDWHG 3XULILHG DUJRQ
SUHFXUVRU OLQHV YLD D PDVV IORZ FRQWUROOHU DQG D SQt

3$/' YDOYH’



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

JLIXUH 6 FKHPDWLF GLDJUDP RI WKH KRPH EXLOW $/' UHDFWR

*+ 6ROYHQWYV

2WKHU GVWWBQXH@H7BRGZKLFK ZHUH SXUFKDVHG IURP &DPE!L
/IDERUDWRULHY DOO VROYHQWYV GLPHWKR[\HWKDQH '0(
WROXHQH WHWUDK\GURIXUDQ@ 78&) ZGIUHWEXO HWKHG I(WRP 6
$OGULFK $00 VROYHQWV ZHUH LQLWLDOO\ GULHG RYHU DQ I

c PRO VLHYHV IROORZHG E\ 1REHQHRSKGKRQISHGWDQH
1D 382 WHWUDJO\PH2 7&) GWR®D7+) 1D &R WROXHQH 1D

IROORZHG E&21DB&EG WKHQ GLVWLOOHG



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

+ QVWUXPHQWDWLRQ DQG $QDO\VLYV

6ROXWLRQ 105 VSHFWURVERSA &@QXFOHDRV SHUIRUPHG RQ
%UXNHU $9 DW . DQG D %UXNHU $9 105 VSHFWURPHW

$0H0DQ@&MN" 105 VSHFWUD ZHUH GLUHFWO\ U HWKIHFRHKGWKHHO

UHVRQDQFH RI WKH SURVGRWMRPCEXRHU)W \ RHQL @5 SSP
&+ DQG +2&SP UHVSHFWLYHO\ RU WKG WRAGGRRIDQFH RI
IRU& 105 SSP &' DQG & 2SSP UHVSHFWYYHO\

6L DQG105 VSHFWUD ZHUH LQGLUHFWO\ UHIHUHQFHG E\ F
I[UHTXHQF\ RLMWBKWSHFWUXP XVLQJ WKH IUHTXHQF\ +J DDWL R F
GHVFULEHG BWF*FEBKWLMJHTXHQF\ UDWLR LV GHILQHG DV WKH S
I[UHTXHQF\ RI D VSHFLILF LVRWRSH OB WKDW HRQ F¥ KRH P D VIXQG
D NQRZQ YDOXH IRU DOO FRPPRQOW XVHG&105 QXFO¥WL H J

6L ) +HWHURQXFOHDU 105 VSHEF\
WKHUHIRUH EH LQGLUHFWO\ UHIHUHQFHG E\ PXOWLSO\LQJ WI
I[UHTXHQF\RLWMWKWHSHFWUFRL + U QxFoWL ‘'LUHFW UHIHUHQFLQJ
DQ HIWHUQDO VWDQGDUG ZDV SHUIRUPHG SHULRGLFDOO\ WR
UHSRUBMHGOS5 FKHPLFDO VKLIWV ZHUH ORFDWBGH |[URIF&FURV V!

105 VSHFWUD

&RPEXVWLRQ HOHPHQWDO DQDO\VHVY ZHUH SHUIRUPHG DV
D 3HUNLQ (OPHU ORGHO VHULHV ,, DQDO\]JHULG® 17X M R'YG H
PXOO VHDOHG EHWZHHXEG RVZR ZIDBREWDLQHG XVLQJ D 7TKHUPR
L6 )7,5 VSHFWURPHWHU HTXLSSHG ZLWK D 7KHUPR 6FLHQWL

DQG SURFHVVHG XVLQJ 7KHUPR 6FLHQWLILF 201,& 6HULHV VE



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

PDVV VSHFWURPHWU\ *& 06 ZDV REWDLQHG RQ DQ $JLOHQW

PDVV VSHFWURPHWHU FROXPQ 3KHQRPHQH[ =% 30XV
WKLFNQHVYV P +HOLXP ZDV XVHG DV D FDUULHU JDV ZLW
VSOLW /| Rl VDPSOH zZzDV LQMHFWHG DQG WKH RYHQ

IROORZV DQ LQLWLD@GWBFSKHD®OAWKXRIUH RALQXWHY D@ WKHQ |

DW D UDWHPRIQ DQG KHOG DW WKH ILQDO WHPSHUDWXUH IRU

6LQJOH FU\VWDO ; UD\ GLIIUDFWLRQ VWXGLHV ZHUH FR
SDUDWRQH RLO DQG PRXQWHG RQ HLWKHU D D 60%57 $3¢(; ,
VHDOHG WXEH OR JHQHUDWRU DQG 60%$57 &&" GHWHFWRU
RU E D&672( ,3'6 ,, GLIIUDFWRPHWHU ZLWK DQ LPDJH SODWH
LQ WKH OFODVWHU $QDO\WLFDO ; UD\ GLIIUDFWLRQ
SURFHVVHG XVLQJ ;35(3 DV SDUW RI WKH $3(; Y VRIWZDUF
PHWKRG 6+(/9Q DOO FDVHV QRQ K\GURJHQ DWRPV ZHUH UHI
K\GURJHQ DWRPV ZHUH JHQHUDWHG LQ LGHDO SRVLWLRQV DQ
F\FOH H[FHSW+HRU@QURIHQOWRPYV LQ FRPBOQGE [HKLFK ZHUH
ORFDWHG IURP WKH GLIITHUHQFH PDS DQG UHILQHG LVRWUR
UHILQHPHQWY ZHUH SHUIR®ARBHWWIQHV2DHPH DVVLIJQHG WKU

RI FRQWLQXRXV VKDSH PHDVXUH &60 DQDOXVWLV XVLQJ WKH |
+ ODWHULDOV &KDUDFWHUL]DWLRQ

3RZGHU DQG WKLQ ILOP ; UD\ GLIIUDFWLRQ ;5" ZDV FDU
'LVFRYHU GLIITUDFWRPHWHU HTXLSSHG ZLWK D 9DQWHF D

VRXUFH ZIMIMKLDOWLRQ ¢ RSHUDWHG DW N9 DQG P$ 7KI



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

SRZGHUV ZHUH PHDVXUHG XVLQJ D WKLQ ILORWVIDWLRQSRQ
D ILIHG DQ@IOHURIPHY ZLWK H[SRVXUH WLPHV RI VHFRQGYV
D FRQWLQXRXYV UDQSHURIIMHUHQFH 6E DQG % GLIIUDFWRJUD
XVLQJ OHUFXU\ VRIWZDUH ZLWK GDWD UHWULHYHG IURP WKH
,&6'" FROOHFWLRQ FRGHYV DQG UHVSHFWLYHO\ ([S

ZHUH JHQHUDWHG DQG DQDO\JHG XVLQJ *$''6 'LIIUDF (9% DQ¢

$YHUDJH ILOP WKLFNQHVVHV ZHUH GHWHUPLQHG E\ YL
HOOLSVRPHWU\ 9%$6( XVLQJ D - $ :RRODP O VSHFWL
OHDVXUHPHQWY ZHUH WRNMHQ LIORPHPHQWY ZLWK DQ DFTXLVL)\
VHFRQGV ([SHULPHQWDO GDWD ZHUH PRGHOHG XVLQJ WKH ¢
ZLWK WKH VSHFWURPHWHU )RU 6E6ULLONWPRH GRHRSRNQ WH/E &R QV B
HISHULPHQWDO GDWD FRQVLVWHG RI WDWHUVRKEVMWHDWWKEENWN
WKLFNQHVV GHWHUPLQHG E\ 9%$6( DQDO\VLV RI WKH EDUH VX
PRGHO ZLWK VWDUWLQJ PDWHULDO SDUDPHWHUYV VHW WR 6E
DQDORJRXVO\ EXW ZQ D\KRXMWQQWKKHHG6RRGHO ORGHOV XWLOL]HC
DQJOH DQG ZDYHOHQIJWKQGDQJIJHVQP )RU +1 FRQWDLQLQJ ILOF
RQ 6L&L WKH ILWWLQJ PRGHO FRQVLVWH® RVHL 6 R O/XE X M [EN

&DXFK\ PRGHO OD\HU DQG XWLOL]J]HG GDWD REWDLQHG LQ W|

qDQG QP

,Q DOO FDVHV 9%$6( PHDVXUHPHQWY ZHUH FDUULHG RXW
TXRWHG WKLFNQHVYV YDOXHYVY DUH DQ DYHUDJH RI DOO WKUHH
GDWD LV UHSUHVHQWHG JUDSKLFDOO\ YHUWLFDO EDUV LQGL

RQO\ VKRZQ LI WKH UDQJH HIWHQGV ! QP IURP WKH DYHUDJH



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

IURP 9$6( ZHUH SHULRGLFDOO\ FRQILUPHG E\ $)0 VWHS DQDO\
LOQVLGH WKH UHDFWLRQ FKDPEHU D VWULS RI " ZLGH .DSWHF
RI WKH VXEVWUDWH DIWHU GHSRVLWLRQ WKH WDSH ZDV S&H
ZKLFK ZDV FOHDQHG ZLWK LVRSURSDQRO DQG KH[DQHV WR

FURVV VHFWLRQDO 6(0

,Q DGGLWLRQ WR ;5" ILOP FRPSRVLWLRQ ZDV DQDO\]F
VSHFWURVFRS\ ;36 XVLQJ D 7KHUPRILVKHU 6FLHQWLILF (VFI

.DVRXUFH ZLWK D QRPLQIPP \6SRKW WHJHLQI) GHSWK SURILOHV

XVLQJ H9 PRQRDMWRRPERBBEDUGPHQW DW D KLJK FXUUHQW
F\FOH WLPH UDVWHUHG RYHU DQ DUHD RI PP E\ PP (
REWDLQHG XVLQJ D )(, 0ODJHOODQ DQG DQDO\]HG XVLQJ ,

WKLFNQHVYVY YDOXHV GHSLFWHG RQ WKH WRS ULJKW FRUQHU
9%$6( $WRPLF IRUFH PLFURJUDSKY ZHUH REWDLQHG XVLQJ D %
DQDO\]HG XVLQJ 1DQRVFRSH $QDO\VLV VRIWZDUH 6XUIDFH U
GHSRVLWHG RQ XQGRSHG 6L ZDIHUV ZLWK QP RI R[LGH z
F\OLQGULFDO IRXU SRLQW SUREH &</ 7& PP WLS

WLSV ZLWK PP WLS UDGLXV DQG -DQGHO +0 33 WHVW PH



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

+ 6WDUWLQJ ODWHULDOV 6\QWKHWLF 3URFHGXUHV DQG &

WKH :RUN RI &KDSWHU
+ 6WDUWLQJ ODWHULDOYV

$QWLPRQ\ SRZGHU VRGLXP6LEDS KDNKDZ8HEDB S OBFKDVHG U

6LIJPD $OGULFK DQG VWRUHG XQGHU DUJRQ $0O0O UHDJHQWYV Z

6E 6LOH ZDV SUHSDUHG XVLQJ D PRGLILFDWLRQ RI Wt
VIQWKHVEDVHG RQ WKH VIQWKH\VEP R bBEBBLORWH DOO ZRU
FRQGXFWHG RXWVLGH RI D JORYH ER[ ZDV FDUULHG RXW LQ
P/ ERPE D PL[WXUH RI 6E SRZGHU J PRO WKLQ ULE
PRO DQG QDSKWKDOHQH PJ PPRO LQ '0( P/ ZDV \
GD\V WR DIIRUG D EODFN FRERX¥UWEUVERROLQ®I WR URRP W
WULPHWK\OFKORURVLODQH P/ PRO ZDV DGGHG GURS.

PLQXWHV 7KH PL[WXUH ZDV WKHQ KHDWHG DW f& IRU
VOXUU\ ZDVLRDODIHBRIRUH WKH PL[WXUH ZDV EURXJKW LQV
FHQWULIXJHG 7KH VROLG UHVLGXH ZDV ZDVKHG ZLWK |
FHQWULIXJDWLRQ 7KH FRPELQHG PRWKHU OLTXRUV ZHUH WU]
WR D YDFXXP OLQH DQG FRROHG WR f& 5HPDLQLQJ VROY!
VROXWLRQ WKURXJK WKH YDFXXP OLQH LQWR D UHFHLYLQJ
YDEXXP 7KLV DIIRUGH® ®ESSDOH \HOORZ RLO J PRO
ZDV EURXJKW LQWR D JORYHER[ DQG VWR UHIGV DOAL 3K Wf ¥ HIQA DV
DQG VHHPLQJO\ UHDFWLYH WRZDUGV SRO\SURS\OHQH FHQW
UHDFWLRQ ZLWK DGGLWLYHV 7KHUHIRUH JODVV FHQWUL

6E 6LOHVKRXOG EH VWRUHG 0% WKH GOHJN .G Vv +




3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

&+ SSP&M™M" & 0+] . 106 & SSP6L 105 '&
0+] . Gi V SSP

+ $/' ([SHULPHQWYV XVLQJ 6EDEQRGHE&O

JRU DOO $/' H[SHULPHQWY DUJRQ IORZV RI VFFP ZHUH
OLQHV DQG IORZV RI VFFP ZHUH XVHG RQ WKH WZR LQ X

SUHVVXUH RI a P7RUU GXULQJ $/°

7KH 6E®QG 6E 6LOXEEO®HWUH PDLQWDJRQHGDIWD H[SHULPH(
HIFHSW IRU URRP WHPSHUDWXUH GHSRVLWLRQ H[SHULPHQWYV
6 XEVWUDWH WHPSHUDWXUHYV UDQJHG IURP URRP)RWHMSHUDYV
GHSRVLWLRQV LQ WKLV ZRUN WKH SXUJH WLPH IROORZLQJ HI
UHDFWRU XVHG LQ WKLV ZRUN UHTXLUHYV ORQJHU SXOVHV WK
WR WKH VLJQLILFDQWO\ ODUJHU UHDFWLRQ FKDPEHU YR
6E 6LOH6E& G/ SURFHVV DW f& VKRZV VLIQLILFDQW GH:¢
GXUDWLRQ DV VKRZQ LQ )LJXUH $ 7KLV LV SUHVXPDEO\ G>
DGVRUEHG SUHFXUVRU GXULQJ WKH SXUJH VWHS DQG DQD
REVHUYHG E\ LQ VLWX 4&0 IRU 6EB&@MW L Q%G D6QRWR XV

EHKDYLRXU ZDV DOVR RENHHUY NGB L@AUNH 6 B&D ©

$00 $/' H[SHULPHQWYVY XVHG GRXEOH VLGH SROLVKHG 6L
RU QP RI R[LGH RU IUHVKO\ SUHSDUHG K\GURJHQ WHUPLQ
VXEVWUDWHY ZLWK D OCOD\HAHRHRISOGNMPBLROHDQHG DLU SODVF
LPPHGLDWHO\ SULRU WR EHLQJ ORDGHG LQWR WKH $/'" UHDFW

FOHDQLQJ ZDV FDUULHG RXW XVLQJ D %DVLF 30ODVPD &OHDQ



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

FRQQHFWHG WR D FIP (GZDUGV Q;'6 L VFUROO SXPS $ OHI
VHW WKH SUHVVXUH LQ WKH SODVPD FOHDQHU WR P7RU

VHW WR

+\GURJHQ WHUPLQDWHG 6L + 6L VXEVWUDWHYV ZHUH
SURFHGXUH FP [ FP VHFWLRQV RI D 6L ZDIHU ZLWK D
ZHUH SODFHG LQ D EHDNHU FRQWDLQUI®2 IF& SLPD@KW®H YV
IROORZHG E\ D TXLFN ULQVH XQGHU D VWUHDP RI XOWUDSXU
SODFHG LQ D 37)( EHDNHU FRRWDLPLO@XWHWPVHG LQ D VWUHE
83: DQG GULHG XQGHU D UDSLG IORZ RI QLWURJHQ RU DUJRQ
RU PLQXWHY ORDGHG LQWR WKH $/' UHDFWRU DQG SODFH
SUHSDUH +) VROXWR2ER®WG FROE ZHUH SXUFKDVHG IURP 6L

$OGULFK 8OWUDSXUH ZDWHU ZDV SURGXFHG XVLQJ D OLOOL

+ 6WDUWLQJ ODWHULDOV 6\QWKHWLF 3URFHGXUHV DQG &

WKH :RUN RI &KDSWHU
+ 6WDUWLQJ ODWHULDO 6\QWKHVLV

7KH PXOWLVWHS SUHSDUDWLRQV RI 7+) ¥ROYDAEHG K\
VXSHUVLOXOVRGLXHPUH FRQGXFWHG DFFRUGLQJ WR OLWHUDW
PRGLILFDWLRQV WR WKH SXULILFDWLRQ VWBYV SUHEBHWE\
IROORZLQJ DQ XQSXEOLVKHG SURFHGXUH E\ 'U 3DWULFLR 5R
WKH LQ VLWX V\QWKHVLVY GHVFULEH®@7EH 33HHYD DWWLRPN

GLPHWK\ODPLGRGLFKORURERPBYHK\ODPLGRGLIZHNRURERUOWE



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

PRGLILHG IURP WKH OLWHWRWXYRL G WRKEH GOOUHO L @K HRU UI D V H
GHWDLOHG VIQWKHVLY DQG FKDUDFWHUL]DWLRQ DUH GHVFUL
1D OBL&O 6 L0&QL 0 2QWAMBL+&0 .) .WHX/L 0 LQ SHQWDQF
%U /L$O+OHH%U %&0O0 LQ KHSWDQHW %®HU%, % 10H

% 10H%U ZHUH SXUFKDVHG IURP 6LJPD $OGULFK VWRUHG XC

IXUWKHU SXULILFDWLRQ

6L 6LOH7R D P/ 7+) VXVSHQVLRQ RI /L J PPRO LQ
ERWWRPHG IODVN ZDV DGGHG P/ PPRO RI WULPHWKN\C
VROXWLRQ RI VLOLFRQ WHWUDFKORULGH P/ PPRO ZDV

VWLUULQJ PL[WXUH XVLQJ DQ DGGLWLRQ IXQQHO $IWHU VW
XQGHU G\QDPLF DUJRQ WKH GDUN EURZQ PL[WXUH ZDV JUDY|
DQG /L&O $ PL[WXUH RI FUXVKHG LFH DQG K\GURFKORULF DF|

VROXWLRQ DQG WKH RUJDQLF ODPHU WV ID\WQ B[ WUDH® RE HZW W K6

7KH FUXGH SURGXFW ZDV SXULIpHG PVRNYEB @AW DWIKRQVBWROL

+ 105 & 0+] . / Vv + 6LS&P &M 105
&' 0+] : / &BL SSP 6L 105 '& 0+]
[ % WOH + &L6LOH SSP

N OHBLG6L /L 7+) $ VROXWLRQ RI 7THWUDNLV WULPHWK\OVI
PPRO LQ P/ RI 7+) ZzDV SUHSDUHG LQ D P/ ERPE $ VROX
PHWK\OOLWKLXP LQ GLHWK\O HWKHU ZDV DGGHG GURSZLVH Z
UHDFWLRQ PL[WXUH DW URRP WHPSHUDWXUH IRU KRXUV D
UHPRYH)G YD FXRG WKHQ WKH UHDFWLRQ ZDV OHIW WR VWLU

WHPSHUDWXUH $00 UHPDLQ L WIREXYEHF®&W A DV D EPROYHG OO R



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

7KH FUXGH SURGXFW zZDV SXULILHG E\ FU\VWDOOL]DWLRQ IUR

DV ODUJH RUDQJH FU\VWWDOOS5 & J 0+] . / w

+ &+&+2 P &+ &+ 2 \% OH6LSSP&™M ™ 105 &

0+] . / &+ 2 &+ &+ 2 &b SSP6L 105

&' 0+] . £ 6DH = &L6LOH SSP

WoX6L+)'LWHBEXW\OFKORURVLODQH J PRO SRWDV\
PRO DQG SRWDVVLXP K\GURJHQIOXRULGH J PRC
URXQG ERWWRPHG IODVN 7KH UHDJHQWY ZHUH VWLUUHG QH

FOHDU DQG FRORXUOHVY OLTXLG SURGXFW ZDV GLVWLOOHG 1

J + 105 & 0+] o G -+ y +] L Vv
+ & SSP&"N" 105 & 0+] o &0H &+ SSP
) 105 & 0+] A -G +] SSBL 105 '&
0+] . GL ) +] SSP
oX6L+$ VROXWALIREXWRIOOLWKLXP J PRO LQ P/

ZDV DGGHG GURSZLVH WR D W MEXWN\AY O X RORWLIARIORI GL J

P/ RI SHQWDQH LQ D P/ ERPE 7KH GURSZLVH DGGLWLRQ
VORZO\ WR OLPLW KHDW JHQHUDWLRQ $IWHU WKH DGGLWLRQ
VWLUUHG DW f& RYHUQLJKW XQGHU VWDWLF DUJRQ 8SR(
YRODWLOHV ZHUH UG PRIOYFX@&DNYOARIOBEHKLQG D FRORXUOHVV OL
E\D ZKLWH SUHFLSLWDWH 7KH ZKLWH SUHFLSLWDWH /L) ZD"

WKH SXUH SURGXFW DV D FOHDU DQG FROBXROHVVOBLTXLG

/ V # 6L \Y, + +& &SSP &M 105 & 0+]




3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

/ &0H & SSP6L 105 '& 0+] .o V

SSP

WoX6L% B VROXWLRRBERWWUWLODQH J PPRO LQ P/
ZDV FRROHG WR f& RQ D PLQHUDO RLO EXEEOHU 6FKOHQN (

PPRO zZDV DGGHG VORZO\ YLD VV\ULQJH WR WKH YLJRURXYV
PLIWXUH ZzDV ZDUPHG WR URRP WHPSHUDWXUH RYHU DQ KRXI!
XQGHU G\QDPLF DUJRQ 2QFH WKH UHDFWLRQ ZDV RRPSOHW
YDFX®RHDYLQJ D OLJKW EHLJH UHVLGXH ZLWK UHG VSRWV 7]
VXEOLPDWLRQ DW f& P7RUU WKURXJK D VKRUW GLVWLOO
+ & 7KLV DIIRUGHG WKH SXUH SURGXFW DV D_NNWOJUN ZKLW

&' 0+] . / \% + & KSP &M 105 & 0+]

/ &0 H &+ SSP6L 105 '& 0+] . \%

SSP

o X6L1D 7¢)Q 7KLQ SLHFHV RI VRGLXP J PPR
WHEXW\OEURPRVLODQH J PPRO LQ D VXVSHQVLRQ RI
f& LQ D VHDOHG P/ ERPE 7KH PL[WXUH ZDV YLJRURXVO)
IRU KRXUV EHIRUH FRROLQJ WR URRP WHPSHYDODWEKM®RI DQG L
UHVLGXH ZDV UHGLVVROYHG LQ DSSUR[LPDWHO\ P/ RI SH
PLQXWHV WR UHPRYH SUHFLSLWDWHYV 1D%U H[FHVV 1D 7K
UHPRYDO RI LYRODWRRHVWXULILHG E\ FU\VWDOOL]DVWLRYRIURP
DITRUGDY ODUJH EURZQ RUDQJH FU\RWBON WUDFH DPRXQW
DQ LPSXULWY D+ NAHIM FRQVLVWHQWO\ SUHVHQW DIWHU UHFU\

LQ VPDOO DPRXQWYV LQ SURGXHWNWOS SRHSDWHEG TURP /
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W + &2 Vv + +& &QRWH SHDN SRVLWLRQ FRQI
GHSHQGHQW P &+ &+ 2 Vv + LPSXUL&Y SIDB
&' 0+] o &+2 &0 H &+ &+2
& &+ DQG LPSXUIBW\1 0SS & 0+] o
Vv V LPSXULW\ SSP
>SOHH/L 7+)@ 7R D VXVSHQVLRQ RPJL$O+PPRO LQ 7+)
PO ZDV DGGHG D 7+) VROXWLRQ P/ RI WULPHWK\OJHUP

PPRO GURSZLVH YL® VIKHOQRHWXWUH ZDV ZDUPHG WR URRP Wi
DGGLWLRQ DW ZKLFK SRLQW DOO YRODWLOHV ZHUHVEHWVYWLC
ZDUPLQJ WKH UHMWXOWRICOQKXIWLR@GE WR =0 VRO XWHHEBXWROOLWKLXF

PPRO LQ SHQWDQH P/ ZzDV DGGHG GURSZLVH WF
VIAULQJH RYHU PLQXWHYV 7KH \HOORZ UHDFWLRQ PL[WXUH ZI
DQG WKHQ NHSW DW WKH VDPH WHP &R UDDNFX®RHAHWRK U HPLR YWHK LY
DSSHDUHG DV D WKLFN VOXUU\ WKH IODVN ZDV ZDUPHG WR
ZDV IXUWKHU HYDFXDWHG IRU PLOQXWHYV XQWLO D VROLG SC
SURGXFW ZDV ZDWIRHRIZKWIOQHY DQG WKH VXSHUQDWDQW ZI
RYHUQLJKW WR \LHOG WKH SXUH SURGXFW DV D ZKLWH VRO
FU\VWDOV ZHUH JURZQ IURP D KIid8 DOIM WV RARFOXXUNDLHRUER VBMA HEG O H
DOWKRXJK WKH SURGXFW LV VWDEOH DW URRP WHPSHUDW X

GHFRPSRVHV XQGHU YDFXXP RYBY B IHZ RRKUV . /

w + &H2 P &+&+2 V. + #*H &SSP &”™" 105

&' 0+] . &H2 &+ &+ 2 * &+ SSP
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& + *H/L2 J PROFDOFG & + 1 IRXQG &

1

% 10H&O $ 0 VROXWLRQ RI ERURQ WULFKORULGH LQ
PPRO RI %80 DGGHG GURSZLVH YLD VV\ULQJH WR D YLJRUEF
WULVY GLPHWK\ODPLGR ERUDQH J PPRO LQ P/ RI SI
7KH FOHDU DQG FRORXUOHVYVY VROXWLRQ ZDV VWLUUHG DW U
SRLQW WKH UHDFWLRQ ZDV FRROHG WR flEQ YROGERMLAHYV .
DSSUR[LPDWHO\ RQH WKLUG RI WKH YROXPH UHPDLQHG 7KF
PLQXWHV WR UHPRYH DQ\ VR@L.EHGRPHUVWRULIH] WKH FRORXL
RI GLPHWK\ODPLGRGLFKORURWRUWEH PRWOQFHPFWUDWLRQ RI W

GHWHUPLQHG E\ LQWHIUD WLRID RIRWKNHKH SURGXFW UHODWLY

XVH LQ UHDHFEWAIR QY 0+] . / Vv + 1 & P
KHSWDQH P  KHS&BDOHOS5S SP 0+] o vV o+
1 &+ DQG KHSWW®H1ESS P& 0+]

/ V SSP

>% 10K @ 6ROXWLRQIMMRURRP WHPSHUDWXUH DOZD\V F|

GLPHU ZKLFK ZRXOG SUHFLSLWDWH VORZO\ RXW RI VROXW

FU\WWD QW5 & 0+] o VHS ++ 1.& +] SSP
&"> 105 & 0+] o &1 SSP %M 105 &
0+] . V SSP
>% 108 @ 7KH GLPHU Rl GLPHWK\ODPLGRGLRIOXRUREF
DQDORJRXVO\ WBXWLOWHY% 10H PJ PPRO D®D® %) P/

PPRO ORQRPHUDFGAPIKWBILIHY DQG UDSLGO\ SUHFLSLWDWH



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

SUHFLSLWDWHQZDP M MBRRIREGNDLQ WKH SXUH GLPHU DV D ZKLWH

PJ + 105 & 0+] . / V + 1 RSP&MT 105
&' 0+] ) / &+ SSP%™M" 105 & 0+]
/ P SSB 105 & 0+] . /[ + P SSP

+ 6LO\O DQG *HUP\O 6 XEVWLWXWHG %RUDQHYV

+\SHUVLO\OELVY GLPHWK\ODKASRUBRODQGEGLFKORWRERUDQF
ELV K\SHUVLO\O GLPHWK\QDBIRIIHGRERSDQHG IROORZLQJ OLWHL
WKH ; UD\ FU\WVWDO VWHKRFWRBM RIHHQ SUHYLRX¥O\ UH
6 XSHUVLO\OGLFKORWKRBERSDEMLRXVO\ EHHQ REVHUYHG E\ 10
IURP WKH UHDFWL RQGRI| 7D )DIQUE B KDG QRW SUHYLRXVO\ EH
7KHLU GHWDLOHG VIQWKHVLY DQG FKDUDFWHUL]DWLRQ DV Z

JHUP\O FRQWDLQLQJ ERURQ FRPSRX®@®WWH GHVFULEHG EHORZ

N OHBL6L % 10H $ VROXWLRGLRL FLOHA+) J
PPRO LQ P/ RI KHIDQHV ZDV FRROHG WR f& LQ D P
EURPRELY GLPHWK\ODPLGR ERUDQH J PPRO LQ P/

GURSZLVH ZLWK YLJRURXV VWLUULQJ 7KH UHDFWLRQ PLJ[V
WHPSHUDWXUH RYHU PLQXWHYV DQG IXUWKHU VWLUUHG D
SUHFLSLWDWH /L%U ZDV WKHQ VHSDUDWHG E\ FHQWULIXJD'

WKH VRIGQ¥ MOWAWXYXRH ZKLWH UHVLGXH ZDV SXULILHG E\ VXEOLPD

DITRUG WKH SURGXFW DV D ZKEtWB5VROLG 0+1 J . /
V + W& V + 6L &SP &"+ 105 & 0+] . /
1&+ &H SSP%” +° 105"' & 0+] . / V

SSP 6L 105 '& 0+] A - 6D0H SSBL6LOH XQREVHUYHG
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NOHL6L %&O $ VROXWLRQ R J PPRO
K\SHUVLO\OELV GLPHWK\OD®P LG RR KHQPBIQHY ZDV FRROHG WR
P/ ERPE $ 0 VROXWLRQ RI ERURQ WULFKORULGH LQ KF
GURSZLVH YLD VMA\ULQJH WR WKH YLIJIRURXVO\ VWLUULQJ VROX\
WR URRP WHPSHUDWXUH RYHU KRXUV DQG VWLUUH® RYHUC
YDFXRQG WKH SDOH \HOORZ UHVLGXH ZDV SXULILHG E\ VXEOI

GU\ LFH FROG ILQJHU WR DIIRUG WKH SURGXFWO®V&D ZKLWH

0+] ) / \Y ++ 6LXSP &M+ 105 & 0+]
/ 6&+ SSP %N +° 105"' & 0+] . / V SE8PL0O5
&' 0+] . /| * 6D0H SSBWBL6LOH XQREVHUYHG

N OHBL6L% 10H $ VROXWLR&L KL *LOHA+) J

PPRO LQ P/ Rl KH[DQHVY ZDV FRROHG WR % f& LQ D URXQC
SUHSDUHG OYRHOXWLRQ PPRO LQ KHSWDQH ZDV DGGHG GU
VWLUULQJ VROXWLRQ 7KH UHDFWLRQ PL[WXUH ZDV WKHQ VO
DQG OHIW WR VWLU RYHUQLJKW Q$OMDFXRDDVVOLIOHHKZ K GHDUSHDP®R!
UHVLGXH 7KH FUXGH SURGXFW ZDV SXULILHG E\GR HBUWWWDOC

FHQWULIXJDWLRQ WR UHPRYH /L&O\VSDHAFKLISWW OFWW HY WDIORW Q HC

J + 105 & 0+] . vV + 1 & \% + 6L &
SSP_&”+" 105 & 0+] . / &+ @&t SSP
%™ 105 & 0+] . / V _$EP105 '& 0+]
/ * V6BH * &L6LOH SSP& + %16L J PRO

FDOFG & + 1 IRXQG & + 1
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WoX6L % 10&O 7R D EULJKW \HOORZ RWWD&LIID VRDP XWLRC

J PPRO LQ P/ RI KH[DQHV ZDV DGGHG GURSZLYV

RI % 10&0 PPRO GLOXWHG ZLWK DSSUR[LPDWHO\ P/
DGGLWLRQ WKH UHDFWLRQ PL[WXUH LPPHGLDWHO\ EHJDQ W
OLJKW \HOORZ VROXWLRQ DQG WKHQ D QHDUO\ FRORXUOHV'
UHDFWLRQ PL[WXUH ZRVRYWUQUHGCNDWR DOORZ IRU FRPSOHW
>% 10 @ VRPH RI ZKLFK ZDV DOZD\V SUHVHED/NO LYROUBO X O
ZHUH UHRARYWMGBR®E WKH SDOH \HOORZ UHVLGXH ZDV UHGLVVF
DQRG FHQWULIXIJHG WR UHPRYH 1D&O L@SROOFWRARKNOKDHI| DUR

FRORXUOHVV RLO ZDV SXULIgHG EYRULYWNVOD IR DRXWAHVYV R

+ 105 & 0+] o Vo o+ 1 & Vo o+ & &
SSP_ &' 105 & 0+] o &+ &0 H
&&+ SSP %M 105 & 0+] o V_$8PL05 '&
0+] . P S&P %&016L J PRODOFG & +
1 IRXQG & + 1
VioX6L % 10H 7R D URRP WHPSHUDWXUH VX V@HQVLRQ R
PJ PPRO LOQ P/ RI KH[DQHV ZDV DGGHG GURSZ
WoXgL1D 7+) PJ PPRO LQ KH[DQHYV P/ $IWHU UR>

VWLUULQJ WKH \HOORZ RUDQJH VROXWLRQ WXUQHG QHDUO\
IRU KRXUV WRWDO DW URRP WHPSHUDWXUH EHIRWEY FHQW!
YDFXRKH UHVLGXH ZDV UHGLVVROYHG LQ SH&WOYQHU QLBKW QG
FU\WVWDOOL]JH XQUHNGF WKiKs WVROXOMHLRQ ZDV GHFDQWHG DQG GL

WR REWDRELQ% 10HDV D FOHDU DQG FRORXUOHVV RLO PJ
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FDQ EH GLVWREROORGRDMII1O0S5 & 0+] . / G 6
+] -+) +] + ¥ & \Y, + +& &SSP &"" 105 &
0+] . Q) +] DQG -&) G +] &+
& &+ &OH SSP %™ 105 & 0+] . / -%3)
+] ) 105 & 0+] . | % P S&GIP105 '& 0+]
] P SRP+ %)16L J PRODOFG & + 1
IRXQG & + 1

WoX6L %&O0O 7R D VWLUULQJ P/ KH[DQ¥BY ¥RIOXDHLRQ R
PPRO FRROBKGZWR BGGHG ERURQ WULFKORULGH F
KHSWDQH GURSZLVH YLD VA\ULQJH 7KH UHDFWLRQ PL[WXUH
RYHU KRXU DQG VWLUUHG RYHUQLJKW WR \LHOG D SDOH \H

$IWHU WKH VORZ UHPRYD 9DFRWXRB S YRGRMWL @ZIBYW REWDLQHG DV

VROLG J + 105 & 0+] . / Vv #+ & RSP
&"M " 105 & 0+] : / &+& &H SSP %M
105 & 0+] . / V _$8P105 '& 0+] : /
+ P SSP
Wox6L OHH % 10H 7R D VWLUUL QJOWHRLO %WIORQ R
PJ PPRO LQ KH[DQHV P/ DW URRP WHPSHUDWXUF
VROXWLRQ PH/LRV OH PJ PPRO GURSZLVH YLD V\UL

RQH KRXU WKH FOHDU FRORXUOHVV VROXWLRQ EHFDPH D W
ZDV OHIW WR VWLU DW URRP WHPSHUDWXUH RYHUQLJKW 7K
/IL&O DQAQUVIDFRRUHPRYH VROYHQWY 7KH FUXGH SDOH \HOO

DW o& P7RUU WR DIDRUN FOHDU DQG FRORXUOHVYVY RLO WKD\
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FU\WWWDOOLQH VROLG RYHU DSSUR[LPDWHO\ RQH KRXU DW UF

105 & 0+] o DQG u+ M & \Y + +& &

V. + *H & SSP&"™" 105 & 0+] . / DQG
SSP &+ 6 K& &0 H * B+ SSP %™ 105
&' 0+] . V_$E8PI05 '& 0+] . P
SSP& + %1*HG6L J PREOOFG & + 1 IRXQG &
+ 1

NOHH % 10H /L 7+) 7R D VWLUULQJ WROXHQH VROX\
OH*H/L 7+) PJ PPRO &WBYV DGGHG D KHSWDQH VR
% 10H&O PPRO GLOXWHG ZLWK P/ Rl KH[DQHV GURSZ

DGGLWLRQ WKH PL[WXUH EHFDPH WUDQVOXFHQW ZKLWH LQ F
WR URRP WHPSHUDWXUH DQG NHSW VWLUULQJ IRU DQ DGGLW
UHPRYDO RIMMRDWARHRI SHQWDQH ZDV DGGHG WR WKH FUX(

PLIWXUH ZDV FHQWULIXJHG WR UHPRYH /L&O Z&RJHRRBEW BV § HQ

XSRQ VWRULQJ WKH VHSHUQDODWDQW 1MW & 0+]
/ P + &+2 P + # & P + &+2 \ +
& & SSP &"" 105 & 0+] : / &+2
1&+ &+ &+ 2 &k SSP%™ 105 & 0+]
[ + vV SSP
+ SWWHPSWHG $/' BV&IQ%W 1 MHH DQG %&O

7\SLFDO $/' H{TSHULPHQBNG LR/ 1QH " OIMQG WROORZHG WKH

PHWKRG RXWOLQHG EHORZ
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:DIHUV RI QPsl6L2 DQG QBL6L2 ZHUH FXW LQWR VT
DSSUR[LPDWHO\ FP | FP LQ VL]H 7KH ZDIHUV ZHUH WKH
UHPRYH DQ\ VLOLFD VKDUGY DQG WKHQ SODVPD FOHDQHG IF
XVH 7KH ZDIHUV ZHUH PRXQWHG RQWR WKH VXEVWUDWH KRC
FKDPEHU ZKLFK ZDV HYDFXDWHG WR D SUHVVXUH Rl URXJKO\
WKH EXEEOHMW®IWKH UHDFWLRQ FKDPEHU ZDV KHOG DW D \
F\OLQGHU ZDVWBWWDFKHG WKURXJK D URRP WHPSHUDWXUH Gt

VFEP 7KH VXEVWUDWH KHDWHU ZKLFK FDQ EH LQGHSHQGH
WHPSHUDWXUHV DERYH f& &DUULHU DUJRQ IORZV ZHUH V¢t
DQG DFWLYH OLQHV UHVSHFWLYHO\ UHVXOWLQJ LQ D WRWD

SUHVVXUH RI a P7RUU GXULQJ RSHUDWLRQ

YRU DOO GHSRVLWLRQ H[SHULPHQWYV LQ@BDAKY\D ZRWG EM KH IBKQ
VHFRQGY DQG WKH SXUJH WLPH ZDV NHSXODMW WLPHFRI\G VY D T
EHWZHHQ VHFRQGY DQG WKH SXUJH WLPH ZDV NHSW D\

WHPSHUDWXUHY YDULHG E®fWZKHQF\FOBIQ@XPEHU ZDV NHSW F

+ 6WDUWLQJ ODWHULDOV 6\QWKHWLF 3URFHGXUHV DQG &

WKH :RUN RI &KDSWHU

+ 6WDUWLQJ ODWHULDOYV

SLYDOLMoXRRG ZDV SXUFKDVHG IURP 6LJPD $OGULFK ! K\GUR]J)\

ZDV SXUFKDVHG IURP $0OID $H@DZD\D Q & WHK DIVOHHGWURP 6 WUHP ¢
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:DUPHG & WX&2 DQG ,9% ZHUH VWLUUHG RYHU ¢ PROHFXOD

ZHHNV DQG GLVWLOOHG EHIRUH XVH $00 RWKHU UHDJHQWYV
+ 6\QWKHWLF BURFHGXUHY DQG &KDUDFWHUL]DWLRQ

>(WOH®»+1 2 &&+&0H2+ 2& 2 &&0H2 @ 7R D P/
VROXWLRQ RI ,9% J PPRO LQ WROXHQH VWLUULQJ XC
GURSZLVH D VROXWLKR RI >+1 1IMMHR® LQ P/ Rl WROXHQH Y
$IWHU VWLUULQJ WKH WUDQVOXFHQW ZKLWH VROXWLRQ IRU
ZHUH UHRARYMOMERR REWDLQ D ZD[\ ZKLWH UHVLGXH FRQVLVWL
FRPSRXQGE\ 105 VSHFWURVFRS\ 6LQJOZHUFH\RBAWDNVQRIG LQ

DPRXQWYV IURP YDSRXU GLIIXVLRQ DW URRP WHPSHUDWXUH

FUXGH VROLG ZLWEKOKRHRDQHVO+] . / EV & + 1
EV a ++ 2 \% +& & T + + K& \% ++1&

\Y + & 2# & W + &+&+SSP&™" 105 & 0+]
| X & 2+ &+ &+ &+ &+

1&+ & 2 &+ 1&&+ SSR + 12 +| J PRO
FDOFG & + 1 IRXQG & + 1

S+l 2 2 8% X 2 &% X @ 7R D FRROKRG #/ VROXWLRQ R
Wo X & 2 PJ PPRO2IXQGMU G\QDPLF DUJRQ ZDV DGGHG
VROXWLRQ RI @+ 10HRPW PPRO LQ2 YUDRV\(W.QJH $IWHU V
ZDUPLQJ WR URRP WHPSHUDWXUH WKH FOHDU DQG FRORX!
G\QDPLF DUJRQ IRU GD\V $00 YQOMPMBRE VB UG I HORR KWG

EHLJH VROLG UHVLGXH /DUJH FRORXDIOWNVREBEWDWHHGUN R
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FRQFHQW WDWRHIGXWAELRQ RI WKH FUXG® VROPG VWRUHGS5DW =+

G 7+) 0+] . / EV && &2 EV & &2 &
SSP_&"" 105G 7+) 0+] : / &&2 & +

2 && &+ & &+ & & &+ & &+ SSP

& + 2 +1 J PROFDOFG & + 1 IRXQG &

1

*HQHUDO SURFHGXUH IRU WKHUPDO GHFRPSRVLWLRQ RI
YDEXXBSSUR[LPDWHO\ PIZARIVFEGBBHHG LQ D P/ URXQG E
IODVN FRQQHFWHG WR D QHFN IODVN E\ DQ DG® SWIBWH U7KH
G\QDPLF YDEFEXXP IRU KRXUV DQG WKH QHF® VWO VR TODKNFMW
YRODWLOH GHFRPSRVLWLRQ E\ SURGXFWV 5RRP WHPSHUDWX
XQGHU YDFXXP HLWKHU LQWR D GHJDVVHGDQGRX®QDOW|XEH EFR |
105 VSHFWURVFRS\ RULQWR D QHFN URXQG ERWWRP IODVN
DQDO\|]HG E\ KHDGVSDFH *& 06 1RQ URRP WHPSHUDWXUH YRC
GLVVROYHG DL@G&DQDO\IHG E\ 105 VSHFWURVFRS\ RU GLVVR
DQDO\]HG E\ *& 06 7KH VROLG SRZGHU UHVLGXH ZDV DPRUSK
QR VROXEOH SURGXFWV REVHUYHG E\ 105 VSHFWURVFRS\ D

E\ FRPEXVWLRQ ($

+ $/' ([SHULPHQWYV XVLQ@® >D:Q G 0,6 $W

7KH >+1 108(WQG ,9%$ EXEEOHUV ZHUH PDLQWDHDLQHG D
UHVSHFWLYHO\ LQ DOO H[SHULPHQWV 6XEVWUDWHEWHPSHU

GXULQJ GHSRVLWLRQ &DUULHU DUJRQ IORZV ZHUH VHW WR
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UHVSHFWLYHO\ UHVXOWLQJ LQ D WRWDO DUJRQ IORZ RI VF
GXULQJ RSHUDWLRQ @K &+|9B08XWVH WLPHY ZHUH YDULHG E
VHFRQGY )RU DOO GHSRVLWLRQV LQ WKLV ZRUN WKH SXUJF
ZDV V. XQOHVV RWKHUZLVH VWDWHG WKH $/' UHDFWRU X\
SXOVHV WKDQ PRVW FRPPHUFLDO $/' UHDFWRUV GXH WR W
FKDPEHU YROXPH DQG WKH F\FOH QXPEHU ZDV NHSW FRQV)

®& IRU KRXU ZDV SHUIRUPHG LQ WKH UHDFWRU FKDPEHU

WR QR H[SRVXUH WR DLU LQ EHWZHHQ GHSRVLWLRQ DQG DQQ
+ SWWHPSWHG $/' XVLQ@ DOIGLBHYWWLELSF LG

7\SLFDO $/'" H{SHULPHQWYV XV DX &# NRGIOQWZHG WKH PHW

RXWOLQHG EHORZ

7KH >+1 108(W®X&2 EXEEOHUV ZHUH PDLQWDIGQHG DW
UHVSHFWLYHO\ 7KH VXEVWUDWH KHDWHU ZDV VHW DW WHPSt
ZDV DWWHPSWIKBG WQEFM2UDWHY &DUULHU DUJRQ IORZV ZHUH
IRU LQDFWLYH DQG DFWLYH OLQHYVY UHVSHFWLYHO\ UHVXOW!]
DQ LOQWHUQDO SUHVVXUH RI P7RUU GX@LDQ R SHI B WD RK) WLk
ZHUH YDULHG EHWZHHQ DQG VHFRQGY DQG WKH SXUJH W

DW VHFRQGY 7KH F\FOH QXPEHU ZDV NHSW FRQVWDQW DW
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+ 6WDUWLQJ ODWHULDOV 6\QWKHWLF 3URFHGXUHV DQG &

WKH :RUN RI &KDSWHU
+ 6WDUWLQJ ODWHULDOYV

=U&O/L&BLOH 0 LQ SHQWDQH HWKRDWRE GIUITFQD H
GLDPLQRF\FORKH[DQH DFHW\ODFHWRQH HWK\OPH®K\ODPLQ
OLWKLXP KH[DPHWK\OGLVLO DQ®HEXMDDRIOOHHUH SXUFKDVH
6LJPD $OGULFK ®=UDVHYWUFKDVHG IURP 6WUHM\&KHPRBEBGV
XQGHU DUJRQ DQG IUHVKO\ VXEOLPHG EHIR UWEXDVIKQRWVHZ HWHK
GULHG RYHU ¢ PRO VLHYHV GHJDVVHG DQG VWRUHG XQGHL
UHDJHQWYVY ZHUH XVHG ZLWKRXW DEFWWKHLUW =9 X@FHDRRMBW LR (
>=U &+t0H@ ZHUH SUHSDUHG XVLQJ OLVHUDHNWUZD S URIFHHSSDXUWH
E\ WKH DGGLWLRQ RI +1®HXW. W& RHJR QdeVDIR® Y KH UHPRYDO F
YRODWQ OBBXRHU VWLUULQJ DW URRP WHPSHUDWXUH RYHUQL
DV D ZKLWH NIRODEH® DWG&DQDBFHQ ZHUH SUHSDUHG XVLQJ
PHWKRG DVHQ VLPLODU WR WKH SUHYLRXVO\ UHSEUWHG PH
RUUDQVGLDPLQRF\FORKHK[®MQHJROLIJDPBY FH¥\DFHQ DQG
+ WUDSQPFHQ ZHUH GLVVROYHG LQ WROXHQH DQG GULHG R)

ZHHNV EHIRUH XVH
+ 6\QWKHWLF B3URFHGXUHYV DQG &KDUDFWHUL]DWLRQ

>=U DFHGLAH@ $ VROXWLRIFHQ + PJ PPRO LG
WROXHQH P/ ZDV DGGHG GURSZLGHOW®R D VRPAXWLRRPRO >=U

LQ KH[DQHYV P/ DW URRP WHPSHUDWXUH ZKHUHXSRQ WKH |



3K ' 7KHVLV + ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

EULIJKW \HOORZ LQ FRORXU 7KH UHDFWLRQ GDUNHQHG WR
RYHUQLJKW DW URRP WHPSHUDWXWQHY D RERRAEMDMHN Z0H G 1D WNH RIR
WKDW ZDV ! SXUH E\ 105 VSHFWURVFRS\ PJ $QDO\V

TXDOLW\ VLQJOH FU\WVWDOV ZHUH JURZQ E\ OD\HULQJ KH[DQH

DQG FRROLQ®E WR Pt &RPSRXQ®HFRPSRVHG ZLWKR
VXEOLPDWLRQ DW f& 1R GHFRPSRVLWLRQ ZDV REVHUYH
KHDWLQJ VRWLG Lf& YDFXBR KRXWUW5 & 0+] . G
vV ++& V. ++1& V o+ &R VvV  + && V +
&+6L & Vv + 6&0H SSP &M~ 105 & 0+] . G

& 2 & 1 &+ &+ 6LOH &+
&+ &2 &+ &1 &6H &+ SSP6L 105 '& 0+] .G

SSR + 12 6L=U J PRPDOFG & + 1 IRXQG

+ 1

>=PBLW\DFHQ &OH@@ $ VROXWLRIQZRDFHHQ PJ

PPRO LQ WROXHQH P/ ZDV DGGHG GURGLZLOHW&® WR DPVROXW|

PPRO LQ KH[DQHV P/ DW URRP WHPSHUDWXUH ZKHUH
VROXWLRQ WXUQHG EULJKW \HOORZ LQ @ ROBXH HYRWODW MWULWDLHN
URRP WHPSHUDWXUH RYHUQLJKW $ GDUN \HOORZ SRZGHU ZD
105 VSHFWURVFRS\ PJ $QDO\WLFDOO\ SXUH DQG ; U
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& :LDR , %XFKDQDQ ' < &KR & 6 +ZDQJ &RQIRUPDO |
( 6E7TH; /D\HUV E\ $WRPLF /D\HU 'HSRVLWLRQ IRU 1DQRYV
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JLIXUH $ &7+  DQG6L 105 GLPHQVLRQDO S&LRMHDPMLR®@5IURP
VSHFWUD RI WKH 105 VFDOH UHDFIVNQ B & RHCOERE 6L THY G

0+] UHVSHFWLYHO\ . 7KH UHDFWLRQ ZDV PRQLWRUHG E
DGGLWLRQ RI HTXL$DWOHQ WRPISEEEMH FRQVXPSWILRQ BRDVE 6L
DGGHG WR WKH 105 WXEH WR YHULI\ WKH LGHQWLI\ WKH UHDH

YLIXUH $:36 VXUYH\ VSHFWUXP RI WKH VXUIDFH RI DQ 6E ILOP
WKH ILOP JURZQ ERQX¥BQJDOW F\FOHV DQG VHFRQG SXOVH\
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JLIXUH $;36 VXUYH\ VSHFWUXP RI WKH VXUIDFH RI DQ 6E ILOP
ILOP JURZQ RQDOM2 XVLQJ F\FOHV DQG VHFRQG SXOVHYV
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J)LIXUH $;36 GDWD DW (WFK /HYHO RI WKH 6 ILOF\RORAQ RQ
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J)LIXUH $;36 GDWD DW (WFK /HYHO Rl WKH6BE i OP JURZQ F
F\FOHV VHFRQG SXOVHV LQ WKH HQHUJ\ UHJLRQV IRU D
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EOXH OLQHV UHSUHVHQW WKH ILWWHG PRGHO RI WKH 6E SHD



3K ' 7KHVLV *+ ODMHGD $0 +DUHUL OFODVWHU 8QLYHU"

JLIXUH $)(6(0 LPDJHV RI ILOPV JURZQ RQ + 6L XVLQJ D |
DQG H $/' F\FRH&HSRVLWLRQ WHPSHUDWXUH VHE]
)LOP WKLFNQHVVHY DUH DYHUDJH YDOXHV GHWHUPLQHG E\ 9



3K ' 7KHVLV *+ ODMHGD $0 +DUHUL OFODVWHU 8QLYHU"

JLIXUH $)(6(0 LPDJHV RI ILOPV JWBRZXQVRQJG6 D2 E F

G DQG H $/" F\AROEBMSRVLWLRQ WHPSHUDWXUH
WLPHV %ODFN GRWV LQ ILIJXUHV E G DQG H DUH G.
FROQWDPLQDWLRQ ZKLFK GHYHORSHG RYHU WLPH IURP VWRULIL
J)LOP WKLFNQHVVHY DUH DYHUDJH YDOXHV GHWHUPLQHG E\ 9!



3K ' 7KHVLV *+ ODMHGD $0 +DUHUL OFODVWHU 8QLYHU"

JLIXUH $)(6(0 LPDJHV RI 6E ILOPV JURZQ RQ + 6L ®&VLQJ
GHSRVLWLRQ WHPSHUDWXUH VHFRQG SXOVH WLPHV )(6(0
PRQWKV Rl GHSRVLWLQJ WKH ILOP ZKLOH E ZHUH WDNHQ |
ZHUH VWRUHG LQ D JORYH ER[ 7KHUHIRUH EODFN VSRWV LQ
DUH PRVW OLNHO\ GXH WR VXUIDFH FRQWDPLQDWLRQ IURP O]

JLIXUH $ 3KRWRJUDSKV RI ILOPV6LUBQG R®GL6ID2NVW YDULDEOH
WHPSHUDWXUHY $00 ILOPV ZHUH JURZQ XVLQJ F\FOHV D
UHDFWDQW SXOVH WLPHV 7KH ORVV RI DSSHDUDQFH RI SULYV



3K ' 7KHVLV *+ ODMHGD $0 +DUHUL OFODVWHU 8QLYHU"

WHPSHUDWXUHYV LQGLFDWHY D GHFD\ RI XQLIRUPLW\ RI WKI
RFFXUUHG RQO\ DW DQG f&

JLIXUH $ ; UD\ GLIITUDFWRJUDPV RI 6E ILOPV JURZQ RQ + 6L D\
UDQJLQJ IURP & YWANRLQJ VHFRQG UHDFWDQW SXOVH WLPHYV I

JLIXUH $ '"HSHQGHQFH RI DYHUDJH ILOP WKLFNQHVVDM®EG JUR 2
6E&GXXOVH WLPHYVY DW D JLYHQ GHSRVLWLRQ WHPSHUDWXUH
XVLQJ F\FOHV



3K ' 7KHVLV *+ ODMHGD $0 +DUHUL OFODVWHU 8QLYHU"

JLIXUH $ )(6(0 LPDJHV RI ILOPV JURZQ®Q E 68 DW D&

DQG G & XVLQJ F\FOHV DQG VHFRQG UHDFWDQW SXOVI
ZKLFK XVHG VHFRQG SXOVHV )LOP WKLFNQHVVHV DUH DY
9$6 (



3K ' 7KHVLV *+ ODMHGD $0 +DUHUL OFODVWHU 8QLYHU"

JLJXUH $ ; UD\ GLIIUDFWRJUDPV RI 6E ILEOIP\DWUBBASQRRRWE
WHPSHUDWXUHV UDQJLR XML WRFRQG UHDFWDQW SXOVH
F\FOHV

JLIXUH $ '"HSHQGHQFH RI DYHUDJH ILOP WKLFNQHVVDMR®EG JUR?
6E&G®XOVH WLPHVY DW D JLYHQ GHSRVLWLRQ WHPSHUDWXUH
XVLQJ F\FOHV



3K ' 7KHVLV *+ ODMHGD $0 +DUHUL OFODVWHU 8QLYHU"

JLIXUH $ ;36 GHSWK DQDO\VLV RI D 6E6GIL OMEIXREQJIRQ 6L2
F\FOHV DQG VHFRQG UHDFWDQW SXOVH WLPHYV



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHUVLW\ = &KF

JLIXUH $ &RPSDULVRQ RI )(6(0 LPDJHV RI XOWUD WKLQ@IXKUPYJGHSRWLWHBDRMP H @G\
RI 6E&SXOVH WLPHVY DUH LQGLFDWHG LQ URZ KHDGLQ QG ®EXXO VIH' WLPGINVDRIHGIEQR
LQ FROXPQ KHDGLQJV )LOP WKLFNQHVVHVY DUH DYHUDJH YDOXHV GHWHUPLQHG I

$



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHUVLW\ = &KF

JLIXUH $ &RPSDULVRQ RI )(6(0 LPDJHV RI XOWUD WKLQ@IXKUPYJGHSRWLWHBDRMP H @G\
RI 6E 6LOFKSXOVH WLPHVY DUH LQGLFDWHG LQ URZ KHDGLQDYGDEEEROYH RMEPHY RU
LQGLFDWHG LQ FROXPQ KHDGLQJV )LOP WKLFNQHVVHYVY DUH DYHUDJH YDOXHV GF

$



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHUVLW\ = &KF

JLIXUH $ &RPSDULVRQ RI )(6(0 LPDJHV RI XOWUD V8K LWL OWNVQGHS BV HWHGHR®/BHZR) \
RI 6E&SXOVH WLPHVY DUH LQGLFDWHG LQ URZ KHDGLQ QG ®EXXO VIH' WLPGINVDRIHGIEQR
LQ FROXPQ KHDGLQJV )LOP WKLFNQHVVHVY DUH DYHUDJH YDOXHV GHWHUPLQHG I

$



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHUVLW\ = &KF

JLIXUH $ &RPSDULVRQ RI )(6(0 LPDJHV RI XOWUD V8K LWL OWNVQGHS BV HWHGHR®/BHZR) \
RI 6E 6LOFKSXOVH WLPHVY DUH LQGLFDWHG LQ URZ KHDGLQDYGDEEEROYH RMEPHY RU
LQGLFDWHG LQ FROXPQ KHDGLQJV )LOP WKLFNQHVVHYVY DUH DYHUDJH YDOXHV GF

$



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

JLIXUH $ ; UD\ GLIIUDFWRJUDPV RI 6E B1OP§ JURZR FROMH\BL 2
XVLQJ D WKH VWDQGDUG $/' PHWKRG QR SUH WUHDWPHQW
ZLWK 6E 6L®9HH WUHDWPHQW VXUIDFH SUH WUHDWPHQW ZL
6E 6LOH IROORZHG E\ $/'" F\AFOHV XVLQJ V SXOVHV DQG
XVLQJ V SXOVHV RU BUH'WUWBWEERQW VXUIDFH SUH WU

V SXOVHV RIR®ERR¥Y HG E\ $/' F\AFOHV XVLQJ V SXOVHV |
F\FOHV XVLQJ V SXOVHV

JLIXUH $ )LOP WKLFNQHVYVY YHUVXV WKH QXPEHU RI $/'" F\FOH"
6L26L XVLQJ L EODFN VWDQGDUG $/' SDUDPHWHUV QR SUF



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

V SXOVHV LL UHG $/'ZUMWKRBHBWEHQW VXUIDFH SUH WUHEL

V SXOVHV RI 6EIRO@OHRZHG E\ $/" F\FOHV XVLQJ V SXOVHV
$/" F\FOHV XVLQJ V SXOVHV RU L$UHBOXHD WP HQW K VeER C
WUHDWPHQW ZLWK [ V RSX@MR/ZAH/GRE\G E &@' F\FOHV XVLQJ

DQG DOO UHPDLQLQJ $/' FA\FOHV XVLQJ V SXOVHV

JLIXUH $ '"HSHQGHQFH RI ILOP WKLFNQHVYV RQ SXUJH WLPHYV

WLPHVY DUH WKRVH IROORZLQJ HDFK RI WKH WZR SUHBKUVRU ¢
DW & XVLQJ F\FOHV 'DWD SRLQWV FRORXUHG EODFN LQG
UHDFWDQW SXOVH WLPHV ZKLOH JUD\ LQGLFDWHV ILOPV JUR



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

JLIXUH $ '"HSHQGHQFH RI ILOP WKLFNQHVV DQGD DGR EB&KOUDW
SXOVH WLPHWIRQVBKDUHY DQG + 6L FLUFOHV &\FOH QXPE]I

DV ZHOO DV GHSRVLWLERQ NMHE SHUDIW XWH W HRSIHRWD W X U t
6E 6L(W o& IRU 6E&O

YLIXUH $ )(6(0 LPDJHV RI ILOPV JURZQ RQ + GE&®D' F\BEHOL (W
DW@ XVLQJ VHFRQG SXOVH WLPHE&SE F\FEEHVE®WXVLQJ



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

VHFRQG SXOVH WLPHV 6E&®/6E\BDMHY RWXVLQJ VHFRQG
SXOVH WLPHV )LOP WKLFNQHVVHVY DUH DYHUDJH YDOXHV GH

JLIXUH $ D &URVV VHFWLRQDO )(6(0 LPDJH RIGEEDWEP JURZ
XVLQJ $/' F\FOHV DQG VHFRQG DQG VHFRQG SXO
UHVSHFWLYHO\ 7KH DYHUDJH Rl WKUHH GLIIHUHQW WKLFNQ!
QP FRUUHODWHV ZHOO ZLWK WKH DYHUDJH WKLFNQHVV PHD\
QP E $)0 LPDJH RI 6E ILOPSLIDRERQXRQQEL2 $/' F\FOHV DQG

VHFRQG DQG VHFRQG SXOVH DQG SXUJH WLPHV UHVSHF\
DGKHUHG WR WKH ULJKW VLGH RI WKH ILOP EHIRUH GHSRVLW
WKLFNQHVYV PHDVXUHPHQW IURP $)0 VWHS DQDO\VLV QP F
WKLFNQHVYV PHDVXUHG REWDLQHG IURP 9$6( QP



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

JLIXUH $ OHDVXUHG YDOXHV RI 3VL VROGBVEIHGHY L QPG T\
IXQFWLRQ RI ZDYHOHQJWK IRU D 6B LOP FURAZWVRQ +VELF R Q/C
SXOVH DQG VHFRQG SXUJH WLPHYV

JLIXUH $ OHDVXUHG YDOXHV RI 3VL VROGBVEIHGHY L QPG T\
IXQFWLRQ RI ZDYHOHQJWK IRU BPL6EWKLOP JBRRAOHRQ 6L2HFRQC
SXOVH DQG VHFRQG SXUJH WLPHYV



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

JLIXUH $ SBKRWR VKRZLQJ WKH SUHFXUVRU EXEEOHU GHVLJQ X
WKH EXEEOHU FRQWDVEBRZD 6EX®W WKH VDPH W\SH ZDV XVHC
%XEEOHUV DUH RI D IORZ WKURXJK GHVLJQ ZLWK D GLS WXEH
ZLWK WKH SUHFXUVRU XSRQ ORDGLQJ RI WKH EXEEOHU



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

$ £+ 6XSSOHPHQWDU\ ,QIRUPDWLRQ 5HODWHG WR &KDSWHU

&RQWHQWYV 3DJHV

6HOHFW 105 6SHFWUD $

105 6SHFWUD RI 6HOHFW 105 6HDOH 5HDF\($YLYLW\
7HVWV ,QYRBYULQDQG WHDJIJHQWYV

JLIXUH $+ 105 VSHFWUXPHRL 70 ® &' 0+]

JLIXUH $ &+ 105 VSHFWUXPHRU 72908 &' 0+]



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

JLIXUH $+ 105 VSHFWUXP6IREL%0HOH &' 0+]

JLIXUH $ &"° 105 VSHFWU X B LFSIL % 01H0 H &' 0+]



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

JLIXUH $ %™~ 105 VSHFWUXP LRSIL % 010 H &' 0+]

JLIXUH $ 6L+ +0%& 105 VSHFWU R % 100H &'
0+] . ) D[LV LV DALQAWHSQRMHFWLRQ



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

JLIXUH $+ 105 VSHFWWBLR% 10&0 &' 0+] . 3HDNYV
ODEHOHG ZLWK D GRXEOH GDJJHU FRUUHVSRQG WR WKH LPS
WoX6L 1D 7¢dY\QWKHVLV

JLIXUH $ &™" 105 VSHFWWX®LR% 10&O0 &' 0+]
3HDNV ODEHOHG ZLWK D GRXEOH GDJJHU FRUUHVSRQG WR W
GXULp3L 1D 7¢Y\QWKHVLYV



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

JLIXUH $ %~ 105 VSHFWWX®LR% 10&0 &' 0+]

JLIXUH $ 6L+ +0%& 105 VSHFWIGEXR %l 10&0 &'

0+] . ) DI[LV LV DQ6LQWH BQUIRMHFWLRQ 3HDNV ODEHOHC(

GDJJHU FRUUHVSRQG WR WKH LPSXULW\ WK®&WI1IPR/QYLVWHC
VIQWKHVLYV



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

JLIXUH $ + 105 VSHFWU%FRsIR®% 10H &' 0+] .
3HDNV ODEHOHG ZLWK D GRXEOH GDJJHU FRUUHVSRQG WR W
GXULRBL 1D 7¢Y\QWKHVLV

JLIXUH $ &*+ 105 VSHFWWX®LR% 10H & 0+]
. 3HDNV ODEHOHG ZLWK D GRXEOH GDJJHU FRUUHVSRQG WR
DURVH GWUEIQID 7¢Y\QWKHVLYV



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

JLIXUH $ %™~° 105 VSHFWWXPLR% 10H &' 0+]

JLIXUH $ ) 105 VSHFW WK IR P 10H &' 0+]



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

JLIXUH $ 6L+ +0%& 105 VSHFWYWXR &I 10H &'

0+] . ) DI[LV LV DQ6LQWH BQUIRMHFWLRQ 3HDNV ODEHOHC(

GDJJHU FRUUHVSRQG WR WKH LPSXULW\ WK®&OWI1IPR/QYLVWHC
VIQWKHVLYV

JLIXUH $ + 105 VSHFWUWEKBLR% &O &' 0+] . SHDNYV

ODEHOHG ZLWK D GRXEOH GDJJHU FRUUHVSRQG WR WKH LPS
WoX6L 1D 7¢Y\QWKHVLV



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

JLIXUH $ & 105 VSHFWWUWXPLRY & O &' 0+]

JLIXUH $ %" 105 VSHFWWX®LR% & O &' 0+]



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

JLIXUH $ 6L+ +0%& 105 VSHFWUW%P BRRO & 0+]
) D[LV LV DQ AlQWIHBURDMMHFWLRQ 3HDNV ODEHOHG ZL\
FRUUHVSRQG WR WKH LPSXULW\ W KRB LFRI Vi Y VOMOKMHO LD UR V

JLIXUH $ + 105 VSHFWWXBLRIOHH % 10H &' 0+]



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

JLIXUH $ &+ 105 VSHFWWUYoXPLROHH % 10H &' 0+]

JLIXUH $ %~ 105 VSHFWWYWoX®LRIOHH % 10H &' 0+]



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

JLIXUH $ 6L+ +0%& 105 VSHFWW R RItHH % 10H &'
0+] . ) D[LV LV DBLQWHBQR®HFWLRQ

JLIXUH $ + 105 VSHFWUXP*HRI%"1OHH /L 7+) &' 0+]



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

JLIXUH $ &7 105 VSHFWUXPHR®%"OH /L 7+) &
0+]
JLIXUH $ %™~ 105 VSHFWUXPHR%MOH /L 7+) &'
0+]



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

JLJXUH $ ORQLWRULQJ WKH 105 VFDOH WHVAALGUPHDFOMLRQ EH\

DQG H[FHVVO%E® KHSWDQH ZLWR&&DY DQ LQWHUQDO VWL
,GHQWLILHG 105 VLIJQDOV EDVHG RQ NQRZQ FRPSRXQGV LQ O
D+ 105 VSHFWUD 0+] %™  1B5 VSHFWUD 0+]



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

JLIJXUH $ ORQLWRULQJ WKH 105 VFDOH VIbBBAW QHHD% VW DRQ EHW:?

DQG H[FHVVQ%& WLWBH&DV DQ LQWHUQDO VWDQGDUG |,
VLIQDOV EDVHG RQ NQRZQ FRPSRXQGV LQ OLWHUDOBXUH DL
VSHFWUD 0+] %M E05 VSHFWUD 0+]



3K ' 7KHVLV + ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'
$ + 6XSSOHPHQWDU\ ,QIRUPDWLRQ 5HODWHG WR &KDSWHU
&ROWHQWYV 3pIHN
30RWV RI)LOP 7KLFNQHVV YHUVXV 5HDFWDQW 3XOVH WLPHV
SHSUHVHQWDWLYH 9$6( OHDVXUHPHQWYV Rl 8QDQQHDOHG DQG
;36 'DWD IRU 8QDQQHDOHG DQG $QQHDOHG )LORV
5RRP 7THPSHUDWXUH DQG /RZ 7THPSHUDWX&H 1p5 VSHFWUD RI
DQG $
)7 ,5 6SHFWUXP RI s
&+ 105 6SHFWUD RI WKH "HFRPSRVLWLRQ %\ 3URGXFWV RI
*DV & KURPDWRJUDP RI WKH 1RQ 5RRP 7THPSHUDWXUH 9RODWL
%\ 3URGXFWV RI $
0DVV 6SHFWUD RI WKH 'HFRPSRVLWLRQ %\ 3URGXFWYV RI
; UD\ FU\WWDO VW U8F WXQEYV RI s
&RQWLQXRXV 6KDSH OHDVXUH&+#%60 GD@® IRU[ ¢




3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

J)LIXUH $HSHQGHQFH RI DYHUDJH ILOP WKLFNQHVV@ QQGURZ
,9$ SXOVH WLPHV DW D JLYHQ GHSRVLWLRQ WHPSHUWRWXUH
XVLQJ F\FOHV DQ® NVQWH@EOIRE® KRXU

JLIXUH $OHDVXUHG YDOXHV RI 3VL V'R OALOBV @ HG HYL @G DO
IXQFWLRQ RI ZDYHOHQJWK IRULD® DVRZIQSRYDONGEG + 2
F\FOHV VHFRQG SXOVH DQG VHFRQG SXUJH WLPHV



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

JLIXUH $O0HDVXUHG YDOXHV RI 3VL V'R OALOBV @ HG HWL @DHMG CHOT

IXQFWLRQ RI ZDYHOHQJWK IR0 P QURQ Q HRDIDANGR + | 2

F\FOHV VHFRQG SXOVH DQG VHFRQBGQSYXIYH HWDICPLH)MI DI\R O
® IRU KRXU



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

J)LIXUH $;36 GDWD DW (WFK /HYHO Rl WKH DV GHISRYLWKH 11

HQHUJ\ UHJLRQV IRU D +1 1| E 2V F &V DQG G g V 7KLQ
XVLQJ F\FOHV DQG V UHDFWDQW SXOVH WLPHV DQG V S
GDWD LQLWLDO GHSRVLWLRQ FRQGLWLRQV XVHG DUJRQ IOR
LOWHUQDO SUHVVXUH RI P7RUU GXULQJ RSH®BDODWLRQ DQG



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

YLIXUH $:36 GDWD DW (WFK /HYHO Rl WKH WKHUPD®IO\ DQQ}
LQ WKH HQHUJ\ UHJLRQV IRU D +I1 E 2V F &V DQG G

® XVLQJ F\FOHV DQG V UHDFWDQW SXOVH WLPHV DQ
SUHOLPLQDU\ GDWD LQLWLDO GHSRVLWLRQ FRQGLWLRQV X\
SURYLGLQJ DQ LQWHUQDO SUHVVXUH RI P7RUU GXULQJ RS

&



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

JLIXUH $+ 105 VSHFWUXP RI>{WQHKRH&OH2+
2& 2 &#®&0H2 @ LQ'& 0+]

JLIXUH $ &7 105 VSHFWUXP R@&>(IWD B &+&0H2+
2& 2 &#®&0H2 @ LQ'& 0+]



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

J)LIXUH $6HOHFW DUHDRR+R+0WIKH105 VSHFWUXP RP=I(WOH1+
2 &&+&0H2+ 2& 2 &&0H2 @ LQ'& 0+] . IRU WKH
DVVLIQPHQW &QIHWKHOHDQG B&Z2 & 105 VLIJQDOV



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

JLIXUH $9DULDEOH WHP $BUVEXEWUD RI@GZ>{WOH1+
2 &&+&0H2+ 2& 2 &&0H2 @ L@ WRO 0+] E ODJQLILHG
UHJLRQV RILIWBSKWSHFWUD



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

JLIXUH $ + 105 VSHFWUXP2 RI 2>&% X 2 &% X @ LQ 7+)
0+]

JLIXUH $ &7 105 VSHFWUXP RI2X% X 2 8% X@ L@ 7 +)
0+]



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

JLIXUH $ 6HOHFW DUHDW RI+0WK& 105 VSHFWUXR RI >+|
2 &% X 2 8% X@ LG 7+) 0+] . IRU WKH DVVLIJQPHQ\
D ZX& &+ DQG R&2&+ & 105 VLJIQDOV

JLIXUH $ /RZ WHPSHURMWXUIH5 VSHFWUXP2 RI 284 X
2 &% X @ L@ 7+) 0+]



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

JLIXUH $ 6HOHFW DUHD RI WKH @QRtZ MR SHIBD WXHHWUXP RI
>+12 2 &% X 2 &% X @ L@ 7+) 0+] . IRU WKH
DVVLIQPHQW&ERKWKH&2105 VLIQDOV

J)LIXUH $ 6HOHFW DUHDV RI WKH & RZ+Wp& SIHGDWSHHAW U XP R
>+12 2 &% X 2 &% X @ L@ 7+) 0+] . IRU WKH
DVVLIQPHQW R&&KH Q@ EK&2&+ & 105 VLIQDOV



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

J)LIXUH $ )7 ,5 VSHFWUXP RI2&%X 2 8% X@ LQ D 1XMRO PXO(



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

JLIXUH $ D &~ 105 VSHFWUD RI WKH E\ SURGXFWYVY FRORXUH
GHFRPSRVLWLRQ RI D FUXGH &DIRRIJOHKRXUV XQGHU G\QDPLF
&' 0+] . 7TRS 5RRP WHPSHUDWXUH YRODWLOH E\ SUR
LOQOWR D GHJDVVHG - <RXQJ WXRWMWRPWDLRRQLQRRP WHPSHUDW

E\ SURGXFWV GLVVREYH)&G IKQ GDJQLILHG UHJLRQV RI D 8QLCGC
ODEHOHG ZLWK D TXHVWLRQ PDUN



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

Y)LJIXUH $ *DV FKURPDWRJUDP PDVV VHOHFWLYH GHWHFWRU
YRODWLOH E\ SURGXFWV FRORXUHG UHG IRUPH® IGRP KHDW
IRU KRXUV XQGHU G\QDPLF YDFXXP ERWWRP DQG RI WKH F
DW DQG PLQ DUH WHQWDWLYHO\ DVVLJQHG EDVHG RQ W



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

J)LIXUH $ ODVV VSHFWUXP RI FDUERQ GLR[LGH GHWHFWHG L
VDPSOH DIWHU KHDWLQJ DDAW X6 HRWD PERXUR/I XQGHU G\QDPLF

J)LIXUH $ ODVV VSHFWUXP RI LVREXWHQH GHWHFWHG LQ WKH
DIWHU KHDWLQJ D FUXOOM ®DIRRSIOHKRIXUV XQGHU G\QDPLF YDF.



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

JLIXUH $ ODVV VSHFWUHXWH®HWK\ODPLQH GHWHFWHG LQ WKH
06 VDPSOH DIWHU KHDWLQJ D FWX@®HIRDPSIORXBV XQGHU G\Q
YDFXXP

J)LIXUH $ ODVV VSHFOYEIXWRQH GHWHFWHG LQ WKH KHDGVSDFH
KHDWLQJ D FUXGH DWP&OHRBRI KRXUV XQGHU G\QDPLF YDFXXP



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

JLIXUH $ ODVV VSHFWHWXIPAMRD R[LGH GHWHFWHG LQ WKH KHDG\
DIWHU KHDWLQJ D FUXOOM ®DIRRIOHKRIXUV XQGHU G\QDPLF YDF.

JLIXUH $ ODVV VSHFWUHBX\WPK®HWK\ODFHWDPLGH GHWHFWHG LQ
*& 06 VDPSOH DIWHU KHDWLQJ IDWUXGHRVDPASFOHIRIXQGHU G\Q
YDFXXP



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

YLIXUH $ ODVV VSHFWHKMPXRNQRZQ FRPSRXQG GHWHFWHG LQ \
06 VDPSOH DIWHU KHDWLQJ D FWXGHIRDPSIORXBVY XQGHU G\Q
YDFEXXP

J)LIXUH $ ODVV VSHFW3X®HRMHFWHG LQ WKH *& 06 VDPSOH DIWI
VDPSOH BOIW & IRU KRXUV XQGHU G\QDPLF YDFEXXP



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

J)LIXUH $ ODVV VSHFWUHXHRIGLPHWK\OEXW HQDPLGH GHWHF\

06 VDPSOH DIWHU KHDWLQJ D FWX@&HIRDPSIORXBV XQGHU G\Q

YDFEXXP 7KH LGHQWLW\ RI WKLY FRPSRXQG LV WHQWDWLYHO\
SDWWHUQ

JLIXUH $ ODVV VSHFWUHBXPKRD KIGURUPHWK\OEXWDQDPLGH GH

WKH *& 06 VDPSOH DIWHU KHDWLQJDIV Ft&X GRHJ VDRSOV RX Q G H
G\QDPLF YDFXXP 7KH LGHQWLW)\ RI WKLV FRPSRXQG LV WHC
IUDJPHQWDWLRQ SDWWHUQ



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

JLJIXUH $ D &HQWUDO FRRUGLQDWLRQ QHWZRUN RI +I PHW
OLJDQGV REVHUYHG LQ WKH : UD&+F U\ VEN &R R WAJLXFIWXIURQ RIH R
DERXW WKH DSLFDO VTXDUH DQWLSULVPDW&F +IF FHQW

&RRUGLQDWLRQ JHRPHWU\ DERXW WKH FRRUGLQDWH +I I
& +



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

JLIXUH $ ; UD\ FU\WWDO VWUXRWXRBSESLWRI2ZSE® ZLWK
HOOLSVRLGV VHW DW SUREDELOLW\ 6SDFH JURXS & F
LVRWURSLFDOO\ DQG RPLWWHG IRU FODULW\ 3LYDODWH OLJ
5 6HOHFWHG ERQG OHQJIJWKWIc DQG DQJOHNVN 2

+1 2 +1 2 +1 2 +1

2 +1 2 2 +1 2 2 +1 2
+1 2 +1 + 1 2 +1 +1 2 +1
2 +1



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

JLIXUH $ D&HQWUDO FRRUGLQDWLRQ QHWZRUN RI +I LRQV D¢
REVHUYHG LQ WKH ; UD\ FU\\EVWAR®R V &/IUXFWXRIMH FHRPHWU\ DER

DSLFDO VTXDUH DQWLSULVPDWLF FI&RRHQGQWUHVR RBRRPHFROAH W
DERXW WKH FRRUGLQDWH +I DQG +1 FHQWUHV RI FRPSO|



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

7TDEOH $ &RQWLQXRXV VKDSH PHDVXUHV &60V RI WKH
FRRUGLQDWLRQ SRO\KHGUD LQ WKH ; UDRR+FU\M@/® O7XWUXFW
EROGHG YDOXHV LQGLFDWH WKH LGHDO SRO\KHGURQ WKDW E

&+

+ | + | +1 + |

SRO\KHGUR®

+HSWDJRQ

+3 IK

+H[DJRQDO 3)\UDPLG

+3< &,

SHQWDJRQDO [%LS\UDPLG

3%3< '

&DSSHG 2FWOQKHGURQ
&2& &,

&DSSHG 7ULPRQDO
3ULVP
&735 &,

-RKQVRQ 3HQWDJRQpO
%LS\UDPLG |-
-3%3< ' K

-RKQVRQ (OR|IQJDWHI|G

7ULDQJXODU 3\UDPL(
-(73< &y

U/
1




3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

7TDEOH $&RQWLQXRXV VKDSH PHDVXUHV &60V RI WKH FRRU(
SRO\KHGUD LQ WKH ; UD\ FU\VW&O VOQEFWKHERREHG YDOXH
LQGLFDWH WKH LGHDO SRO\KHGURQ WKDW EHVW ILW WKH FRI

3RO\KHGURQ + &

2FWDJRQ '23

A

+HSWDJRQDO 3\UBRLG +3

+H[DJRQDO %LS\UDPLG +%3<

&XEH &®&,

6TXDUH $QWLSULVP 6$35

7ULDQJXODU 'RGHFDKHKGURIQ 7"

-RKQVRQ *\URELIDVWLJLX® - -*%)

"-RKQVRQ (ORQJDWHG 7ULDQJKODU %|S\UDPL|G -
(7T%3< ' «

LDXIJPHQWHG 7ULJRQDO 3&KWVP - -%735

%LDXIJPHQWHG 7ULIJRQD&Y3UILVP %735

6QXE 'LSKHQRLG -
-6 e
7TULDNLY 7THWUDRKRHGURQ | 77

(ORQIJDWHG 7ULJRQDO %LSN\UPPLG (V%3<




3K ' 7KHVLV + ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

$ £+ 6XSSOHPHQWDU\ ,QIRUPDWLRQ 5HODWHG WR &KDSWHU

&RQWHQWYV 3DJHV
105 6SHFW UDNVRI $
&RQWLQXRXV 6KDSH OHDVXUHWR60 'DWD IRU

DQG
JLIXUH $+ 105 VSHFWUXP RI >6U0BEBHQ LG & 0+]

8QDVVLIQHG SHDNV LQ WKH VSHFWUXP DUH WKH UHVLGX
WHWUDPHWK\OVLODQH



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

JLIXUH $ &7 105 VSHFWUXP RI >6lLOBDEHQ L&+& 0+]
8QDVVLIQHG SHDNV LQ WKH VSHFWUXP DUH WKH UHVLG
WHWUDPHWK\OVLODQH

JLIXUH $1RQ GHFRX&E®@HE64& 105 VSHFWUXP RI $+t0HFHQ &+
LQ'& 0+] : TkHFRXSOLQJ FRQVWHLOQWIRRWXH &
LV GLVSOD\HG RQ WKH ULJKW



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

JLIXUH $ 6L+ +0%& 105 VSHFWUXP RI 6EQUHBFHQL Q& &
0+] . ) D[LV LV D@LL QWSHSWQMMHFWLRQ

JLIXUH $+ 105 VSHFWU XL R\DFHRQ 6&06H@ LQ'& 0+]
8QDVVLIQHG SHDNV LQ WKH VSHFWUXP DUH WKH UHVLG.
WHWUDPHWK\OVLODQH



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

J)LIXUH $ D9DULDEOH WHPSIHHE DWEXFM UPLRIDSFHIQ 6&6H@
IURP GIMPROXHQH 0+] EFG ([SDQGH®IUHILRQ)
VSHFWUD IHDWXU+ QLU &/ KHF E&DQG ISEBRWRQ SHDNV

JLIXUH $ &*+ 105 VSHFWUXRRIDFHIQ 6&40H@ LQ'&
0+] . 8QDVVLIQHG SHDNV LQ WKH VSHFWUXP DUH WKH UH?
DQG WHWUDPHWK\OVLODQH



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

J)LIXUH $ 1RQ GHFRXS®OHG +64& 105 VSHFWUXP FLKI >=U
&\DFHQ &OH@ LQ'& 0+] . TKHFRXSOLQJ FRQVWDQ
WKH @&LOHJURXS LV GLVSOD\HG RQ WKH ULJKW

JLIXUH $ 6L+ +0%& 105 VSHFWRIDEVIFHQ 6&0H@ L@
WROXHQH DW . 0+] ) D[V 10D O URMHHFWLRQ



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

JLIXUH $ + 105 VSHFWUXW®WUDROIFRHQ 6&06H@ LQ'&
0+] . 8QDVVLIQHG SHDNV LQ WKH VSHFWUXP DUH WKH UF
JUHDVH DQG WHWUDPHWK\OVLODQH

JLIXUH $ & 105 VSHFWUX\WPURRBFHQ 6&06H@ LQ'&
0+] . 8QDVVLIQHG SHDNV LQ WKH VSHFWUXP DUH WKF
JUHDVH DQG WHWUDPHWK\OVLODQH



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

JLIXUH $ 1RQ GHFRXSOHG+64& 105 VSHFWUXPWWIQW=U
&\DFHQ &&0H@ LQ'& 0+] . 7KkHFRXSOLQJ FRQVWDOQ
WKH GLOHJURXS LV GLVSOD\HG RQ WKH ULJKW

JLIXUH $ 6L+ +0%& 105 VSHFWUXPDRIBFHQ 6&06H@ LQ
& 0+] . ) D[LV LV DOLLODOBHIURMHFWLRQ



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

JLIXUH $ + 105 VSHFWU XL R\DFHIP 2@ JHQHUDWHG LQ VLWX
WKH UHDFWLR® RHT™KX?Z+RIQ &Q WKH SUHVHQFH RI QDSKWKDC
LOQWHUQDO VWDQGDUG 0+] . 8QDVVLIQHG SHDNV LQ W
VROYHQW VLIQDO QDSKWKDOHQH DQG VLOLFRQH JUHDVH

JLIXUH $ &7 105 VSHFWUXRRDFHW@Wo 2@ JHQHUDWHG LQ VL
YLD WKH UHDHAWIKR QHRWXY? + RIQ & 0+] . 8QDVVLIQHG
SHDNV LQ WKH VSHFWUXP DUH WKH UHVLGXDO VROYHQW VLJ(
WHWUDPHWK\OVLODQH



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

JLIXUH $ + 105 VSHFWUXP RI@>=ULQF&EHQ 0+]
8QDVVLIJIQHG SHDNV LQ WKH VSHFWUXP DUH WKH UHVLGXDO V

JLIXUH $ &+ 105 VSHFWUXP R@>=WLQORHQ 0+]
8QDVVLIJIQHG SHDNV LQ WKH VSHFWUXP DUH WKH UHVLGXDO V



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

JLIXUH $ &~+" 105 VSHFWUXP RI >=U@FHQHQBEHDWHG LQ VLW
WKH UHDFWLW® R[FHVV G OWHR WXIH® H 0+] . 8QDVVLIQHC
LQ WKH VSHFWUXP DUH WKH UHVLGXDO VROYHQW VLJQDO + .

JLIXUH $ + 105 VSHFWUXP RI >=U DBHQ &® GOH  0+]
8QDVVLIJQHG SHDNV LQ WKH VSHFWUXP DUH WKH UHVLG



3K ' 7KHVLV * ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

JLIXUH $ &”+° 105 VSHFWUXP RI >=U D®HQ Q@ BtPH
0+] . 8QDVVLIQHG SHDNV LQ WKH VSHFWUXP DUH WKH UF

JLIXUH $ 6L+ +0%& 105 VSHFWUXP RI >=U BFHQ®176).0H
0+] . ) D[LV LV D®LL QOSHSDMNHFW LR Q



3K ' 7KHVLV + ODMHGD $0 +DUHUL OFODVWHU 8QLYHU'

7DEOH $ &RQWLQXRXV VKDSH PHDVXUHV &60V RI WKH F
FRRUGLQDWLRQ SRO\KHGUD LQ WKH WUWRDD DG\ V WKH BRADGHFEV X

YDOXHVY LQGLFDWH WKH LGHDO SRO\KHGURQ WKDW EHVW ILW

3RO\KHGURQ

+H[DJRQ

+3 'k

SHQWDJRQDO 3\UDPLG

33< &y

2FWDKHGURQ

2& 2k

7TULJRQDO 3ULV|P

735 ' «k

“-RKQVRQ 3HQWDJRQDO 3\UDPLG -

-33< &v




