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6RODU &HOOV G5HVHDUFK DQG $SSOLFDWLRQ 3HUVSHFWLYHV

-

Al 2p g | Mumination —o—TiO,
O 15 SeeEsRuCoa., —e—1%Al
5 8% Al E KD P | 2R
s 10 5
Cl ANV T
B 7]
£ 5
s 2%A | © 5T
E W o
1% Al 5 Dark
W = 9
b=
T T T T T T T T T T S (a)l 1 1 L R N
64 66 68 70 72 74 76 78 80 82 84 86 00 01 02 03 04 05 0. 7 08
Binding Energy (eV) Applied bias (V)

J)LIXUW E 7(0 LPDJHV RI PHVRSRWRKXWUDWLQJ WKH RUGHUHG PHVRSRUBV F ;36 VSt
7L2ZLWK YDULRXV OHYHOVR®|I 69 FOPOFHQHQ@ PWKH LOOXPLQDWHG DQG GDUN VWDWH)
DQG PRQ@ %02 OLJKW LQWHQVLWS$O0 PLEWHU LOOXPLQDWLRR) HDW HDD FP

i1 ‘Z—1Ze1Seile’elS1e el 1" —1¢®@1S>72S81S—elet¢—e'Z'£717—
>772@1,1¢ZSee1l’—10’£Z1 1AMV VLI ——1¢>"7¢'1S1E - —Se’"—17ele",e.
Z2edl "ELZiC 021072107 SBIESSASFABWNAVI>Z1e’EZ@IO™ 571
XXiI\1——010 'Z—1Z71Sid1XVV_ il 2Z1«"1¢'Z1z<— E>"—ZZ>,'£Z+1
C™ZE <« E1e7>*SEZ1S>72SA12'TlePle™s"FEHEL1l'Z1 1 '« " 7¢1@SE>'-
EZee’'<eZ1®@7>¢SEZ1e">1e¢Z1e " Se’ —edle'7>72¢¢1'—E>ZS’'—e1e'Z1
‘Z1™ "e"S _"e71¢S0eZe1l —1'Z00XdZZ STV 3" 2'0Ae 1S —1"YZ>Seele’e el
Zeo E'Z—ECLIABEXWIINEBDIW XT]_ 131 RYELViI]XUd1le s — "« ES—eetl o7
e7>'YZele> " —1eS—eSrel ZAVeAESD X1 "o 1o’ eS>1e" " E"—Zce@ll[i\\-

—1S1e7>e'Z51e2e¢d1le'Z1e> 2™l eZeZEeZ1l 20 U,<SeZe1+¢Z1 WVW
—Z20e" ™™ "7k 7Se@d1S—1>72Se'£71S—1"YZ>Seel<HWVIl]|TBrERy165S-
R’ —eeZ1@ES>ZZ—]1™MSEZyT @ Zoe1l E"—ee>7Ee " —10 "¢ 761 S—1See’e’"_
Z— EZ01S81eZ¢' ESeZ1-"072e8¢’"—1"¢1e'7Z1-—"E>"—&2<—"E>"—1®e’'£72&1
S—e1S1ES>Ze7el@ZeZ@Ee’ " —1"0le'Z1e¢Z1¢ 1 -Se@E '1e'Z1e¢7Z 021 ™" ~e"_



(QKDQFLQJ WKH /LJKW +DUYHVWLQJ &DSDFLW\ RI WKH 3KRWRDQRGH
KWWS G[ GRL RUJ

o' Z1le'e'el @ESeeZ>—e]l My" ™76 7]l el e Z1-Z0" ™ 5 7201 -S¢Z>'Seed
1S—e1 171 10 SzYSeZ17Z1S«id1XVWVii

JLIXUHD E 6(0 LPDJHV RI WKH FDOFLQHBDBNWVREWDRRYWG LR2ZIWHU D VROYRWKHUPDC
DPPRQLD IRU D DQG P/ DPPRQLD IRU E9 FXU¥&(VFRUMEKHFWIPRGHY SUHSDUHG |
3 13V DQG PHVRSREHRXEFV7ERPWK WZR ILOP WKLFENQHVVHYV &KHQ HW DO H
SULQWHG ILOP FRPSRURXWRIEADGARWXUYHY UHFRUGHG RW WKH: FRP WKLFN ILOP FR
SRVHG RI 3 SDUWLFOHY EBDGNHGRRUG7L2ZHQVLWL]HG ZLWK WKH & G\H ZLWKR
ZLWK 7$ROW WUHDWPHQW LQ UHG FRORU 6DXYDJH HW DO



6RODU &HOOV B5HVHDUFK DQG $SSOLFDWLRQ 3HUVSHFWLYHV

YLIXUHD E 6(0 LPDJHV Rl DHURJHO IUDPHZRUNV FRDWHG ZLWK D)) [DXG & QP
HIILFLHQBY D IXQFWLRQ Rl WKLFNQHVV Rl =Q2 GHSRVLWHG RQ DHURJHO IUDPHZRU
RI D % ‘P WKLFN DHURJHO ILOP FRDI®WH® YHWHKRU MHWURLHO HOHFWURGHNG FRDWHG
DQG 7TQDQRSDUWLFOH RUDQJH LQ WKH GDUN GDVNHG OLQHV DQG XQGHU $0 L

" e1VYS> "7l -Z0e"™ " 70 1-S¢7>'Se®@d1S7Z> 71’ @l e’ —ez2' &'”Z
©7>*SEZ1S>7ZS 1 RWYVVSW MV letel Z ¢ el QVIiIVAYLT[LeRFI1Sid1W "

S™MM™Me ' ESe’ " —17e1S7>7eZel’ —1e'7Z1™"e"S_"e71%1 1 Sel™'~"—77>
S—-S——1"—1XVV],XVVAi1l ‘Z1e 5-7>1 ">"1™>7™S,7e1e'Z1S7> 71 ™
e "TEeT>, oS —e1 01 Z1IESTR VLAl ™S>0’ EeZI1LS—eleZ-"—@e>SeZelo
'—1¢'Z1[VV,\WV1—-1>S—eZ7Z1S—e1A[X-1Se1]VV1—-1"51 ]W_10Z—o0
Seid1IXVV]iUil S—-S——1Z+1SSL1™WEITNS>Zleel'>’'02e1Y ' S1e'Z1@z™Z>E>"’C
Ze®ed1S—e1e'Z —1E " S2791-1296731 "¢ 1 E " —e>"eeSceZ1le" E"—ZElY
Z>1eZ™ @'’ " — 10 U1-Ze¢""¢10 S-S——171Sid1XVVASS1IXVVArciiil

«<SeZel 1eZY'EZoel "¢ 1'212¢¢ E'Z—EC1 +1XiZ-1G1EY +{ilIEBe - {i



(QKDQFLQJ WKH /LJKW +DUYHVWLQJ &DSDFLW\ RI WKH 3KRWRDQRGH
KWWS G[ GRL RUJ

"1 Z21S7e 5@l ' —YZ0ee'eSeZelm@toeeZ-Se ESeet1le Z11S/or»ZoEmwcel
oZ—-™eSe71"—1eZ1™ eV " eeS'"E1™MZ>¢">—-S—EZ81S—e1e"7—e1851—78
' Z172¢C1 ™ "e" Y " eeS ' EL'—eZj1S—ele'Z1e"E"—Zel1 1l — 1S¢Z>10
— 1" E"—Z@e17+1WVIi[l——il ‘ZeZl>Z®zee@]l’ —e ESeZele'Sed1 -
E - —Se’"—17e1 17517 Z>1™M¢e’ESe1 H>1E'Z-"ESeleZ™ @’'e’"—1
ES—e'eSeZ1e”"1™,7™MS,71-70"™ "5 7@1™M "e"S__"e71 "e'1E " —e>"eeSc.
“e'75810' 7170071 1 Z1eS—e75"70@10Z™MZ>E>’e'ESelest —el1™>"EZce
o7 751 ''1'72172i™M7Z—0e’'YZ1S—e1E —-™e' ESeZel 1M™M"EZoecel —Y
— & 1eSCZ>81e’—"eZe1e'Z1 ™M " ™M7eS5°£Se’" 1 ele’@1—-Ze'"0le57Seet
eeZe' 71" —1'21S7>"eZe1™ " e"S_"eZ70e1 —1>7ZEZ—e1'YZ1¢ZS>0ei

JLIXUHD 6FKHPDWLF RI WKH SUH2BRUDIWWIGRDHRIRGHD DQG DHURJHO EDVHG SKRWRDC
E 6LPQG F BUL2ZKX\EULG DHURJHO SDFNLQJ GHQVLWG 7(0 DRPBJH DQGFR 6%$(' SDWWH!
6L27L2K\EULG DHUBRIFXUYIHV Rl '6& EDVHGE RRWFROWIRGH2ZLWK DQG ZLWKRXW VFDWW
DHURJHO PRGLILHG SKRWRDQRGH *DR HW DO

"1ESSETLISYZ1I ™y eZ—@d1 i1 11 ST17Ze1SeileZYZe"™Ze1S1e” E™
0157771 1S3 EIIEDL 2 1S7Z>" 70001 "E'1™M eeZerZe1S1YZ5¢1
"ol [VV , WYV ILS —el —E " >™ " 5SeZe1917+XE2s"4Z8E 4SS’ — ' —e1'21S7>"
el ™ "e"S o710 STO1Z1Sid1IXVWXUT1l ‘ZeZ1'¢c>’el™ “e”"S__"e7¢
Z>1 ™ e EZ>sZ—olelZ— T W Te"S—TeZ@]1 97221« 121" —E>Z2ZSeZ+1



6RODU &HOOV B5HVHDUFK DQG $SSOLFDWLRQ 3HUVSHFWLYHV

ES™MSE'¢e¢1S—e1e'Z17Z—S—EZel1lY ©’'<eZ10ESeeZ> —e1ZeeZE*d1c
TZW—-1Se1 " ™o ' _SelE " —'¢' " —31W\ 5332887341 Q1 "3%82 1" ¢7e1 "0’ 7
"o 181E " —VYZ—¢""—Sel10eESeeZ> —e1eS¢Z>i1 ‘"0l "»"1 ' — e ESeZe1e‘S
eZe5Se’ —el ("ot 1 e 71 e ®@7>eSEZ,S>Z2S 1 -7 ™M XTI EL-S ke 11 S
™™ 7530718 —e1Y’ 'SceZ1>7 771" Srel'’e’ Zeo E'Z—ECL i

—1¢'2Ze31EZ>>Z—eloeeze’'Zel™ —1¢'Z1-7Z0"™">"21 ™ "e"S_"eZ01¢Z’
—Z0e" ™70 1 -SeZ>'Seel 'SYZ17—S—<'e72"720e¢1 ™> Y Z7Ze1le'Sedle'7Z1ST
S>ZS1 ™7 ¢7>00&<Z2Se&SZ>7 021’ —1¢'Z1 ™ "e"S_"e71ES—17Z¢eZE+'YZ
™MESE e¢1S—ele'Zlo'e'ol@ESeeZ>'—el 01 7Z17¢ZE>"7201S—1E >>2
1"—1-"@*1ESeZeil ‘Z1™>7™MS58e¢'" _1%e1-Z7Z0"™">"201-S7>'Sece1
®e'S™MZ7]1 —1 - E>"—&®72<—"E>"—1@ES*Z01 S—dl +17 o' UL +£S>Sv B> 1 (E
7572001 0Z27-172S0e’'«eZ1«"1SE"'ZYZ1 ' '1E " —YZr@'~"—1Zee'E' Z—E
et @72>¢SEZ,557281-7Z0" ™" >"701-SeZ>'Seel’ el Z1l —eZ>'">17ZE-
o>’ — @ ESeetl e —Se'—eler —1e'7'51¢” Z>1 ™S e’ EeZ1E " ">¢'—Se’"—1
L™ 7@1ZeZ@Ee> o271 1™ " @ee’'<eZl@ e72¢’ " —1-S¢1<Z1e'Z1eZYZe"™.
T ETH>™ > Se 01 —7eSed1ES>"T—1—S—"e7<Z81 51 e>S™M'Z__717«E1Ll —-
—Z0e"™ "7 1 -Se7>'Sel M eeZoee’—el "'l "'l ®@Z>SEZ1S>251S—
—7S—el1—7ZEZeeS>tle >l e'etlZee'E' Z—e1 cei

~

Zil "Z>S>EVES1I™ TS —"eZ e

"Z>S>E VESe1 —S—"@erzEez>57Z001le"eZ]l 'etleeeZ> 7 —el_">T™ "¢ e ]
707>See ¢ 1 E'S>SEeZ>'£7e1 <t 1721 e 1@7>*SEZ1S>2801S8>721"—e>7Z¢
™ “e"S_"eZel —1 i1 “"ele™ZE'Se1E+Scecrel el —S—"ee>EZei>7c
S>7ZS1S—e1E " —eZ827Z—ee¢1e'Z1+" 1 17¢1—S—" ">7Z1<S@Z+1 ™ "e"
7, @™>7Se1S —el’—e7—®'YZ1leeze'Z001' —1>7ZEZ 11476V ?1>7>S>
“e1e>S il > Z@edL ™ ™5 1¢Seed1lS—e1e2¢Z17Z+Eil1'SYZ1<27—1
E'Z-"ESe1S—e1 ™' ¢’ ESel-Z¢""e01'SYZ1<ZZ—1202Z¢1¢"1™M>7Z™S,7"
EoZe' —ele'Z1'Ce>"e'Z>—Selet—e'Z cdle ™, *Z*d1E'Z-"ESe1<Se‘1e7
' T —01 ™ TeTe e " S™MI¢tFT1S—e10"1 " —i1 2721 1e'Z1'20Z7Z1e’ 07557
—7>7¢1™>7Z@Z—e1le"—Z1>7Z2Z™>7Zw@Z—e'YZ1>Z02%e0l’ —1>7ZEZ—ele'>727
— 1—S—" "571S5>>S¢1-S¢1<Z1'Z1 ™" "5s_77>1"—1¢'7Z1—S—"cee>72E*7>,
eS—e’—el1 ">"17e1 i1 S 1718710 S 1Z+1S«id1XVV[iUil ~ 2ZYZ>81+'21
e"S—"e71 Scele” 10-"0ees¢1W-—,Y=1¢"5181e¢ " —ele’'—7{11-S" —e¢le771+"1
oZYZe"™M_7 0171 7Z>S>E " ESel — 1S—e1e'Z'51S™MMES"—1"—1
S—17i{S—™eZ781 721721Sei1>7Z2™>e7e¢1S1e ~ @eZ™let—e'Zoe el ™M>"E
—S—"S>E Ve ZEez>Z@10 ' 2>21"S8<0Bd1'—1 "E'l — 1—S—"0'ZZ2+1S>>
™CE>TeCoe'®l el Z1 W BB A AR E " Z ™ 0oLl —1E " —2E'YZ1le+Scec
o' 7—1eZ—0eZ1 — 1—S—" "s7Z0l 72521+~ —1"—1e¢'Z102>SEZ01 17
' Z1E'Z-"ESe1cSe'leZ™ @ e’ —1-7¢"e10 2172+1S+id1XVWV{iil 221”1
71" —E>72S0eZe1 —e7>—Se107>¢SEZ1S>2S1S—ele'Z1 7' Z>1e’0'eleE



(QKDQFLQJ WKH /LJKW +DUYHVWLQJ &DSDFLW\ RI WKH 3KRWRDQRGH
KWWS G[ GRL RUJ

0171 "™ (ESel ™MSe‘TeZ —0e'] e’ 171 ™M VeSS _"e781'7Z1 1<Soe.
— 88— 7, —S—"®‘'Z21S>E "' ZEe7>7Zle‘” Z+181 171Zi"-81—27S5>

1E " —ee>7EeZe1700"—e1S1 ™' "e”"S__"¢717¢1¢S>71 — 1—S—"0'7272+1S>
™Sseler”—1e'Z@Z1Z>S>E " ESelee>7@Ee757201 '*'1>ZeSe’YZetloe' —™s,
VYZe"™Zel — 1I5157 @10 "¢72>Z1 "EDeUd1-">Z1E —™e’ ESeZ1"7Z>S>E"’(
SeZ17Z¢1Seil™>7Z™S37e1¢'7217>S>E""ESe1SeeZ-—<e'Zel 1, —S—"E>
S7YSe717¢1S«id1XVWVidlc¢1S1™7eeZeleSeZr1eZ™ @’e’"—1—-70¢"'"
™MeS®E-S1Zi™MS—0""—1¢¢—S—"Er1«¢1-Z2S—0e17+1S1>ZSE+'YZ1S+—"0e
—1E " =<"—Se'"—1 'e'1e' 71 e 1-"08>17Z i —Ee' " —1E"Zes ' Z—o1'Z7Z>"
SE"ZYZe1lYIW=-1™" 751 E " —YZ>0""—1Z¢e’E'Z—ECLe>1X17-1"E"1
e E"PLleZ-—"—0ee>Se —ele'71e>7Se1™ 7 _e'Se]"ele'Z1™M ¢ ESe1YS™"
CZ>SH>EVESe1—S—"eer>ZEei>Ze1™ Te"S o7l "1V 1E —YZr0e’ " —1

o

JLIXUHD 6FKHPDWLF RI =Q2 KLHUDUFKLFDO QDQRVWUXFWXUHY GHULYHG IURP =Q7Z
LPDJH RI =Q2 QDQRZLUH QDQRVKHHW DUFKLWHFWXUHYV REWDLQHG E\ DTXHRXV FKl
UHVSRQGY WR WKH PDJQLILHG LPDJRUHXWWIDNH ILOPWV JUIRZQ E\ SXOVHG ODVHU G
YLHZ RI D ILOP GHSRVLWHG DW 3D ULJKW FURVV VHFWLRQV RI ILOPV GHSRVL
6(0 LPDJH RI =Q2 QDQRZLUH QDQRIRUHVW WLOWHG YLHZ .R HW DO

ZS— e7817@ —ele'Z1e>Se’e’" _Sel‘Ces> e 7Z>-Sel 7' el ' —eZe5Se’ o]
7>S>E ESele>” ¢'10Z2827Z—EZd1 11 "172¢1SeileZ-"—0e>SeZe1 — 1-
e‘leZ—0'eCdle”—e1>S—(E‘ZelesZZe'"Z1—7200'07—7>85¢'"—17>S>E""E
O 'eZ>Z17010 "1Z1Seid1IXVWWUUil ‘Z1 1Zj"<eZe1Se—"ceel[le’'—Z01"



6RODU &HOOV G5HVHDUFK DQG $SSOLFDWLRQ 3HUVSHFWLYHYV

ClE —ee>72EeZe1ctlZ™@EeS—e’'—e]l — 1 —-S—" ">7Z010Xi\Y-1Yiceil
S>7ZS1e 51 e Z>1e¢Z1e"Se’—e1S—ele’e'el1'S Y Zee’—ed1lS—ele'Z1>77(
™S Y e —ele’ s 7ZEelE —e7Ee'"—1™Se* S¢telSe"—ele'Z1E>¢02eSee’'—7
o'"—1OS—E'Zwedl Z5721>7Z20™ " —e’ceZle >l 217 E'Z—ECL —™> Y7

JLIXUHD 6FKHPDWLF RI WKH SUHSDUDWEZRQERIJKQBUQU KW ® ZI2 QDQRZLUH DQG
PXOWLSOH SURFHEBRWYVQRI Q2 FRUH UHPRYBRDWXBVHDRBQKL HUDUFKLFDO GHULYI
EOH VKHOO DUFKLWHFWXUH E FURQDQRVENEIR @ BYDLEZDWHK RI XR2WKLFNQHVV DQG
LPDJH RI KLHUD UFKQRWX-EBRXAUYHV Rl WKH QDQRWXEH '6&V SUHSDUHG ZLWK ‘P V
ZLWK WKH RULJLQDO DQG KLHUDUFKLFDO VWUXFWXUH =KXJH7WW DWK GLIIHUHFQWL
VWUXFWXUDO_IHBMWXWHW RI '6&V EDVHG R QDRMFOMXE W KHHOIF W2RGHY 4LX HW DO

S—"e72¢Z1S5>>S¢10 U1’ 01S—"e7Z51e¢™Z71 1" Z>S>E " "ESeloes>2E*7>
CEL'eleZYZeT™Zel " —1e'71<Se’el” 1 —S—" »Z71"—1Y'Z 17«1 ecel-
—S—" 5701 2557 —eC¢31e'ZLT7Z>85FRIEBE 2’ —e1S—1"—eZ—@’'YZ15Z0
"ee7>7 —oles —1e'Z1e3Se’e’ " _Sel1 @2 DN SNe"7Z1S—"¢" EL"j+Se’ " —
Ze1Seil>Z™ 5070171 @¢—e'Z0 001101 YEIGIESEeTNBY 1e2—H4T -1 1<¢1
— 1—S—" "571S85>S¢1S0e17Z1'S>e1eZ—-™eSe781S—eleZ-"—q@e>SeZele
ZeeZE'YZ10072>+SEZ21S528172—'S—EZ-72—1"—1 @l1lQ '*72>721 _1S,Ei!
" 7o @' Zeel eer>7Ee7>71 el 71 —S—"e7¢71 ™ Y eZel "'l 71" e e

ZeZEe> — ,e5S— ™ 51 ™MSe'dle'” '—el1e'Z1"YZ>SeelE® " —YZre'"—17Zse
o' 717> —Sel1—S—"e7<Z10 '2>Z217e01i11 —1S1e7>¢Z>51 “>"8le‘Z1e>"2™17
S'ESe' T —1eZE ' —"e"e¢1VY'S1 — 1 —S—" "371e7-™eSe781S—e1ez2EEZ

'ZeeZeJl’ 1 e 1E"—e>"0eSceZle'Zeel—7-<Z>0@1S—ele'Zeele""E"—7Za



(QKDQFLQJ WKH /LJKW +DUYHVWLQJ &DSDFLW\ RI WKH 3KRWRDQRGH
KWWS G[ GRL RUJ

XVWXOTL j*'¢e’—ele'7Z1 10072>SERIBLZSNTAYWEN Y YA Ze1l"—1'Z0e
Oe'ZeeZel 1Zj" < eZele'Z1 e ZelZee E'Z—ECL1 ¢1\iX-081"eZ>1e'S—
*S¢7>31—S—"¢72¢Z1S5>S¢10aYiY[-U1Sela' —'eS>17Z{™Z> —-7Z—eSe1™S,S_;

™MSsele> " —1¢'7Z1"7Z>S>E "ESe1—S—" '»72&—S—"¢7¢7215>>85¢81+'2>215>7
70Se71¢'7Z1™ 71 —1e'Z1™ ' "e"S __"e71e"1572Se'£71'7Z1°7Z>S>E " "ES+1lce
S—1'"—e7Z>700e’ —el—7e¢""0le"1e7—7>Se71 " 7>S>E " ESelZeZEs>"¢Ze1E"-
™ 7010 ‘"1Z1Seid1XVWWIiil Zee " 0eESeZ1E " ee 'eSe1™Sse’EeZ0e1S-
™ 701 Z>2172071S@le'Z1¢72SeleZ—™eSe7028]1 'o'1¢'Z1E 0o 'eSe]1 ™S,
>TTMT 7Tl — 1 —el ey Belte YT Z1 0/ -™eSe71S —eleicweZ82Z—1>72-"YS
™" e7EZe1Z2>S>@I7ZEBER>"eZ0ele™>1 10 '¢2>Z1WVSUil "eZ1e'Z1 ¢ o>
™i¢leZe' —Zele'Z1-SE>"™">"7001—Z¢ ">"0d1le'Z1E " ee ' eSel1E>¢0eeSele”
e’ —Seet1 >eS—"£7¢1-700"ESZ1™">701 '+'1S1z—"e"5—-1@'£EZ1 >
o'Z710ee> " —el@ESeeZ> —el1S—ele'7107™M™Ms7 e’ —1"e1E" SAIAEBRE"-<’
> 070031 Z1™M e Y oo S EL™MZ>e">—S—EZ1 0121 EALI EeolEted"S
' —el1S1-S{'—7-1Z+¢'E'Z—EC1 e1[iV-1 "¢'1[VI——1™">7Ze1S—e1\le—

J)LIXUHD 6FKHPDWLF RI WKH SUHSDUDWLRQFRIURGHUDUF KEROBOHLAWHPSODWH PHW
WLRQ RI IRXU EHDP LQWHUIHUHQFH DQG WKH IDEULFDWLRQ RI WKH PDFURSRUR
JUDSKLF SDWWHUQV ZLWK PHVRVFDOH FROORLGDO SDUWLFOHV DQG &RDWLQ.
6(0 LPDJH RI E WKH VXUIDFH DQG F WKH FURVV VHFWLRQ RI WKH PDFURSRURXV
LFDO SRURKUHFMURGH IURP GXDO WHPSODWHV RI 68 ILOOHG ZLWK FROORLGDC
DQG H QP 6FDOH EDU ‘P &KR HW DO

—1¢72—7>5¢81'Z1"7Z>S>E " "ESel ™M "e"S_"eZ7@dle'"Ze'l ™M el —:*
eSEZ1S>72S1¢'S—1¢'Z1—S—" "»72&—S—"07<7Z&—S—"™MeSeZ7Z1E " 2—e7>™!
— E,1ZeZE*>"eZ81'SYZ— e10'” 1S1™>7Ze" " —S—e1Se¥S—eSe71°Y7>1
‘Z1 1 7el-—"ceel ™' "e"S_"e700e1<S0eZel1”"—1'7Z1"Z>S>E " 'ESeloes>z2E7
o'Z1eeSeZ "¢, 07 ,Ss01 MZ5e" 1T o ARE/o2 @A LT ™ @e'<eZ1YZ—e1e¢" 517
™ "e~"S __~"e7@1-S¢1<Z1eZ1e%>¢'751"'—E>2S®Z1 " e1l’eel’'—eZ>—Sele?
Vetl1ZeZEe>"— 05S— @™ 50— 01 —Se75771 e@"1e'Z1E =<' —Se’ T —1"ele",
' 71-7Z@" ™ 57701 -S¢75"Se1'001S51-7S—"—ee7e1S—e1e7S0e’'<eZ1*>SeZ



6RODU &HOOV B5HVHDUFK DQG $SSOLFDWLRQ 3HUVSHFWLYHV

[l ESeeZ> —e1eSCZ0237-EFEr>"&,

‘Z1 ™ "e"S__"e71%e¢1 1'001¢>Se’e’ " —SeetI@ - BN RI<«EE' ESee¢1
™MSy7 —ele 31V 0'<oZ1e’e'el(l SCeZ' e10ESeeZ>'—ed1l-S'—e¢Uidl>ZceZee
®'T—Z1"—1'7Z1 1e>S—0e—"ee' 348G Z34' T 7Nl —eZ>SEe' —el 'e'1e'71
Z>i1 "1°YZ>E " =Z1+"®@1™>«e7Z-8310ESeeZ>'—eleStZ5001 'o'le’eeZ>7—s
o1 EZ—7>01S—e17™M™MZ7,]1 @ESeeZ>' —e1S¢7>00081'SYZ1<22—17-™
W _  "31S—eloe7«eZ8727Z—+le7c@eS—e¢’SelZi™MZs' —7—eSeloee?e’'Zl —
—ET—1™S>e ' EAZ AT L '01—S—" 7281 7>S>E " ESele>7Ee2>72ed1-
™ Yo" __"E1E>CReSe®ed1lS—e1z™M™MZ, E"—YZ>0'"—1-8S¢7>'Seedl1E"-T
eZS>E'1SEe’'Y' e’ Zel —1+7001S5>Z2ZS8i1 ¢1>'Ze¢’ —ele™"—=Z1' =™ 3¢5 o1
—"YZeloeESeeZ>'—eleS¢Z>001¢ZYZe¢"™Ze1'—1>7ZEZ—+1¢ZS>cei

JLIXUHD E 'LIIXVHG UHIOHFWLRQ VSHFWUD RI DORQHUHA WRKBXE VHDQW WHIUIHGI 7aR\
WKH VFDWWHULQXBXWLDWHY RY MQG PLIWXWBKWLOH2DQG EU23&( FXUYHV IRU GHY
FHY ZLWKHOHEFEWURGH ZLWK 0 DQG ZLWKRXW & D VFDWWHULQJ OD\HU WKH VFDYV
5XWLOH DQ&® ZXVYUHQW GHQVLWLHYV REWDLQHG IURP GHYWKHD QZG V¥ KW KFRPX W KLFED O BV
OD\HUV 7KH WKLFNQHVV RI WKH VFDWWHULQJ OD\HUV LV a XP IRU DOO VDPSOHV

—1W__ "81 i1 Z><Z>17Z1Seil@eS>eZele> =1 '7Z1¢'Z7>¢81S—+1ES-E?
" Wl ZeZ@Ee> el —e1S1—7-75>"ESele ez’ " —1"01e'721>Se’Se’Y 715
W_ ATl ‘ZeZ1ESeE7eSe’ " —@1™>7e’ EeZ01'Sed1S10ez'eSceZl-"je%2>57



(QKDQFLQJ WKH /LJKW +DUYHVWLQJ &DSDFLW\ RI WKH 3KRWRDQRGH
KWWS G[ GRL RUJ

sZz2e07¢1’ —1S1eS>0717¢¢7ZE'YZ10e72>*SEZ81S—¢1"01¢S>¢7Z1™S>e"(E-,.
o'e'e 1@ ESeeZ>7>@01'Sele'Z1™"e7 _—e'Sel1e"17—'S—EZ1e'Z1le"+S>1S«ce

—1XVV\31 i1 "5217Z+1Sei1>5Z™ >e7el e >SPOESSe¢d>"Z27 « SAE» 1"
™M™V "eeS'"EL™MZ>e">—S—EZ010 ">Z2121S«id1XVV\Uil 'eeZ>Z—e1ce E"
—Z>@E’'Se] 27210 S¢Z>1 Z>-S—Ai01S—+1"»™">Se’"—51 ""¢"d1 S™MS—ii:
VS5 ' Zedl ™ ™M™y e'" 1 757172iS—"—Z¢81™> Y ¢’ —e1S—1"— eZ™e'17—e7>
¢ Z71e"™MI1@ESeeZ>'—e1eSCZ>5i1 1eZY Il "«*1Bed N7 ST =LXiif4 (Eee’ -
S—1"—e¢1Z1e—1QA/IE=L 471 07751 ’¢'1S—1"™e' _Sel@ESeeZ> —
' Z1™"e7 —e'Se1"e1S1007 ¢SceZ1@ESeeZ>' —el1eS¢Z>1 " — 1< e'1e'Z1’—™)5"
sZe7@Ee’' " —1"ele'Z1E " @elctlze'—eleZerleZ—a0e's £7>5i

Z>C1>7ZEZ—ee¢d1 11 11 SKeYZEL1Z¢1Sei1>Z2™ " 5e7¢1S—1"—e7e5Se1" ™' (E
" 1e'Z1ZeeZEel el ' Z1le'ee7>7 —oleZe'e—1"ele'Zle'eeieZle’e'eleES
0 SKeYZE£1Z¢1S+id1XVWXUil S00Z¢1”"—1S1 "—eZ1 S>¢"1S™™M,"SE‘Jle'Z
' E'Z—ECL1S—e1e'Z17¢7ZEe>"—1e7Z—7>S¢’ " —1e7—(Ee'"—1Zi*>SEeZe1le>"-
eS—eSsel1ZeZEe>"—1e'eeze'"—1-—"e7e¢dle" 1 <eS" —1e¢'7Z100eZSe¢, eSS
E"—e¢'e72>Se’ " —@1E " —@'*Z>7Z10 "*2>Z1WXUil ‘Z¢1™>" ™M " eZele'Sele‘7
Sele'Z1<SE"1>Z¢eZE+ " >1™> "Y' 'eZ01e'71S5¢70e1SE 'ZYSceZle e e1'S>Y
——7e1S—1"™e 7 _1"YZ>Seel™Z3e" S _(EZBLle >1Z¢ZEe>"—1e'eeze’' -
o> 071" E"—Z0®il ‘Z—1e'Z17¢7ZEe>"—1e'ees7’"—1eZ—ee'l Sl " >e.
o 717 —<Zee’—el 0le' 7100700710 ESeeZ>'—el1™Sse’'EeZl —1¢'Z1—S—
“Fe™3e17YZ—1 ‘Z—1eZ1e'e‘e1'S5YZ0ee’—e1 Sel—"e1"™e'_Sejl ‘ZeZ
07'eS—(EZ1e >17201e 1eZ@ ¢+—1S—e1™>7™S,71¢'71ESeeZ> —ele>2E

JLJIXUH6LPXODWHG WUDMHFWRULHYV RI D SKRWRQ DEVRUEHG E\ D VWDQGDUG VHP!
HPEHGGLQJ GLIIXVH VFDWWHULQJ SDUWLFOHVY DQG F FHOO PDGH RI D VHPL WUD!
LQJ OD\HU LOOXVWUDWLQJ WKH GLIITHUHQW VHULHV RI VFDWWHULQJ HYHQWYV WK
SUREDELOLW\ RI DEVRUSWLRQ LQ HDFK W\SH Rl PRGLILHG FHOO XQGHU FRQVLGHU]

—1>7ZEZ—1¢72S>0001 "1 Z1>S™’el1eZYZ7Ze"™M_7_ 011 —-S—"e>72Es7
Re>7@Ee72>2001'SYZ1<2Z2Z—17071S01le 721l MUEES A5 >Le126B47YV o1l ™
S—"eZe1<SweZel1 " —1—S—" '»78&1 —S—"¢7¢71S>>S¢e1Z<Eil,">17ZiS-T
e7'e >—-1—S—"5>"e10'S-Z7Z>A1XV,A"V1——81e¢Z—ee'A1XVV,ZVV1—-1
«SZe1Z¢Z@Ee>"Z210 "2>Z1WY1Ud1S—e1"ceZ>YZe1l\i[-1'=™>"YVZ-7Z—¢1



6RODU &HOOV G5HVHDUFK DQG $SSOLFDWLRQ 3HUVSHFWLYHV

»Z@ ®eS—EZ1S—ele"—e7517¢7ZEe>"—1e¢'e7¢' - 721S®1E " —™S>7e¢1e¢ 1
SeidIXVWWUTL ‘Z1>Z¢7EZ+1E 'S>¢Z1>ZE " =<' —8e¢'"—1S—el1e'Z1lezes'E
>Te@l’ —1e‘Zle'e—17¢7Z@Ee>"071 7Z>21>72@ ™" —e'<eZ1le 51’1’ —=™>"YVZ2-7

71 71 T11Z1Seil™>7™S57e1 —S—" 7Z—<"0eeZelINS fece@Ze BS+10 2 Y
eSeZel e’ 751 ™M "oV eeS'E]L ™M>"™MZ50¢1 —1 1Sele'Zlcez—Ees"—Se1
XVVAUTL ‘Z1 Seeel™ele'Z1 «eS'—Zel1'"ee™ 1@@™'Z570l Z>Z1E " —™ " @7
P I™MSse EeZel Te'l-Ze" ™M 7l ZEe2>Z210 'e2>Z1WZ1S, ElUdl G
Z>1eCZ,e"Se’ —e1ES™MSE'+¢10 |WLL »®E01F™1LT3{EVVWNeZ1—"5>-Seet1
——,9'S-7¢7>100ESeeZ>'—el1 ™S’ EeZ0el '¢'1leeSele?>*SEZeil ‘Z1 7
e’e'e] ZeeZEe'YZe¢1 Sl E " —e'>—Ze1<C1le'Z1>Z0eZE*S—EZ1m™ZEe>"(
Z 1, 1™Sse'EeZel Z2572172@7Z1Sel1e'Z1ZE ™ —+S>¢1@ESeeZ> —ele
™y " Y7 —Z—el ' —1e' 71720’ E'Z—EC¢1‘Se1<«Z2Z—1SE"ZYZd1 'e'1'21"
WVIiYZ-11l 2S—e1 1Z¢1Seil7@Zele'Zlei«—" E>" xTeZS @ EZedl-/ &l MS:
¢o7—(E+e'"—1 @ESeeZ>'—el eS¢Z>1 51 ¢'Z1 —S—"E>¢@eSee’'—717ZeZE+>"
o7 -"—0ee>Se’—ele'Sele‘7107Se e7—(Ee"—10ESeeZ> —e1S¢751>7Z™>7x

0 71e>Se’e’" _Se1eS>e7 ™S e’ (EeZ1@ESeeZ> —el1eS¢Z>1e">1 e Zoee'E'Z-

JLIXUHD 6FKHPDWLF RI WKH SKRWRDQRGHV ZLWK GROQRHR R IVBEBWWHQGQI GH\HB \
wub RI EDUH 3 ILOP DQG ZLWK GLIITHUHQW QDQRURG VFDWWHULQJ OD\HU )DQ H



(QKDQFLQJ WKH /LIJKW +DUYHVWLQJ &DSDFLW\ RI WKH 3KRWRDQRGH
KWWS G[ GRL RUJ

JLIXUH6(0 LPDJH RI D WKH DV VIQWKHVL]HG QDQR HPERBGH® KRIM-OR ZEV KK HK P DI B+
WLRQ LPDJH IRUFIHOBLQHG DW “& F 7(0 LPDJH BDDWLGOAHGG IH+6LIIK¥HG UHIO
VSHFWUD Rl WKH QDQRFU\VWDOSDQWLEEXODHWH GLORY6GTL2ZLWKRXW DQG $ ZLWK DG
FXUYH RI D '6& EDVHG FOQUWHEXTDIVH ILOP DV DQ RYHUODWOP K@ ®HYDEOR F U\ RWBIO C
VXQ OLJKW LQWHQVLW\ .RR HW DO

Ze~ 1 Z1eSYZ1e "1ZiS-™eZ0el “"E'17207Z¢1'Z1—S—"0e>72E*7>Z°1eE?
eZwe1<SeZel1"—1—S—" ">71S5>S¢1>1—S—"e"«Z>cil ‘S 17Z1SeileZ-"-
¢eSCZ>1™ "e"S _"eZ781 e 1e' 71 e d"—BeSTZ»1SDbSC1I ™Y e —ele' 7 E1C
™MSet S¢1e™>1 ™ "e” o7 _75S07¢17¢7ZEe>"—@dLS—01e¢'Z17™M™MZ51eS¢7Z>:
"l —S—"<Zeed1 —E>ZS e’ —ele'Z1le’e 01 'S5 Y7 e’ —0e1Sce’e¢ 1Sl Z1c
‘Z1EZeel1<SeZel™ —1e" 1" Z>SPE"ESEIISSAIEESEVA>de’ " —1 7 E'Z—
RZ™Z5 " 51¢'S—1E " L@ >XFUS21'Z1-ZE ‘1"« Z>1 " ™Me'ESel>ZeeZE*S—EZ]
ee>7Ee7>72@1¢'S—1¢2Z1—8—"5>"0155>83¢18—¢1—S—"™MSse'"EeZls’'o—e1
™ ~e“e¢]l S1<Z—Z¢ E’'Sele 1e'Z1le’e'e @ESeeZ>—e1ES™MSE' ¢e¢1 ¢le'7Z

S—e17¢1Sei1>Z2™ 50718 —1' 32 "BS+"VZTs1eWEAE"e7281 "E'1E - -
©—-SeeZ>10\V1——01S—¢1¢S5¢751 00 VBL " iA»Sl2B«Z ESe7¢1<C1Z27ZE:-
— 1718101 XVWWUUil ‘Z10e—-8eeZ51'S—7¢7>1—S—"e"<Z>10 Ul<S
1>S¢'"1 SelzeZele 1See™sclezes' &' Z—eetletZ1-—"e7ZE2Z21S—-
el o> =1 ZiE 'eZel eCtZcil ‘Z1 < eeZ>,¢'S—-7e751 —S—"e"1<Z>10
ESeeZ> —ed1See™><Zelezee’ &' Z—elet¢Z1-"e7ZE2eZ201 >172Z—7>¢1"S
“e7-71"—1 1 1eSE'e'eSeZ1Z¢ZE > eCeZ1le'0ese’"—1e">1>72072—7>S¢"
71 ™ "e"S_"e7i1 ‘Z>Z 5781 °01<*SCZ>1E —™"'eZ1—S—"er72E7
o7 —eleCZ,o"Se’—edle’e oS5 Y7 e —081S—e1ZeZE*>"— ,e>S—@™ 0] ™,
MY Zel ey —1]IWZ -1 51071 —eeZ,0S¢Z>1¢  LAIZY—Te":X517M e ¥
—"eZ81>Z™>7Z@Z—+'—e1S—1"'—E>ZSeZ1 7 «1W]-i

* N O
N«

S
~-Z
S

3

<



6RODU &HOOV B5HVHDUFK DQG $SSOLFDWLRQ 3HUVSHFWLYHV

JLIXUH 6FKHPDWLF RD@RZRG DUUD\ PLFUR IORZHU KLHUDUFKLFDO SKRWRDQRGH
QRGH DW VXUIDFH DQG FURVV VHFWLRQ DQG UHIOHSKRWRP R RGIHH RWQU D7 2R V XVBEVIMHU
6KDR HW DO
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9,6 WUDQVPLVVLRQ VSHFWUD RI VPDOOHU GLDPHWHU DQG ELJJHU GLDPHWHU QD
<DQJ HW DO
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JLIXUHD 6FKHPDWLF RI $J 13V GHSRVEWSBIGDROR/QRF DEVRUSWLRQ VSHFOKHD RI $J
VROLG FXUYH DQGUHG ¥ROLL FXUYH (DFK VSHFWUXP LV GHFRPSRVHG LQWR WZ
XSRQ WKH JHRPHWU\ RI $J 13V 7KH LQVHW VKRZV D 7(0 LPBJHD ®G WA VEBWH/ LHZ
WKH GLUHFWLRQ LQ WKH JHRPHWU\ RI $J 13 F 89 0,3 MEVIRQGWATRR MSHFAWUD RI
G-9 DQG H ,3&( FXUYBIQGR! 7,BLRIJSKIRWRDQRGHYV FRDMWHGLEI 13VL ' 7&WH VHOQ...
VLWLIHGIOHEWYRGH3 8J 7LWKH H[WLQFWLRQ VSHFWUXP DIWHU UHPRYLQJ WKH FRQ\
VSHEWUXP RI ' 7,3-$RDLJ2HW DO
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J)LIXUHD 6FKHPDWLF RI WKH FHOO IDEULFDWLRQ SURFHVV JRUPDWLRQ RI 3&
WDFKPHQW RI EL OD\HU IURP VXEVWUDWB3IV *OWVLBEWR RV 26R\ EL2&URVYV VHFWLF
DJH RI WKH 3& OD\HU 6FDOH EDU ‘P F S5HIOHFWDQFH RI 3& OD\HUV ZLWK l
QP ,QVHWY SKRWRJUDSKV RI WKH VDPSOHV ZLWK SHULRGV LQ DLU DQG LQI
VLPXODWHG UHVXOWY ZLWK ODWWLFH FRQVWDQWYV RI b® G XUYQRIR DRQUGEHXYUS®D H

VRODU OLJKW LOOXPLQDWLRQ 7KH D[LDO ODWWLFH SDUDPHWHUV LQ WKH 3&
DQG %o QP DQG WKH QXPEHUV RI SHULRGV DUH DQG UHVSHFWLYHO\ 3X
ZLWK D VOLJKW GLIITHUHQFH LQ G\H ORDGLQJ <LS HW DO
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JLIXUHD 6FKHPH RI '6& EDVHG RQ WKH ' 3& H[SRVHG WR IURQWDO LOOXPLQDWLR
7L2ZHOHFWURGH RQWRL2KIPKKOWL@D\HU LV GHSRVLWHG F D@GQIORMHHUY LHRZPR.I WK
SRVLQJ WKH * 3&X®YHV RIHOHFW2URGH PP WKLFN FRXSOHG WR GLIITHUHQW
LOOXPLQDWLRQ 7KH ODWWLFH SDUDPHWHUYV DUH , QP RSHQ JUHHQ WULDQJOFL
HUHQFH FHOO ZLWK WIOH M\WBBRAHF LML BSORWWHG DV WKH RSHQ EODFN FLUFOH OLQH
EDVHG FHOO WRJHWKHU ZLWK WKH DEVRUSWLRQ VSHFWUXP RI WKH UXWKHQLXP G\
WKLFN G\H VHOQWHOMWHAWOREGRA VROLG EOXH WULDQJOHV DQG IRU WKH VDPH HOHFV

QP VROLG UHG FLUFOHV PHDVXUHG XQGHU IURQWDO LOOXPLQDWLRQ DQG UF
UHG FLUFOHV UHVSHFWLYHO\ &RORGUHUR HW DO
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VLGH 66 DQG GRXEOH VLGH '6 FRDWHG '6&V LQ WKH 36 FDVH F /RZ PDJQLILFEC
XQLIRUPO\ JURZQ =Q2 1:V RQ '6 VXUIDFHVY G | +LJK PDJQLILFDWLRQ 6(0 LPDJHV
1:V RQ WRS DQG ERWWRP VXUIDFHV RI WKH VOLGH UHVSHFWLYHO\ H ,PDJH RI
DUUD\V HL HW DO
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