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In this article, we reviewed our recent studies using the surface analytical methods developed for monitoring
in real-time oxidation reactions on Ti and Si surfaces. To clarify comprehensively the growth kinetics of very thin
oxides based on oxidation time evolutions of the oxygen uptake, oxidation state, oxide thickness, surface
structure and morphology of oxides, and electronic state, reflection high energy electron diffraction combined
with Auger electron spectroscopy (RHEED-AES), core-level photoelectron spectroscopy using synchrotron
radiation from a third-generation electron storage ring of the SPring-8 (SR-XPS), and valence-band photoelec-
tron spectroscopy using a He-I resonance line (UPS) were employed as a real-time monitoring method. RHEED-
AES made it possible to measure the oxygen uptake and etching rate simultaneously during oxidation on a
Si(001)2 X 1 surface. In addition, emission of Si atoms resulting from the volume expansion due to oxidation can
be observed by RHEED-AES. For single crystal Ti(0001) surfaces, RHEED-AES revealed that oxides can grow
epitaxially with an oscillatory behavior in the surface morphological change corresponding to changes in the
oxygen uptake. Chemical shifts in O 1s, Ti 2p and Si 2p can be observed clearly, so that SR-XPS can be used to
monitor time evolutions of the oxidation state and oxide thickness. UPS is useful to obtain information on the
work function and band bending due to defect states in connection with the oxygen uptake curve as well as the
density of states in valence bands.
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1. (U ®IZ

WE, T ou—/"F )V AL ADWN
FHEHEE L TCRERRBEE ATV L RE ST,
WE O =M(EFE, WHE, K O AEEOH T,
[EfH & &UFH, EFE &, &L <X, EEEFEREO
REL B =FEORmEZWERNZRE L TND.
ZOHT, FRE T ADL T &R EZEHIEk(~10 Pa)
FCTFTTHREMBGYLIIFER L & HICHEITT D0
T[], EBRFELECEFITOL TV BEEZE
TTOEREOIIEL, KHEOH 253 E % MR £ T
TS GMETOEM/ SHEREOBEEZ 25
ZENTED. BIEMARNBILEDYEA, TOEH
IREICLEROT, BILEO R SHTIZIHB VT
SR D 43 JE (B E By D BLZ2 FESCFR B A D kA7) IS
HEENMLDOND Z E13Fa v, )5, &b E< D
TEN B 5 EBEEAM TITAL R DR X 53 A 0~
T REOYEEM R ENBEN R0 T, il
AT L0 b EFE B AR S AT & RS N )T
b5, ZoOX o REM/EESEmOTIZENT,
, RENREZHERDITETH D XPSIZOWTY, X
DR FTIHMETHRD =0 DL O
mEAK SN TWAL2, 3]. A RIEREIZOW
TY, TOEMAMEEEND, £ 70— 7k
[4]1°PARN U5y FE[ 5178 £ % I T2 554 05 1 D B %
EINHBED BN TWA.

[EFE, SAR R E AT B D RO E, oF
v, WEEEORETEIEE T ADEN) % T
DT TFTF BB NN s Tnwbd—K[6, 7], HIE
HEEOMEL 14 TE 57208 < LTCHEM &M
R COFEREE [0 BET D8R,
ITAGHIZER LT\ 5[8-10]. = DHH I, 21X,
PR LB D REHREFFECAMBERE RE 2 TR R B 7= 0121,
BWDEDH AFFAK FIZE NI - R bR E %
HRZRTIT R RN ETH D[], 51T, P
HER[12]°4 B R OMBALEOG[13] % v CRR L
BT D & &, B ORI O 7= D IC
b H A FZPS T OFEM KA OB N E TS
NHTHD. 20X D BRI oA < fil 5
BEICIR 597, $HIIN TOMBILIZ & b W H K
IR E R DT, <D RTA T rkwR BN
THEM KR ED [Z0%) BENLELE ko
TWAH[14]. WA RAGETTO [Z0Y;) BlE%
EHT D200 EERREICLD, Iz, XPSIZE
WTH ~10° PaDH AL E TBIEAREIZ R - T
[9]. =® EBRIE, HA53FIC L 2HEFOIHEMHME
FUC X VIREDDT, HASFIT L DRI

1 Si & Ti /8 TDOEFEIRIEITE I D Y T /L 5 4 AT

D/NS IR ASE[15]1° X #R[16, 172 T v —T &
D RMIMTIETIE, BIET O AET) % A
RRFJEETESFTHZENTED.
ZOXIREENTO 0] BEITNZT,
s, B KBRS roEaE VT E A
LE=ZY TN EHSRL TS, SEM(EEE T
PSR 2 e R\ o T, Ye—7 &8Ik
D ZRELTET TR, KB, FEXRR, A—
VxEL, WY=LV I Ry R ERREER
AL S D=0, REFRETL T TR, b5
R T TR i K Bl e L b Ak TE 52 b
LB TS, ZvE CTXPSITHBEI T D7
DIZHWSND Z ENEnot=n, Bz, Mg
{EIED XPS /AT 12\ TELIEE & ALk 721
T, ZAVF =N KXy v TE, /Sv R
e, KMAYENL O FX—054072 & b EA W E
BEZR Z E PR ENTZ[18]. MR LE S O EA -
7 v 7 XPS THEBFTE 5[19]. ¥ 7 (Si,H)%
WA — AN B X% —D UPS Bl
T, BHEKBEWBRIZ T TR, KBRS INE,
REARMEETF, SIRHEE, EFEEL —MHITHIE
T& 5[20]. £7-, RHEED |I# mid s sk
ELTHEHTHLN, RIAFEFe—7I12L0
L X H A — T = EA[21, 22108 X #R[23]1%
T, SEM & FAIERIC/L R b AT TE %
ZEMRENTZ. &5, B LM T O
AT IVARXRT 4 7 AR DTOIT, K
MofReezm LS ¥ 8%, 20, V7 v& A4
EF=HX Y I K DR TSI R R L
T&ETWAH[24, 25]. mEESTEZ W2 XPS T
L, —DOOWNBRMEMNE AT hL%E ~50 ms T
/L2 ENTE, 5%, ~100 us £ TOEHLD H
L ENTWA[26, 27]. 2D X 9 72mE#E XPS 1A
AT T <, KB TREITN R A H VWi £l
ST E &G AT 9 Z & & RlRE & 9 5[27, 28].
ARTIE, BTl EFE K S AT
BELINS=o0MEE, oV, TAFEHKTETO
lZod;) Blgg, HAFE, VIvdA4se=2]
VT IS T E DRmAHNEE AW TR, Si
& Ti RiEfEIZ X 2 SRR LB SOsAE O AF 78k
RERNTS. LIFTIE, H28ICBWNT, SiéTi
FHIZ X A mERLEOME L ISH, £ LT,
TR AV I BBt 2 R A 72D Ic B L S
HEMIEHRE RO TIEEZHRAT S, ZOEW
DI-»iZ, AFFETIZRHEED ¢ #HA& L
AES(RHEED-AES), @i it 2 v 72 XPS, He-
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THEIGTHRRD. FH48EHTIX, THENEER
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DY TNEZA LREGHITIZ DWW T BRI~ D,

2. Si & Ti RIS iz iR 8 b g
2.1 BILEOMBEORME LR v & 2

U 3 UEEEIE(SIONIE, SiREOEHERD L
<IXCVDIZ LV ERL S 4% . MOSFET(Metal-Oxide-
Semiconductor Field Effect Transistor) %7 — | ifftfzxfE
7R EITRD B D EAE SIO, KL, BIED L Z A,
0,1 &% Si RIEMIE( KN T A BRIL)ICL > TLME
FRENZRNTZD, SiREMRIEIC X 5 SiO, IR Rt
WZHOWTIE, THETHRRIFZEN SN TE
[12,29]. Z=DOf5i%E%, Fig. 1(a)& Table 1 IZF &0 5.
SiO, X7 EN 7 7 ATH Y, EHET T2 S0,/
Si St T b A K a3 RO T 7R < E, N~9eV &
REWEDIZ, ffxiks L ToRFREXFEZ
AT 2L, SiHEMRA D SO, B~ ORERESHHAUE
Bk H v, Sy 7 A FFA K Si 0 (Si),
SiO (Si*), Si, O (SN LTS, ZDEH 7%
EREBIC L2000 T, T Si-Si a0 D
Si-O-Si 5 G ~DEAIZ L A IRFEIZ R D 72912, ~GPa
DT EBANFEAET H[30]. ZOHETELDTZDIT
JRR Ba(Z2 AL+ 48 7 FIAT 8 Si ) D3R4 L, Si
BA72F T2 <, SiO, AT & B F-FRIALE Si 23
FH &, Si FEARA T IR ER AL 7 LA T K B D Rl R

1 Si & Ti /8 TDOEFEIRIEITE I D Y T /L 5 4 AT

R, RMILE DL S Si R FEN RED
BTV [31]. £7z, SiO,EHF DO, IREIE~5 X 10'
cm? FREETH D [12], SifbdnH OEEEE AL 107-10'
em® K0 b/hEW. UL, SiO,BEH o O, fitiEt
SICHNDT, NSRO,REICHPNDLT, O,
BN SR & 72 5 D1E 100-500 nm LA_E D JE R
DEEIZBNTTHY, ZHLLF TR mSIC
L0 Sio, kR IIHE SN TV D[12]. ERZEhD

SiO, (amorphous)  |d

<— Suboxides (Si'*, Si2* Si3*)
at the interface

Si(001) substrate

(a)

3 X4 3 structure
/3x/ ~—TiO rich at the surface

HIEEIRIGIUNONCEIEVE I TiO, rich at the subsurface

with oxygen vacancies

<—TiO rich near the interface

Ti(0001) substrate

(b)

Fig. 1. Schematic model of the oxide grown on (a) a Si(001) and (b)
a Ti(0001) surface with regard to a crystallographic nature and a
depth profile of oxidation states.

Table 1. Crystallographic and electronic properties of oxide grown on Ti and Si surfaces and their applications.

Oxides grown on Ti surfaces

Oxides grown on Si surfaces

Crystal structure Crystalline

Amorphous

Oxidation state

Solid solution of oxygen, Ti,O, TiO, Ti,0,, Ti,O,,

S0, Si0, Si |0, Si0,

L0, 4,5, + + +,10),TO,
' E=-34¢V E~9eV
Electronic structure (Semiconductor with n-type conductivity) (Good insulator)

Lattice strain

Small

Large(~GPa)

Diffusion species

Oxygen ion

Oxygen molecule

Diffusivity of oxidant

Easy through oxygen vacancies

Easy through SiO, network

Relative dielectric constant

~80(for rutile-type TiO,)

~4

Applications

+ Passivation layer
+ Photocatalyst
* Biocompatibility

+ Gate msulator n MOSFET
+ Device isolation
* Planer technology
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S BT, PEIEOIE S X (TR LS ¢ D5
ROEEAR), & L <X B4 5 (s
W) & LTz £ 2 & 23T X 5 (Deal-Grove &
F12].

Si0, I%73 30 nm LU R £ T 70 % &, PRfLIsEE 73
X OB L L b ITHINNT 2B 25 7L 6 (RIS
f2{b)[32], Deal-Grove €7 /L ClIitiR T2 < 72 5.
Z0®, RBRAICESSEARBILY I 2 L —4 R
TaEARFTHOLNLTWANR, 4% ML X
% ~1 nm FEJE O Si0, B AU TR T & Flik
TERWV[33]. ThITIZ, 5 Sio, Ak TldE
I b[34]° B E = IEFEML[35, 36], & BiZ, F/ Si
RS R D B — RIS L T2 BB (E<0[35, 371,
SOI 7 = /~—D AL SiO, @S HEAKIC LV HIERT 2
72 L[38], ZHVETO Si B{LOFEABE TITFI T
ERVBENRAOND. 2070, 1 Sio, B
D FE R & PR O JBAAIIZEIZ XV [39], Si{boW
PRAOHEG 2 BT 2 Z L ML EE L STV 5 [40-
42].

5, 9% =7 (TiO,)% Ti &K O EHME(L, CVD,
ANy B F LT, SR ETIEEREND
[43]. TOHTHEFRIESL Y V- FIIEIZ X0 ERIL
7= TiO, Tk 125, JERti-Cua K BBl K E DT
DIZIRS AV BTV S, TiO, Sk F135EE L7
<, F72, TOFETIIEHR~OHENHE L VO
T, ERAMIZBWTITIO MK & 2 —T ¢ 7
WEOVBHTAHAZENMBELINTWNS., D&
&, A—=T 4 7ML TIO, ki FRimDO—HH
L xeamnEmbRL T LEY, HERITE I
R HIR ST LES. S HIT, Tio, Defilit
RIZEVa—T s v ITMBERAIELTLEW,
TiO, kL F- R HANE L HMEB AL L. b o
MR % BT 5 7212, Tio, BAKOFIANE 2 5
1, FEBE, TiO, W T =N — b PRI FTRE
ThHo. L, TiO, DRMEED 7 HIZITHT L
b TiO, D/ L 7 il 2 22 & B9, Bl 21, TiC(001)
FHAIC X DA RE D) Fix, 394 0.13-0.2
nm OFRE TiO BN RIK TH D Z & MR Shuiz[44].
Z D7, TiRERRIZ X D Tio, BIE, MES
BB D RBYRERE & L T T, FRimtEREH
5 HIEH STV AH[45].

Ti R B LS OMFZEIE, SiRERILOBHA & F
FRIZ 1950 RO DR WER 2 ¢ > T\ 5[46]. =
D% <%, ~ pum U EOERERICI T 5 EEEL
HEICESS bOTH-72[13]. ZOFER, Bk
BRI KT L T < OREFRNFES

1 Si & Ti /8 TDOEFEIRIEITE I D Y T /L 5 4 AT

HZENHLMTENTZ[46]. —kIZ, &JEER{LT
OIS/ BREIRFOIHITER T X,
A A b L IFERmA A OJEE N XEN T
HDH T ENABNTVWD[47, 48], BiE TIlImibiE~
GRS, $%E CIIBRALIEE mar fF CRLSOS B3
AT 5. TiBEHBIETIEZ L OFRERAE L
BABEIRO RN EIRICRE L TREBEZ R L, R
[ CEALLS RN ETT D 2 & h, BREAA O
LN K EZEZ BN TWDH[13]. 2D X 9 7k
AT OIEEBBALE T I3 HERICEY
REINDZ EEEBEELT, KNnHEERHIZAER
Al 3 & 40TV D (Mott-Cabrera £ 7 /L 72 E)[48].
Z D=8, JEEGEE COBILERRIZ BT, Sik
i E{L. D Deal-Grove &7 /L TIIEEE /> DILFR T
YV VARG TH DN, SRR TIHEER
TV X VARSI 2 BB A BL( BB ) AN E A
B2 > TWDH[47]. Z D K D 72 Mott-Cabrera €7
LTI, BRALREAS W & X R L IR BGE R 13 kB
Hld L<dgstgicans 2 ik, 20
P L IRE R ~10 nm LU & B 2 H LTV 5[47].
L2>L, Ti(0001)# E O=RIEE(LTIX, ~2nm E TO
WAL RS R D3 e 2 Al U < i3 2l © & <
HRITERNWIET TR, BBEWAHBRIZND
DOPTAVE AV SRS A, B E S EMEIC A1
LTWAHZEERLTWVWDH[49]. ZDZ LTz,
BALV PIRFE—ED & EBEX BT DIzoh
BR VX NEEANCHEBT S 2 &b b, METIO,
R 1213 Mott-Cabrera X VN ZF O F T T
N2 EIIHLNTHS.

2T, 4&@mE{ko Mott-Cabrera &7 /LT, [
(RIS — kR 72 G Tt Pl S, FER PR 7e RS
BEEINTWVWARNWIEICEETAILERDHD. =
IR ORI TR S D Tio, L7 /17 7 A
THDHN[50], FIRERIL TIZIEST RO LF LA
WA G L <7 & —BRKIRA) TiO, & 72
TENEBENTWVWA[S1]. RRICIIB TR T
Iy A MRITIO, bAFFET 5[52]. £72, Ti-Tio, %
FHBICIE, Table 112”4 & 5 ICEEREFE D Ti,0,
TiO, Ti,0,, Ti,0,, TiO,  (n=4,5,+ - +,10), TiO,
TOL L OBILIKENFIET H[52]. Ti &ML T
1T, ENENORLRIEL# T TiO, £ TEITT 20
T, Fig. 1IIZHERITRT L 51, BILIRENEE
{EIEN TR — 72 22 [l /A 2 LTV 5 [53].
T, TiO B X NaCl Bff dibfigi(a = 0.417 nm) TH Y,
%< DFEFZEH(~15%) % b > TWDH[54]. ZD XD
ICEEEZELIBEN BN LS, BEA A IR E

- -
— —
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BHIZL, Ti REABILIZE DR RBILFERE %
AREICL TV EB 2 b DH[55]. ETilR_7=L9
(2 TiO, [ F n HERTH D23, L&V BIRWAERE
RAED TiO 72 I3 BN E Z H - TV 5H[56]. &
LT, TifbshiE~882°CTANKEMED ofi(a =
0.2953 nm, ¢ = 0.4729 nm) 7> 5 AL - D BAH(a =
0.333 nm)~ & SIS 5. 2O KL D12, Ti Kk
& TiO, O R MEEII R R 20T Th 203,
Ti(0001)Z i O IR LIV TY 3 X 3% L
<X 1 X 1#55& RHEED X° LEED T2 &5 Z &
Mo, BILERZEX Sy VlREL TS L
DRI IT[53]. ZOLIHI XX Uy LK
1%, Fig. L(b)IZ7"T & 5 72 TiO,/Ti St T DAL AR
EREAAEE DM LBk DTed ThDH EEZD
b, OFED, BulE Y sk s LTHY
WO OTIERL, s, BkiE, EREE,
i it R B OAE I TS T, B TiO, I ki 2
FARDVENH D, FODHIZIX, BETITONZ
Lo R EELLHETIERL, TAZENOFBERMN
BoNLbRmMONIERLELEIND.

2.2 BBk & Rt

Si & Ti REIKEIALFEIEHETHY, EH D
DRMEIECIZ IV T H M ERR L IRIL TR ITTERR S
N5, BLEEITX L bICELIEIRDDT,
~30 pm @ TiO, BIE M D 7212, KKILED O, KFAK
& 780°C DFRALIRE THI60F[E 2 3 & 4 5[13]. %
7z, RRED O, HAIZ XD Si KEMLDOSGE, M
EIREE 1200°C T &K 30 BFHITL I SiO, IS 1 um P2
LR S VRV [12]. Z D728, JEWERLIE K
WAL, LSS (FRSE IR, M) & R oA
(KRB L ITHZE /ER) OB LIC LY #FgES
7212, 13]. Z DAL “ex-situ measurement” & IF-
T, FBHIM IR & o riEE L oA BE S
L0, BRALIED ARERE R D72 D IC KK EEIC X
LB A~ORBIIBMATEX 5. XPSIZLDHEWERL
EDIFFEIZEBVNTH, " 70 -” 80 AT WV CTlEig(b
B/ 2R T DRI LT TN 2[57-60]. R
b % T8 S & 2 D3[57], KK OB L
WEF D728, REDHEEEIZO, TAZEFALTSi
FIHFRAIL M THOINTZ[58-60]. Z DHFAIE “in-situ
measurement” & I, O, A DRUEPER & FEild~
DRI L0 BRAL S 2 il U CERE L 72308k 2
TUFERMITOWT, XPSEEN I, L
L, 72U FRHOBEIZBWT, (1) SiZHE DG
IR CIE Sio Bl & 2 = v 5 > 7 s DS AL AR

1 Si & Ti /8 TOEEIRIEITE D Y T /L 5 AT

i & A L CHEFT LI61, 62], (2) 2ulPER D F%
O, T AREIL L DR, S51Z,(3) O, T ADH
RN & FERGRE O m A B O RER O X
VICBER LT, KO0, HE /MR TR D
BN - BREDHEIT T D720, BALRISF O TZ20
) BIBRALEL SN 90 FEMRICA Y, FEBREE
BOTRIZE Y XPS 721 T/ < [63-65], UPS &\
TSikmBbo 12035 BIEEHEB S 72[66-68].
PUFCIX, ZoFRmitHl% “real-time monitoring” &
M5, O, T AJETNE, H4]~104Pa LKL DO TH -
7223, Si2p HE A AT RN N LY 7 A %4
A RPBEERICEALT D Z RSN, -8R
LI E CRIRICEILREITT 2 2 E N R I
[63]. fUTTIE, ~10° Pak TDO, T AFXPAS T TXPS
BIENAREL 72> T D[9]. F7=, Si2p & A
N7 MV ORERE S, HHID ~190 s[63]7>6 ~12
s[69], £ LT, BUETIE~0.1s FTHEMESNTND
[26]. KIZ, AHMLE L S5 M Si0, KO T AR
BIZBWT, FOXIRERZY T VLA LE=
2V TFTHRENDITONTIHEARS.

MOSFET ® % — K £ 60 nm £ THi/h4 5 & &,
7 — M@ 1.2 nm £ TREEL L, U3 4 R
TEO SiBRLIZA ST 5[33]. ik o Deal-Grove &
TV TIE, SiO, M Si fibl b EIE Ak & LT
FRAVBOS N EL D o TV B A3 [12], D X 9 7pfi
W Si0, R CIL, Si R 721T T2 < Sio, IO i
MEEEZETHZENLEIZR->TL 5. 2R
5, ZO X5 M Sio, B I Si RIS
P b SO 3 EEAT9 5 721F T/ < (layer-by-layer oxida-
tion)[34, 41], SERARTENLT 7 2L LTRYHbh
% SiO, I R BR Fe 1 23 BAAEAL L[70-74], €D
72%, Si0,/Si fi DR FEHNREICRE L 72572
HTHBH[15]. KFEHNPRKENT L1E, BT
72 Si0,/Si FiH T D Si Ji 1 DO BEE DR A FE 2
B, SiBBLISICIB W TR T TR, SiRT
DHFEBER D Z EPMETIR 5T H[42,61]. D
F, SiFETREICE b o THRIECRAT 5221
TR E DK T2 b 72 59721 T [76], P,
B2 —[77-719]172 EDORXIE LTIRDEE S 2 &7
FEABN, SHIT, SO, I S 7 ST
Bt —[29]7x EOXRMFEEE HT2HTZ ENE
2 HNDDOT, WEMREORmEERESCBRLIEE
Nz, FEFRAOHEGE XM, 512X, KEEHERL
RN RRUT 4 T BB U TIH A NG
HZENROOEND. ZOXEMEZSOWT, Fig.2 D
Si(001)2 X 1 FHEE{LZH] & L TEAERKIZIH~S.
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dimer
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O, adsorption on a Si(001)2 X 1 surface

[Behavior of Si atom | [Behavior of 0 atom) XPS with

~| Adsorption model <e————— a supersonic
0, beam
e aneEEEEEE SRR Foommmmmm CRAE
{ ~| Oxygen uptake curve ««—— AES, UPS, XPS |
Most studies i V :
|
{ ~~{ Oxide thickness {@————— XPS !
~_ s, ,tY—SY,,YFY FAAAAAPAYAPP A AA A 7/
| | Behaviorof ~{Surface states ¢—————UPS
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| ; : I
. Charge transfer & :\ —~ Oxidation states @——————XPS ;
lattice site of O atoms N 7

——{Changes of work function [«— UPS

defect states within Eg
1 ———~{Band bending j&— UPS, XPS
Creation of vacancies

A/T\,
— | Strain due to volume expansion = point defect generation
T

7
/

\/
Emission of Si atoms
I
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Fig. 2. Objectives in surface analysis, which are necessary for investigating oxidation-related phenomena on a Si(001)2 X 1 surface, and
corresponding surface analytical methods employed in the present study.

_42_



Journal of Surface Analysis Vol.13 No. 1 (2006) pp. 36 - 84

IFHE LW 2l 7 HTICF5 1T B iRl DI

FaE

Si(001)2 X | RIGDH A ~—« BTV TR
RIZAEFRICTEME 7272 9 [80], O, /3 FIXTEME L= =%
NV —[EREZ U CRBEWR A L, WAEMBILF A
~— Ny R REETEVIALZ EDFE—
JRELGHE 2 5o SHU7Z[81]. Si(001)2 X 1 i CTHIE
ST 0, 53 F ORI A LRELS, 23 730-980°C D FE
FHIE CTIRIE—E TH VD [82], 350-600°C DR FEfEIE T
OYHABRCEEEANFIER 2 &5 H[68], Si(001)2
X 1 FHEBIED 0, WA Tl <, KN HRE~D
O, CHEINTWD Z NN D. 22 L,
~600°CLA_L Tl Sio BiBEN B 12/ 5720, F—J8
FRAL I BB AR 1 700-800°CAIIT T8 o TR k(1%
TR BT 7 7 4 TEib(= v F 2 7)) IZH
L, 5T, Sy Y 7EEIZ600°CHIETT v
72 a T RIWGEND ZIRITE R ICHRER T 5(61,
62,83]. = LT, Si(00D)FmDEREE(LICINT, 5H
=, =, WERBEEE R OEHE b= RV ¥ —E 15,
LI, 126V, 2.0eV, 22eV &R BHI7-[84].
B2 LB UERREE O, ~300ALL EDEFEIZS
W T D Deal-Grove EF /L CTO R ISEED 2.0
eV[I21EIZIER U TH L. L Z AN, FH @i
FERRIZOWTIE, 03 eV & RE/NS2ELHE SN
TW5[41]. ZDE ORERMET, H_fEmk
FERC DN B — B WAL BT A S AR TR < KA T D 728D
THHZENEMEIN[R4E], ZDZLiZT 7
TR GE D B IR TG R R~ O ARER R TS T O
TR AR R O IR RN D BB R S
72 [36]. ZD X DI SiEIRER LD, &M
WCEITT D20 TIER<, AWICE#EL Th A —
FHICHEIT T D720, A0S — & B IR piob
DRI & N EEIZ > TL 5.

PLETIRARI=Z Ennd, 55— @i LB i
DOIFFEZFIZT 5 &, Fig. 2 1R T X 91T, BER
TOZEENZHE B Liz(a) RN th#R & BRLIEE D
W72 T <, SiRTOEEICER Liz(b) O, D
fREERAENLE CHDHLA~— XL TV TR
KD, (c) WEESE & Si i1 & OBEMBEN E
oMLK EE, (d) SiO Bipftlc X 2 REIEREDZA{L &
Ty F U THE, () BBEWAEICK DI FELITHE
I SiJEFHH N b 72 b REFREDZAL & K batE
fLD%A, Z LT, SiO,/Sifiti T OaLHE I % fif ]
T D2 OITIE, (f) O, DIRBERAEISE A F X 7 A
ERHRDVENRDDLZ ENGNDE. ZTRETDOS
< BFFE T B TR AR R O AR 0 ik 38 W 45 (L &
MEHE S, BRI 2 Bk e (7 4
XA R)DOTERD O F— BRI B D 5T

1 Si & Ti /8 TDOEFEIRIEITE I D Y T /L 5 4 AT

S T&72[65,68, 83, 85, 86]. fli )7, FiEEfEL v
T TR STM TRH S 7= 23[87], WAEMEFE D
REPER G % STM THLOBEL W=D, f
ZI1E, REFEL 6 OHBIIMRF S T2,
F72, SI(001)RMEFE(LIZAE D& FEHDWE S 4
[88], fktH &7z SiJfi+ & STM THNL X A ~—& L
THZESNT=0389], 6, DOFE@RMS—FEIZ, bLL
ERSEHETE LR TR W=D, BLERE & O
BT B> TR, &big, P v —
REOEEXRMGERRDFELE L TESR(ETAY
VHRIEN[79], XA ~— X TV TR ROZEH
ZFHRD 12012 SHGHE i 7 46)[90, 91], i
5 BLEE L 72 Sio i3 5 72 D IZ LIF(L— Yk
HHIONIBELTH Y, SiKERLICEA I
1B, 0 S EICHES TV RNz D, ThE
ALOIEH A Si 2K R LA O M I A IR H &
NTHZRW. (DD O, RBERAE SIS Z A T I 7 AD
ROz, BERBES FHRE—2ZHNT
O, DIEES =X V¥ —E ZHI#E L, S O ERIF
ERRDZENEHTHH[93]. LrL, TNET
O Si il T O, fFBEN & OHFFETIZ[94], FHHEN
D O, 3 EZALD B S, 3K B #1(King-Wells 1£)[95],
WAEMRBABZICEZL WAV, KETT
JU(trapping-mediated adsorption + direct adsorption)i(Z
B L MERAEIREBIZ O, 77 & BIBRICE ST
WD R, AL AERBEEIZOW T EENIZT 7 4%
YA R EiEEmRI LTV ianolz., ZO X5,
BEAFE D F H AT 5% VT Si b OB 226 4
(a)-(NDEHREETHEDLZENTEDLN, TNHD
RN ENOBEZ LICHESNTWD 20, F
RIS TRz,

FDT, AR TIESI Rmgibo U 7 vz A
LE=ZHZ ) UTIZBNT, WS ONDE#RE
B LR E T AREHANEEZBRRE L.
HAREJIZIL, AES & #461k L7- RHEED[61], He-I3&
ISHRIC & 2 Al EE A7 L 50 6[96] & el FE B
(2 KDDL T2 0824, 971 Th 5. (a)-(e) D
RIS KT 2R oHTIEIL, Fig 2 & Table 2124k
L CoRd. &b, (HDOFERD 7O HER
ForE— A& XPS EMAADETH[24, 97], SiO
B 2 B R % 72 12 QM S(PU B MVE B i ee) &
PR L72[98]. QMS | X % 2 i L BERE oo ) 2 i,
XPSIZ XV RiEpIRRER [0 BT 52 LavH
BETHDH[24]. TNETNOERHEHGHTETHEETSD
BIEMENHY, ZOoDFREONIEL BT HEE
DFRE—L, EHITIEIQMS 2fladbE s Z L

_43_



Journal of Surface Analysis Vol.13 No. 1 (2006) pp. 36 - 84

FFEE (L) B 1 3517 S R DI |
Y7/ -

=Rt

7] Z<

LY, vELINHEE
EMRTE B, HlZF,

SOE XA L i
FeE S I 2T O HET
BoNDR, FRLSMIHOWTIL Table 2 TH 51
HEVICEEHEDD. FoXHicEENLT,
ZTNZENDOERE —HEIZH D DITHONTIIRHE T
FELCHR RS,

WIZ, TiREEILD Y TH A4 LAFHEAENZE
T AE N E, ETulk7z Si RE ML &l L Cib
N5, SifEETIESIO EP & O, 4y T AMEH L, St
T R BE W 45 Bt & A4 U CRRAB I O T i 3 474
5. ZORESEDE 13~2 eV & KE 2012, 84],
A Si0, R Tl HpUS A R & 722 0, Sl
JEEFRD T ENARAIR & SDH[40-42]. ZAUTKE
LT, TiffbTIE, TiO, BTz iy 2 D3 A
T ThDH. BEAFT U ITFHCEETHD Z
LTz, MBBFEFNTi EHPICEWVEE TCKS
WCHEETE 57729, RECTOREA A IZXDTi
FERDOBALSSITAHIZ 72 B 72\, Z D72, Mott-

1 Si & Ti /8 TDOEFEIRIEITE I D Y T /L 5 4 AT

Cabrera &7 /L Tl HEE & L CRIEMIGIZIEE
SN, MBEAL VIEROBPEGAEN TS, =
O XD RBHEREEC S PN BT, 2.1 Tl
AR T > v VAL & BALAE O FH A
bﬁmi@,%%ﬁ@%%ﬁ%ﬁiT%kbfw
5. 22T, MLEELE TDO, 0 bERFEA
D FREBEROE DY Mott-Cabrera %T/I/'?JWEODA)E}@(
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Table 2. Objectives for the surface analysis of oxidation on Tiand Si surfaces and degrees of usefulness for three kinds of real-time monitoring
methods; core-level photoelectron spectroscopy using synchrotron radiation, valence-band photoelectron spectroscopy using He-1

resonance line, and RHEED combined with AES. Symbols ©, O, A and X indicate

“very powerful” , “useful” , “available with

some limitations” and “not applicable” , respectively.
Core-level Valence band
photoelectron photoelectron RHEED combined
spectroscopy with spectroscopy with with AES
synchrotron radiation He-I resonance line
Oxygen uptake O (0 1s) O (0 2p) O (O KLL)
L © (chemical shift in Si | A (spectral feature of
Oxidation state 2p and O 1s) 0 2p) X
Oxide Thickness O X A
A\ (short range order
Crystallographic nature by photoelectron X ©
diffraction)
Surface/Interface O (fractional ratio © (specdar‘reﬂe(ftmn
hol among suboxides) X and bulk diffraction
morphology g spots)
Surface structure X X ©
O (periodic oscillation | © (periodic oscillation
Etching rate X in surface state in half-order spot
intensity) intensity ratio)
Band bending © O X
Defect states in oxide © A X
Band discontinuity O © X
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Fig. 3. Schematic illustration of a principle of RHEED combined
with AES. During RHEED observation using a grazing incident
electron beam with a kinetic energy of a few tens keV, Auger
electrons, inelastically scattered electron with core-level excitations
and characteristic X-rays are emitted from the surface of a sample.
They are available for surface chemical analysis by Auger electron
spectroscopy (AES), reflection electron energy loss spectroscopy
(REELS) and total reflection angle X-ray spectroscopy (TRAXS),
respectively. (a) O KLL Auger electron spectrum and (d) RHEED
pattern obtained for the wholly oxide covered Si(001) surface.
RHEED patterns of a clean Si(001)2 X 1 surface with (b) a2 X1
and (c) 1 X 2 preferential domain before oxidation.
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Fig. 4. Block diagram of a UHV surface analysis apparatus equipped
with facilities of RHEED combined AES, UPS, metal and Si
evaporation, O, gas introduction, and residual gas analysis. The base
pressure of the apparatus was ~7 X 10 Pa and the surface
observation was possible under an O, atmosphere up to ~7 X 10°
’ Pa.
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[9], AWFFETIT> TVDH~102PaE TO [F D) Bl
HThhIE, BF=RLFX—SmAEic—BEo
AEPERZR T 5721 TH44Th H[25].
AAFFETIE, SPring-8 D B — AT A > BL23SUIZ#%
B S A7z B AR A7) 58 B FE A A o0 R i b BUS
fifEAT 2 [ (SUREAC2000) % FV 72[24, 97, 152]. BL23SU
TR T 22 L—& b D, 330-2,000 eV
DR X AR D IR G - ERMRE L - #5 PR G235 H
T& %. SUREAC2000 % Fig. 5(Z~d & 912, Mt
v —4 - B, S HER R TR TR
X [SKE, SPMAE, LEED/AESA & sk Efiffl, o —
Na oy 7 bR ST 5. 0,/ He / Ar DIRS
R, ZORGTADOKBEW RO DD /) X )v
(I—ARy - e —ZfEER Y FZR)OREEE
25T LT, 0,0 FOWEEH T X NVFX—E 423
eV%afhi'Cﬁ?UﬁUTé ENTEH[153]. E=23eV
DL X, ~2 X 10" molecules/cm?s D O, 7 7 v 7 A%
ERFIHTE S, RS OB FEEZZRE 3 ~7 X 10° Pa
Thh, BEHDFRELEHFIZIL10%10°Pa £T
ERFT DR, FO5EDIREITHe & AriZ LD HD
Thbd. e —2L - F=F—RLEOEBE
KELTHIETHIDOT, Dlaic E~DRISEH A
DFWANZMIETESD. E =003eVDOLENYTT
Jbe =27 L7 a2 VLT, HE 99.9999% DR 4
A(ZIR) & RS8N Uiz, Si& Ti ZERITE i
WEL7ZTa VR « b —Z0nE DO TIEL,
TR T K BVEE % & BB R CHlE L7z,
FUSHED IR % Fig. 5(b)Icd. B Hy T
FeAR & kfn) L7 A B2 D QMS VT O, / He
/At DFRLSEEREL, O, FDE &7 7 v/ A
JE &R T2[153]. 7 %Izw%%“ﬁ%mmmmm,
EAI125-SMCD)DE T L > X &k, = LT, #F
TR IZFNE53° L 40° OAETRES
nTns. BEEO, DB L DBILEIED Y T
NEALET=KY L, REREERE RN D
W 72 BEHO, 73 FROANFAEA 107, SETF
BT A 30° TITo7z. O, W RAIZ K Db &
X, NEHREMAEITSIFETT00 , TiRETO
L7, SiREDOGA, FEHRCYKFIZ BL23SU THEH

1 Si & Ti /8 TOEEIRIEITE D Y T /L 5 AT

BRI TE 72 TERD 400 eV IS 2 e L T
b, Si2p HEFDE 23~300eV & RKEVWDT, FKifi
L2 =0 D T2 ORI AEE A 70° & L72[97]. Fig.
2 THRAR7Z L 91T, BEERFITRFEL TSiRm NS
&o%%#ébéwu.it,&%ﬁm%%éhk
&qﬁmﬁﬂﬁwk%’%ﬁ%ﬁﬁom%ﬁﬁ%n
%[154]. Fig. 5(0)7 63715 X 91, #EHO, 7
ﬁm;%&%ﬁ&kﬁm%)7w&4Atﬁ%
WT T2oH) BE2diz, QMS T SiO O REEI R %
FIRRAIE T2 Z E N ARETH H[24]. OFE W, SiFk
1 DFRACIRAE DS 43 g hT & BEE-S1F ¢, Sio
JHBEEE 2R D Z N TE D, 22T, BETA
D CO, DEEHKN 44 THY, 2Si*OD LD EF LT
bo. O, BMREFAETO, ZBLEISIZH W
T, COCEDNY I 7T T ROFEZMfI LTz
@meﬁ;ﬁ%@u% , MR T ANIAFTE
L7\ V)24, 154].

3.3 He-1 LB 2 AWl E FHIEE T+
T H# B A7 bV T, FEDOILFHE
AICEE LTV EFIREL E#EBIZ TEL50DT,

IE°CVD 72 E D R 7 A 71 & 2O KA

ERARDTELE LTCREICHES THH[14]. O

YR & LT 7210 T72 < [20, 155], He<°Ne 72

EOH/mH A% BETHE, b LIE~vA 7 2l ilE

Vi@ﬁﬁw%ﬁ%%iéﬁéﬁwxmﬁﬁb@

%T%éu%1ﬂ1y<® &, BREE OB He-
%ﬁmwalnewﬂ%wghé@ ~A 7 ai

Gl He-11 0B8R (hv= 40.8 eV) b 50 72 TR 2315

HIVD. A AREE CIE B (ERAER), b

LS IE—B(~A 7 a B oZBh PR 0 16

Lfmé@f,tﬁ’ﬂ#éﬁmﬁx@@ﬁﬂ%

izgﬁw DI, ﬁut* 4396 & B

, 7 %m@)?»&%Aﬁ oy A FEBRE

T%a%_%ﬁ¢5 k#f%éwﬂ.:hif,

flidE 7 BT DL DI TAE A LE=FY

/&1&anﬁfﬁ<w69m Si HAY—2A

MBEJ[20, 158-163], #2812 L 5 Si= v 5> 7164, 165],

Z LT, KFERIE S Zm O R Y E L[ 166,

167112 H S 47,

AW TIL, W AMEE LA EEZ0HT 5
L BRI OEAREEITEE[155], He-1 LE#E D
HEMAT 5 & ZITEER O O (Fig. 4)% Huiz.
CEEEEERAT X EIRREE X, BIE[155] & TR
(Thermo, UVL)D & D % = i 77 L8 10k
IZBWT, TiERIEMo VAR « E—Z|ZTafiz
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Fig. 5. (a) Block diagram of a surface reaction analysis apparatus
(SUREAC2000) installed at the beam line BL23SU of the SPring-
8, Sayo-cho, Japan. It is mainly composed of a surface reaction
analysis chamber combined with a supersonic molecular beam
generator, a scanning probe microscopy chamber, a surface-cleaning
chamber with LEED/AES and a load-lock chamber. The base and
working pressure of the surface chemical reaction chamber was
~2.6 X 10" Pa and up to ~102 Pa, respectively. (b) Cross sectional
view of the surface reaction analysis chamber at the horizontal
plane, where includes a supersonic molecular beam generator, an
input lens of a hemispherical energy analyzer, an input port for
synchrotron radiation, and quadrupole mass analyzers for measuring
O,, He and Ar fluxes of the supersonic molecular beam, and detecting
SiO molecules desorbing from the surface.

FAWTEEEE L, Mo U R ~D L ZEHRIZ K
HEPEEEIC LV INE L. F/-, SiEKRIZTads

EBHRCXEL, REHCSLVRAERYEEBRE LT
MEL 7=, Z oA, MEERIZL 2L,

WEFOFEIIRA S, & 0bi), BEZEHENEK
HDLEOICHET AR X LF— - Iy bF T
O WREFIL, ABELEPOROET L EDE,
DHRD T/INSWNTeDIZE L GO R EEZ T 5.

1 Si & Ti /8 TDOEFEIRIEITE I D Y T /L 5 4 AT

EHIT, SiFERPLMo U Ry TOREHEMN(INEAE
WIS X DB B IR AE L2 BIER T) D= DI,
HEHEE K LB F A7 Pro=x )L
e U7 MEBIEEIT. ZhESTD, E
FE D7 — BRI L OV A BT AE B W
[96, 155]. INBHERERO M N 2 EEICA Y /A
735 L, BERBMENRARLEIL/R DT TR, S
LA b BT, FO8, HBEE ¥ I —#HR
BEEIFIER CEBLICRE SN R — - T Y
AV @A v F U TH N7 AL TH YR
RHT LR, BEREROM N Z —EIZ ko7
FET, REHZ OV RER &M U 72 (e LR )
D ~10% DT 2—T 4 Lb). F 7% OEFROBIEEL
ZERLT, ~10% ORFLRMEZRT, TDOHIC
T a—T 4 ~20% T — halgEE2 412 LT,
EESTEFHE L. £ LT, TidEOEEIX Mo
U R AZEY A1 72 K BVE R, SislBHILS: & RS
WMo m A= THE L. RIS 0 A—H
ETHT A MHSIY 2 —%2HWNWT, FOERICK
BNGEX & Ag THEA S, 300-800°C DO#GPH TIREER
1EL72[113].

Si(001)2 X 1 F i OEE{LAT# CTOflE 7-H I E
AR MNVE, ZNOLORMEEEET VE I
Fig. 6 IZ/”"7. “IREF AT MLOKZ R L F— -
By NETERBET LD, REHZ-5.0VOARLT
AEEZHIN U7, 1EHRE TR RV X —E =
~0.7eVIZR N E—21F, FA~— - FL T Y
IR RIZERTL2ERmRETHS. 22T, A
T ABED T ONEF1ED B, Fig 613H 5
FHONARAIZ DWW TR ST HEF AT h L
Lo TNDHDEN, REEBE THRHEL TWSH T
DERE KT 2T v - V= DFEICT SEE
TEREEMNZBA L TWD Z L2 5[168]. ik
IZE D RHEEN B — 7 BERIZHEKL TV D DI,
Fig. 6(a)lZ R T LK lcH A ~— XL TV v TR
RICBENEES LD THDH. REEME— 7
BRI L, 2 X 1 &1 X 2HEED IR L7e
Bz T5., 28720, ThENosigo kit
TV aTy = TRRDWEHA~ T NAALET
B L TWDH DT, REENO T RV XF—4HUIT
KXW BEEZTHDTHD. L0bi), HRmRE
L 7=t 2 = Si B 2 Y — Z MBE OL22123
W, SiERARIT KIS U T I 13 A R E) 2 7
F[161, 162]. He-1H:mE#1 & 7= Sifig{b OB Tl
ZOXD RMEEFITRA ST, I (TR
DI D L EZBND[66]. £72, E, = 2-
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E5bDTHD. BALEIZE=~TeV & ~11 eV ITH]
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0, ZOoOE— 7 @mELIIRILIREITKIFL TE
BT 252 ENMbNTWVWA[59]. Ko R/LF— -
By NETRBILICED 7 R LTEY, (1FE
BoNRLIZZEERLTWS, B EDZ &
5, MEFENCETFSRICEY, SibERIzBy
TRmAbaEEL, MREWRAE, BILREOZ L, ZL
T, tEEEEE IV TAVEA LE=H ) T
TEDLZEMHND.

3.4 JE R

Si B biZBWT, EEEMRNLE HWZERT
IR EEHEHT 0.5-10 Q cm D n Y Si(001) ™7 = /~—, He-14k
NESRR 22 FH O 72 2R T e HEHT 0.01-0.02 Q cm @ p Bl
Si(001) 7 = /~—Z 7=,

Ti B b IZ 1%, HRSAS o-Ti(0001)(N 7 dh %) & v
2. Z ORI, 99.995% D% Ti By K h 5 e
ML CRERIE S, RRAEZ R EERVKRE ok
ReRL2r DI L, BEARAEEE & AL A I X 0 1E
MLZbDTHDH[135]. = F AT La—LET+
kPR SO IZ AL, Art A A ARy 21
Y7 (1 keV,~1 pA) &7 =—1 7 (600°C)DfIE L
CTRmFE(LEIT > 72,

EEALALERE DO Ti RO — A AF ¥ &
Fig. 7(a), LEED & RHEED[EI#7 /3 ¥ — o % Z §1Z #LFig
8(a) & 8(c)IZ/RT . pRE, MR, BREEHIIMHERLL
TTHY, DT NICBEDIREL TNDHZ ENO0
KLL =27 555005, TiICL HAD~ 7327 Li
LT TIMRDNER SN 572 9D[169], Zih
O AR L2 TI(000 )5 AR & Al & L TR, &
SICIEMENZ < GEEh TWD. T =— LiREN
WE) Tl & RO SR mATH L[170], ~880
CUETIEAT S & o MO ER) DD B FH(NL ST
BsR) IR L C L& 9 [52]. ARHFEO R TE S
BIEIZ XY, Zh bRy BHBHIRALLFIZT
X571 Th<, Fig. 8 TALIAD 1 X 1 #iED
VX =7 REITARy hBRBEINDSZ LD,
A AEAEE & R OFHME L REICBWZ ER 0o
7o FTo, TikkdblIKFEZ W LoV 2 &2 6[170],
PV KFEORERIT45], b L IE, KEIGHEL
ICBITDEZEEN <108 Pa THHN, AV AL L
TH,NER b2 EH@ENDT, ZORERENE
ZBHN5. TiEHEDOKFEILXPS THADOFEH L
23, UPS TIXE, = ~5 eV MITIZW A KFRIT K 2 R

1 Si & Ti /8 TDOEFEIRIEITE I D Y T /L 5 4 AT

(a) ..02
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Fig. 6. (a) Structural models of a Si(001)2 X 1 surface before and
after oxidation. (b) Typical valence band photoelectron spectra
taken in situ at 497°C before (solid circles) and after oxidation on the
Si(001)2 X 1 surfaces (open circles). The photon energy and O,
pressure were 21.22 eV (He-I resonance line) and 4.0 X 10~ Pa,
respectively.

By72 v — 7 NBELTE B[171]. Fig. 7(b)DIEHAL £
HDWETF AT FLIZBWT, Z0 k5 ik
e RbNARNnZ NG, FREAELBRHIRR
UTTHDHZ ENghol.

3.5 7r—T7 b — A KOMILESHT~DEE
HE L HEDHR

SiO, D AES 3T iC W\ T, P m—T7EFITLY
SiO, BEDH G, = HITiX, Hff - BRENEL DL Z L
NN TWA[172-174]. £7=, FEMAYIZE RS
THZEITXY, SiO, DS FRETH H[175,
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Fig. 7. (a) Wide-scan photoelectron spectrum of a clean Ti(0001)1
X 1 surface at 400°C. (b) Valence band photoelectron spectra of a
Ti(0001)1 X 1 surface before and after oxidation at 400°C under
an O, pressure 0of 4.0 X 10~ Pa. The photon energy was 575 eV and
21.22 eV (He-I resonance line) in (a) and (b), respectively.

176]. ABFFETIX, SiKmiER{biEFE O RHEED-AES 8l
BIZBW T e —7EFOANRME, = RLF—,
EIE, ARy ML, FhEh~1° , 10keV, ~1
pA, ~lmm ¢ THDH. SizEt233.5mm X 25 mm D
Wheo<, FEERE COEFRFFEmIX~1 X 3.5
mm? &R 5. FO=, HALEEY Y OBRBEE I
%XIWA&ﬁé.zﬁ%ﬁ%Ltk%,%?%%
13022 Clem? & 725, ZOfEIE, ZhE TICHE
SN2 10 keV DEFIZ LY SIiO, BED 1% 73 1EC S

HEEHRE(~1 C/em)[174]1 L0 L —Hi/h S, ZD
72, RHEED-AES 7 u—7E 2k A& clEdh

HLLTHI%UTTHY, EBRFBENTHEE T
HEEZLND. EB, SiREMILIEDEF T
R—7EfEFTICL, ArOEETRIELRE
EDI,,, ORFFFERE L L L&, MEITER
MAENT L.

AES TR LN L EFMREHZ X 5 Si0, BEDEITIX
BUphe T3 <, BFEIC & D B S IRk
WENL D 7R — /L OFEFNRERIZ 31T 5 R AL DAL,
EEfEE DU, S HITiE, MERBICLVELD
HLDOTHDH[177-179]. D=8, TEFWRHZT TR
<, HRHHZ X - TH SO, HEIFEIT S 5[180]. =

1 Si & Ti /8 TDOEFEIRIEITE I D Y T /L 5 4 AT

Oxidized Ti(0001)y 3 X4 3 surface

Fig. 8. LEED and RHEED patterns of a clean Ti(0001)1 X 1 surface
[(a) and(c)] and an oxidized Ti(0001)y 3 Xy 3 surface [(b)
and(d)], respectively.

DY, b L ITE TR X2 BEEE
DIETTIE, £ OFUSHEAE ) TiO, D EERA 5 ¥ TH
Sz ENTZ[181]. D=8, Ti ZHBILLSD
RMEDMBﬁﬁETTﬁ<,%ﬁEWW%%%w
T HEFHHBEICB T, EFREIZL S Ti
BILEDBE L EBET HMLEND D, HENICH
T D728, TiO,(001)HifE fh (B BUR E(hv= 662
eV)% | BFfEIFRET LT O 1s HEFHE O ITE
BN »otz. ZOZ X, HREEICHIGLT
TiO, DIETLIFELC TS DD, BRFELEEERA/ N
SN DICERBREDNOEIZEE > TN DT

HEBEZ LD, ZHUTK LT, TiE{bEEIZ300°C
LEDOMBATHESIZEILSN DD T[182], M T

O Ti % 1 PR LSS O BF 72 TIX BV 12 X 5 Ti gk
DRI ZBET HLENH H[101]. 77, SiO
OEBBEIZ XL 5 Sio, e & Si K=y F v 7
23 ~600°CLL LT IZ 72 5 D TCl61, 62], Sizkmkik
TIE SO B DR H[24], & L <X, SiO BiBEDHKE S
AU DREREOBIENME L X 5H[87, 132, 133].

O, 7 FITHEA_ TR FIXEmW ISt Z & D7
b, Mﬁﬁ%ﬂié&%ﬁ%k@%fi&k%ﬁ
RHENRE NI LB S Z[62]. SiO, AR
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TNEA KT 71BN T TR —TE L
JZ KD O, fBEE BB L 2T IR o0, &
Wk BRI T - DA A ALK, 100
eVIIfFITBREZH D, =X —Dfne & Hic
RO B[185]. L7=Ai»> T, 10keV DT 12—
7@ F % AU 5 RHEED-AES 8122 Cl, u—7%
WA ~1 pA D72 e b > T, O, fFEEC L 5%
RIFEHETEDHLEZILND. ZNITHLT, 0,0
FEWLUL A L7 B T i He-1 FEIE#R-(hv=21.22 eV)iT
fFCB2 E IREBOBEE LIZBRKNBFIEST 20T
[186], UPSHELZRTIL7 1 —7HIE ORI L % O,
REENEH CERWEEZ NS, ZOX O R
0 — 7\ X HRBOMEIL, Si(001)2 X 12O Eik
it CcBlE STz, BB tEEZ ~600°CLL T D
T IaTHRETHERLEEE, ZOHDE
T IERAC I R D3 RN HETT L, ~630°CLL T
TRTEBRE®RIS, T/ aTRRELY LE
BTHDLLPNDLLT, BRI EST
L7282 & 2%, RHEED-AES CHIZ Sh7-[36]. & =
AN, ZIRICERERITESS 28 B LR
R 23 UPS Tl 7 & #17-[68]. Rl O RHEED-AES Tl
Si0,/Si Jtifi T O, ZMEEELS L L 72\ T2 D IS B LU
ODHEEILEZLIZLLIZEEZLNDN, BET
XL RF U THHICH b b3 Rl
PHETT L7 DX, 7'a—7 O He-1HIGHIZ LY O,
FRBE DS B W EE CAE U, UPS B2 IC i i 172 Si
FmI A S, B EEREIE0.3-0.4 nm DJE X)
A0 BT RIS TR S IS KR T
xhHlvEEZLNS. ZOXHIZUPS TIX, 7
n—7RE O, i E BE L 2T IR s . 2
D U2V TC, RHEED-AES B £22 8\ TIE 2 BRI
b7 - TSio,/Si FHEERIL O B CfF k03 R 5
ZEnh, Tu—T7EFICL D0, REETER TE
DT L gyinolo. M5, O 1s YEL(E, = ~530 eV) %
Jihkl C X 2K X #ra VTR E e TR, 0, D
JERIL A ATRELZ 72 2 DT, JGFki O, il X v g
FIRA-H Si RIS SN D ATREME R & 5 D T
BT 50, He-l HIBHRIZ X A& 7 hk 12 e~
THWINAREL D E L < /NS WD T[142], EHRIE T
WCEDEEB I VRN EBZZOND.

WIZ, BbIEOFKm /N CRIE L 72 2 W BN R
[ZOWTIRARS[187]. TiO, (x < 2)IT4 &, TiO, &

1 Si & Ti /8 TDOEFEIRIEITE I D Y T /L 5 4 AT

nBNSE(R72 O C, TidKiAE{Li#EFE D RHEED-AES &
HEFHINC LD T20%) BEIZBNT, 3B
I KD MEIEA UZ2ev. TiO, b fb CIImiE K ia 7z
I DFEHEN DT DTN RRUT 4 70
A U[43], TiO, D E (= ~3.4 eV)LL L ORI AHIC
K OAERLIZET - EFLIZAY RRUT 4 v 7 &
HALT 2 HEICER T 2 (RELEE NN DT
[188], FREIEEIIRAE & HFE T4 Db IR 1K
FLTHEFAXXZ MVEFZR VX — - 07 T
HZEWZD. L ZANTI REBEL T, Ti K
NEJBTHY, Fig. 1(bIIRT X 5 ICHERRLIE T
(L TIO, 2% { EAHEBHIRDT, N RRUT 4
TRFHEIGEBNDRIZEER LR, ZhiZ
%t LT, SiFmE{k T Sio,/Si iz F A4 % KK
YENLDT= DI RRUF ¢ 7N ET[189], A
HINFHCHE R LD Si2p KEFE—27 D
THRNF— - 7 ERETH[190,191]. ZL T, #&
+nm @ Si0, JEETITXPS BT HENR L L, SiO,
255 0 Si 2p WFEF AL BV eV bIKES)
TRAX AN T 852 L RHE S 7e[192].
L2 L, ~30AFE T SiO, #illf T I3 2h s
TEDIEFENSNVZENREIN, ZTHIEEETFDO
YANMEANZ LY Si0, EOIEDHFE I HHE S i
HEEZLND. ZOXK ) R ENRIT, eI
(2 &0 NFRHENL IS A U 72 IEFLASHE S« Mg e i £
L CRERT 5 & M IS ik S AL IEAL,
L < 3B Bk L iR I E A U
ERL2HE & 1912 Si0, BfIc i 5 720 IcE Uk
HLDOThD. ZOHEDIRIZLI D=L — - 7
M3kt eV & K&, UPSHIEEZAATREICLTCTL
FOHEELHD. I LT, KB HNEIET
12 Si0, B D R FEHERLIZE 1 5 L < IZIEAL DY b
T TEINT, 202 eVEEOTZRLF— T |
LD ENRMBIATUVA[L9, 193-195]. Z DH%
(& DT FNF— 7 ME, ~1 nmFEE D5 SIO,
RO XPSBIZTHL R LND Z L D[19], g 14
HOIEAEITRZR Y, RGHEMIZ N T v 7 STz
BALPELITMHE I NI WIZ EEZRLTNS.
ZOTFNF— - T MERNS, KREGHER O T X
N —ECRERELR D ENTED. £
7=, M Si0, FRIZ F142(~3 nm) % K% L T MOS #i&
ZUERLL, Si R E AAeBMEEHEN) ORIIC N
AT ABEZEMLTXPSBET H L&, AT R
TEDZEALAIZ KIS LT Si HA 25 o Si 2p B+ A
R MR ZFZAF— - T R LRV EEHN
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DY) BETHLATAIEFHLE A7 b
DIRFR IR BIKATF D, %, ZHLEH Fig. 9(a) & 9(b)IZ
Y. LD L ORE BALFHNEENE W=D, O, fif
BER A DN BHIZEITL, ZHi2E 17200 2p KE
FIRENRH L T\ D. WEMBORmWERG
DN LT, Si(001)2 X 1 K TIEL A ~— -+
LTV TR RRHRT DT, E,=~1.0 eV
DORIEUEN B — 7 23980 LTV 5[66]. Ti(0001)1 X
1 RETE 7 2V IENTORENBLTHE LD
\Z, flEE 4 OAREERE & 2k L T 5 [56, 198]. il
BAHOEIZOWTIE, LT 8HITHEL <k
5. ZIZTIEO 2p KB AT MAEROEIEIC
AHET 5. Si(001)2 X 1 Kl CTIEmERRAEIH NG X
{oltshiex 7Ly b - =7 BB L(E, = ~7
eVL~lleVOE—2%, TRZNO_L O, LIES
[59]), ZDMELEEZ RN LRET HDITHL
T, Ti(0001)1 X 1 £ f Tl 7Ly ke
E— 7 B8, ~100 LA T r— KX 7 Ly k
Lo TWA. Si-OfEG TIFIARGENELS, O
IR EEE(REICRAE LR T BIRES
o), O 1% o FEAHIE & G HIE O RO PER

1 Si & Ti /8 TDOEFEIRIEITE I D Y T /L 5 4 AT

ZH (YT —7 = RV IAATT RS TR < Bl
HENDH)EIFBENTWA[59]. LT, —oD
B —7 OEI0) /10 )iF, BALRIENEIT(SIO,
D x BN T DI o KEL 72D, Fig. 9(b)D Ti &
R OIS TE, =~6. 5 eV ICHIBT 2 —2
1%, NaCl Bk S % & O TiO IZFHEH) 7o & T
%[56, 198]. TiO O KL 5 7@ BEA L) TldA A U hE
GRS, O 2p (Tl FH I —HBEM L TV D
HLOD, R[EAPIRELROTH W 7Ly b - B—
7 &725[199]. £ LT, TiO, CIEHEIR 7D 02s &
2p I Z, TiJRF?3d, 4s, 4p H358 < A L Tl
BEFHNEA S, ZAUERENL(TIO, 5 dh
TTiJRFIEANE O KB O R I EN TV D)D
FERE RN 5720, liEH OREEE T
REL ZODEEIZIPNDHEBOD, 7r— R
3 & 72 5[200]. = D7=%, Fig. 9(a)d Si-O fEH &
TE LS B o720 2p EF A7 MDY, Fig.
9(b) DB 721 T <, M kiR BB e A 72 3R 1
THLEEINTEOTHD. KOSETHRD XD
(2, D, =~100 L TTiO 75 Ti,0, R Ti,0, ~ & R
AL IRREN AL LT Y, Tt LT Fig. 9(b)
TOART MVBRBBHFICELL TS, 272
L, BEIETIZ &5 2 Tio, DEIG A3 250 LT H ~40%
ThirI D, BIEINTETAXT b
CBIT D Ti0, & Ti,0, DHFLHNPREL, £, Th
DAY MRS TIO, Db D EBITND Z &
NGy Do 7=

Fig. 9 7B oRed72 O 2p SFE IR 1, D D, AT
Z, Fig. 10 1T L CRT. Ny 7 7T RTAE
MCTEBILT, TRNENORE AT M D
7= Lal 7z, Ti(0001)1 X 1 £ Crxg{bpitho & X,
BRI ANZ L DMBBERENEICRGNLDOT, 2
D5y %72 LI T L, &Ko7, Si(001)2 X 1 # ki
T, Ly, FRAIRHEITHANL, ~300 L TR 72
Iz LT, FIHEBIERATES 7 4>
TAUTTHIENTE, BILEANRT 72
THRIRETHDHZ EZ2RLTWBH[61].

Io 5, = Ly [1—exp(—kit)] (1)
ZIT, kiZO, 0 FOWEMRERE~D O, i
HOME TR IN D OCRE[162], ¢ IXER(LRFH TH
L. FETo, 1 X ERRACETE R O g R T &
D, Fig. 10(@) TIX 1IZEMILL THDH. ~250L 025
Vial—valritOAR—ENRRELIRDLDIL,
Ty a T MWEIZ LD E BB KI5
ThEWNT, BB RSEITL TG
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L, ZOBITBLEREOETERELTEY,
ZDIEILE ~100 L6 OO FRITF o Tn
HHDOEEZBND. 400°CTO Ti AL G IR
b TR AL L TWA Z &I, Ti2p b
AT RVORERFEN D HoRE S 72[201]. 7=
7L, ZOETCITBEEOMmEEICR 54, BEE
DY T —7 = A TIETIO, DFEIEG AN LE{LR
BITEA TS, LT, 200 LUBETROND T,
DWW L, REBURSFOEEFBHES © ~0.7 nm)
THE L O 1s B FIRE T THFEERICR b7
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FIEHLNITR S TR, 2D X HI20 2p HE
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Fig.9. O, dosage dependence of valence-band photoelectron spectra
taken in situ during oxidation on (a) a Si(001)2 X 1 surface at 538
°C under an O, pressure of 1.3 X 107 Pa, and (b) a Ti(0001)1 X 1
surface at 400°C under an O, pressure of 1.3 X 10~ Pa.

42 O Is HETART v

P 38 Wk 5 dh R & B LIRRE O TEHIE, O 2p & [AlER
IO Is ETFAXT brEHNTHELNRD. LU
T, BEHO, 5 FHIT & 5 Si(001)2 X 1[98, 202-
204] & Ti(0001)1 X 1 K aFR{LIEFE[24, 25, 153123517
H0 Is HBEBFAXYT MDY TNVLEA LETE=HZY
YoV TIRARS, EBL0RE THEEIED
WEZIH T D720, BEIRO, 5 TR IC X DL
SRR TIT > 7=,
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Fig. 10. O, dosage dependence of O 2p photoelectron intensity
during oxidation on (a) a Si(001)2 X 1 and (b) a Ti(0001)1 X 1
surface obtained from Fig. 9(a) and 9(b), respectively. The solid
line in (a) represents a least squares fitted curve to the data obtained
using an equation based on a Langmuir-type adsorption model (see
text).

1To7=. #8E bIZ Fig. 11(b)ITrnT X 92, %E
ﬁx¢@q<i&<,£ %mmowm%w%p%-
2071k Db DThHoT-. ZDFED, FA~v— &
V7 7Ry RIZH & OH T S 71T Si(001)2 X
| REFIAHEBILENTNDLDT, E=~07eVET
DEEE R O, 0 FHICEHE R L THIENAEED
BIMIR bR dot=. LavL, ~0.7 eV UL ETIE

I, OB BH, 2 RRRER IR O 1| fafn
O E (K77 % Fig. 11(e)lZ "7, 4 E =08eV & 2.0
ViR v n B onsd. Znbofiix, FH—
JRERFH R [81]2 D HAE & DAL/ THEE Si(001)2 X 1%
HDOEA~v— Ny R REFEESIETDN Y
7R RALE T O O, fREENAS DR T 2 v /L IERE
(%ﬂ%hﬂﬁev&24ﬂ0kﬁ< —HLTW5. =
O—FIX, Fig. 11(e)DFEMK T T, OH &I X 51k
DHIZHE N NZ A v — LG E TORFEW AT

1EE > TV A[Fig. 11(b)] D% LT, fElg I Tl s
A ~— Ny 7R RLE[Fig. 11(c)], S HIZ,

1 Si & Ti /8 TDOEFEIRIEITE I D Y T /L 5 4 AT

W CUEEE R Si o/ Ny 7R Y RALiE £ Cfg
FMAVIAL TS Z E[Fig. 11(d)]ZE%RLTWD
IRkt LT, Mok Eh TV WERRE T
T1, fAFEICHTE A VIR0, E L LB
HFBINT 57200 TH - 72[203]. ZDOFEHIL, BT
VU XIVIERED IR W F A~ —BRELE T OEE R W
BRI 6 eV OBEIETH AT, XA ~— -
BTV TRy Rl LTy 7R RTE
EALT 2 (Fig. 11(c)2%, =(E =~0.03eV)ThH
BHXDH7-0THD.

KSR KN S1 R &2 KPR L Th Bk Ehic
NI EFE<<HMBNTUVLDA208], Fig. 11 DEBR
FERZHRICRT Lo, AKFEKRINEZFA
~—(H-Si-Si-H) T & > 7' U > 7R > ROBEIC#& i
ENTWDHIZDIZER(E, = ~0.03 ¢V)D O, TIEAF
DEIRNYTLVADNy 7R RBBIERIEZ 5
RN THh D, Fio, M SO, R THRREREIC
L CHWAEEE R A b oDk, R UCEHB O~
HTHDH. £ LT, 700CLLEICT % & Si0,/Si At
TOREIEITT 2 H3[41], £D L&D O, M EMIR
JELBOEICH D L LTH E 13~0.1eVIZLR 5
7, Fig. 11ICENEHA~— - Ny IR RTTH
Wl T D52 LM TERNWZ LIRS, XA ~v—-
Ny 7Ry RO SELLT O E TRk 23
HEAT T DB 2751 Si K & OFEHETE 2L, St
HIWCE 7Y 7Ry RBFETHIZREWS &1
%%, FEE, REICIEP, B —EMEND X
TV TR Rt D SiJf Nl TnbdDT
[77,78], ZHAUDFEISSIZES- LTV 5 AlgEtEn &
5. ZDZ &%%FLT Fe (b D IRFENE 5 & 2
(K DT R L D P HE TORKMFEAE(ZEL+
B INLIE SiJRE 7S < SIBEET VR RE S
=, FEL < IESCHER[40, 61, 209211110 R BT
W5,

Fig. 11 D% E fElCOIRE O 1s E A~
IV, Fig 12 1ZHELCTRT. E=0.03 eV(HIK)
TIHFTH R E— 27 B E, = 531.5 eV ICBIE S 11,
Z X Fig. 11(b)OEEET LV T/RT XL D ITFEIT Si-
OHFEEICL 2D TH L. E =1.5eV(FIKINE E,
=23 eVHEIRIIDICH VT, O 1s B+ AL hv
m E NS Z W Rr L 2, A< e

RS EOIREY T PR EENTWD Z L AR
LTS, ZRETO®REZ S £IZ[212], 1KE,
fZ43(LBC) & & E, il /y(HBC) W C v — 7 43 L 7=
fER A, Fig 12IZFEMHTEATRT. E,(LBC) L E,
(HBO)IX, ZHZHE =15eVD L X531.1eV L5319
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Fig. 11. Structural models of oxidized Si(001) surfaces at room
temperature for the exposure to (a) residual gases of ~10 Pa, and
a supersonic O, molecular beam with a translational kinetic energy
of'(b) 0.03 eV, (c) 1.5 eV and (d) 2.3 eV. (e) O 1s photoelectron
intensity of an oxidized Si(001) surface at room temperature
obtained as a function of translational kinetic energy of incident O,
molecule.
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Fig. 12. O 1s spectra of an oxidized Si(001) surface at room
temperature using a supersonic O, molecular beam at a translational
kinetic energy of (a) 0.03 eV, (b) 1.5 eV and (c) 2.3 eV. The photon
energy was 951.7 eV

REE 72> TWVND. TSI 2p KE T AT bL
ERRRIT, 3 B O LR SR DO FE IS
Mz, Si-O-Si DFEEAIESTF L TO 1s D E, 0344k
THHEFZBNH[213].

Fig. 13(a)lZ, Si(001)2 X 1 KEIZHITF 2 0, D S D
E A7 %7 97[99]. O Is JeFBEF AT M AO2FES
FREEDD S, &R T2 DO TLBC & HBC DOi# D
5% 7, King-Well {5 TR 7255 B [94] & bl
% Z LN TES. Fig 13() DRI, (1) 0.23 eV £+
IR/ E © 0, (2) ~0.8 eV LLETh TN,
(3)~0.35 eVLLFTiE/ A/MRENRE & & S 1T/h &
W, (4)E =0.03eV DfER23eVDHD LY HREW
ZETHD. EN~023eVETS MR T LM,
Fig. 13(b)IZRTWERRAE Z I LI AL FRAEET L
(trapping-mediated adsorption model) TRt 25 Z &3
TE2. O, PR AEREIZ N T v 7SN DR
X, E OHIE & BIZEDTH[94]. Zhix, E N
REL 2% EIFHMEBEZL TS O, Nz xR
F—%boTWni7w, MERAEREIZNT v
SNTICEHEHNPORRNESTLEI NLTHD.
T, MEWERT VY vy L EALFERERT
YXNDI OAF—N=NED L E(E, > 0), HR
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Fig. 13. (a) Translational kinetic energy dependence of the initial
sticking probability for O, molecule on a Si(001)2 X 1 surface at
room temperature. (b) Schematic illustration for a trapping-mediated
adsorption and a direct adsorption model.
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Fig. 14. O, dosage dependence of O 1s spectra taken in situ during
oxidation on a Ti(0001)1 X 1 surface at a translational kinetic
energy of (a) 0.03 eV and (b) 0.85 eV. The partial O, pressure was
1.6 X107 Pain (a) and 1.7 X 10 Pa in (b). The substrate temperature
and photon energy were 27°C and 662 €V, respectively.
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HIFFRR L W=D THDHH, ZOL &S Cik
o n i, By A IR e AN AN FRfE L C
W5, DFED, ~100 L LA TRLSUEAMF I LT
LT TIERL, BBREXBIT LEIT TVWDHO
Thn. HEFHHTHBEL TWDHRIFEKT, K
BERFEZIZIT -T2 E £, BILIREEN A
NEDDZ Lix, \iECHEICBIZEIN5H[53,201].
TG ORERE, B R & BB RRE A 5R < K
OOWTHEY, BLREBEZFEN LT T LR
WME 7R Z EIRL TV D,
INETOTI BLET LTI LR E TR S
F[46], O, fREEWAE[101] HALF KA IRRE(FR L IREE)
NEJEINRNEDTH 72, Fig. 15(e)Ii2B W T,
O, BRBHEBZITHT A L CRHBT L &%, Dig
< &b 2oL B b ERAAREDS O, MREESSIZ B
HLTWAZEARLTWSD., D70, oA L
COWEMMEZHTT vy T 47 L, L
TD,,=0 LOAMEEZ KD D Z LIk, ThE
NORIIZHRIET % S, &R plsr C DS ILE,
L EBITHFARA L, ~05 e VUL ETIHIZLEA L —
E & e oz, ZOMIAIE Fig. 13(b)D O, fRHEk 5 €
FIOLTHR A= & 912, WP 2 LI b 5
7 /L(trapping-mediated adsorption model) C#itHA T
5. ZHICHLT, KPADS bRME L &b
2 L, ~0.5 eV Tz & 72 > THEANZEZ U, ~0.85
eV TR & 72 0 I %12 ~1.5 eV CH O/ N E 7221,
ZDHH ~1.7eV T2HEHDOWMKEZRLTHD, &
I LTS, 2 ol & RRKDIFIE,
Si K H[94, 9911235 1F B L [FIERIZ B HZARBEW 75 (direct
adsorption model)OHE T T HZ &N TE S
[24]. 2O X 2 IALFWEREDOFLEIZKIL LT,
O, fiRiEN & O FUSKRBE N Fe T2 D Z & WoyinoTz. Si
K TH, King-Wells 15 TIIRVAAMRE RIS S, D
E ARAF 2RO T O, fEEROSE 7V D3 itkim S AL T
HH[94], BEE O, 53 FHIZ £ 5 Si(001)2 X 1 Kl
DOEALBRICHT 5 Si 2p KB F AT ML T
NEALT=L Y TG, SERILIRIEST, Si,
Si*, Si*)DOWE AN NI R AR B 770 TR, &
725 EAKTEBIE S72[204]. S 2 biE,
WG I LTo AL P oG & R S X, R
W% DFER DL FRERIREN R D Z 2R L
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Fig. 15. (a) Peak fitting analysis of O 1s spectrum measured at 4.7
L in Fig. 14(a) with three chemically shifted components A, B and
C. O, dosage dependence of (b) the sum of intensities for three
components and (c) each intensity for component A (open circles),
B (solid circles) and C (solid line) obtained from Fig. 14(a).

TWA., 20X, SiETIRHEDELHIZBWT
b, O, fREER A DSISE A T I 7 ZADHEIZEB N
TlE, MALIRRE DB N LER Z N oz
[24].

43 0 KLLA—Y 2B F AT bL

FREW A MR EZSED 72D, 02p & O 1s kB
AT RV ERREIZ, OKLL A—Y =B+ A7 |
VAR THD. Fig. 37 L 9120 KLL A4 —
Y EF AT bV, KLL(E =~470eV), KLL, (E,

LT

1 Si & Ti /8 TOEEIRIEITE D Y T /L 5 AT

=~490¢eV), KL L (E =~510eV)D =2DE—7
ZHo. SiREMBILOLE, OKLL A —Y =& 1A
N7 MVIBIR G RBGIREEZ T~ 2D T & TR
IZR[RECTH B8, FEHMTIEARL, SILVWA—T =
BT AT MO FNAHTHH[172-174]. Z DOF
X, OKLLA—Y =B A7 hLTIXO 2p i
BT HOEA6 — 8 :33% OHIMAKBESN DD
IZxf L C, SiLVV CTlE SiflloMiE D2 k@4 — 0 :
100% OB BENDH -0 EEZLND. ZDZ L
(ZBE LT, SiLVV TiE SiPCREE{L Si)i B Si*(SiO,
B9 £ CORIIRIE DL &2 kI B TE 5D
(2% LC[218], OKLL TIESiEtind DHG %2 EE
THZERL, No s 7T REZLIILET
TRMBBEWEBELRDDI LN TE D, Ti ZHEE
{£CIE, Fig. 7(@) TH.5415 Ti LMM(LVV) A — =
AT PR O ARG, BBALIRREDIE )
B85 ENTE H[219,220]. LavL, EfEWE
BERODT-DITIE, Fig. 9D 0 2p EE AT K
LR Fig. 14 DO Is KB AT D X 51T, Si
LVVE L IETILVVA —Y = EF A7 bLDOLIE
WEREL, ZO/SZ Ledudesivn. Zh
2% LT, OKLL A —Y =81 A7 hVRIRIZEE
{EIRBEIZBUR ClX 72V DT, Fig. 3(a)llnd X H iz
E,_=450-540 eV( AE,_=~90 eV)DJAHIFHIZ D7z > T4
AR MVERES 2081372 <, 500 eV D
KL L, E—7BELHE MDAy TT7T K
D2 HEOBEEZRET LT THLTHS. OKLL
DEANRY NIV B 15T Fe W 75 dh kR &t
T, 2HRMENLDOHDOIXERBENTH U TH-
7o, HIEIZHAS, %FOWEE— FTIEIHGRRES
L LT, oY U SEER EIF A L]
BETh5. 02p & O 1sHE AT MLTIE,
TERPA A E NENEI~15eV & ~10eV &R T2,
BARXT MR OWPEE— FTH 10 HLLFTO
YT TN REE TR D

Si(001)2 X 1 R {LIBFRIZH T HO0OKLLA— Y =
Mgl ORFEIEREZ, 1/2KRAFRY RO
RHEED 38 1, /1 & bz LT Fig. 16 (Z397[61].
448°CTDI, VE, W OBEBICEITRER R
IMZZE LT D. Zo X 5 72\, 625CET
ZIEFRCTH L. ZOREFER TOYH 2T
(DTEL VI 22—y a3 TEHEnD, Hi—
JEFEALIE DAL RN T v 7 2 TR ETH D
ZLEERLTWD. 652°C THIHIALEORHED A&
AU, 669°C Tl fhft DMK A3 FE £ B B 7
5 sigmoid B ZZ L LT\ 5. Z D sigmoid L% 35 Hh
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S ST VIS KA Ty Iab—va v
TEDHZENMLNTBH[83].

[1-exp(—xt/7,)]

[0, +exp(—«t/1,)] &)

Iy =6,

ZIT, G (ML)IFRALIEE DS GG & BRAGS D R 4k
R, o (NIWHBIIEEE S A, I, (35—

LD TRROE Tt T Y, £
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_6,+1

__af' “
Thn. 680CIZ7 D & SiO MiEENESIZ/R D720,

Iy PR3 ZE L <ELS 22> TS, 700°CEL
ETIE, 7200 s ETORERFRICENTI DO
mEsa RO NN, ZO XKD ORI
JBORERENS, Ny TBIENST 7T 47
b ~DOMEERE A ~700C, T LT, 77278
WG D & ZIRITCE R ~ DR A ~630°C Tl &
TV ENND.

Si(001)2 X 1 £ ki fE O RHEED-AES#1£2 Tl
MALSEI D DT, 72T T <, ﬂwﬂtﬁﬁﬂ
DOREMEFHRLEONDDOT, 1, /1, PFH
D Fig 16 12 L CORT. T 07 2 7Rl E
@mfﬁﬁ BWT, Iy PHEINCHISELTL

[y, BRI LTS, 20 L3 7 #iC
L<IBRD LT, Fvo 7 IaT7REEFICED 2 X
1/ 1 X2 ER b6 IND 2 LERLT
BY, BIEOKREERICL b5 Si Fr it 23 B

H1LTW5[89]. ~630°CTHD Rt ikE~DHHix
B EBIT, 1,0/ 1y, 5] & i TR 2

AL, 669CLL ETIHAEMMIZIREIL TWD., 2o
JEMIEEN X, Sit T I nEIRICEITL TV D
OTHD., ZOLEOESBEI T R EKE
HWEOEICEBEBRTHY, BACEMICKEST
39.1s TETHY, 2.6 X 102ML/s DT F 7K
kST B (REL <1 Fig. 26 Tik2%). Z
iy TS T 7T 4 TR~ DM
#“bLAHLN, REETRECOKFEES, =T
VUHEL2.6 X 102ML/s TEDEETHD. =
DEINCL o ! Ly, PRERFEREHNT, 727
o THRIAE DN D IR I R R~ O FHER R & iRk
THDEED THDIN, Ny v TWIENLT 7
T 4 TR ~DOFERZ BT 50138 L. #%
FOREIX, Ny TN T 7T 4 TERb~
DB T O, BAERBN LD L RN L,

1 Si & Ti /8 TDOEFEIRIEITE I D Y T /L 5 4 AT

T T

AUSC A Si(001)2 4>< 1
it \ P, =19X10Pa

- \L °

: 506°C A48 C

T § &

r S ~a

g 553C | § =2 \_ 506°C

o = I =

r ° EZ A

; 600C | £ 2% |\a 33¢

7 i Z4

625C k 600C| °

i

652°C 625°C|

LWW

!

‘

(1/2 0) / (0 1/2) Intensity Ratio (arb. units)

652°C

\A{H\ﬂﬁﬂl 669°C

O-KLL Intensity (arb. units)

2D oxide
island growth

680°C .
- \ A 680°C
702°C ﬂ{ 702°C
3¢ | o 5 723°C

2 F !
o |<F i 745C
745C |8 ‘/\\N\W
TR T R N ‘ | |
0 2000 4000 6000 0 500 1000
Time (s) Time (s)

Fig. 16. Oxidation time evolutions of O KLL Auger electron
intensity and RHEED intensity ratio between (1/2 0) and (0 1/2)
half-order spots taken in sifu as a function of temperature during
oxidation on a Si(001)2 X 1 surface at an O, pressure 1.9 X 10
Pa. The temperature region of the oxidation manner for the first
oxide layer growth is indicated with arrows.

Z LT, Z“WICEE ORI T Sio Bk
TR, BIEEREICEsThb=yF 7
NDHDOTTyF o 7EENR O, faHE Tk E - T
WA= THh H[61].

T2 2 TR E DD IR R E A~ DG
BRIRICE T D 1, ORFFZEIRIT, Figl7imd &
912 549°C & 616°CIT(1)T, 638°CH 5 669°CIELA
B)EHWT, UMM EREBIZEILS 70 v T 1>
T BHZENTE[36,61]. 727 2 2T RIWED
IR TIX, WIS 6B I ZE
T 5B LEER(~500 s)IZBWT, RERLAEE S D
1/2 % RHEED AR v h 2N HKT 5 Z L, SifE
AL CHEDbNI-Z &, T7bb, § @il
BN T LI &R D. 2D X, ~500
sl R a2 b—va U (ER EHERRLOX
LR REL 2o TWDJRADS, 5 e EeAb i 73 #k
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WCHE L TWA=0Thd Z & a BRI RL
TW5h. ZHIUCK LT, ZRITE R OB EHEE T
(X, W sigmoid RGN I TSRS L
TWb. 207, JIE LR {bkRH D4 %&_
=oT, RO YDV Izl —TarLllET—FN
I<—HLTWD. ZoZ i, ZwRIEERERIC
[ E&m%%m#@ﬁbﬁw L, 2%, Am
TOBLSILDHEEIEZERL TS, ZOH
X669 CTH H b, HHIEBIREN G 40CH Fik
LCHbREIEEEEETE RN ERn g0 5.
FHERRBRIZ O D OB TR SN2 H 8
FR 1% 0.3-0.4 nm TIXIER U & TREIZHE W
En, O, AR BUSHIR & 72 5 ArRetEILBR 2NN
5. FORKE LTIMR61LIZFE L BRIZ L D1,
BB LRI T A EADOERME, FHIC
b7 MURMAR AL+ Si R ) &2 B BT
HIEBMETHD., 7727 ETIEE
THR7ZLIICHA~— Ny TR RETHED
IANDWETRREN D DT, BT EANBRKEL, HK
MR AEDBENRFmWNEEZEZBNE. ZHIIXI LT,
TIRTCERE W AR N REIER LT, SiETE
—HEICEA L CRILEEZ KT 570, B1EHR
T EL, ARMBBAEDOHEEIT/ NS WNWEEZ LN
D, BHRHHSIRFIFZEL T TR RE D
DO T FHNIEETH Y, Si0,/Si Fiti TlEZE L
ﬁ,@mﬁ$’ﬁw11mmyﬁ%ﬁq%%®%

HER S OTEMEY A b OZEIZH S Z RIS
5. & BIZiE, Fig 11 TR~72 K 512 Si0,/Si fitifn D
Ny 7Ry RE O, 0 FOEEIGIZENT, K&

ﬁx*w#—%&ﬂfﬁ%éwsaew.%mt
T a TR ETIES L OEARBNFEET D
= DI R R SR 5 AT UE B e LI 5k
NEONT-DITH LT, “RTBNKE TITAaX
ﬁ&&mt@m%ﬁm%#ﬂbfﬁﬁ@mﬁaa
BIEL7Zb0EEZLND[61]. ZOLHICHE )&
Mﬁﬁ%%@&ﬁ%*%%kﬁﬂﬁ@7m?x*
PR SIRET D Z LT, thoERFETHEIL
INTE4],84], TDODIEMHESLE LTEIFT
72, ERAMBANS Y Si RO E BRI
FHEAE OFRBANEE CTH D

5. BILIRBED U 7V & A LFEHEHHT
Si 1 T DM VIR TE A 351 2 IRk R
TARD7=, Si2p BT AT ML /7b
ERRDLZENAEDTH L. XFRE[ST,60], €L T,
W DS 58, 59, 1891V 7= Si 2p BT A RS

1 Si & Ti /8 TDOEFEIRIEITE I D Y T /L 5 4 AT

I T I 1 1 I 1
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Fig. 17. Time evolution of O KLL Auger electron intensity taken
as a temperature during oxidation on a Si(001)2 X 1 surface under
an O, pressure of 3.7 X 10 Pa.

MV TR RV — IR R K Z W28, Si FHH
5O Si® IZERILIE D & OSBRI IRAE(SI, Si*Y, Si,
SINEMATZ5 DO —27 2T, e kv
TA VT AT B ENTERE., Z0LX
E— RS IS IRE STV AT, FE—7
DR EZRHEST LTI v T 0 7 OME
DGz, BlzIE, B (A= 130 eV) TiX
Si*, Si'*, Si?*, Si¥, Si* D% — 7 O A IE(FWHM)
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FaE

LSO DT T MR, FNEIN0.28eV E0eV,
0.44eV £0.95eV,0.58 eV E1.75¢eV,0.66 eV £2.48 eV,
1.15eV & 3.9 eV ICFHHTI S 4U72[189]. Z D X 5 7p g
{LARFEICIKTE L7 FWHM O HAARALIZEA & 22T
1372 <, EMERIITIE Si-0-Si DFE A AT AE L TR
U7 MOEET D Z L[213], £ LT, BRARAEN Si
D5 Sit o~ EHETRIZ DI T Si-O-Si A& D 2 D
oL EZLNTWD. SiHMRE A A 7 A
7, & L CALIREEKIEN D, SiO, A H Db
7 MZ2 (S, SR DH L, EHIT, SitH
[Tk b L7 Si0, Th 5 Z L M fEhi S hiz[221,
222]. R AL TR L7 SiO, I TH, FmTo
SI-HAZHKG Lol B R 6 d 2 &[221,222], &0
PIF600CLLFTO Y = v Migfb TILSI-H B — 27 2
BEICRLND Z ERMBNTVD[207]. S 5HIT,
BT R =R AT VT, Sio, B o K
H-Si=0, 2 OHTERTHE—27 bBET D ME
WD Z LBER S -, L b, HiE Sio, T
X SiY B — 7 (LEN B LERICKAFEL T 7 M5
DTEETAHILELNDH Y, ZOJRKITKIKIEIZE
7% Si 2p WERYERL DR — L OFEFIBFE TH D = &
MRENTZ[224]. )7, Si°E— 27 fEIZONWT D,
BRIV =i AL R L TCIL Fig 18 1”7 K 9
IZ (o, BYDBIMZMEL L, ZRENDMIY
X, B —27 ONE T F— 5 Si0,/Si S
DF—LHE IO SRR S 7-[225]. 2
S50y 7 PORIAE LT, 6B ROE - B
JFFIZONEEND Z LT TR, BILOKREE
BRIC K D RO Si BMROEABRF & LTH
Z BTV 5H[226].

Fig. 12 @ SiO, EZ DWW THIE S 47z Si2p b
ALY FV% Fig. 18 1TRF[98]. E =0.03eV D& &
Si2p MHE AT bUE, =il TOH,0 WA Si(001)
FH O H OIZHELL L TV 5H[205-207]. 2 AL Fig.
LHH(b)DOHEET L TRLIEL DI, A ~—IZfi
B S L7= Si-H K ONSI-OH IC X DN ETH D =
xR LTWA. SiYE IR ARbd, S & S
A bR THRNZ b, A~ —DNy s
R RETRALZO R FIZOTNTHLZ &N
DD, £, TOFRETITa & BT EHNRL
T, Fig. 18R T LI SivEED AT b
BRIZZ7 4T 47 TH2nTERL. 22T,
KA CHOE—27I1FSI-HICE D b D THD. L Z AN,
E=15eV&23eVTITal B2 LTT 47T«
YITFTHZLIETERN S, ZOZEND D,
EBESIESHRFDE A ~— Ry 7R FIZOJR

1 Si & Ti /8 TOEEIRIEITE D Y T /L 5 AT

FTWAVIALZ LICLHAEANEE LTS EE
A H#%. Fig 18(b)DE =15eVTIIH A ~—+ 1y
7Ry RTO O, REESIS S FTRE & 72 D728, Si A
ZELLEMT D ELBICSI* RO BHBELTWS.
E=23eV TILSi" & S DA L, Sit 23K
LTWa., ZHEHEA~—« Ny R RETF TR
<, BB SIFEF DNy 7R R TO O, fRBE%
ENFREERY, BOBIRENHEINLZ72D T
HDH. ZDXH7%Si 2p HFET AT MIVOFRMTHE
Rix, Fig. 1200 Is E AT FLDOHD & X
<—HLTWD. &5, Si2pBTFAT FL
DIEFTICENT, HIE LAY FLE A -l
ERRIZE D 2p,, & 2p,, D2 I HET HEL ThH
5, 2p,, I DAY MR E T 4 v T 4 T
L2 EITEY, FBREBOTV T Mo E X
0 —FRWIZHBERTRE & 72 5[ 64].

Si(001)2 X 1 BHEIELDOV TIVH A AE=HY
7B 5, REMWZRD,, TDSi 2p HEF AT
kL D AT & B A Fig. 19(a)lv97[69]. B L IR 1T
587CT, MILEERITT v 7 I a7 RRETHS.
D,,=0 LTI, I5H & A ~—Dup-atom(D, ) & down-
atom(D ) IZ&H T 2465 7 Pl NBEICR SN
%5[226]. D, DM & &7y, IO DR DI
DL, Sit, S, SFAHEMLTWS. £LT, 30L
TH SiY R IE R HALZRAS, 300 LTl Sitt iy A3
Fleprlbll, a L P HBHBLTWNS., &
FRALIRAE D D, A7 % bele L 7= Fig. 19(b)I2 L % &,
BANC SIS I L, Siz o HEL L MG LT,
Sit (LA LTS, D, AL, S AL, ~40
LU ETES* HHIL TS, ~100 L TH — @i
B AITHK T L, TR TIEESH e H 8
AU R AT LTV D, ~100 LETHOT 7
L2 T RGBT, BILRENANEDY 72
DS EFTBITT 871X, BERBETHLEIES
NTWDH[227]. ZD XK 5 IZHEMNT Si™ BB D DI,
Ty a7 MBI T ALK N T &
LpH A FTHEATT D720 T, WEREIZK
DHA<— - RN Ry RBEENIZEREIND
729 TH H[227]. Fig. 19b)THHND L HIZ, T~
72 2 7RI EICE O TR ERENE LI AL
TWAIZH b o, WEMREOREITA(1)T
FEMTEICR T Z LN TED. 2L, 07327
T E TIERAERFEONBENEH T 2720 ThH
L. ZHUCX LT, ZRouERGR TR BIRRE D 1F
EEIZE - EICH-oTF FE, Thbb HRlHE
BOBALENRKE L TWAHIZE 2 0b 5985],
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Fig. 18. Si2p photoelectron spectra of an oxidized Si(001) surface
under the same oxidation conditions as in Fig. 12. The photon
energy and detection angle were 403.5 eV and 70°, respectively.

SiO MBS B 70 7= O 1T R W A5 R 13 (3) D sig-
moid B & 72 % .

WIZ, Ti(000)FERILIZIS 1T 5 Ti2p JE AL
7 R IVORRMTIZOWT, Fig. 20 261 E L CTihR5.
Ti 2p JLFE AT MVEIRDN G, ~100 L {30 Tl
fLIRREZ B L ST, TiO, ~EBATL TN D
ZEMGND. XBEEH W Ti 2p BT AR
NV OENTTIE, SiBbOLGA LR T L HIZTi
metal(Ti%), Ti,O(Ti"), TiO(Ti*), Ti,0,(Ti*), TiO,(Ti*)
D5y ERNTE—7 ZBERITHOI TV 549,
182,228, 229]. Ti Dfg{kIkAEL LT, ZHLAMTH
B2 < HDHN[52], XMEND DR X #(Mg Ko,
Al K o)DHRIEIL0.8-0.9 eV & K&E\W2®, Ti2p
WBEF AT FVE T v — B2 0 B s %
B0 D T, BLREORK &2 Z VL B2
LThH, WEMICEKROD HEHREHED Z LI1ZR
HThDH, BEEMRSEERWS Z EI2LY, Fig
20 TIXTEHHHE O 2p,, £ —2 O FWHM (30.70 eV &
THLS > TWVDEI N (Mg Ka W= & & 1.54
eV[49]), ED D, IZBVTH Ti2p E AT FL

1 Si & Ti /8 TDOEFEIRIEITE I D Y T /L 5 4 AT

X7 B—RKTHY, Fig18 D Si2p HE AT hL
THROLND X D7, R LRREIC L D& IR
RNV, ZTHiEZ < O bkiEo % 523
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R EDRWBILIREL BB TH D72, Ti2p ikt
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DHWOBEBRYNPKREL DT L, IHITIF, AYE
V-ESR ALY T DRRRRETH LTI
D EMEICERDV GO THDL. ZhbDHE
FEEET DL, Fig. 19 Tiroo L H i@ o v —
TRBETIZ T 4 T 4T e RT A= ENEL IR
DIBE, —FAR Y Ia2L—Yar & TH220F
L. 2072, Ti2p KEFAXT M LR
BIRBEEDIF M AR 3 Hike LT, RITERD
Carley HIZ X VIERENT-H D& HW7-[230].
Ti2p JEEF A7 VI Fig 7(@) TH.H4 5 K 9
2, =27 0OE= 32 F— ] L K= R L F—fT
TEDEWVWNRKENWSNY 7 7T 7 RIRER ST
Wb, ZDXEINy I 7T REELBIKH
L LC, Shirley ¥ & Tougaard {513 A < WS LT
WA[231]. AAFZETIE, Shirley #1235 < Proctor-
Sherwood iE L FEIEN AT LT Y XA A2 KB L TH
W7z, Fig. 20 D Ti2p EF A7 FZBNT, E|
=450 eV AHED 10 A LT b D& bhA, 470 eV
FHED 10 REFE Lzt s LT, B3L
TN ITVXNTNRNy 7 7Ty RefrELz.
D,=0L &334L CRONTE ANy 7 7T Ty RERE
BOANT M V%, Fig 2l@lnd. EbLLbEE,
R 2Bl &, FERFRMED R E R A7 FVIBIR
H o720, Timetal D ZAXT N VRES DR W EER{L
RO L O L IKFFAICHTZ 0 E > TS Z &R
535, Carley H D515 TIE[230], Z @ Ti metal ®
BrERETDLIZ LIS, BILENSDOFED
Ha B L CMbIREBZ 5. 2p,, E—2(Ti
metal) 2 0 BAK E_ AN ITRRALIRREIC & D pl oy 1 347 AE
L7V T, JEHRED 2p,, B — 7 BREEMN 53T
5 E,=4529eV T, % D, LIEHRIED b D % Bk
kL, #£5% & 52 L TTimetal il FRELZ T
2p B AT MV EST. k49 TRET2k
#7 b, 0.6eV(TiO), 1.88 eV(Ti,0,), 3.69 eV(Ti,0,)
(2 &% 2p,, =7 LB A K FURHAITRT . REWL
B CTONREFREL, thoBbIREDFS L E F
ITWAHEN, RS T HBALIREDHFIER&EOIEE L
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21L Fig. 19. O, dosage dependences of (a) Si 2p photoelectron spectra
and (b) intensity for the chemically shifted component of Si'* (@
), Siz* (M), Si** (A) and Si** (@) taken in sifu during oxidation
on a Si(001)2 X 1 surface at 587°C under an O, pressure of 1.0 X
10 Pa.
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Fig. 20. O, dosage dependence of Ti 2p photoelectron spectra taken
in situ during oxidation on a Ti(0001)1 X 1 surface at 400°C under
an O, pressure of 3.7 X 10 Pa. The photon energy was 575 eV for
the surface sensitive condition.
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Fig. 21. (a) Ti 2p photoelectron spectrum of a 33.4 L O, dosed
Ti(0001) surface in Fig. 20, compared with that of a clean Ti(0001)
surface which is normalized by the intensity at a binding energy of
453.2 eV, and (b) a difference spectrum between them in (a). The
Ti2p doublet peak position for Ti metal and TiO, is indicated with
bars and the Ti 2p,, component position for TiO, Ti,0, and Ti,0,
with arrows.
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Fig. 22. O, dosage dependences of (a) O 1s photoelectron intensity
including all oxidation states, and (b) Ti 2p photoelectron intensity
for each oxidation state: TiO (@), Ti,0,(O), Ti,0, (A) and
TiO, (A) obtained from Fig. 20. The O 1s and Ti 2p photoelectron
spectra were alternately taken in sifu during oxidation ona Ti(0001)1
X 1 surface at 400°C under an O, pressure of 3.7 X 10 Pa.
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Fig. 23. O, dosage dependence of Si 2p photoelectron
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during oxidation on a Si(001)2 X 1 surface at room tem-
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Fig. 24. O, dosage dependences of (a) Ti-2p(oxide) / Ti-2p(metal),
(b) O-1s/ Ti-2p(oxide) and (c) oxide thickness obtained from Figs.
20 and 22, where Ti-2p(metal) and Ti-2p(oxide) are the Ti 2p
photoelectron intensity for the metallic component and oxide
component including all the oxidation states, and O-1s is the O 1s
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Fig. 25. Oxidation time dependences of (a) O-KLL Auger electron
intensity, (b) RHEED intensity of (1/2 0) and (0 1/2) half-order
spots, (¢) RHEED intensity ratio between (1/2 0) and (0 1/2) half-
order spots taken in situ during oxidation on a Si(001)2 X 1 surface
at 576°C under an O, pressure 3.2 X 10° Pa. The oxide growth
progresses under a Langmuir-type adsorption manner.
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Fig. 26. Oxidation time dependences of (a) O-KLL Auger electron
intensity, (b) RHEED intensity of (1/2 0) and (0 1/2) half-order
spots, (¢) RHEED intensity of bulk diffraction spot, and (d)
RHEED intensity ratio between (1/2 0) and (0 1/2) half-order
spots taken in situ during oxidation on a Si(001)2 X 1 surface at 690
°C under an O, pressure 2.6 X 10 Pa. The oxide growth progresses
under a two-dimensional oxide island growth manner with SiO
desorption.

_70_



Journal of Surface Analysis Vol.13 No. 1 (2006) pp. 36 - 84

FFEE (L) B 1 3517 S R DI |
Y7/ -

i =
=24

7] Z<

THMEEOZERAOND. HIMEREICERT
Br, ORFEHIGE L bICT IFREICHD L, ~60
L2z - THINCEE C TS, O, E/73 10£%
72D DO Fig. 22 OREALIKAE D RFRIF R 2 J T A
% &, TIODMESEHIZHEIN L CTAIFN9 2 D23 ~60 L &
o TWD., LT, TORBRLIREN SHICBIT
LT, TLO, M8 KA 7RT D, 73 ~140 L & 72 > T 5.
TNEN, 1, DRAONERERD D, 12 H72 0
TVMEL 72> TS, Zo—8i, LKL
HVE DAL FALIRBE D 2L & 38 < FE DUV T
HZEERLTWD. ~60 L £ TO TiO OEEJEHIHE
AN Fig. 24(c) THR.LND X 9 ICRLIEIE D2t % L
HLgoTWS., ZDLEEOTIOBIZIE, fHidh KM
FERZE)NZNZ ERM LN TWDH[54]. FDT-
W, TiO N —72 A 7 Rk E[233]1% L7z
DICKEFEHEMENET L0 TidZ <, —kRITk
ELEBIE TS DODORME RN LN DI
Lo WO LI EEZBND. 2D LiT~60 LL
iz W TBIbREBEOBITE L biZ, BIEERED
DI NIREAIT S 23vb B 35 A BT
BETLZEnDLEFEIND.

LD, 1,0 2B OB ORISR L
T, ¥ 3IXY 3IWEICERTLEH ARy SR
%. Fig. 81" & 912, Zdy 3 X 315EIZRHEED
ELEED O E L HIZBWTHIABRICEIZT L Z &0
T&%. Fig. 8(d)TRT(1/3 2/3) ARy EhbH D
RHEEDRET . 13~390 L7 5 HiEl L TR L, ~800
L TP LB LT, Z0®%ITIFE-EL k-
TUW5. 400°CTIEY 3 XY 3MEEDR R OND DD,
200CTIE 1 X I HEEN R B, EB 5 DIRETHER
MENR T F L Y LRETXAZ L Z R LT
5[53]. ¥ 3 X 3REEDSHBLIT S ~390 L LA Tl
TiO, NZ Wb DD, TiOX Ti0, 72 & DMKV LKA
H &L GENTWA(Fig. 22). LD, FKiEE
DIRWERALIREEDJE 23 3 X/ 3 ik & B LT\
HEBEZONDMN, FELWVWZ EITXEESho T
. £ LT, TiO, & Ti AR TIi i o r 118
BREZHICENNDLLT, BIEESZ X X
Y VEETE HDIE, Fig. 1(b)DET LV THRT L
IR RE OB S 04 23, FARR 721 © 72 < # i
BELMHMN ST THMELERT O ENTE LT
HEEDLIA[53]. ZOXHICTiFmkbTix, Si
K & B o TR O M EL R I E
DERALARRE L FE OO W T, KIS HBRR V) &
R

M Si & Ti Z[8 T ENETE R D

Intensity (arb. units)

(1/3 2/3)

Ti(0001)1 X1
T=400C

| P, =3.7X10%Pa
L | . | ! I -
0 560 1120 1680

O, Exposure (L)

Fig. 27. O, dosage dependence of O-KLL Auger electron intensity
and RHEED intensities of (0 0) specular and (1/3 2/3) third-order
spots taken in situ during oxidation on a Ti(0001)1 X 1 surface at
400°C under an O, pressure of 3.7 X 10 Pa.
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Fig. 28. Oxidation time evolutions of (a) valence band spectra near
the Fermi level, (b) integrated intensity of the surface state peak
and (c) relative change in the surface state peak position (band
bending) taken in situ during oxidation on a Si(001)2 X 1 surface at
298°C under an O, pressure of 1.3 X 107 Pa.
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Fig. 29. (a) Secondary electron spectra of a clean and a 1965 L. O,
dosed Ti(001) surface, and (b) Gray-scale plot of secondary electron
spectra as a function of O, dosage taken in situ during oxidation at
400°C under an O, pressure of 1.3 X 10 Pa.
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Table 3. Abbreviations.

C,. Capacitance of a SiO, layer

D,, 0, dosage in Langmuirs (1 L=1.3X10 Pa * s)

E, Energy barrier from a physisorption state to chemisorption state in electron volts

E, Binding energy in electron volts

ESR Electron spin resonance

E Binding energy shift of the surface state peak

E, Activation energy in electron volts

5 Kinetic energy of a photoelectron, an Auger electron and a secondary electron in electron
k volts

E Translational kinetic energy of O, molecule in electron volts

FWHM Full width at half maximum

HBC High-binding energy component in O 1s photoelectron spectra

H Height of the surface state peak due to dimer dangling bonds

Lo, Integrated intensity of a specular reflection spot in RHEED patterns

It Integrated intensity of a half-order (0 1/2) spot due to the 1 X2 structure in RHEED
© 2 patterns

I Integrated intensity of a half-order (1/2 0) spot due to the 2 X 1 structure in RHEED
720 patterns

Lino / Lo 1) Intensity ratio between half-order spots of (1/2 0) and (0 1/2)

/ Integrated intensity for a third - order spot due to the v 3 X 3 structure in RHEED
(73.213) patterns

I(HBC) O 1s photoelectron intensity for the high-binding energy component

I(LBC) O 1s photoelectron intensity for the low-binding energy component

10) (0) 2p‘photoelectron intensity for the intermediate character between nonbonding and o -

i bonding states

10 ) O 2p photoelectron intensity for the 7 -bonding state

I, Si 2p photoelectron intensity of the S{* state for a clean Si surface

/ Integrated intensity of a bulk diffraction spot due to the interface roughness in RHEED
Bulk patterns

I, Photoelectron intensity at the Fermi level

1, (TiO,) O 1s photoelectron intensity of the Ti*" state for a TiO, crystal

1., (oxide) o ].S photoelectron intensity including all the oxidation states for the oxide layer grown on

s a Ti substrate

Loy O 2p photoelectron intensity

Y- O KLL Auger electron intensity

I (E) Surface-state-derived photoelectron spectrum after background subtraction
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I

Si

Si 2p photoelectron intensity of the S{* state for an oxidized Si surface

1

Si02

Si 2p photoelectron intensity of the Si** state for an oxidized Si surface

Imp(Ti metal)

Ti 2p photoelectron intensity of the nonoxidizing state for a Ti metal

(TiO,)

ITi—2p

Ti 2p photoelectron intensity of the Ti*" state for a TiO, crystal

ITi_2p(0xide)

Ti 2p photoelectron intensity including all the oxidation states for the oxide layer grown on

a Ti substrate

Photoelectron intensity obtained by integrating the valence band in a binding energy region

VB of 0-2 eV

I Si.2p photoelectron intensity of the Si“f state for a SiO, layer which is much larger in
0 thickness than the mean free path of Si 2p photoelectron

L Langmuirs (1 L= 1.3X10"* Pa * s)

LBC Low-binding energy component in O 1s photoelectron spectra

LIF Laser-induced fluorescence
0 O, pressure in Pa
" Charges trapped by the defect states at the SiO,/Si interface

R Ti 2p photoelectron intensity .ratio of all the oxidation states to the nonoxidizing state for

the oxide layer grown on a Ti substrate

REELS Reflection electron energy loss spectroscopy

RHEED-AES Reflection high energy electron diffraction combined with Ayger electron spectroscopy
omain Ratio between the 2 X 1 and 1 X2 domain of a Si(001) surface

S, Initial staking probability of O, molecule on a Si(001)2X 1 or a Ti(0001)1 X 1 surface

SHG Second harmonic generation

Sron Photoelectron intensity ratio of O 1s to Ti 2p for a TiO, crystal

St Nonoxidizing state of a Si atom bonded with four silicon atoms

Sit* Oxidation state of a Si atom bonded with one oxygen and three silicon atoms

S Oxidation state of a Si atom bonded with two oxygen and two silicon atoms

S Oxidation state of a Si atom bonded with three oxygen and one silicon atoms

Si* Oxidation state of a Si atom bonded with four oxygen atoms

T Temperature of the substrate

T, Temperature of the nozzle of a supersonic molecular beam generator

TRAXS Total reflection angle X-ray spectroscopy

Ti Nonoxidizing state of a Ti atom

Ti** Oxidation state of a Ti atom with a stoichiometry of Ti,O

Ti2* Oxidation state of a Ti atom with a stoichiometry of TiO

Ti* Oxidation state of a Ti atom with a stoichiometry of Ti,O,

Ti** Oxidation state of a Ti atom with a stoichiometry of TiO,
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VL Vacuum level

X, Oxide thickness

d Oxide thickness in nano-meters

hv Photon energy in electron volts

i Reac.tim? cpeﬂicient of O, molecule defined by multiplying the sticking coefficient by the O,

flux impinging on a substrate surface

ng Si atom density of a Si crystal (= 5.00 X 10?* atoms/cm’)

Rgon Si atom density of a SiO, layer (= 2.28 X 10** atoms/cm’)

n, Ti atom density of a Ti substrate (= 5.7 X 10* atoms/cm’)

Rios Ti atom density of a TiO, crystal (= 3.2 X 10** atoms/cm’)

Aoy Ti atom density of the oxide layer grown on a Ti sbstrate

t Oxidation time
X Stoichiometry of the oxide layer grown on a Ti surface

A BB Changes of band bending

Ahv FWHM of an excitation light for photoelectron spectroscopy in electron volts

A g Changes of work function

A g Changes of V&{(?l‘k function due to the surface dipole layer induced between adsorbed

SDL oxygen and silicon atoms
a Asymmetric parameter in a Doniac-Sunjic line shape function
Lifetime broadening due to the uncertainty principle given by 7/ At where At is the

4 lifetime of a hole created in a core level

g, Critical oxide coverage where the burstlike increase starts in oxide coverage

. Incident angle of a probe electron beam for RHEED observation

0 e Oxide coverage

A Inelastic-scattering mean free path of Si 2p photoelectron moving through a Si crystal
Agion Inelastic-scattering mean free path of Si 2p photoelectron going through a SiO, layer
A e Inelastic-scattering mean free path of Ti 2p photoelectron going through a TiO, layer
7, Inverse of the initial increase rate in oxide coverage

& Work function
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