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Abstract

Recently, the ultra-thin films with a thickness of several atomic layers formed on a
substrate are studied actively, because they show the different characters from the solid states
(bulk), such as atomic structures, eectron states, physical properties, and reactivity. Especially,
the local valence states of the ultra-thin films attract attentions from both the basic science and
the applied studies, as they are correlation with the appearance of the various device-functions,
control of the properties, and reactivity on the ultra-thin films. However, the conventional
electron spectroscopy cannot detect the local valence state of only the surface or the interface of
the ultra-thin films. Therefore, the author has studied the local valence states of the silicon
dioxide (SIO./Si) ultrathin film and the titanium dioxide (TiO»(110)) surface using
Auger-photoelectron coincidence spectroscopy (APECS) which is very surface-sensitive and
can detect only the Auger-electron which is derived from the photoelectron emitted from the
atomic site of the specific chemical-state.

At first, the author has improved the eectron-electron-ion coincidence (EEICO)
analyzer, which can carry out both APECS and e ectron-ion coincidence (EICO) spectroscopy,
and evaluated its performance. The EEICO analyzer consists of coaxially symmetric mirror
electron-energy analyzer (ASMA), cylindrical mirror electron-energy analyzer (CMA), and
time-of-flight ion-mass spectroscopy (TOF-MS). The electron energy resolution (E/AE) of the
ASMA and the CMA improved ~80 and ~20 by optimizing the pinhole-size of the ASMA and
CMA, the spot-size of the soft X-ray radiation on the sample, and the position of the EEICO
analyzer. And the author has succeeded in the high-resolution measurement of the
Si-LxVV-Si-2p APECS on the Si(111)-7x7 clean surface and
O-K L L-resonance-Auger-electron-H*-photoion EICO spectrum of H,O condensed on the

Si(111) at hv =532.9 eV corresponding to the 4a;«—O 1s resonance. The APECS and EICO



spectroscopy can be measured effectively due to the development of the high-resolution EEICO
analyzer.

As the secondary research, the author has studied the local valence states at surface
and inter-faces of SiO,/Si ultra-thin films using APECS. The SiO,/Si(100) and SiO./Si(111)
were thermally grown on the Si(100)-2x1 and Si(111)-7x7 surface at 750  in the ultra-high
vacuum chamber, and the Si-L,3VV-Si™-2p APECS (n =0, 1, 2, 3, 4), corresponding to the Si"™*
LxVV Auger-electron spectrum, was measured by use of EEICO analyzer. The main peak of
each S site (n=0, 1, 2, 3, 4) is shifted to the low kinetic energy side as the oxidation number
increases. This result shows that the binding energy of valence band at the vicinity of core-hole
at Si™ site becomes lager as the oxidation number increases. Si-L,3VV-Si™-2p APECS (n=1, 2,
3) at SiO,/Si interface are also the first measurements, and Si-L »3VV-Si"-2p APECS (n=0, 1, 2,
3, 4) are useful for the standard data for the Auger-electron spectroscopy and the scanning
Auger-electron microscopy. Next, the author has measured the Si-L,3VV-Si**-2p APECS of
SiO,/Si(100) ultra-thin films with a different thickness of 13 A, 2.8 A, 1.7 A, and 1.5 A (the
thickness of SiO,/Si(100) one-monolayer is ~1.37 A), and SiO,/Si(111) ultra-thin films with a
different thickness of 4.1 A, 3.4 A, and 1.5 A (the thickness of SiO,/Si(111) one-monolayer is
~1.57 A). As aresult, the valence band maximum (VBM) of the SiO,/Si(100) with the thickness
of 1.5 A corresponding to ~1 monolayer is shifted ~1.5 eV to the Fermi level than the
surface-layer on SiO,/Si(100) ultra-thin film with the thickness of > 13 A corresponding to > 9
layers. On the other hand, the VBM of the SiO./Si(111) with the thickness of 1.5 A
corresponding to 1 monolayer is shifted ~2 eV to the Fermi level than the surface-layers on
SiO,/Si(111) ultra-thin film with the thickness of 4.1 A corresponding to > 4 layers. Therefore,
the author has concluded that the shift of the VBM of SiO./Si ultra-thin films with a thickness
of < 1.5 A corresponding to 1 monolayer is derived from the structure of SiOJ/Si interface. In

addition, the Si-L23VV-8i4+-2p APECS of the SiO,/Si(100) with the thickness of 2.8 A



corresponding to 2 layers shows that the Si and SiO which desorbed from SiO,/Si interface in
theinitial oxidation make the VBM-shift about 0.5 €V to the Fermi level becausethey remainin
the SiO, ultra-thin film. These results contribute to the basic science field to study the local
valence state of ultra-thin films less than 1 nm, and give an indicator of a method to produce the
high quality gate-oxidation-film, which decreases the leak current, to the Silicon semiconductor
device industry.

As the third research, the author has studied the local valence states of the
TiOx(110)-1x1 clean surface and its defect surface. The Ti*" LoMMagL oM 5M p3-L oM o3V
Auger-electron spectrum (AES) measured in coincidence with Ti** 2py, photoelectron and the
Ti* LsMiMas-LsMxsMos-LsMosV AES measured in coincidence with Ti** 2py, photoelecton
from the TiO,(110)-1x1 clean surface show that the very fast Coster-Kronig (CK) transition
happens. And, the normal AES (Singles AES) from the TiO»(110) defect surface was shifted to
the low-kinetic energy side than that of TiO,(110)-1x1 clean surface. In order to reveal the
reason of the shift of the Singles AES, the Ti®" LsM 1M ps-LsM 2sM 25-L 3M o3V AES were measured
in coincidence with Ti** 2py, photoel ectron emitted from TiO,(110) defect surface. As a result,
this Ti®" LsM1Mos-LsM2sMos-LsMosV AES resembles Ti** LaMiM L sM2sMas-LsMosV AES in
the coincidence with Ti*" 2py, photodectron of the TiO,(110)-1x1 in the same kinetic energy
region. This result shows that Ti*" LsM %M 5-L MoV AES is unreated to the shift of the Singles.
Therefore, the author concluded that the shift of the Singles AES of the TiO,(110) defect surface
is attributed to Ti®" L,L3V giant CK transition, which is the phenomenon that Ti L,L3V CK
transition happens with high probability, because the fina states of Ti*
LaM1Maa-LsMosMos-LsM 2V AES via the Ti** 2py, ionization and Ti*" L,LsV giant CK
transition has more than 3-core-holes, they make the Auger line peaks in the lower kinetic
energy side of Ti*" L3M1Mas-L sMxsMos-LsMxV AES via only the Ti 2pgy. ionization. Generally,

the core-hole at Ti 2py, level on the metal Ti is nearly rdaxed by Ti L,L3V giant CK transition

Vi



because the density of the d-character dectron at the vicinity of the Ti 2p core-hole is large.
Therefore, the author thought that Ti LoL3;V CK transition reflects the density of the d-character
electron at the vicinity of the core-excited site. This result shows the density of the d-character

electron at the vicinity of the Ti** siteis larger than that of the Ti** site.
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84°
~2.5mm
Sawatzky
APECS 1987
H. W. Haak [3.6] Cu Cu
2p1r2 Cu 2pse Cu L2sMasMas
APECS Cu L2sM4sMaus
KE Cu 2pse2 KE Cu 2ps2
Cu 2pir Cu
2psr2 Cu L2L3V Coster-Kroning CK
Cu L2sM4sMaus KE
CK
1984 H. W. Haak
Cu L2sM4sMas APECS
[3.7] APECS
VG Scientific Al Ka 1,2X hv 1486 eV
CMA
0.03 0.1 counts/sec
1 1 1

E. Jensen R. A. Bartynski
1980 E. Jensen R. A. Bartynski
National Synchrotron Light Source NSLS APECS
[3.9] Ref. 3.9
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0° 45°

Physical Electronics CMA
APECS Cu(100) Cu MsVvV
0.5eV 3 Cu 3p
Cu 3p
[3.10]
APECS
1900 Ta(100)
4712 Ta Ne7VV
APECS
Ta 4f2 on-site
off-site
Inter-atomic process
[3.11] 1992 TaC(111) Ta 4fwe
Ta Ne7VV
APECS Ta 4f72 Ta
Af712 Ref. 3.11
Tadf72
off-site Auger prosess
[3.12] 1992 E. Jensen Al 2p Al LasVV
Al L23VvVV
Al 2p [3.13]
singles
KE Al 2
2001 Ag MasVV
Ag 3ds2  Ag 3dse2
Cani-Sawatzky CS CS
Cw [3.14]
2002 Pd MssVV Pd 3ds2 Pd 3ds2
CSs Pd M4VV Pd MsVV
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Pd 3dazre

Pd 3ds: 13
Pd/Ag(100) Pd
CK ~10
R. Gotter R. A. Bartynski
[3.17-18]
Thurgate
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[3.8,19] S. Thurgate

Analyzer CDA Haak

CK
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Pd
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KE sheke
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Cu L2sVV
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Ag AQg3ds/2
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SiO2 O KLL
O1ls [3.29]
R. Gotter  G. Stefani
2001 R. Gotter  G. Stefani APECS AR-APECS
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Advanced Line for Overlayer Interface and Surface Analysis [3.30-31]
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SiO2 Si4+ Si L2svV
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APECS Desorption induced electron

transitions DIET

Electron lon coincidence EICO spectroscopy

EEICO
EICO
EEICO
EICO 1985 M. L. Knotek J. W. Rabalais
[4.1]
CMA TOF-MS
10 EICO

CEMA

COLLECTOR . CHANNELTRON

COLLECTOR

Knotek Rabalais EICO
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1996 Mase

CMA TOF-MS EICO 1997
EICO [4.3]
H20 [4.4-6] NH(D)3[4.7-8] O 1s N 1s
H~+ H20
(Auger stimulated ion desorption : ASID)
O 1s 4a

19D F D T3 MCP
~>~»\<7/ . .'3\

nyrj?/, ,ﬂSES'Tur -H§ STit uee
'//A

Sample T2 Ilutrnl Guu”

UHY
Chamber

?[ 6 " — (Al

D-& Converter s Power Supply
| .
H]ulerface*HEE }LEWEH_HH_

|E{|-m|:|uter-:-¢lﬂunlel in potart Ilisc|.__'PA|

—

1997 EICO
EICO CMA TOF-MS [4.3]
EICO Nagaoka 1
Si (SiF3CH2CH2Si(CH3s)s3 )
Si2p Si
[4.9-12] CH3CN [4.13-14] Shimoyama CsHs[4.15] EICO
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1999 2000 EICO

45° CMA E/A E
100 1.2sr
[4.16-17] EICO
H0 4a:1-01s 4a:1 -0 1s
O-H
H 4 [4.17-18]
Tanaka TiO2(110) Ols Ti2s Ti2p Ti3s Ti3p
o+ 1978 Kotek  Feibelman [4.19] TiO2
Ti 3p
1974 [4.20]
[4.21-22] [4.23] N20[4.24]

jpn:n:a:-nn:,_q

D=8 Converter | 2 | Power Supply Control

Interface |_(_| MCS MESin | pisc |__E| PA

+ - iﬂ Start

Computer |_‘| Counter |

A

Disc -———{ FA !--ﬂ'_ -

e

i
o

EICO CMA TOF-MS
([4.17] Fig.1 )
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2003 Isari CMA

coaxially symmetric mirror electron energy analyzer ASMA

EICO [4.25-26]
ASMA 1997 K. Siegbahn CMA
Siegbahn
rZ
¢=a|nr—a(——zzJ+d
2
[4.27] Isari
ASMA
EIAE 120 MCP 0.8mm
0.772+ 0.035 cps 50:1
Synchrotron radiation 2 ‘
j : P Magnetic shield
Outer electrode.

—

Compensation
8 clectrodes

- Electron trajectory -

Ry s -l::mg,r electrode
=

lon-extraction

electrode ) '
Coaxially symmetric electron energy analyzer

EICO Siegbhahn
ASMA
[4.26]
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EICO Okudaira
[4.28-29] Nambu

[4.30] EICO
Kobayashi [4.31]
Kobayashi 2004 EICO [4.32-33] 2005
70
CMA[4.34]
EICO CF 203
2007 Kakiuchi CF114 EICO
[4.35]

Mase 2004 EICO

Electron-Electron coincidence : EECO

EECO CMA
@ 26.0mm 29.5 mm 0.72 sr E/AE =6
2mm [4.36] EICO
TOF-MS CMA EECO
[4.37] 1 EECO
0.86¢ps
CMA E/AE 12
[4.33] 2007 Kobayashi
CMA EECO CMA
E/AE 12 20 [4.38]
EICO EECO Mase F3SiCH2CH:2Si(CHs3)3

Photoelectron
photoion coincidence  PEPICO spectroscopy
Auger photoelectron coincidence spectroscopy APECS

Auger-electron photoion coincidence (AEPICO)

spectroscopy Si2p
[4.39] F3SiCH2CH2Si(CHs3)s Si
Si[F] Si[F] 2p Si[F]
Si-F F+
F3SICH2CH2Si(CH3s)s Si Si[Me]
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Si[Me] 2p Si[Me]

H

Synchrodron
radialion

Coaxially symmetric mirror analyzer (coASMA )

g

Eleciron
s multiplier

lectron

Diouble-pass CMA multiplier

~ Stur

¥ Sipaim Discriminator | Preamplifior =€

MOCS [—] Dielay [e—H Discriminatar € Pre ampli fier =€

vlcfr.rui: Counter| | [Power supply

Computer H Pow :
O L OWer Suppy
EECO
ASMA CMA
0.63sr 31°~42.5°
EICO EECO
EEICO
EEICO
EICO EECO
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EICO EECO

EICO EECO
EEICO EEICO
ASMA CMA
CMA TOF-MS
SS310s inconel600
Al203
0.5 mm  permalloy-78 140
mm 150 mm EEICO CF203
XYz MDC PSM-1502 Simion
2.5mm
(a) Magnetic shield

Synchrotron ~ y CoASMA
radiation _—"~_F  Trajectories

7
—

,,, Pinhole—\, MCPs
‘\ Eg“\TOF-MS

—
| T - =

(b) Electric shield  Trajectories
Synchrotron / %MA of electrons
radiation L

J”ﬁﬂ — :; ;\ é

MCPs

/
7
/)
//

Pinhole
Electric shield”/ TOF-MSLL A
lon-extraction ‘x\% Trajectories of
electrode  Drifttube . photoions :
@ ASMA CMA TOF-MS
(H)ASMA CMA  TOF-MS
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Coaxially symmetric mirror electron energy analyzer (ASMA)

Siegban
ASMA
EEICO ASMA
Hamamatsu Photonics F4655
MCP ASMA 137.5 mm
143.5 mm 88
2 mm 1 mm
48° 71° 1.6sr ASMA
Ensva Ensva =1.83%€V, gy Vasua
HSX-3R5
0.1V
EEICO ASMA
MCP 1 kv 1 mm
EEICO MCP
2.4 kV 2.4 mm 1.2 mm
MCP
Miniature cylindrical mirror electron energy analyzer (CMA)
CMA
EEICO CMA
Hamamatsu Photonics F4655 MCP
40 mm 20 mm
84 2mm
1 mm 64 mm
28° 42° 0.69sr CMA
Ecva Ecua = 2.011x eV,
Veua HSX-3R5
0.1V
ASMA CMA
MCP
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Miniature time-of-flight mass spectroscopy TOF-MS
TOF-MS
Hamamatsu Photonics  F4655X-D10 MCP
77%

3.5mm
2mm 29.5 mm MCP
2.5mm 1.5mm
(@) APECS (b)
EICO
(a)APECS “PFSBAEECO.BAS” EEICO
ASMA CMA GPIB
HSX-3R5 MHV ASMA CMA
ASMA
CMA ASMA CMA
#13792 @ Phillips scientific
730 @ Phillips scientific
CMA
MCS Laboratory equipment corporation MCS-start
ASMA ~200 nsec  delay
MCS-in APECS
APECS TOF 200 nsec
(b)EICO “PFSAEICO.BAS”
PEPICO AEPICO EICO
ASMA TOF-MS
CMA TOF-MS TOF-in
TOF-in
ASMA TOF-MS
#13792 @ Phillips scientific 730 @
Phillips scientific
ASMA MCS
MCS-start TOF-MS

45



MCS-in

low limit
EEICO

upper limit

“PFSBAPEAE.BAS”
X
CMA
Auger-electron yield spectrum
X
yield spectrum TIY

PEPICO TOF AEPICO TOF

CMAMCP ASMA MCP

ASMA

ASMA CMA
“PFSAEEIS.BAS” ASMA
Selected

TOF-MS

Total ion

AES

(a) Measurement system for APECS

|Coaxially symmetric mirror analyzer (COASMA)

|Cylindrical mirror analyzer (CMA)

-«

‘ :;lgnal mn

lSignal

MES <

|Discriminator’(—| Preamplifier ‘

YV

P Power supply

Computer

GPIB~ |Power supply

(b) Measurement system for EICO spectroscopy

|C0axially symmetric mirror analyzer (coOoASMA) I(—

Start

|Time-of flight ion mass spectrometer (TOF-MS) b .
Signal
Signal

Discriminator’(—l Preamplifier

Signal in

Counter §

~|Discrimina‘[or}(—| Preamplifier ‘

Computer
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GPIB > |Power supply
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EEICO

EEICO Photon
Factry BL-8A BL-8A 38 2300eV
1010 photons/sec X
N -HIGHER HARMONICS SUPPRESSOR N
1330 [4.41]
BEAM GHAI\.JNEL BEAM-SPLITTING SECTION BC1 STATION BC2 STATION

\ Vi

SOURCE | MAIN HUTCH
(BENDING MAGNET) | A
1

S =20\
i e . 0 ?:_::\J—?EF!ANCH HUTCH
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\— H____ -|_ SC_[ — 0 | ]\
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e
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DISTANCE FROM THE SOURCE (m)
Photon Factory BL-8 [4.41]
EEICO Si(111)7x 7 Si-LVV-Si-2p
Auger-photoelectron coincidence
spectrum APECS Si(111)7x 7 H20 H20/Si(111) X
O KvV
APECS Si H20/Si(111)7x 7 Si-LVV-Si+-2p
APECS Si-LVV-Si0-2p APECS
Si(111)7x 7 [4.42] n-type
0.02 Q-cm  Si(111) NILACO 1A
15A
EX-375L2 0-60V 0-25A) Si(111)
15A
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5~10 10 SPa

1.3x 107 Pa 3 5
1.5A
2.0A 1.5A 2A
25A 30A .. 80A O05A 8.0A
7x 7 8.0 A 10 7Pa
Si(111)7x 7 LEED

KONICA MINOLTA

Si(111)7x 7 LEED
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1200

1100 T
L /./.
1000 L=
3 o .
@ e
= 900 A
w - .
S 800 v
% I
© 700
= I
600 n
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0 1 2 3 4 5 6 7 8 9
Direct current / A
Si Si
H20/Si(111) H20
freeze-pump-thaw H20
90K 15 [4.42] H20
5 H20
H20
H20 H20
VG Granville Phillips 1.3x 10 4 Pa
50 50 Langmuir (L 1 L = 1.3x 10 4 Pa sec)
H20/Si(111)
p X 84°
2.5x 10 8Pa
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hv 130 eV Si(111)7x 7
ASMA CMA
20 30eV Si2p 40 95eV
Si L2sVV 65 80eV
Si-H 110 125 eV
Si2p
Si 2p Voigt
ASMA CMA E/AE 50 15
Si2p 0.08 eV
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O KvV Selected Auger-electron yield spectrum :
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O KVV AEY =508 eV TOF-MS

Total ion yield TIY TIY
hv 5329 eV 4a; - Ols
da1 3 X
S 2.5
5 — AEY by coASMA -
S 7 1 ! iy ----AEYbyCMA |
= ) , —
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Auger-electron yield spectrum : AEY 508 eV
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Total ionyield TIY
EEICO
hv  130eV Si(111)7x 7 APECS TOF
€)] S2 20p m (b) S2
50p m (c) S2 100y m (a)~(c)
CMA 26.2 eV
ASMA MCS-in 88 eV
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APECS TOF SIB (a)~12

APECS

187+ 17 nsec
811+ 17 nsec

Si-L23VV-Si-2p APECS
26.2 eV
S2
50 ym

“ APECS_TOFhosei_624nsHosei_Mase”
Si-L23VV-Si-2p APECS

(b)~4.5 (c)~3
APECS TOF time =
APECS
APECS
(©)
APECS TOF
20 110 eV / leV
APECS TOF

Si-L23VV-Si-2p APECS

singles Si-L23VV-Si-2p APECS  singles
26.2eV Si2p 20 40eV
95 eV
Si-L23VV-Si-2p APECS Si
Si L2sVV
eV
APECS
MCS CMA Si2p
MCS ASMA Si LVV
CMA MCS start
MCS MCS-in
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(@)

APECS counts/ cps

207 (¢) — Slit=100 um

153,1 time: 120 sec

10

0.5

8:8_ L 1 1 1 1

0.6 (b) — Sit=50 pm

0'4_11 time : 600 sec

0.2

OO | L 1 1 1 1

0.2- (a) — dit=20um
time: 900 sec

0.1

OO % 1 |

0 200 400 600 800
TOF different time/ nsec
hv 130eV Si(111)7x 7 APECS TOF
S2 20p m 900sec (b)
50p m 600sec (c) S2 100y m
120 sec CMA
26.2 eV ASMA MCS-in
88 eV S/B
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) 14 T T T T T T T i T ' 40
S —e¢— S-LVV-S-2p APECS
12 + 435
~~
© 130
:! 10+ '
- 425
3 8
420
S 6l
4§ 415
T 4r 11.0
T ol
405
o Jp!’e,'a'ﬁi"!f‘gg
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20 40 60 80 100
Kinetic energy / eV
hv 130eV Si(111)7x 7 APECS TOF
S2 50y m 300 sec
7 35
APECS

BL-8A hv =130eV S2Slit=50u m
ASMA_MCP_H.V.=1.75kV Discri_LLT= 250 mV Discri_ULT= 3.0kV
CMA_MCP_H.V.=1.75kV Discri_LLT= 250mV Discri_ ULT= 3.0kV
TOF-MS Ground

= 84°
File name : AP060602.014 — 104.
CMA_trigger_electron_KE = 26.2 eV
AMA_MCS-in_electron_KE =20 — 110 eV (1eV step )
ASMA CMA_MCP 24 kV
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H20 Si(111)7x 7
H20/Si(111)7x 7
APECS Si(111)7x 7 H20
H20/Si(111)7x 7 H20
Si(111)7x 7 Si-H Si-OH  Sit+
[4.43-45] Sit+
Si 2p Sio Si 2p 0.926 eV
[4.46]
Sio Sio2p Sit+ Sil* 2p Si L2sVV
120 eV Si-L23VV-Si%-2p APECS o
16.2eV 620 Si-L2sVV-Sil*-2p APECS =
15.2eV 900 APECS
Si-L23VV-Sit*-2p APECS Si-L2sVV-Si%-2p APECS
~2eV
Si-L23VV-Sit+-2p APECS
Sit+ Sio
Si O O2p Si3s Si3p
Si O [4.47]
APECS
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Selected electron kinetic energy = 510 eV
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Rameker Sis04
[5.31 33] o [(4)? (Ba)(4t)t (5a)? B shake-up off
vy [B)"4n)" (4a)™(4n)" (3t)'(Gay™ (d4a)’(Ga)’] & [(3t)”
(420)"(3)™"  (4a0)] d 4t
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Si 3s 0o2p 5a1 Si 3s 0O2p

3tz Si 3p 0O2s 4a;  Si 3s
02s Stefani
Si-L23VV-Si4-2p APECS Ramaker Sis04
Si L2sVV a
KE KE

(b) Si-L2sVV-Sit*+-2p APECS (c) Si-L2sVV-Si2+-2p APECS (d)

Si-L23VV-Si3+-2p APECS Sin+ 2p n=
CMA Sim+2p m=n
Si-L23VV-Sin+-2p APECS n= Si-L23VV-Sim+-2p
APECS Sin+ Sim+
(b)~(d)  Si-L23VV-Sin*-2p APECS n=1
2 3
KE (c) (d) Si2* 2p
Sis+ 2p 54 67 (c)
Si-L23VV-Si2+-2p APECS (d) Si-L23VV-Si3+-2p APECS Sizt LasVV  Sid*
L2sVV KE
(€) Si-L23VV-Si2*-2p APECS Si2* L2sVV  ~82eV (d) Si-L23sVV-Si3+-2p APECS Si3+
L2sVV ~78 eV (b) Si-L23VV-Sit+-2p APECS
KE Sil+ 2p 31 Sio 2p 58 Sio
(b) Si-L2sVV-Sil*-2p APECS  ~87.5eV
Sio Si0 LasVV
(@) Sit* LasVV
~85 eV
Si(111)7x 7 H20
Si-L23VV-Sit+-2p APECS ~86 eV
Sin+ LasVV n 01 2 3 4 (@

Si-L23VV-Si0%-2p APECS Si®L2sVV =~87 eV (b) Si-L23VV-Sil*-2p APECS Sil* L2sVV
=~85eV (c) Si-L2sVV-Si2t-2p APECS Si2* L2sVV =~82eV (d) Si-L23sVV-Si3+-2p APECS
Si3* LasVV  =~78eV (e) Si-L2sVV-Si4+-2p APECS  Si4+ L2sVV  =~74eV
(b)~(e) (a)
(b) ~ 2ev () ~ 5eVv (d) ~ 9eV (e) ~ 13eV

Si
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Si4+
SiO2 Sit+ Sij2r Sis+
Si02/Si(100)
Si-L2sVV-Sin*-2p APECS n 0 1 2 3 4

Scanning Auger-electro Microscopy SAM [5.34, 35]

(b)~(d)

(b)~(d) KE ~60 eV
Si-L23VV-Si4+-2p APECS
KE=~50 eV
Si-L2sVV-Sin+-2p APECS n 1 2 3 4 3tz
4a
3tz 4a
(b) Si-L23VV-Sit+-2p APECS ~79 eV (c) Si-L23VV-Siz+-2p APECS
~73eV (b) Si-L23VV-Si3+-2p APECS ~71leV
~6eV ~85eV ~7eV KE
(e) Si-L23VV-Si4+-2p APECS o} B
Shake-up off ~8.5eV
Si-L23VV-Sin+-2p APECS n=1 2
3 Shake-up off
(b)~(d) Si-L2sVV-Sin+-2p APECS n=1 2 3
Sim+ 2p
2.8- -Si02/Si(100) Si-L23VV-Sin+-2p APECS n=0 1 2
3 4 Sint LasvV n=0 1 2 3 4
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Major pesk °
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40 50 60 70 80 %2 100

Auger-electron kinetic energy / eV

2.8- -Si02/Si(100) (@) Si-L23VV-Sio-2p (b) Si-L23VV-Sit+-2p
(c) Si-L23VV-Si2+-2p (d) Si-L23VV-Si3+-2p (e) Si-L23VV-Si4+-2p APECS hv =
130 eV . (@)~(e) APECS Singles
(a) 2700, (b) 1800, (c) 1500, (d) 1200, and (e) 1500 sec
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Si-L2sVV-Sin*+-2p APECS n 0 1 2 3 4 Sint 2p

Sim+2p m=n
0 1 2 3 4
0 97 % 3% negligible negligible negligible
1 58 % 31% 11% negligible negligible
2 9% 12% 54 % 25% negligible
3 negligible negligible 6% 67 % 27%
4 negligible negligible negligible 2% 98 %

APECS counts/ cps

T T T T T T T T T U)
4 —e— Si-LWV-Si-2p APECS from Clean Si(100) surface 119 &
— Singles -
‘©
3+ 18 \;l)
| §
- 6 8
2+ : | 4 8
L N " - 4 b
) - | ]
- Y \ — m
% " | ] 2 (-
_JR . ‘}!\ ® ] %
) L . i S
0 |~‘...h‘ 1 \ 1 . L . !M 0 <
20 40 60 80 100
Auger electron kinetic energy / eV
Si(100)2x 1 Si-L23VV-Si-2p APECS

singles 300 sec/eV
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ERATIVE IKTERGITY

BLECTRON MRGY - &

Coincidence Counts

Kinctic Enorgy (V)

Ramaker ~150 nm  SiO2/Si(111) Si L2sVV
[5.31] Stefani 1.0 nm
Si02/Si(100) Si-LVV-Si*-2p APECS [5.32]
a) 2.8- -S0,/Si(100) Si-LVV-S*-2p APECS
a b) Stefani
1.0-nm-Si0O,/Si(100) Si-LVV-Si*"-2p APECS a
[6.32] c) Ramaker 150-nm-SiO,/Si(100) Si LxVV
a [6.31] d)
SisO, cluster [5.31, 33].
a B y 3 A
a) AeKE (eV) ~74 ~65 ~ 60 ~51 ~37
Aen'fa'jzorre'pzé‘f(g’/;he 0 -9 ~-14 ~-23 ~ 37
b) Ael_(E relative to the
0 AeKE reldive to the
g";’ao[r 5%91"’]"‘ of AES 0 ~-10 ~-14 ~-28 -
101
d) ?E?S:‘% %nrsngt?nts (4t2()ﬁ?5_:1,1)_1 Shake-up, ((43}51?)_‘11((12)):1 ( 4af)31t12();t2‘2)‘1 Shake-up,
(5a) 2 ’ shake-off (3tp) " (5ay) 7, (4ay) 2 ’ shake-off

(48.1)_1(58.1)_1
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2.8 -S0,/Si(100) S-LVV-S™-2pAPECS n 0 1 2 3 4
(b)~(e) Si-LxVV-S™-2p APECS n=1 2
3 4 (a) Si-LVV-Si%2p APECS
Scanning Auger-electron
Microscopy SAM [5.34, 35]

si° St S S Si*
AeKE (eV) ~ 87 ~85 ~82 ~78 ~74
AeKE relative to the mgjor peak
of Si-LVV-Si®-2p APECS 0 ~-2 ~-5 ~-9 ~-13
(eV)

Sio,— Si0,/Si(1 00) ML {E — Si
BEITR) L —

Sijé+ Si3+ Sié+ Sil+
Conductio
band |- | 3 _ 1

Valencel .
Band

Si-L2sVV-Sin+-2p APECS n=0 1 2 3 4
Sin*
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Si02/Si(100) Si-L23VV-Sin*-2p APECS

SiO2

Yamasaki 1 SiO2 [5.21] SiO2
SiO2 SiO2
SiO2 Si(100)
Crystbalite quartz tridymite SiO2 Siz+
[5.21]
SiO2
SiO2 Si-L23VV-Si4+-2p APECS
SiO2 SiO2
SiO2
CMA Si2p
(@ 1.5- -Si02 (b)1.7- -SiO2 (c)2.8- -SiO2 (d)13- -SiO2
(@ ~ (¢ Voigt Sin+
(@) ~ (d) Sio Si4+

(@ ~ 3.6eVv (b) ~ 3.7eV (c) ~3.7eV (e) ~4.3eV

[5.36,37] (d)y 13-
-Si02/Si(100) Si2p Si4+
13- -Si0O2/Si(100)
Si4* LagVV
Si-L2sVV-Si4+-2p APECS Si4+
Si4+ 2p Sim+ 2p
Si4+ 2p
Sis+ 2p @4% O)2% (€)2% (d)0%
Si0  Si+ Siz* 2p Si-L23VV-Si4+-2p

APECS Si4+
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Photoemission Intensity (Arb. Unit)
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6 5 432100103
Rdative Binding energy / eV

CMA (@ 1.5- -Si02 (b)1.7- -SiO2 (c)2.8-
-Si02 (d)13- -SiO2  Si 2p Voigt Sin+
Si-L23VV-Si4+-2p APECS
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0
Q 1-0 T T T T T T T T T T T T U)
o —— Photoelectron counts detected by coASMA {16 &
~ \ (&)
< | — Photoelectron counts detected by CMA
Qo | 114
— 08 RS
P | 1o
e {12 1
c . n
) 1 4=
Q 06} 110 5§
O >
5 los 8
@) 40.8
— C
= 04F ] @)
O ] {06 =
_d.-) ,‘f‘\‘\v"‘\ | | 8
<< 02+ ol ) 194 ©
= [T lo2 <
7)) _ 0.2 s
<c5 0.0 L ' ' ' ' —lp0 O
& 0 20 40 60 80 100 120
Kinetic energy / eV
13 Si02/Si(100) ASMA
CMA
Si-L23VV-Si4+-2p APECS . 13-
-Si02/Si(100) 13- -Si-LxVV-S*-2p APECS o 2.8
-Si0,/Si(100) 2.8 -Si-LxuVV-S*-2p APECS = 1.7-Si0,/Si(100)
1.7- -Si-LxVV-S*-2p APECS 15 -SiOJ/Si(100)
15 -Si-LyVV-Si*-2p APECS 13- -Si-L2sVV-Si4+-2p APECS a B
y o ~15eV KE
Si2p
2.8
1.7 15 a B vy
a
KE
a
~4 eV KE
~6 eV KE
a 80% 20
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4.6 eV
KE
KE
Si02/Si(100) Yamasaki
Si02/Si(100) “ Si4+ O Siz¥
Transmission electron microscope TEM
Si02/Si(100) ~5 “ Si4 O Sin*”
[5.38-39] Si(100)
layer-by-layer Si02/Si(100) “ Si¢+ O Sin¥
SiO2
KE
SiO2/Si(100) Poo  Po1 Sint(n=0 1)
Si
"Si4* O SiMdefect’ N=0 1 Si4+
SiO2
KE

2.8- 1.7- 1.5- -Si-L23VV-Si4*-2p APECS

APECS
Si02/Si(100) Sij4+ SiO2 Sij4+
Sin+ n=
Si-L23VV-Sin+-2p APECS KE

89



g SI0,/Si(100)

APECS Intensity / arb. unit.

—=—17  SIO/Si(100)
0.0 . 15  SiQ/Si(100),

20 50 60 70 80
Kinetic energy / eV

13- -SiO2/Si(100) Si-LyVV-S*-2pDAPECS o 2.8-
-S0,/Si(100) Si-L,sVV-S*-2p APECS (o Jopen circles)
1.7-S0,/Si(100) Si-LyVV-S*-2p APECS (m ) 15

-Si0,/Si(100) Si-LysVV-S*-2p APECS ( ) 13-

-Si0,/Si(100) 2100 28 -SiOJSi(100) 1500  1.7- -SiO,JSi(100) 2400
15 -SiO,/Si(100) 1500
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Si-L»VV-S**-2p APECS

a
X
13- -S0O,/S(100)0 MP HM CO 2.8, 1.7-,
1.5-Si0,/Si(100)
2.8 1.7-
13- -Si-LVV-S*-2p 15 -S-LVV-S*-2p
-Si-LVV-S*-2p -Si-LVV-S*-2p
APECS APECS
APECS APECS
Magjor peak
(eV) ~73(0) ~74(+1) ~745(+15) ~74(+1)
Half-maximum ~79(0) ~80(+1) ~83(+4) ~83 (+ 4)
(ev)
Cut-off (eV) ~85(0) ~87(+2) ~89(+4) ~89 (+4)
Si-L23VV-Sin+-2p APECS
n 01 2 3 4 Si-L23VV-Sin+-2p APECS n
0 4 Si

Si-L2sVV-Sin+-2pAPECS n 0 1 2 3 4

KE
Sit+ Siz+  Sjs+
Si Si4+
Si02/Si(100)
o) o)
13 28 1.7 15  SiO2Si(100) Si-L2sVV-Si4+-2p APECS
Si-L23VV-Si4+-2p APECS
Si-L23VV-Si4+-2p APECS ~1.5eV
a
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~4 ~4.5 eV
Si02/Si(100)

Si4+ Si4+
Valence Band Maximum VBM ~ eV
Si4+ Sin+ n=1 2 3
SiO2
SiO2/Si(111)
1.5- -SiO2/Si(111) Si-L23VV-Sin+-2p APECS
5 T T T T T T T T T T T T
al (C) —41 SiOZ/Si(lll) ]
3L i
2L i
2 1f .
(&)
m; g \ | \ | \ | \ | \ | \ |
: (b) —34 S|OZIS|(111)
€ 4r N
S
S 3t i
5 o -
8 1l §
©
9 0 . I . I . I . I . I . I
@] 5L _
g @ —15 Si0/si(111)
4L _
3L i
2L i
1k i
o | ! | ! | ! | ! | ! |
0 20 40 60 80 100 120
Auger electron Kinetic energy / eV
(@ 15 (b) 3.4 © 41 SiO2/Si(111) Si 2p

hv 130 eV
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SiO2/Si(111) Si 2p hv =130 eV
KE 20 30eV

Si 2p KE=40 90 eV Si LsVV
KE=110 125eV
Sin+ no1l?234
Sijn+
Si-L2sVV-Sin+-2p APECS
Sijn+
SiO2/Si(111)
Voigt 3.4- -SiOa/Si(111) Si 2p
Si
Si02/Si(100) Sit+
KE 3.4- -SiO/Si(111) Si-L23VV-Sio-2p

APECS Si-L23VV-Si4+-2p APECS

—— Experimenty —— S site

| —— Fit P S sitel
2 | —S'ste . ——S” site
S5 L —— S site
O
o ‘
~ B \ n
2
5 | |
c
D
]
=

-\
L L R AN -
7 6 5 4 3 2 1 0 -1 -2
Relative binding energy / eV
Voigt 3.4- -Si02/Si(111) Si 2p
hv 130 eV Si-L23VV-Sin+-2p APECS

n=0 4
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3.4

Si-L2sVV-Si4+-2p APECS

Sio

Si4

Sio

04

0.3

0.2

0.1

0.0

APECS counts/ cps

0.10+

0.00-+

0.054, '

~10%

Si02/Si(111)

Si4
Sio

Singles

(a) Si-L23VV-Sio-2p APECS

APECS

~98%
~90 Sit+

—— Singles

Singles
Si4+

n 4.0

(b)) —e— Si-L VV-S*-2p APECS

l@—o—
0.15+

Si-L,.VV-S’-2p AP

435
3.0
2.5
2.0
415
410

.05
WY

130
|25
120
l15
l10
105
l0.0

1eV

40

50

60

70 80

90

Auger eectron kinetic energy / eV

3.4 SiO2/Si(111)
Si-L2sVV-Si4+-2p APECS

2100

(@)

94

100

(@) Si-L2sVV-Sio-2p APECS

leV

3600

(b)

(b)

(b)



(a) Si-L23VV-Sio-2p APECS 2.8- -Si02/Si(100)

(a) Si-L23VV-Sio-2p APECS Si(100)
S/N
KE 70eV SiO2/Si(111) Sio
(b) Si-L2sVV-Si4+-2p APECS 2.8- -Si02/Si(100)
(e) Si-L2sVV-Si4+-2p APECS
a B vy 0o KE a
By o 2.8- -Si02/Si(100)
% 2.8- -SiO2/Si(100)
KE ~2eV KE B
SiO2
3.4- -Si0O2/Si(111) Si-L23VV-Si%-2p APECS Si-L23VV-Si4+-2p
APECS
a) 3.4- -Si0O2/Si(111) Si-LVV-Si4+-2p APECS  a)
KE b) ( c) Sis04 cluster
[5.31, 33].
a B y e}
a) AeKE (eV) ~74 ~ 66 ~62 ~52
b) Relativeer;ggkytothea 0 -_8 12 —2
. 2 (3tp) (4t 7, 2
TUREE wlan Sep @0 wien
(4&19‘1(5&11)‘1 5
15- -Si0O2/Si(111)
Si-L23VV-Sin+-2p APECS n=0 1 2 3 4 Voigt
1.5- -Si02/Si(111) Si 2p
F. Jolly
Si-L23VV-Sin+-2p APECS Sin*+ 2p
Sijn+
Sim*2p m=#n KE
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Intensity / arb. unit

6 5 4 3 2 1 0 -1 -2

Relative binding energy / eV

Voigt Si02/Si(111) Si2p
hv 130 eV Si-L23VV-Sin+-2p APECS

Sin+ 2p
Sin+ [5.14] F. Jolly
[5.14] 80 meV [5.28]
: <0
Component Relative energy(fvt)he S 2pa, peck Gaussian FWHM of CMA (eV)

Si%2p 0 15

s 2p 0.9(1.05) 1.2

Si% 2p 1.8(1.8) 1.2

Si* 2p 2.6 (2.59) 1.2

s* 2p 3.5(3.47) 1.4
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1.5- -Si02/Si(111) Si-L2sVV-Sint-2p APECS n 0 1 2 3 4

Sin*+ 2p Sim+2p m==n

m
0 1 2 3 4

n
0 90 % 10% negligible negligible negligible
1 32% 60 % 8% negligible negligible
2 negligible 15% 50 % 35% negligible
3 negligible negligible 10% 65 % 25%
4 negligible negligible negligible 4% 96 %

15 Si02/Si(111) Si-L2sVV-Sin+-2pAPECS n 0 1 2 3 4

(8)Si-L23VV-Sio-2p APECS  (b)Si-L23VV-Sit+-2p APECS
(€)Si-L2sVV-Si2*-2p APECS  (d)Si-L23VV-Si®*+-2p APECS  (€)Si-L2sVV-Si4*-2p APECS

APECS Singles (a) (e)
Si-L23VV-Sin+-2p APECS n=0 1 2 3 4 Singles
Sijn+
KE 65~95 eV
Si-L2sVV-Sim+-2p APECS n 0 1 2 3 4 KE
Si-L23VV-Si4+-2p APECS Si-L2sVV-Sim+-2p APECS n 0 1
2 3 (c) Si-L23VV-Siz*-2p
APECS KE SIN
(@) (e) Si-L23VV-Sin+-2p APECS
KE 2.8
Si02/Si(100) Si
Sijn+
SiO2/Si(111) Sil+ Si2+ Sis+
Si4  SiO2
Si-L23VV-Sio-2p APECS
2.8- -Si0O2/Si(100) 1~2 eV
2.8- -Si0O2/Si(100) 1.5- -SiO2/Si(111)
Si-L23VV-Sin+-2p APECS n=0 1 2 3 4
SiO2/Si(111) SiO2
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0.3
0.2 .
0.1 . A+ .-.-.\.\.-0.

g [Tt —S-L VY-S 2p ARECS "
0.4

0.2

0.0
0.2

N

0.1

Si-L,VV-S'-2p APECS |

1 23 |

A
or o
04 [ eagqat™sss ™™
02r—e—9g-L VV-S"-2pAPECS %
0.0H ! ! ' ' .
0.6 3
0.4 AW
e
0.2 Si-L VV-SiO-|2p APECS %

0.0 L | 23 ) AN

65 70 75 80 8 90 95
Auger electron kinetic energy / eV

e

APECS counts/ cps

Auger-electron counts 10° / cps

O N PO N O N O N PO DD

15- -SiO2/Si(111) (@) Si-L2sVV-Si%-2p (b)

Si-L23VV-Sit+-2p  (c) Si-L23VV-Siz+-2p (d) Si-L23VV-Si3+-2p (e) Si-L23VV-Si4+-2p APECS
hv =130 eV (@~(e) APECS

Singles (a) 1200, (b) 1200, (c) 4200, (d)

3900, and (e) 7200 sec
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1.5- -SiO2/Si(111)

SI-LVV-Sin+-2pAPECS n 0 1 2

3 4 (b)~(e) Si-L23VV-Sin+-2p APECS
n=1 2 3 4 (a) Si-L23VV-Sio-2p APECS
si° St S S Si*
AeKE (eV) ~89 ~88 ~78 ~76
AeKE relative to the major peak
of Si-LVV-Si®-2p APECS 0 ~-1 ~-1 ~-13
(eV)
Si0./Si(111) Si-L23VV-Sin+-2p APECS
Si02/Si(111) SiO2 SiO2

Si-L23VV-Si4+-2p APECS Voigt
4.1- -SiO2/Si(111) Si 2p
Si-L23VV-Si4+-2p APECS
KE Sis+ 2p ~2%
1.5- -Si0O2/Si(111) ° 3.4- -Si0O2/Si(111) ° 4.1- -SiO2/Si(111)
° Si-L23VV-Si4+-2p APECS
15 - 34- - 41- -Si-L2sVV-Si4+-2p APECS 1.5- -Si-L2sVV-Si4+-2p
APECS KE 65 95 eV 34- - 4.1- -Si-L2sVV-Si4+-2p
APECS a B vy a B vy
~1 2eV
SiO2/Si(100)
a
KE
Si-L23VV-Si4+-2p APECS KE
KE
SiOz2  Si# SiO2  Si#*
SiO2/Si(111) SiO2/Si(100)
SiO2
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Intensity / arb. unit

7 6 5 4 3 2 1 0 1 =2
Relative binding energy / eV

Voigt 4.1 Si02/Si(111) [O2 3000
L ] Si2p hv 130 eV
Si-L23VV-Si4-2p APECS 80

meV

100



-Si-LVV-Si**-2p APECS

——34 -S-L,VV-S"-2pAPECS

—e—41- -S-L,VV-S"-2p APECS
L | L | L

APECS intensity / arb. unit

50 60 70 80
Auger electro kinetic energy / eV

SiO2/Si(111) Si-L23VV-Si4+-2p APECS 15
SiO2/Si(111) 34  SiO/Si(111) 41  SiO/Si(111)

15  SiO2Si(111) 7200 sec 3.4  SiO2/Si(111) 2100 sec 4.1
SiO2/Si(111) 2100 sec

Si-L»VV-S*-2p APECS MP
HM CO CO
a X
41- -S0O,/S(111) MP HM CO 3.4,
1.5-Si0,/Si(111) MP HM CO
4.1- -Si-LVV-Si*-2p 34 -Si-LVV-Si*-2p 15 -S-LVV-S*-2p

APECS APECS APECS

Major peak (V) ~75(0) ~74(-1) ~76(+1)

Half-maximum

(&) ~81(0) ~81(0) ~845(+35)
Cut-off (eV) ~886(0) ~886(0) ~946(+6)
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Si-L2sVV-Si-2p APECS n=0 1 2 3 4

SiO2/Si(100)
Si 2p

Si02/Si(111)

Siz+
Si-L2sVV-Si4+-2p APECS

() 2.8-Si02/Si(100)
APECS (b) 3.4- -SiO2/Si(111)
APECS a B y 0o
Si0z2  Si4*
Si-L23VV-Si4+-2p APECS
Si(111) vy ~2eV KE
-SiO2 Si-L23VV-Si4+-2p APECS

1.7- -Si02/Si(100)

a
~83eV ~89eV 13- -Si02/Si(100)
~4 eV 1.5- -Si02/Si(111)
o HM CO
4.1- -Si0O2/Si(111)
HM CO
CO -~2eV
Si02/Si(111)
SiO2
15 SiO2 Si(111)
SiO2

102

[5.11]

2.8-  -Si-L2sVV-Si4+-2p
3.4- -Si-L2sVV-Si4+-2p

1.7- -Si-L23VV-Si4*-2p APECS

CO

1.5- -Si-L23VV-Si#*-2p APECS
~84.5eV ~94.5eV

HM -~35eV CO 6eV

HM ~05 eV
Si02/Si
Si02/Si(100) Sit+
Sin+ Sit+
SiO2 Si(100)



[5.1] D. A.Muller, T. Sorsch, S. Moccio, F. H. Baumann, K. Evans-Lutterodt, and G. Timp,
Nature 399, 758 (1999).

[5.2] T. Yamasaki, K. Kato, and T. Uda, 26, 40 (2005).

[5.3] V. D. Borman, E. P. Gusey, Yu. Yu. Lebedinskii, and I. Troyan, Phys. Rev. Lett. 67,
2387 (1991).

[5.4] H. Watanabe, K. Kato, T. Uda, K. Fujita, M. Ichikawa, T. Kawamura, and K.
Terakura, Phys. Rev. Lett. 80, 345 (1998).

[5.5] E. Poindexter, P. Caplan, B. Deal, and R. Razouk, J. Appl. Phys. 52, 879 (1981).
[5.6] A. Stesmans and V. V. Afanas’ev, J. Appl. Phys. 83, 2449 (1998).

[5.7] S. Mizuo and H. Higuchi : Jpn. J. Appl. Phys. 20, 739 (1981).

[5.8] T. Yamasaki, K. Kato, and T. Uda, Phys. Rev. Lett. 91, 146102 (2003).

[5.9] F. Matsui, H. W. Yeom, K. Amemiya, K. Tono, and T. Ohta, Phys. Rev. Lett. 85, 630
(2000).

[5.10] K. Sakamoto, H. M. Zhang, and R. I. G. Uhrberg, Phys. Rev. B 68, 075302 (2003).
[5.11] F. J. Himpsel, F. R. McFeely, A. Taleb-1brahimi, J. A. Yarmoff, and G. Hollinger,
Phys. Rev. B 38, 6084 (1988).

[5.12] G. Hollinger and F. J. Himpsel, Appl. Phys. Lett. 44, 93 (1984).

[5.13] Y. Yamashita, A. Asano, Y. Nishioka, and H. Hobayashi, Phys. Rev. B 59, 15872
(1999).

[5.14] F Jolly, F. Rochet, G. Dufour, C. Grupp, A. Taleb-Ibrahimi, J. Non-Cryst. Solids
289, 150 (2001).

[5.15] A. H. Edwards, Phys. Rev. Lett. 71, 3190 (1993).

[5.16] K. Hirose, H. Nohira, T. Koike, K. Sakano, and T. Hattori, Phys. Rev. B 59, 5617
(1999).

[5.17] Y. Yamashita, S. Yamamoto, K. Mukai, J. Yoshinobu, Y. Harada, T. Tokushima, Y.
Takata, S. Shin, K. Akaki, and S. Tsuneyuki, Phys. Rev. B 73, 45559 (2006).

[5.18] A. Pasquarello, M. S. Hybertsen, and R. Car, Phys. Rev. B 16, 10942 (1996).
[5.19] A. D. Demkov, and O. F. Sankey, Phys. Rev. Lett. 83, 2038 (1999).

[5.20] K. Hisrose, K. Sakano, H. Nohira, and T. Hattori, Phys. Rev. B 64, 155325 (2001).
[5.21] T. Yamasaki, C. Kaneta, T. Uchiyama, T. Uda, and K. Terakura, Phys. Rev. B
63,115314 (2001).

[5.22] A. Kotani and S. Shin, Rev. Mod. Phys. 73, 203 (2110) and references therein.
[5.23] S. Shin, A. Agui, M. Watanabe, M. Fujisawa, Y. Tezuka, and T. Ishii, Phys. Rev. B 53,
15660 (1996).

[5.24] http://www.issp.u-tokyo.ac.j p/labs/sor/tsukuba/kyoudou-j.html.

103



[5.25] J. E. Houston and R. R. Rye, in Auger electron spectrascopy, edited by C. P. Briant and R. P.
Messmer (Academic, 1988) cahpter 3, p. 65.

[5.26] E. Kobayashi, A. Nambu, T. Kakiuchi, and K. Mase, Shinku. Jpn. 50 (2007) 57.

[5.27] K. Hirose, H. Nohira, K. Azuma, and T. Hattori, Progress in Surf. Sci. 82, 3 (2007), and
references therein.

[5.28] J. St6hr, NEXAFS Spectroscopy (Springer, Berline, 1992).

[5.29] H. H. Madden, Surf. Sci. 105, 129 (1981).

[5.30] F. Shimoshikiryo, Y. Takakuwa, and N. Miyamoto, Appl. Surf. Sci. 130-132, 123 (1998).
[5.31] D. E. Ramaker, J. S. Murday, N. H. Turner, G. Moore, M. G. Lagally, and J. Houston, Phys.
Rev. B 19, 5375 (1979).

[5.32] G Stefani, R. Gotter, A. Ruocco, F. Offi, F. DaPieve, S. lacobucci, A. Morgante, A, Verdini,
A. Liscio, H. Yao, and R. A. Bartynski, J. Electron Spectrosc. Relat. Phenom. 141, 149 (2004).
[5.33] D. E. Ramaker, Phys. Rev. B 21, 4608 (1980).

[6.34] D. Briggs and M. P. Seah eds., Practical surface analysis: by auger and X-ray
photo-electron spectroscopy (New York, Wiley, 1983).

[5.35] M. Prutton, M. M. El Gomati eds., Scanning Auger Electron Microscopy (Wiley, 2006).
[5.36] Th. Eickhoff, V. Medicherla, and W. Drube, J. Electron Spectrosc. Relat. Phenom.
137-140, 85 (2004).

[5.37] A. Pasquarello, M. S. Hybertsen, and R. Car, Phys. Rev. B 15, 10942 (1996).

[5.38] A. Ourmazd, D. W. Taylor, J. A. Rentschler, and J. Bevk, Phys. Rev. Lett. 59, 213
(1987).

[5.39] T. Shimura, M. Misaki, M. Umeno, |. Takahashi, and J. Harada, J. Crystal
Growth 166, 786 (1996).

104
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TiO2
TiO2
[6.1] 165nm
400nm TiO2 ~3.0eV
[6.2, 3] n
6x 10-3 (mol m-2 min-1)
Imol 18ml 10
5.8mx 5.8m
[6.3]
TiO2
OH
O~ [6.2, 3]
ppm
~62m?2

6.5x 10-6 mol m-2min-t

[6.2, 3]

NOx [6.2, 3]

[6.4]

50° 0°
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Ti O Ti

2
[6.2, 3]
35 [6.2, 3]
[6.5]
[6.2, 3]
2p
500nm [6.6]
450~500nm [6.2]
TiO2 [6.7]
a=b=4.584 ,c
2.953 [6.8] a=bh=3.782 ,c 9.502

a=5.436 ,b=9.166 ,c 5135 [6.9]
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TiO2(110)1x 1
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TiO2(110)1x 1

Ar* 1100K 10 TiO2(110)
ST™M [6.7] A B
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[6.11, 12] B
2 [6.13]
[6.7]
TiO2(110)1x 1 [6.14] UV [6.15]
X [6.16] Art [6.17]
O] Knotek-Feibelman KF [6.18]
KF TiO2 Maximim-Valency compounds
Ti3p O
Ti4
[6.19] uv X O
Ar
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TiO2(110) UPS TiO2(110)

TiO2 defect state

Donor-like surface

defect state
Electron conduction band conduction band
transfer
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P
valence band valence band
TiO2(110)
[6.7]
TiO2 d
TiO2
TiO2(110)1x 1
TiO2(110)1x 1 TiO2(110)
Ti L2aM23M23  L2sM23V
APECS Tis+  Tis+
APECS TiO2(110)
Ti L2L3V Coster-Kronig CK
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Si 0.1 A/30sec
TiO2  Si
1.6x 10 8Pa
15 A 3A 45

113

TiO2
[6.26]
TiO2(110)
TiO2
CF70
TiO2 TiO2
TiO2
TiO2
~220 36
NEG



TiO2 Ar+ Filament current : 2.5 A

Emission current: ~ 33.4 mA Beam Energy ~800eV Ar 1.3x 10 4Pa
650 400nA 15 TiO2 Si 600
Si 1.1A 10 3x 10 7 Pa
0.1A/ 30sec 02 (1.4x 10 4Pa)
10 Si 600 02 5 0.1A/30
sec
EX-375L2 S TR-630A
TiO2(110) Low
Energy Electron Diffraction, LEED
Ti L-edge X
TiO2(110) 12
O

114



TiO2

olo

o000 OO0 OO0 Qoo

°Olo00 OO OO0 0O 2

)
g

C
S1

_wafer

g
C

h

a

115

A

;,Cu

& wire

o1
Mo

b

o @l
\cr'

Cu—b

W wire \

c defgh



TiO2(110)1x 1 LEED
LEED Filament current 2.72 A
Beam voltage 106.6 eV Focus Voltage 98 V Retarding Voltage 53V Screen
Voltage 2.41kV Wehnelt Voltage 0.48V

TiO2(110)

TiO2 Ti02(110) Ar+ Filament
current: 25 A Emission current : ~ 39.8 mA Beam Energy -~1000 eV
Ar 1.3x 10 4Pa 800 nA 20

TiO2 Tis+ Ti4+ 2pare
465.9eV  2ps2 459.9eV 1.7eV
Ti2+ 2p 4.2 eV
Ti3ds Ti3p Tis+  Ti4 1.7eVv

[6.27]
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116



EEICO X

84° 5mmx 2.5 mm X
TiO2(110)1x 1 Ti 2p X
L23-edge TEY  Ti L2sM23Mz2s(V)
AEY TIY Ti-L23sM23M23(V)-Ti4+-2pu1s2
APECS Ti-L2sM23Mz23(V)-Ti4+-2ps2 APECS  Ti-L2sM23M2s(V)-Ti3+-2ps2 APECS
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TiO2
TiOz2 Ti 2pare Ti L2sM2sMas

TiO2(110) APECS

BL-8A hv =510eV APECS S2Slit=100p m 1s=~17 pA
ASMA_MCP_H.V. = 1.85 kV ( HSX-3R5) Discri_LLT-ULT = 250- 1250 mV
PHILLIPS SCIENTIFIC #13792
CMA_MCP_H.V. = 2.0 kV ( HSX-3R5) Discri_LLT-ULT = 350--1250 mV
PHILLIPS SCIENTIFIC #13792
ASMA  Ti L2sM2sM23(V) ~5000 cps
CMA Ti2p ~1000 ~ 1500 cps
TOF-MS Ground
= 84°
CMA electron_KE = 455 eV  TiO2(110)1x 1 Ti
2psz  40eV TiO2(110)1x 1 Ti2pw2 475eV  TiO2(110) Ti
2psz  ASMA _electron_KE =340 — 430 eV (2.5 eV step )
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TiO2(110)1x 1

TiOx(110)1x 1 Ti L2s-edge Total
electronyield TEY Ti0O2(110)1x
1 X TiLs
(hv) 455-460 eV TiL2 hv =460-468 eV
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dzr2  dxr2yn2 tg (dxy dxz
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hv 510eV TiO2(110)1x 1 Ti 2p
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APECS trigger
APECS

Si4 Ti2pTi 2p3/+§ —— ASMA
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~1/2 2

APECS
(&  Ti-L2sM1M23-L23M23M23-L2sM23V-Ti-2ps2 APECS ° ai~as
ai  TiLsMiMzs az as
as Ti LsM2sMzs as as Ti LsMasV
L2sM23V
as as
[6.28] (b) Ti-L2sM1M23-L23sM23Ma2s-L2sM23V-Ti-2p12 APECS °
bi~b7 b1 Ti LaMiMas
b bs Ti L2LsV CK
Ti LsM2sMzs bs
Ti L2M23sM2s ba Ti L2M23sM2s
bs O 2s be Ti
LoLsV CK Ti LsM2sV bz Ti LaM2sV
(b) Ti-L2sM1M23-L23sM23M23-L2sM23V-Ti-2p12 APECS °
b2 be Ti L2LsV CK
Cu [6.30-32] bs bz
CK Ti LaM23M2s-L2M23V
TiO2(110) Ti
Ti d
TiO2(110)
o2p Ti L2sMa23V
J. Danger [6.33] Ti-L2sM23V-Ti-2ps2 APECS
Ti-L23M23V-Ti-2p12 APECS Ti L2sMasV
Ti L2LsV CK
(a) Ti-L2sM1Mazs-L23M23Mas-L23sM23V-Ti-2ps2 APECS APECS ° (b)
Ti-L2sM1M2s-L23sM23M2s-L23M23V-Ti-2p12 APECS ° Ti L2LsV CK
TiO2(110)1x 1 Ti
Ti
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C1~Cs c1  TiLsMiMzs
C2 cs Ti LsM23sMzs Ca cs Ti LsMzsV
Ti02(110) ()
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Linear feedthrough

Tilt adjustment mechanism
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