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ETETENT 7 ASIL2BLNT, K OREEZE
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Fig. 1 (Color online) Arrhenius plots of (a) growth rate and (b)
stacking fault density for atmospheric pressure chemical
vapor deposition on Si(111) surfaces with H-diluted SiH,
Cl, gas!'®. The growth rate was measured by selective epitaxi-
al growth with SiO,-patterned Si substrates. The stacking
fault density was estimated by counting the numbers of flat-
top pyramidal hillocks, at the apex of which a triangle etch
pit appears after chemical etching as shown in the photo-
graphs in Fig. 1(b).
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2011412 SPring-8/BL36XU (SCIENTA, R4000 Hipp-
2)32, 2014412 SPring-8/BL07LSU (SPECS, PHIBOS
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(SCIENTA, R4000 Hipp-2)39 28 FIH AT HE & 75 - 72,

3. ¥ 5@ 7O0RADRARIEFRT LI R
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ETIISEmkEYS (He-1: 21.22 eV, Ne-1: 16.8eV),
KEK-PF ¢ BL11C (10-40eV) % L < (¥ BL11D (20-
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DWTXHR3SICEEL < i N7=2%, UPS/XPS I k A&KMHA R
FREBZICINZ T, WEERY 257 FCTHIN/UE
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Fig. 2 (Color online) Photograph of a UHV surface analysis ap-
paratus installed with a Seya-Namioka monochromator at
beamline 11C of Photon Factory, KEK, Tsukuba, Japan. 1:
Electron energy analyzer, 2: Quadrupole mass spectrometer
with a Lig. N, shroud, 3: Electron gun for electron-stimulat-
ed desorption and Auger electron spectroscopy, 4: Electron
gun for reflection high energy electron diffraction, 5: Sample
manipulator.
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N7 vk Fig. 3107392, 7 o VIBEMEHOY— 71
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Wb, 7 o)V IEEMOME & RE L 7,

e = mERA v r—Y (B-AX =) #HWT
SLHs E 7 BREEIEL TW5b &, EIPEAITET
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Fig. 3 Valence band photoelectron spectrum taken in situ during
gas-source molecular beam epitaxy at Pg;,u,=6.7X 1075 Pa
and T=380°C?. The photon energy was 23.3 eV. The bias
voltage of the sample was —20 V to observe the low-energy
cutoff of secondary electrons due to the vacuum level. The
arrows with numerical characters indicate the binding energy
positions to monitor the photoelectron intensities in real time
during GSMBE. See Ref. 22 in detail.
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2000FEH & T Pyuyge ® VT W2 D2, TN LB
SiRMEBLDOY TV X A AHEED D Portace 7 L 720
Si RMELL RIS RHEED A& A48 F Tl I /e
OKLL A —V s EFEHHTAHIE LD, BIEEER
Ooxige & SI T v F V7 HERFRHICY 7 IV X A LFHAIT &
%3140 Si R LIZRE IR L TSI HEDAD S
V72 a2 T HWE, Si0; R & SiO BigEAS AT B ik
TR B BE, SIOMEIC X% SiTy F v 7 DapitE
195777 4 THAL~NOHER S B 51 530, Fig. 5(a)
O RHEED BRICH 51 %5 1/2 ROEIHT AR v T
I(o 1/2)/1(1/20) 5, Si(001)2x1 FHED 1x2 & 2x1 5315
DLaRD S LR TES, Fig. 5(b) DEELSM T3t
Hﬁhﬁi%@ié < EFO?}’I?’* (7771 A 7@?1[2), I(o 1/2>/I(1/2 0)
P HRDI1x2/2 X1 3R FIRICIRE L T\ %,
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Fig. 4 (Color online) Iss due to the dimer dangling bond of Si(001)
2 %1 surface taken as a function of Pg; 5, at 7=450, 550, and
600°C3%. The excitation light was He—I resonance line of Av
=21.22 eV. The arrows indicate the critical Si,Hg pressures
where the rate-limiting reaction of Si epitaxial growth during
GSMBE changes from Si,Hg adsorption to H, desorption.
See Ref. 39 in detail.
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PRELZVWOIZ, SIEEICMMBAD 5720 TH b, &
SiBOT v I 7ICET HRFRIOPEE47Ts L7e D, T
v F 7 HEX0.0021 ML/s k£ % (Fig.5(¢)), 2D
i B BT D Oy 5 F DOEBEREHER o 70.015 & L4V, Si
(001) M T Si L F#FEid 1 ML = 6.78 x 101 atoms /
cm? 7z DT, 0.0021ML/s D Si TvF V7 HEND SikE
MEIZAS L 72 Oy 23 F%0134.7 X 1013 molecules/cm?/s & 3K
T hH, SIREICAHTHEED O, 5 FH N (molecules/
cm?/s) &5 HE Poutace (Pa) OBIGRIT,
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Fig. 5 (Color online) (a) RHEED pattern of a Si(001)2x 1 sur-
face taken at room temperature. (b) 1x2/2x 1 domain ra-
tio estimated by half-order diffraction spot intensity ratio,
To1/2/10/20), during oxidizing the Si(001) surface at Po,=
1.9x 1075 Pa and T=678°C. (c) Half period of the I(/2)/
112 0) oscillation obtained in Fig. 5(b) versus the number of
etched Si layers. The Si etching rate was estimated to be
0.0021 ML /s.
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Fig. 6 (Color online) Time evolution of Iss due to the dimer dan-
gling bond of the Si(001)2 x 1 surface measured in situ dur-
ing gas-source molecular beam epitaxy at Pgy,=6.7 %1073
Pa2y.
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Fig. 7 (Color online) (a) Curve-fitting analysis of Si 2p;/, photoe-
lectron spectra obtained for the p-type Si(001) surface oxi-
dized at Po,=6.7x1075Pa, T=200°C, and t=3277s. (b)
Cross sectional view of the SiO,/Si(001) interface model.
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Fig. 8 (Color online) Interfacial oxidation rate at iyt =08, Rintert
(0), versus the amount of strained Si atom obtained in the
oxidation temperature region from 303 to 650°C53,
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Fig. 9 (Color online) Schematic illustration of photon- and elec-
tron-induced reactions at the surface and in the gas phase
during exposing the substrate to the gas atmosphere. The
surface reaction includes the chemical bond breaking as-
sociated with desorption of charged and neutral fragments,
and the enhancement of atom migration. For the photo-in-
duced gas phase reaction, production of ions and radicals
should be considered because of the high chemical reactivity
with the substrate. For the reaction of photoelectrons and
secondary electrons with gas molecules and atoms, the elastic
and inelastic collisions in the low Ej region below a few tens
eV play an important role in the ionization, dissociation, and
surface charge layer formation.
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Fig. 10 (Color online) Si 2p photoelectron spectra taken in situ (a)
before and (b) after 700-eV X-ray irradiation at 7=300°C
for 17 hours®. The oxidation was carried out at Po,=9.2 X

1075 Pa, T=300°C, and =2400s.
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Fig. 1 (Color online) Si 2ps/, photoelectron spectra of oxidized n-

type Si(001) surfaces: (a) Continuous 710-eV Xray irradia-
tion (SX-ON) and (b) no irradiation (SX-OFF) during
oxidation at 7=room temperature, Po,= 1.4 X 10~4 Pa, and
1=21,600s%. (c) Comparison of the histogram of intensi-
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Fig. 12 (Color online) (a) Setup of the apparatus for investigating

the collisions of gas molecules and atoms with photoelec-
trons and secondary electrons emitted from the substrate ir-
radiated with UV light (hv=7.2eV) from Xe excimer
lamp. Photocurrent is collected with a Cu counter electrode.
(b) Py, dependence of photocurrent measured on 3 inch Au
(210 nm) /Ti(100 nm) /Si(001) wafer.
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X-ray photoelectron spectroscopy for in situ
observation of surface reactions under the gas
atmosphere: History, applications, issues, and
future prospect
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Aoba, Aoba-ku, Sendai 980-0845, Japan
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Abstract Ambient pressure X-ray photoelectron spectroscopy for in situ observation of surface reactions
using high-brightness synchrotron radiation shows a rapid progress in the number of endstations
since about 2005 and is applied to various practical research fields for clarifying reactions at solid/
gas interfaces of e.g. catalyst, solid/liquid interfaces of e.g. fuel cell, and gas/liquid interfaces of
e.g. ion liquid. In this review, a history of the development of APXPS, real-time observation of the
surface reactions for Si chemical vapor deposition and Si dry oxidation, issues of APXPS, and
future prospects are described.
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